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Abstract

ABSTRACT

Organo-metal halide perovskites (OMHPs) research has progressed rapidly, with photovoltaic (PV)
devices reaching over 20% efficiency 1. However, scalable production of these devices is an ongoing
challenge. This study demonstrated the ability to grow halide perovskite films via aerosol assisted
chemical vapour deposition (AACVD). AACVD is a scalable deposition process and one advantage of
this method compared to conventional CVD is the fact that the precursors do not need to be
vapourised. This allows for lower operating temperature, less complex equipment, and therefore

lower overall cost 2.

In this thesis, Methylammonium lead-triiodide (MAPI) films were deposited by sequentially passing
aerosolized precursor solvent solutions into a reactor containing a heated substrate. In this study two
different precursor systems were utilized, one based on lead iodide and the other on lead acetate.
The first produced thick films, which were characterized extensively using X-ray diffraction, UV-visible
spectroscopy, Kelvin probe measurements, ambient photoemission spectroscopy, time of flight
measurements and Hall effect measurements. The second system allowed for the deposition of
thinner films, more suitable for photovoltaic applications. These films were again extensively

characterised but also allowed for the fabrication of the first working OMHP device utilising AACVD.

Furthermore, this study demonstrated an ability to use aerosols as a scalable post-deposition
treatment on existing films, modulating the morphology and boosting the performance of
conventionally spin-coated films to over 20% PCE. Treatment of films was accomplished by exposing
spin-coated films to aerosolised solvents. Using these treatments, it is shown that the morphology of
the films can be drastically and controllably improved. This study also reveals improvements in charge
carrier lifetimes and a general improvement in most (PV) parameters. This has further led to
experimentation with HTL-free devices and thick OMHP layers, with both showing significant

improvements after the aerosol treatment.

Page | 2



Declaration

DECLARATION

The work presented in this PhD thesis was conducted in two institutions. First, between October 2016
and October 2017, in the School of Materials Science and Engineering at Queen Mary University of
London. Then, between November 2017 and December 2019 at the Department of Materials at
Imperial College London. The research is my own, and contributions from other people and sources

have been appropriately cited.

The copyright of this thesis rests with the author and is made available under a Creative Commons
Attribution Non-Commercial No Derivatives licence. Researchers are free to copy, distribute or
transmit the thesis on the condition that they attribute it, that they do not use it for commercial
purposes and that they do not alter, transform or build upon it. For any reuse or redistribution,

researchers must make clear to others the licence terms of this work.

Page | 3



Acknowledgements

ACKNOWLEDGEMENTS

| would like to thank all supervisors who have helped and supervised me throughout my PhD. Firstly,
| offer my sincerest gratitude to my late supervisor and friend Dr Russell Binions. He was a true source
of inspiration and encouragement, without him | would have never embarked on this adventure. | will

forever remember his many words of wisdom and his incredible kindness.

| would like to offer my gratitude to Dr Martyn McLachlan, who made it possible for me to continue
my PhD. When all was lost, he welcomed me into his group and supported me throughout my time at

Imperial.

| would like to express a special thank you to Dr Joe Briscoe, who went above and beyond to help. He
supported me through some of the toughest times and has helped me achieve many of my goals. | will

feel forever grateful for his help and support, one could not ask for a better friend and supervisor.

| would also like to thank all the individuals who helped with the experimental setups. Special thank
you to Richard Sweeney, Rory Wilson and Theo Kreouzis who really helped me to understand the

equipment and went above and beyond with their support.

Thank you to all my friends and colleagues, who helped me immensely throughout the PhD. | would
like to give special thanks to Lokeshwari Mohan, who has been a great source of support and for
making the lab fun, regardless of circumstance. | would like to thank Szymon Doszczeczko, and Pavel
Victoria, who made the last couple of years an unforgettable experience. | would also like to thank

Bethany Miall for her support and care during my studies.

Lastly, | would like to thank my parents Kingsley and Shirani Ratnasingham. They have always
supported me with all my endeavors, be it by words of encouragement or by delivering 10 kg bags of

rice.

Page | 4



Publications and Presentations

PUBLICATIONS AND PRESENTATIONS

JOURNAL PAPERS

S. R. Ratnasingham and R. Binions, “CHAPTER 9. Hybrid Solar Cells,” RSC Advances, 2017, pp. 298-340.

Y. Wang, M. Daboczi, C. A. Mesa, S. R. Ratnasingham, J. S. Kim, J. R. Durrant, S. Dunn, H. Yan, and J.
Briscoe, “Bi2Fe409 thin films as novel visible-light-active photoanodes for solar water splitting,” J.

Mater. Chem. A, vol. 7, no. 16, pp. 9537-9541, Apr. 2019.

D. G. Georgiadou, Y. H. Lin, J. Lim, S. Ratnasingham, M. A. Mclachlan, H. J. Snaith, and T. D.
Anthopoulos, “High Responsivity and Response Speed Single-Layer Mixed-Cation Lead Mixed-Halide
Perovskite Photodetectors Based on Nanogap Electrodes Manufactured on Large-Area Rigid and

Flexible Substrates,” Adv. Funct. Mater., vol. 29, no. 28, p. 1901371, Jul. 2019.

T. Liu, S. Y. Yue, S. R. Ratnasingham, T. Degousée, P. R. Varsani, J. Briscoe, M. A. MclLachlan, M. Hu,
and O. Fenwick, “Unusual thermal boundary resistance in halide perovskites: A way to tune ultralow

thermal conductivity for thermoelectrics,” ACS Appl. Mater. Interfaces, p. acsami.9b14174, Nov. 2019.

T. Du, W. Xu, S.Xu, S. Ratnasingham, C. Lin, J. Kim, J. R. Durrant and M. A. McLachlan, "Light-Intensity
and Thickness Dependent Efficiency of Planar Perovskite Solar Cells: Charge Recombination versus

Extraction" under review

ORAL PRESENTATIONS

S. R. Ratnasingham, R. Binions, J. Briscoe and M. A. McLachlan, “Aerosol Assisted Chemical Vapour
Deposition of Methylammonium Lead-Triiodide” Imperial College Centre for Plastic Electronics

Symposium, London, September 2018

S. R. Ratnasingham, R. Binions, J. Briscoe and M. A. McLachlan, “Aerosol Assisted Chemical Vapour
Deposition of Methylammonium Lead-Triiodide” European Materials Research Society Fall 2018

Meeting, Warsaw, November 2018

POSTER PRESENTATIONS

S. R. Ratnasingham, R. Binions, “Aerosol Assisted Chemical Vapour Deposition of Methylammonium

Lead-Triiodide” EuroCVD-Baltic ALD 2017, Link6ping, July 2017

Page | 5



Publications and Presentations

S. R. Ratnasingham, R. Binions, J. Briscoe and M. A. McLachlan, “Aerosol Assisted Chemical Vapour
Deposition of Methylammonium Lead-Triiodide” Materials Research Society Fall 2017 Meeting,

Boston, November 2017

S. R. Ratnasingham, R. Binions, J. Briscoe and M. A. MclLachlan, “Aerosol Assisted Chemical Vapour
Deposition of Methylammonium Lead-Triiodide” Imperial College Centre for Plastic Electronics Annual

Symposium, London, June 2018 (Awarded flash talk prize)

S. R. Ratnasingham, R. Binions, J. Briscoe and M. A. MclLachlan, “Aerosol Assisted Chemical Vapour

Deposition of Methylammonium Lead-Triiodide” InnoLAE 2019, Cambridge, January 2019

S. R. Ratnasingham, R. Binions, J. Briscoe and M. A. MclLachlan, “Aerosol Assisted CVD of MAPI : Time
of Flight Mobility” Imperial College Centre for Plastic Electronics Annual Symposium, London, Sep 2019

(Awarded runner up poster prize)

Page | 6



Table of Contents

TABLE OF CONTENTS
LY o1 1 T TP TPV PPTSPRRRPRRT 2
D =Tol T | { o] o FAO RO TSRS PR UOTOPPTO 3
Yol o 1Ty 1= F =T o Y=Y o PRSP 4
Publications and Presentations..... ... it 5
o U g o =Y I =T o 1T USSR 5
Oral PreS@NtatioNS ....ccecuiiiiiieeie ettt ettt e sab e st sae e e s bt e e s ab e e s b e e s be e e sabeeebeeeneeesreeennees 5
POStEr PreSentatioNns. ... .cii ettt e s e s e s e e s e nareeas 5
TaDIE OF CONTENES ...eeiteeite ettt ettt e bt e bt e sae e satesabe et e e b e e beesbeesaeesneeennean 7
T o)l H T =( U <L I 14
LIST OF TABIES ettt ettt ettt sbt e st e s sab e e s bt esbbeesabeeesabeesateesbeeesbeeenns 22
L INEFOAUCTION ettt e st s e e bt e e s be e e sabeesabeesbbeesabeeesnbeesabeesabaeesabeesans 23
1.1 The Need fOr GrEEN ENEIEY ...ooiiceiieeeecieiee e ecteee ettt e e et e e e e ete e e e eeatae e e ssabaeeeesasaeeeenseeeesnnsaneeann 23
1.2 The Potential Of SOIar ENEIEY.....cuuiii ittt et e e rae e e e sab e e e e naeeeens 24
1.2.1 Challenges in PhOtOVOILAICS .....ccuuiiiiiiiiii ittt e e s saee e 25
1.3 Research Aims and Thesis StrUCTUIE ......c.cueiiiiiierienieree ettt 27
2 LIErature REVIEW ...c.cciiiiiiiiiiiiiiiiric ettt et s s s 28
2.1 Operation of PhotoVOITaICS (PVS)......uiiiiiiiiee ettt ettt e et e e e be e e e e 28
2.1.1 HiStory Of the PV EffECt.....cioc ettt et 28
2.1.2 Electronic Band STrUCTUIE ......oc.iiiiiiiiiieee ettt 29
2.1.3 RSN 2 F e T o PSP UPP 30
2.1.4 Absorption of Light and Generation of charges........ccccueveeciiiecciiiiceceee e, 31
2.1.5 Built in Potential- Extracting the Charge.........cccuvviieiii e, 33
2.1.6 THE J-V CUIV. .ttt ettt st sttt e b e b s e sae e et e b e sbeenane e 37
2.1.7 Recombination of Charges, Lifetimes and Mobility..........cccoeevieiiniiei e, 39
2.2 Organo Metal Halide PErovsKites ......coooeuiiiiiie e e 41
2.2.1 HISTOIY OF OIMIHP ...ttt et e et e e e et e e e e e e e e e aba e e e enraeeeenraeas 41



Table of Contents

222 The Perovskite StrUCTUIE........cocuiiieieeee et 42
2.2.2.1  Common phase tranSitioNS .....c.ueiiieciiie ettt e e e e e ar e e e e raeeeeas 44
2.2.3 Optical Properties 0f OMHP..........coi it setee e s sree e e e snes 44
2.2.4 Charge Carriers iN OIMHP .....cooi ittt e e st e e s sbae e e s sbeeeessnnee 45
2.25 DEVICE AFCHITECLUI ...ttt st st sttt e sae e sane e 46
D Tt R |V =YY oYY oo o Lol = | U 47
2.2.5.2  Planar HEterojUNCLIONS ......ueiiiceiiieieiiiee ettt ettt e et e s et e e e s snbaeeesnnsaeeeeas 48
2.2.5.3  Other ArChitECLUIES ....coviiiiieiiee ettt et e sab e s ne e e sreeenees 49
2.2.6 L Y2 =T 1= £ 49
2.2.6.1 Influence of architecture and materials.........ccoceeieereeniiniineeeen 50
2.2.6.2  Origins Of NYStErESIS . uuiiiiciiie it e e e e e nraeeeeas 51
2.2.7  SEADIILY covoeeeeeeeeeeeeee ettt n e n et er et e e n e eeeeenae e 52
2.2.7.1  MOIStUre iNStabiliTy .....oceecuiieeieiiie et et e e e 53
2.2.7.2  Temperature Stability.......cccceeeciiii e e 53
2.2.7.3 Light and oxygen induced degradation.........cccccceeiveiiiiiiiiiiei i 54
2.2.7.4 Material iIncompatibilities .......ccuviiiieiiieice e 54
2.2.8 Environmental and toxicological concerns of OMHPS .........cccceiiiiiieiecciiee e, 55
2.2.9 Processing Of OIMHPS ........ooi ittt e e e e e e tee e e e be e e e eabe e e e earaeeeenreeas 56
2.2.9.1 Spin coating-based tEChNIQUES .......cuueiiiiiiiiicieee e 56
2.2.9.2 Solvent annealing of Perovskites ........ccecuiiiiiciiii i 57
2.2.9.3 Chemical vapour deposition (CVD) .......cccuieeieiiieeeeiiieeeecireeeecveeeeesaeeeeeereeeessaaeeaeas 58
2.2.9.4 OMHPs and Aerosol assisted chemical vapour deposition (AACVD).......cccceeeeuveeenn. 59
2.3 Chemical Vapour DEPOSITION ......cccccuiiiiiiiiiee ettt e re e e srae e e savae e s e eabae e e enreeas 61
231 INErOAUCTION TO CVD ..cueieiieieetee ettt s eb e sne e s 61
2.3.2 THE CVD PrOCESS. ... ueeeiieeeitee ettt e sttt et e st et e st e et e st e s bt e e sareeesneeesareesareeesareeennnes 61
2321 Thin film roOWth ..ot et e e aaeeaeas 62
2.3.2.2  GrOWEN IMOGES ...ttt ettt st sttt b e e s e es 64
2.3.2.3  PreCUISOT FIOW ..coouiiiiiiiieciiece ettt st sttt 66



Table of Contents

2.3.2.4  Variations Of CVD ...ccc.eoiiiiiiiieiiieieeeesee sttt ettt st st sttt 67
2.3.3 Aerosol AssiStEA CVD (AACVD) ....cooocerreieeeeee ettt eeettee e e e et r e e e e e seeasareeee s 68
2.3.3.1  Aerosols and ENEIratioN ......coccuiiiiiciiee ittt e e s sraeeeeas 69
2.3.3.2  Ultrasonic generation of @erosol ........coeecuiiiiiiiiiiiiciie e 69
2.3.3.3  Aerosol flow in the reacCtor ........iecieeiiiiieereeeee e 69
2.3.3.4  AACVD reaction PathWays ......cceeeiciiiieieiiiie ettt e s e are e e s saaeeeeas 70

3 Experimental Apparatus & Methods .........ccoiiiiiiiiiiiic e e 72
3.1 Reactor EQUIPMENT DESIZN ...uuuviiiiiiiieiiiiteeee ettt e e e e e et e e e e s s s s aabeaeeeeeeeenan 72
3.1.1 ACTOSOl GENEIATION ..ueeiiiiiiii ettt sttt e sb e st st st e b e e beenes 72
3.1.2 (XY=F- Yot o] g @] o] o Yo 1 1= 1 | 3N 74
3.2 AACVYD EXPEIIMENTAL....uiiiiiiiiiieicciiee ettt ee sttt se e e et e e e e stae e e sssae e e eaataeeeennsaeeeeansseeeens 78
3.21 OPEeration Of REACTON ...uiiiiiiiee i e e st e e st e e e sbaeeeesanes 78
3.2.2 Precursor SOIULIONS .......ooiiiieeeee ettt sttt s e e 78
3.2.2.1  PBI/DIMIF oottt et h et eae et b et e b e ae et saeeatas 78
3.2.2.2  PB(AC)2:3H20/MEOH .....ooetiieieeii ettt ettt et e ste e ste e st e v e s ve s be e be e baesbaesaaeeareenres 78
3.2.2.3  MAISOIULION. ..ttt ettt sttt s 79
3.2.2.4  MABIF SOIULION ..ttt ettt st st st be e b s eaee et as 79
3.2.3 AACVD Substrate and Device Preparation........ccceeeeeciieeeeciieeecciiee e ecvee e e saee e 79
3.2.3.1  FTO substrates & preparation.....cccc.eeeccceieeiecieeeeeciiee e esiree e e e sare e e e sare e e eseaeeeeas 79
3.2.3.2 Mesoporous TiO; Electron Transport Layer (ETL) Layer ......ccceecveeevcveeecieeecveeeveeenee 80
3.2.3.3  Deposition of HTM Materials........ccccueeieiiiiiieiiiie ettt e e e e ee e 80
3.2.3.4 AACVD Substrate Reactor Placement .........cooueiieeiieenienieniceceee e 80
3.2.3.5 Thermal evaporation of Au electrode & final device dimensions ..........ccccceceeeuvveenne 81

3.3 Spin coating and AASA EXPerimental........cceeiiiiii i 82
3.3.1 ITO Substrate Preparation ...ttt e e e e e e e nnaeeee e 82
3.3.2 Glass Substrate Preparation.........ccuueeeee e 82
3.3.3 HTIM QYIS ettt ssssssanen 82
334 o S N Lo N T o 1Y T PR 82



Table of Contents

3.3.5 V712 o D= o To 1] Lo o N 82
3.3.6 Mixed CompositioN OMHP .......ooo et e e rae e e e 83
3.3.7 Substrate Placement for AASA Spatial Uniformity ......cccoecvveeeiiiieiiiciie e 83
338 Grain Size EVAlUQTioN........eiiiiieiee ettt s 83
3.3.9 Substrate placement for AASA deVICES........uiiiccieiiiecieee ettt e e e 83
20 700 O T - 10 o [0 1T - 1Y PRSP 84
3.3.11 Cuelectrode evaporation and deViCe ........cceecuiiiiiiciiiii it 84
3.4 Characterisation TECHNIQUES .....ciiiiiiiii ittt see e s s sree e s s sabee e e sareeas 85
34.1 KR ettt bbb b b et eh et ea e e et e ekt e nhe e eheeeateeabeebeebeenes 85
3.4.1.1 Room-temperature XRD ....cccooeeiiiiiiieeeeeee e 85
3.4.1.2  High-temperature XRD.......coii ittt ettee e esree st e s siae e e s sare e e s saaaeeesnasaeaeeas 85
I O I 01 V3 - 1|1 IR 2T SRR 86
3.4.1.4  Lattice Parameter..... .o 86
3.4.2 UV-Vis absorption SPECIrOSCOPY ....uvviieeiiiiieeiiiee e ettt e et e e et e et e e e et e e e e earae e e e areeas 87
3.4.3 ] =1 | PP U P PPPPPPPPPPPPRE 87
3.4.4 Resistivity & Hall MeasuremMents .......cocccveiiiiiiiiieiieec e 87
3441 ONMIC CNECK .ciiuiiiiietee ettt sttt et b e b e b e st e eaee et as 88
3.4.4.2 Vander Pauw and ReSiStIVITY ......uuveieiiiiiiiiiiiiieee et 88
3.4.4.3 Measuring Hall VOITAZE .......cooeeiiieieeee ettt 88
3.4.44  SamPle Preparation. ... it e e e sraeeeeas 89
3.45 10N 89
3.4.5.1  EXCItAtioN SOUFMCE......oviiiiiiiiiiiiiee ettt 89
3.4.5.2 Sample preparation and holder placement.........cccccuvieiiiiiiiciciiee e 89
3.4.5.3 Signal generator and tiMing........coocciieiiiiiiie e e 90
3.4.5.4 Oscilloscope and data collection........cooouiiieiiii i 90
3.4.6 Dektak MEaSUIMENTES.....ciiiiiiiiie et e sre e e s e e nnes 90
3.4.7 KEIVIN PrODE [ APS ...oeeeieeeeeeeeeeete ettt ettt ettt e et e e e e vt e s s eabeeessaaaeessssbeeesssnraeesssraes 90
348 AFM @Nnd SKPFM ...ttt sttt et ns 91



Table of Contents

349 TEM & EDS IM@GING..etutiiutiiiietieieentee sttt ettt ettt sttt e e s saneeneenbeesbeesane e 91
314100 DEVICE TOSHING coeieeeiieeeeeeee e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aeaaaeas 91
3.4.10.1 J-V MEASUIEMENTS ..eeiiiiiiiiiiiiteec e 91
3.4.10.2 IMIPPT TESEING eeeeiiiieiiieieee ettt ettt e e ettt e e e e s s s aabe e e e e e e e e ssnnreeeeeeas 91
3.4.11  Photoluminescence MeasUrE@mMENTS. .......ccceiruereerrierrieesieeneesee st sreesreesaeeseeeneees 92
3.4.12  Curve Fitting and data ProCeSSiNG.......ccccciiiiiciiiee et e e e ebae e e e 92
3.5 SUMMArY Of CONEIIBULIONS ...eeiiiiiii i e e st e e s sreeeeesnes 93
4 Results: AACVD of thick perovskite films ........ccceiiiiiiiiiiiii e 94
4.1 INEFOAUCTION L.ttt st sttt b e s b e sbeesae e et e e nbeesbeesaeesanenas 94
4.2 2-Step Method and Film FOrmation........ceeeiciii et 94
4.2.1 15t Step: Growth of PBI filM...cuiciie ettt s 95
4.2.2 2" Step: CONVErSION tO IMAPL.......cvovieeeeeteeeeeeeeetee ettt et ese et steneereneas 95
4.2.3 FUBUIE WOTK ..ttt ettt st st st sttt be e st eae et en 100
4.2.4 Film formation SUMMAIY......ccuveii ittt e e eree e e e eabae e e enreeas 100
4.3 XRD studies Of AACVD MAPI ......uuiiiieiiie ettt ettt ee e e e e e e s saaae e s s aa e e e ssnbaeeesnnsaeeenas 101
43.1 Peak splitting and tEXEUIE ......vveei i e 101
T 0 A - Y o f (ol N o - - . 1= =] PN 103
4.3.2 Thermal XRD SEUdIES ...cooueiuiieiieieeieeee ittt st sttt eaee s 104
4.3.2.1  AACVD Phase tranSition ......ccoeeruerriernieenieenieste sttt 106
4.3.2.2 Determination of thermal eXxpansion.........cccceecieiiiecii e 106
433 [SOthermal XRD STUAIES .....coueieiiiieeiieite ettt sttt st 109
434 Future work and improvVEMENTS ........cccceeiieiiiiieeeciiee ettt tee e e e evee e e e evae e e e 115
4.3.5 XRD STUAY SUMIMAIY coiiiiieeciiiee e ccieee et e et e e e re e e e saae e e esaaeeessabaeessssaeesennraeesensenas 116
4.4 Optoelectronic and Electronic MeasuremMeNnts.......cc.ueeieciieeiicieee e ccieee e e eereee s 116
441 Time of Flight MEASUIEMENTS ....cc..viiieiiiie e e e 116
4.4.1.1 Development of the ToF technique for OMHPS .........cccooiiiiiieciie e, 118
4.4.1.2 Pulse TOF MEASUrEMENTS ....cccuuiriiriiriieiienie sttt ettt siee e et esaeesreesaee e 121
4.4.1.3  TOF fULUIE WOTK...ioiiiieeiieiierte ettt s 125



Table of Contents

A4, 1.4  TOF SUMMAIY ciiiiiiiiiiiiiiceceeeceeeeeeeeeeeee e e e e e e e e e et e e e e e e e e e e s e e e s e e eeeeeeeeeeessesaeenes 126
4.4.2 Hall and Electrical MEasurmMents ......ccccceieerierieeieeienie st 126
4.4.2.1 Comparison to TOF MeasUremMeNtS....ccciiiiiiiiiiiiieeie ettt 128
A.4.2.2  FULUFE WOTK ettt sttt st e e e sanee s 129
4.4.2.3 Hall and Electronic SUMMArY ........ccocuieeiiiiiie ettt e e evee e e e vae e e e 129
4.4.3 Determining the Energy Levels: Kelvin probe, APS and optical band gap................... 129
4.4.3.1 Kelvin Probe and APS FESUILS ......coeviiiiiiieieeeie ettt s 129
N T A V11 o 4 1 =1 VA PTPTPPPPPTPTPN 130

4.5 Applications of Thick AACVD FilMS ..cocuuiiieiiiieee ettt ree e e e e e e e 131
4.5.1 Thermal conductivity of AACVD MAPIfilMS ....ccooeiiiiieiiiee e 131
4.5.2 Alpha radiation abSOrPLioN ......coccuieiiiiie s 131
4.6 Chaper 3 SUMMAIY ..veiiiciieee ittt e e st e s ette e e e sbe e e e e sbaeeessbteeeesseaeessnsseeessne 133
5 AACVD LEAA ACELALE ..eiutiitieitte ettt ettt st sttt e b e bt e b b st e et e b e saeesaeeea 134
5.1 INEFOAUCTION L.ttt et b e it st e e e be e s bt e sate st e e b e e beens 134
5.2 Lead ACETate @S @ PrECUISOr ... .ciiiiieiiie ettt ettt sttt et sttt e e sbe e s sate e sabeesbaeesaree s 134
5.3 Development of the Lead Acetate 2-Step AACVYD ....coovieiiiciiee et 134
53.1 Determining the deposition Parameters .........ccceccvieeeeeciee e e 135
5.3.2 Deposition of MESOPOroUS TiOg....cuiieiiiiie ettt e e eree e e e e rae e e e eareeas 138
5.4 Material Characterisation.........coiuerieriiiiieeeeee e e 140
5.5 PV DBVICES ..ottt bbbt 143
5.5.1 Comparison to spin-coated filMs ..........oooeciiii e 146
5.5.2 FIlM fOrmMatioN......ooouieieeee ettt st et 148
5.6 Methyl Ammonium Lead Bromide........cueeeeeiiiiiiiiiie ettt 151
5.7 FUBUIE WOTK .ttt sttt st st e b e s b e smeesan e s eneenes 154
5.8 Chapter 5 SUMMAIY ..uuuiiiiii et et e e e e e et e e e e e e e e s sanbr e e e e e e e e esnnsstaeeeeaeeesnannssrenaeens 154
6  Aerosol Assisted Solvent ANNEaliNg (AASA) .......oo oottt e et e e e ere e e e eeraeeeeanes 155
6.1 T 1A ye e [¥ ot o] o HU P PSPPIV 155
6.2 Solvent AnNNealing Of PEroVSKItES......cuuiiiiciiee et seree e 155



Table of Contents

6.3 DeVElOPING THE AASA ...ttt e et e e e tae e e s eba e e e e eabaee s eentaeeeenntaeeeennsaeas 155
6.4 AASA Devices and Optoelectronic Properties........ccceeccuveeeieiieeeeeiieeeeccieee e e e evee e e 160
6.4.1 Elucidating the performance iNCrease ........occueviieciiiri i 161
6.4.2 FUBUNE WOTK . ..ceieiieiiie ettt ettt et e s e e sab e st s bt e e s e e sneeesateesmeeesaneeenne 163

6.5 SCalability OFf AASA ... e e e e e e e e e e e ta e e e eaaraaeeearraeeean 165
6.5.1 UNiformity OVEr [argE aras ...ueeeccuiee e ettt tae e e e e e ebae e e e 165
6.5.2 LarZE @r€a BVICES....ciiiiiieie ittt ceitee ettt e e e ete e st e e e esbee e s ssabe e e e ssabeeesesnbeeeesnnbeeessnareeas 168
6.5.3 FUBUIE WOTK ettt ettt ettt e e sttt s be e e s e e ne e e sareesneeesaneeenne 170

6.6 ENabling thicker filMS.......coo i e e e e etae e e e 170
6.6.1 FUBUI® WOTK .ottt ettt st st st ettt b et eae e e e s 174

6.7 AASA Effect 0N Stability....coccuieiieiiececce e 175
6.7.1 Ambient stability Via XRD .......ueiiiiiiieieciiie ettt 175
6.7.2 Long-Term Device STability ......ccoocviiiiieiee e e 176
6.7.3 FUBUIE WOTK ..ttt st st st ettt be e et ee s 177

6.8 Applicability to Different Architectures and Compositions .........ccccvvveeeeeeeeicciiiieeeee e 179
6.8.1 HTIM FT@E.c ettt ettt et et st st sttt smeeere s 179
6.8.2 AASA with mixed composition OMHP ...........ooiiiiiiiiecee e e 180
6.8.3 FUBUI WOTK .ttt ettt ettt st sttt b et sat e emee e s 180

7  Summary, Conclusions and Research OULCOMES........ccoccuiiiiiiciiiieiiiieee e e e e eae e e 182
7.1 Background @and AIMS ......ceiiiiiiee ettt et e e e eree e s e e e e e sab e e e et ae e e s nabaee e e anreeas 182
7.2 RESEAICH OULCOMEES ...ttt sttt ettt e bt st e st b b 182
7.2.1 (0 0T T o1 =T e SR 182
7.2.2 (0 0T T o1 T o RS 183
7.2.3 (00T T o1 T ol TSR 184

7.3 (6073 Tol [ To T3 DTSR URPRRTO 187

8 REFEIENCES ...ttt ettt sttt e b e b e s bt e she e et e e te e be e sae e saeeeas 188
1S B Vo o YT o | P RPPRRN 209

Page | 13



List of Figures

LIST OF FIGURES

Figure 1-1 World’s energy demand measured in TWh, from 1800-2017. Adapted from Hannah Ritchie
and Max Roser (2019) - "Energy Production & Changing Energy Sources" 3 23

Figure 1-2 Map shows the spatially resolved solar irradiance across the globe. Data was collected from
the International Satellite Cloud Climatology Project (ISCCP). Adapted from Matthias Loster
(2010) 24

Figure 2-1 a) Schematic of Becquerel's 1839 experiment. b) Schematic of Adams' and Day's 1876

experiment. Adapted from M.A. Green (2002) - “Photovoltaics: coming of age” 28
Figure 2-2 Diagram illustrating band structure of metals, semiconductors and insulators. Adapted from
Wikimedia 2 29
Figure 2-3 Sketch illustrating direct and indirect band alignments 31

Figure 2-4 Graph showing absorption coefficient, a, vs incident light wavelength in a variety of

semiconductor. Adapted from pveducation.org® 32

Figure 2-5 Calculated maximum efficiency vs Eg using the Shockley Queisser model. Solar radiation is

approximated as a 6000 K blackbody spectrum. 33

Figure 2-6 Diagram illustrating the effect of p-type and n-type dopants. Adapted from Hyperphysics 3
34

Figure 2-7 Diagram of p—n junction in thermal equilibrium with zero applied bias. Under the junction,

plots for the charge density, electric field, and the voltage. Adapted from Wikimedia 3* 35

Figure 2-8 Schematic of p-i-n junction with zero applied bias. Adapted from Yoshida (2012) - Nanoscale
probing of transient carrier dynamics modulated in a GaAs—PIN junction by laser-combined

scanning tunnelling microscopy 36

Figure 2-9 J-V behaviour of a non-ideal solar cell in the dark and under illumination. Short-circuit
current, Jic, is shown at V = 0 and open-circuit voltage ,Vo, is shown at J = 0. Maximum power
density, Pn, is shown at the intercepts of J., and V... FF is the ratio between the product of Jsc and

Voc. 38

Figure 2-10 Effect of parasitic resistances on J-V curve. a) increasing series resistance Rs b) and
increasing shunt resistance Rsh. The FF is severely affected by both resistances, leading to lower

power output. 39

Figure 2-11 Carrier recombination mechanisms in semiconductors 3 40

Page | 14



List of Figures

Figure 2-12 Crystal structure of methyl ammonium lead tri-iodide (MAPI) 42

Figure 2-13 Structural phase transformations for commonly found within OMHP. Adapted and

modified from Chen et al. (2015) ¥ 44

Figure 2-14 Band edge positions of various organometal-halide perovskites. The bandgap values are:
MAPbBrs 2.3 eV MAPbI3 1.5 eV, FAPbIs 1.5 eV, MASnls 1.1 eV. Adapted from Chen et al. (2015 #°
45

Figure 2-15 Schematic diagrams of common OMHP device architectures. Adapted from Jena et al. %

47
Figure 2-16 Example of OMHP hysteresis effect on J-V curve 50

Figure 2-17 Schematic showing the effect of ion migration in p-i-n junction. Adapted from Eames et al.

119 52

Figure 2-18 Schematic of on-step and two-step spin coating techniques. Adapted from Chen et al.

(2015) * 56
Figure 2-19 schematic illustration of the CVD steps during deposition 82 62

Figure 2-20 Dependence of the cluster free energy, AG, on the cluster radius, r. The curve illustrates

the maximum free energy at the critical cluster size, r.. 63

Figure 2-21 Schematic showing thin film growth in surface rate reaction limited and mass transport

limited systems 64
Figure 2-22 Schematic of different thin-film growth modes 65
Figure 2-23 Development of boundary layer over a flat. Adapted from Flanker (2008) 8’ 67

Figure 2-24 Diagram illustrating aerosol reaction pathways with varying temperature and varying drop

size. Adapted from Filipovic 2012 3 70
Figure 3-1 Schematic of AACVD setup 72
Figure 3-2 a) Schematic of misting bottle b) Photograph of misting bottle 73

Figure 3-3 CAD model of inlet baffle. a) shows complete baffle b) exploded view revealing three main

components. c) cutaway view revealing baffle cavities 74

Figure 3-4 a) CAD model of the complete reactor with the baffle mounted b) exploded view of reactor

components c)Photograph of assembled reactor with a Quartz tube. 75

Page | 15



List of Figures

Figure 3-5 CFD simulation of nitrogen flow within the AACVD Reactor. a) Simulation run at 0.5 L min

b) Simulation run at 0.3 L min™* ¢) £D visualisation of nitrogen flow 77
Figure 3-6 Schematic of FTO substrate used to make AACVD devices 79
Figure 3-7 CFD simulation with grey rectangle indicating substrate position within the reactor 80
Figure 3-8 Schematic of thermally evaporated electrodes 81

Figure 3-9 Schematic of electrode patterns used within AASA devices. a) Schematic of 4 pixel device

b) Schematic of large area device 84
Figure 3-10 Schematic of contact placement used for Hall and electrical measurements 87
Figure 4-1 Schematic showing the 2-Step AACVD process 94

Figure 4-2 SEM images of the Pbl; film deposited during the first step of the AACVD process for

reaction durations shown on images. 95
Figure 4-3 Photograph of samples taken at different points of the 2" step reaction 95

Figure 4-4 Cross-sectional SEM images of the Pbl; film being converted to MAPI during the second step

of the reaction. 96
Figure 4-5 Schematic of the Pbl2 to MAPI conversion process 96

Figure 4-6 XRD patterns of substrates taken during the 2nd step AACVD conversion process. Right: Full
XRD patterns Left: focusing on Pbl, 100 and MAPI 110 peak. 98

Figure 4-7 a) Absorption spectra of samples removed at different times. b) Tauc plots calculated for

direct band gap 99
Figure 4-8 XRD patterns of AACVD, Spin coated and tetragonal reference MAPI 250735-ICSD 32 101
Figure 4-9 SEM images of (a) spin coated and (b) AACVD films of MAPI 102

Figure 4-10 a) Relative intensity of peaks compared to MAPI reference pattern 250735-ICSD %%, b)

Illustration showing common diffraction planes in relation to perovskite crystal. 103

Figure 4-11 XRD data taken at different temperatures. Tetragonal indices are denoted by the diamond,

with major cubic peaks indexed at higher temperatures 105
Figure 4-12 MAPI phase change from tetragonal to cubic upon heating 106

Figure 4-13 Results from AACVD film a) Volume of lattice plotted against temperature. b) Plot focusing

on the point of phase change. 108

Page | 16



List of Figures

Figure 4-14 XRD patterns of samples before and after the thermal sweep experiment conducted in

section 4.3.2. Figure 4-11 shows the full results of the sweep. 110

Figure 4-15 Isothermal XRD patterns overlaid to show the evolution of the 001 Pbl; peak in spin-coated

MAPI (a) and AACVD MAPI (b). Measurements taken at 150 °C for 93 minutes 111

Figure 4-16 AACVD Isothermal XRD patterns taken from AACVD sample over 93 minutes. Insert shows

small peak evolution due to Pbl, formation. 112

Figure 4-17 Graph showing volume fraction of (001) Pbl, peak vs (001) MAPI over time for AACVD (a)
and spin coated film (b). Below is the In(tx>-tx1) vs. 1/RT plots. The gradient of the fitted line gives

the activation energy 113

Figure 4-18 Schematic of AACVD ToF sample (a). (b) shows bias applied to FTO to collect holes and (c)

shows the collection of electrons by applying the bias to gold. 117

Figure 4-19 Graphical representation of time of flight signal as measured by the oscilloscope. Insert
shows determination of arrival time by utilising a double logarithmic plot and the intersection of

two tangents. 118
Figure 4-20 Photocurrent transients measured on sample with constant applied bias 118

Figure 4-21 Schematic of ion migration screening with increasing electric field within the ToF sample

120
Figure 4-22 Schematic of voltage pulse timing in relation to photocurrent signal 121
Figure 4-23 Photocurrent transients measured at different pulse delays 122

Figure 4-24 Log-log plots of sample tested with 50 pus and 1000 s pulse delays. a) Electron signal with
a bias pulse time of 1000 ps. b) Electron signal with a bias pulse time of 50 us. c) Hole signal with

a bias pulse time of 1000 ps .d) Hole signal with a bias pulse time of 50 ps. 123
Figure 4-25 Poole-Frenkel of data gathered from ToF measurements. a) 124

Figure 4-26 Poole-Frenkel plot showing combined extracted mobility values of Hall and ToF

measurements 128

Figure 4-27 a) Ambient photoemission spectroscopy measurement of AACVD MAPI film. b) Energy
level diagram of AACVD MAPI film. Valence band derived from APS measurements, Fermi level
from Kelvin probe measurements and conduction band is calculated from the optical band gap

130

Figure 4-28 Thermal conductivity measurements of evaporated (a) and AACVD MAPI (b) %8 131

Page | 17



List of Figures

Figure 4-29 Average measured Al upon exposure to a-radiation, averaged over 16 measurements.

132
Figure 5-1 Chemical formula of lead acetate tri-hydrate ((Pb(Ac),-3H;0) 134
Figure 5-2 Schematic showing the 2-Step AACVD process using lead acetate (Pb(Ac),-3H,0) 135

Figure 5-3 SEM images of films deposited at different first step temperatures using lead acetate

Pb(Ac),:3H,0 a) 100°C, b) 125°C, c) 150°C, d) 175°C, e) 200°C and f) 230°C 136

Figure 5-4 SEM images of films converted at different second step temperatures using lead acetate

Pb(Ac),-3H,0 deposited at 175 °C. a) 220 °C b) 230 °C and 240 °C 137

Figure 5-5 SEM images of films converted at different first step flow rates and concentrations of
Pb(Ac)2-:3H,0 in MeOH. a) Concentration of 0.066 M with a flow rate of 0.5 | min®. b)

Concentration of 0.198 M a flow rate of 0.5 | min™*c) Flow rate of 0.25 L min™* with a concentration

of 0.33 M d) Flow rate of 1 L min? with a concentration of 0.33 M 138
Figure 5-6 MAPI film deposited using lead acetate method on mesoporous TiO2 ETL 139
Figure 5-7 XRD patterns of AACVD MAPI and tetragonal MAPI reference pattern 132 140
Figure 5-8 Relative intensity of peaks compared to MAPI reference pattern 2 141

Figure 5-9 a) Absorption spectra of AACVD MAPI film deposited from Pb(Ac),:3H,0. Inset shows Tauc
Plot b) Energy band diagram of deposited perovskite. Values were determined by absorption,

APS and Kelvin Probe measurements 142

Figure 5-10 a) SEM Cross-section of a cell utilising AACVD MAPI film, with false colouring showing the
TCO, ETL active layer and Au electrode. b) Schematic of the cell. c) J-V curve of champion device
utilising Spiro-OMeTAD. d) Inset show box plots of data from 12 working cells, measured in a

reverse J-V scan 143

Figure 5-11 a) SEM Cross-section of a cell utilising AACVD MAPI film, with false colouring showing the
TCO, ETL active layer and Au electrode. b) Schematic of the cell. c) J-V curve of champion device
utilising spray-coated CuSCN. d) Inset show box plots of data from 12 working cells, measured in

a reverse J-V scan 144

Figure 5-12 J-V curve of champion spin coated device utilising spin- coated spiro-OMeTAD. Inset show

box plots of data from 6 working cells, measured in a reverse J-V scan. 146

Figure 5-13 a) J-V curve of champion spin coated device utilising spray-coated CuSCN. Inset show box

plots of data from 6 working cells, measured in a reverse J-V scan. b) J-V curve of champion spin

Page | 18



List of Figures

coated device utilising spin- coated CuSCN. Inset show box plots of data from 6 working cells,

measured in a reverse J-V scan. 147

Figure 5-14 Photographs of three films removed at different stages of the AACVD deposition. Left: Film
after first step. Center: Film halfway through MAI aerosol exposure. Right: Completed MAPI film
148

Figure 5-15 a) XRD patterns correspond to initial lead acetate (PbAc) film, lead iodide intermediary
and final methylammonium lead triiodide (MAPI) film b) Tauc plots of film extracted from

absorption data 148

Figure 5-16 SEM images of three films removed at different stages of the AACVD deposition. a) Film

after first step. b) Film halfway through MAI aerosol exposure. c) Completed MAPI film. 149
Figure 5-17 Schematic illustrating the growth and conversion of the AACVD MAPI film 149

Figure 5-18 Schematic showing the 2-Step AACVD process using lead acetate (Pb(Ac),-3H,0) and

methylammonium bromide 151

Figure 5-19 a) Photograph of resulting MAPbBr film. b) top down SEM image of film and c) cross-

section of film. 151

Figure 5-20 XRD patterns of AACVD MAPI and AACVD MAPBr both deposited using led acetate
(Pb(Ac)2:3H,0) as the Pb(ll) source. Reference pattern ICSD 1446529 152

Figure 5-21 a) Absorption spectra of AACVD MAPBr film deposited from Pb(Ac),-3H,0. b) Tauc Plot
indicating band gap of 2.28 eV 153

Figure 6-1 SEM images of spin coated MAPI films treated with the AASA method. Corresponding cross
sections are below each image. a) Untreated control film b) Film treated with 0.1 L min®c) 0.5 L

minZtand d) 1 L min? 156

Figure 6-2 XRD pattern centred around (110) reflection of films treated by AASA with varying aerosol

flow rates. 157

Figure 6-3 Radar diagram showing relative peak intensities of films treated with different aerosol flow

rates. Only the 0.5] min “shows a significant difference. 158

Figure 6-4 a) J-V curve of champion treated and untreated champion cells. b) PCE distribution of 24

treated and untreated cells c) Schematic of cell architecture used 160

Figure 6-5 a) Cross-sectional scanning transmission electron microscopy (STEM) images (top row) of
complete solar cells, scale bar corresponds to 500 nm. Energy dispersive x-ray spectroscopy (EDS)

mapping of the of I/Pb (center row) and Pb/N (bottom row) molar ratio, colour scale bar

Page | 19



List of Figures

corresponds to elemental molar ratio from high (red) to low (blue). b) and c) Histogram of pixels

of varied elemental molar ratio. 161

Figure 6-6 Electronic and optoelectronic characterization of untreated perovskite film and AASA
treated perovskite film. a) the surface contact potential difference. b) steady-state PL emission
spectra of perovskite, HTL/perovskite and perovskite/ETL. c) PL decay dynamics. d) and e)

schematic drawing of HTL/perovskite band bending. 162

Figure 6-7 Poole-Frenkel plot of ToF measurements conducted on AASA treated and untreated MAPI
films deposited by AACVD. Films were deposited using the method detailed in chapter 4, with the

treated films using the 5 minute protocol detailed in this chapter. 164
Figure 6-8 Schematic illustrating petri-dish solvent annealing and the AASA process 165

Figure 6-9 Heatmap showing the average grain size of MAPI films on glass substrates. a) Shows the
distribution of grain sizes after the AASA treatment. b) Grain sizes of centre slice of the AASA

sample c) Grain size distribution in petri-dish solvent annealed sample 166

Figure 6-10 Box plots of average grain size collected from untreated and treated MAPI films spin-

coated on glass 167

Figure 6-11 a) Photograph of device arrangement used to test spatial uniformity. b) Box plot showing
PCE distribution of treated devices. c) J-V curves of devices treated by AASA at different reactor
positions. d) J-V curves of devices treated by petri dish solvent anneal at different reactor

positions. 168

Figure 6-12 a) J-V curves of two-pixel substrates, showing results for AASA treated and untreated films.

b) PCE values of devices plotted against area. 169

Figure 6-13 SEM images of thick MAPI films treated with AASA. a) 900 nm film control left and treated
right with corresponding cross sections below. b) 1300 nm film control left and treated right with

corresponding cross sections below. 171

Figure 6-14 XRD diffractograms of treated and untreated film focusing on the (110) reflection. a)

Results for 900 nm film before and after treatment. b) Results of 1300 nm film 172

Figure 6-15 J-V curves of champion devices fabricated from AASA treated and untreated thick

perovskite films. Below each curve are the PCE distribution of fabricated cells 174

Figure 6-16 a) Photographs of AASA treated and untreated MAPI films after 48 hours of exposure to

ambient air. b) XRD patterns of aged films 175

Page | 20



List of Figures

Figure 6-17 MPP tracking results of AASA treated and untreated devices measured in a) ambient and

b) N, atmospheres 176

Figure 6-18 a) J-V curves of HTM free devices treated with AASA and untreated. b) Schematic of HTM

free device 179

Figure 6-19 Champion J-V curves of AASA treated and untreated devices utilising mixed composition
OMHP's. a) J-V curve of film utilsing CsisFAPb(lp9sBroos)s. a) J-V curve of film utilsing
MAPb(|o_8zBI’o_12)3. a) J-V curve of film utilsing CSo_15FAo_35Pb(|o_9Bro‘1)3. 180

Figure 9-1 spin-coated MAPI Isothermal XRD patterns taken from AACVD sample over 93 minutes209

Figure 9-2 ToF table of results, showing arrival times and calculated mobilities of AACVD MAPI film.

The film thickness was 6.72 + 0.76 um 210

Figure 9-3 ToF signal before and after pulsing experiments. This shows that the sample did not degrade

after the application of a pulsed bias. 211
Figure 9-4 Ohmic check results conducted for Hall measurements. 212
Figure 9-5 Example of neglibile hysteresis within p-i-n cell used in AASA experiments. 213

Figure 9-6 Energy dispersive x-ray spectroscopy (EDS) mapping of the destruction of a) C at%, b) N

at% c) I/Pb Ratio d) Pb at%. 214
Figure 9-7 Grain size distribution of untreated MAPI spin coated on glass 215
Figure 9-8 Box-plots of cell parameters of AASA and Petri-dish solvent annealed devices 215

Figure 9-9 Box-plots showing the distribution of cell parameters for AASA treated and untreated thick

MAPI devices 216

Page | 21



List of Tables

LIST OF TABLES

Table 2-1 Showing commonly used radii of ions. A-cation are coloured black, B cations are coloured

blue and the X anion is green. Table adapted from Chen et al. (2015) *° 43

Table 2-2 Highest efficiencies reported in publications. Parameters were taken from the reverse scan

of the champion device of each study. 47
Table 2-3 Summary of studies utilising AACVD to deposit OMHPs 60
Table 4-1 Deposition parameters used to deposit AACVD MAPI films 94

Table 4-2 Summary of FWHM and crystallite size calculated using Sherer equation. All values were

calculated from 110 peaks. 99
Table 4-3 Comparison of lattice parameters between AACVD and spin coated films 103
Table 4-4 Linear thermal expansion coefficients of AACVD film in tetragonal and cubic phase 107

Table 4-5 Volumetric thermal expansion coefficients of AACVD film in tetragonal and cubic phase 108
Table 4-6 Calculated activation energies of degradation for AACVD film and spin coated film 114
Table 4-7 Summary of data collected by Van der Pauw and Hall measurements 126

Table 4-8 Summary of AACVD MAPI film properties measured in Chapter 3. Conduction band, Valence

band and Fermi Level values are relative to vacuum level. 133

Table 5-1 Experimental conditions used for the determination of the first step deposition temperature.

Notes describe the resulting film. 135
Table 5-2 Calculated lattice parameters of MAPI films deposited using Pbl2 and Pb(Ac)2:3H20 141
Table 5-3 Calculated lattice parameters of AACVD MAPbBTr film 152
Table 6-1 FWHM and Crystallite sizes of films treated with varying aerosol flow rates 158

Table 6-2 Lattice parameters calculated from XRD patterns of films treated at different aerosol flow

rates 159
Table 6-3 Two-pixel device parameters for AASA treated and untreated films 169
Table 6-4 Lattice parameters for AASA treated and untreated thick perovskite films 173

Page | 22



Introduction

1 INTRODUCTION

1.1 THE NEED FOR GREEN ENERGY

Over the last 200 years, human energy consumption has risen incredibly rapidly (Figure 1-1). In the
early 1800s, before the advent of the industrial revolution, humanity consumed approximately 5.6
PWh (PWh = 10> Wh) per year, but by 2017 this figure was over 150 PWh?3. This rapid growth in energy
usage began during the industrialisation of the western hemisphere in the late 1800s, driven by both
an increase in population and per capita increase in energy demand. This is now being further
accelerated by the industrialisation of developing economies and even greater energy demands of
modern technology. Unfortunately, to date this increasing demand has been met by larger extraction
and consumption of fossil fuels. The resulting emissions have had adverse effects on earth’s climate

and environment, making it imperative that alternative green sources of energy can be found.

Numerous potential green sources of energy have been extensively investigated. At present,
technologies harnessing wind, hydrothermal and solar energy make up the bulk of green energy
production. However, they still only form a miniscule fraction of total energy production* and more

investment and research is required to scale up these technologies.

Global primary energy consumption
Global primary energy consumption, measured in terawatt-hours (TWh) per year. Here 'other renewables’ are
renewable technologies not including solar, wind, hydropower and traditional biofuels.

Other

T renewables
140,000 TWh Wind
— Nuglear
— Natural gas
120,000 TWh
100,000 TWh
80,000 TWh —— Crude oll
60,000 TWh
40,000 TWh
—— Coal
20,000 TWh
Traditional
0 TWh biofuels
1800 1850 1900 1950 2000 2017
Source: Vaclav Smil (2017) and BP Statistical Review of World Energy CC BY

Figure 1-1 World’s energy demand measured in TWh, from 1800-2017. Adapted from Hannah Ritchie and Max Roser (2019)

- "Energy Production & Changing Energy Sources" 3
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1.2 THE POTENTIAL OF SOLAR ENERGY

One of the most promising and abundant renewable energy sources is sunlight. During the course of
a year the earth is subjected to over 5 YJ (YJ= 10%* J) of solar irradiation, half of which is absorbed or
reflected in the atmosphere, leaving 2.7 YJ at the earth’s surface®. This translates to over 735,000
PWHh, or in other terms nearly 5000 times more than the annual global energy demand. Though the
potential energy available is large, there are several limiting factors when considering the practicalities

of harvesting it.

The intensity of the solar radiation varies greatly; factors such as latitude, season and weather
conditions can have dramatic effects. In terms of latitude, areas near the equator can experience the
highest levels of approximately 1000W/m?, which decrease as one approaches the poles of the planet.
The global average solar radiation intensity is estimated to be only 184 W/m? © (Figure 1-2).
Furthermore, the local climate can adversely affect the amount of radiation. Areas that regularly have
inclement weather will have solar radiation blocked by cloud cover; this reflection of radiation is also
known as the cloud albedo ’. The cloud albedo can reduce the amount of irradiation by up to 80% 8,
and greatly increases the difficulty in harvesting solar power. However, even with all of these potential

obstacles, the sheer magnitude of available energy still makes solar energy a worthy endeavour.

[ ————— |

0 50 100 150 200 250 300 350 wW/m2

Figure 1-2 Map shows the spatially resolved solar irradiance across the globe. Data was collected from the International

Satellite Cloud Climatology Project (ISCCP). Adapted from Matthias Loster (2010) °

Currently, there are multiple technologies which can be used to generate power using solar energy.
These can be split into two distinct groups: solar thermal and solar PVs . Solar thermal technologies
utilise the heat produced by the sun’s irradiance. For instance, orientating a building in such a way to

maximise solar heating and regulate the internal temperature would be one of the simplest
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applications. Generally, solar thermal technologies are used to reduce heating requirements and
therefore reduce other energy usage, however, there are technologies which utilise this effect to
actively generate power. Central receiver systems (CRS) are an example of this; they use an array of
mirrors that concentrate the solar radiation onto a receiver. The receiver contains a liquid, which then
becomes heated and vaporises and is used to drive a turbine.’® Whilst this technology has already
been deployed on a large scale, such as in the solar energy generating system (SEGS) solar complex in
California, it suffers from a number of drawbacks. These systems require large areas to concentrate
enough light and require very intense solar radiation. In comparison to photovoltaics (PV) which
convert radiation directly into power, require far less space, have no moving parts and can operate at

lower light intensities.

1.2.1 Challenges in Photovoltaics

PV are the dominant solar energy conversion technology, and prices have dropped rapidly since their
commercial introduction in the 1970s. In 1977 the average $/W of power generated from silicon (Si)
solar cells was $76.67, which by 2012 had dropped to $0.70 **. This rapid decrease follows the common
model of the learning curve effect, where the cost of a technology reduces as both economy of scale
increases and technology advances. This has been partially helped by the semiconductor industry also
relying on this material, meaning large investments could be made into producing silicon. As of 2019,
solar energy contributes 585 TWh to global energy production, with China alone contributing 177
TWh. Europe in comparison produces 138 TWh with Germany contributing more than a third “.
Compared to 2018 values, solar energy production has increased by 28.9% and by 2050 is predicted

to account for over 20% of the world’s energy production**?,

Currently, over 90% of this capacity is produced using silicon wafer PV technologies®. This is a 1°
generation PV technology and over the years has reached solar energy conversion efficiencies over
26%". Whilst this technology has been relatively successful, there is little room left for improvement

and the technology is generally considered quite mature.

Several alternative PV technologies have been explored. 2" generation PV technologies such as thin
film solar cells based on CdTe or Culni.«GaxSe; (CIGS) offered, as the name implied, thinner and lighter
solar cells. Currently, CIGS solar cells hold the record for 2" generation PVs with an efficiency of 23.4%
1 making them comparable to silicon based PVs. Furthermore, they could be made flexible, potentially
allowing them to be used in new applications. The major drawback of this technology was the reliance
on expensive and quite toxic elements. To date these types of PVs make up a small proportion of total
installed capacity, and over the last couple of years have lost ground to Si based technologies 3. There

are many third generation, also known as emerging, PV technologies currently in development. Dye
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sensitised solar cells (DSSCs) use wide bandgap semiconductors, such as TiO,, coated with organic dyes
that absorb sunlight. This technology is neither costly nor toxic and can be readily processed on flexible
substrates. However, the major limitation comes from the low efficiencies that this type of cell can
achieve. Currently the record efficiency is 14%, far lower than that of silicon or second-generation
offerings!*. Organic photovoltaics are another low-cost emerging technology. These cells are based on
various mixtures of organic small molecules and polymers, and again can be manufactured on flexible
substrates. With recent advancement, they have achieved a record efficiency of 16.5%, making them
somewhat more competitive. One of the most promising emerging solar cell technologies are
perovskite solar cells, based around organo-metal halide perovskites (OMHP) materials. Perovskite
cells are almost matching silicon with efficiencies exceeding 25%?, achieving this efficiency in only a
decade of development. They are relatively low cost and manufactured using abundant, albeit toxic
materials. Moreover, this technology has been used to augment existing PV technologies; using a
perovskite cell layer on a silicon PV has achieved 28% efficiency, potentially demonstrating an easier

route to large scale manufacture by using existing infrastructure °,

One of the main hurdles of any new technology is the scaling up of production and deployment. This
is especially true for all the emerging PV technologies. For the gargantuan energy requirement of the
world to be fulfilled, production of PVs must take place at incredibly large scales. As perovskites are
poised to be one of the main contenders in future PV technologies, a large amount of research and
development has taken place on how to realise scalable production. Many of the champion
efficiencies quoted use laboratory-scale devices that utilise non-scalable manufacturing techniques,
with large-scale devices yet to hit these efficiencies!®. When comparing this to silicon, the record cell
has an area of 79 cm?, whereas a typical champion perovskite device is likely less than 1 cm? 3. To
date, a number of different processes have been developed to deposit perovskite, from inkjet printing
to evaporation-based processes, all of which offer a promising pathway to scalable production 6. This
is an area that still requires a large amount of work if perovskites are to become a contender in the
competitive solar cell sector. This thesis aims to contribute to this area of research, by investigating

the use of aerosols to scalable manufacture and improve perovskite solar cells.
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1.3 RESEARCH AIMS AND THESIS STRUCTURE

The main aim of this study was to develop scalable routes to OMHP production via the use of aerosol

assisted chemical vapour deposition (AACVD) and general aerosol treatments.
The three main areas of study are:

1. Utilising an existing AACVD method to produce thick perovskite films and study their growth
and measure key intrinsic material properties.

2. Improving the AACVD method via the use of a novel precursor solvent system and employing
it to produce the first working photovoltaic devices using this deposition technique.

3. Using aerosols to treat and modify spin-coated OMHP films to significantly improve

photovoltaic performance.
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2 LITERATURE REVIEW

2.1 OPERATION OF PHOTOVOLTAICS (PVS)

This section will cover the basic operations of photovoltaic cells as to better understand the detailed
concepts behind OMHP PV technology. Photovoltaic cells are one of the most attractive technologies
for renewable energy generation. During use PVs produce no emissions, require no moving parts and
directly convert sunlight into electricity. To do this they rely on the chemical and electronic properties

of the semiconducting materials they are made from.

2.1.1 History of the PV Effect

The PV effect was first demonstrated by Edmond Becquerel in 1839 . In his experiment, silver
chloride coated platinum electrodes were placed in an acidic solution and illuminated. He then
observed a potential and a small measurable current forming between the electrodes. The same
phenomenon was later observed in a solid; in 1876, Adams and Day saw the same effect occur in a
bar of selenium under illumination ¥ (Figure 2-1). Inventor Charles Fritts then created the first solar

cells utilising selenium in 1883.
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Figure 2-1 a) Schematic of Becquerel's 1839 experiment. b) Schematic of Adams' and Day's 1876 experiment. Adapted from
M.A. Green (2002) - “Photovoltaics: coming of age”

A more thorough understanding of this effect was described by Einstein in his 1905 description of the
photoelectric effect 1°. His theory stated that if these photons had an energy value above a certain
threshold, nowadays known as the work function, they could excite electrons in a metal causing them
to be ejected. This was later proven experimentally by R. A. Millikan 2. This is the cause of the current

first observed by Becquerel 65 years before.
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The next leap in harnessing this effect came in 1954 from Chapin, Fuller and Pearson’s work at Bell
Labs 2%. Here they utilised the newly discovered silicon p-n junction to form the first silicon PV, a

technology that forms the basis of many modern photovoltaic systems.

2.1.2  Electronic Band Structure

The operation of a modern PV device requires several concepts to be understood. One of the key
underlying principles is the formation of the electronic structure of a material and how this structure
determines its optical and electronic attributes. In a single atom, electrons occupy atomic orbitals that
each have their individual energy level. As atoms are joined to form molecules, these orbitals begin to
overlap and form molecular orbitals (MO). These MO consist of lower energy bonding orbitals and a

higher energy anti-bonding orbitals.

The Pauli exclusion principle dictates that no two electrons can have the same quantum number. This
has the implication that when atoms combine and form molecular orbitals, each of these orbitals will
have a slightly different energy level. In a bulk material where there are a vast number of atoms joined
together, the orbitals split into many molecular orbitals, however as the number of orbitals is very
large the distance between them becomes incredibly small. Therefore, a continuous band of energy

is formed 22.

The width of the bands depends on the overlap of the atomic orbitals they originate from. Outer
orbitals of atoms overlap heavily with neighbouring outer orbitals of other atoms and therefore have
a wider band with more energy states, whereas core orbitals overlap less heavily with neighbouring
orbitals and therefore have a narrower band. Due to the finite widths of the bands, certain regions of
energy may not be covered leading to what are known as forbidden bands. In a solid there are an

infinite number of allowed and forbidden energy bands %2
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Figure 2-2 Diagram illustrating band structure of metals, semiconductors and insulators. Adapted from Wikimedia 23
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In terms of the material’s optoelectrical and electrical properties, the most important those nearest
to the Fermi level (Ef). The Ef is derived from the Fermi-Dirac distribution function, which gives the
likelihood of filling an energy level with an electron. The Fermi level itself represents the point at which
there is a 50% probability of electron occupation at a given temperature %2. Depending on the nature
of the material, the arrangement of the bands around the Fermi level differ. In metallic materials the
Fermi level lies within one of the energy bands, and in semiconductors and insulators the Fermi level
lies within a band gap (Figure 2-2). The band below the level is termed the valence band (VB),
composed of molecular bonding orbitals, and the band above is called the conduction band (CB),

composed of molecular anti-bonding orbitals 2.

This arrangement of bands around the E; gives rise to distinct properties depending on the material.
In metals this means that states above the Fermi level are readily accessible to electrons, which means
that even with a small amount of energy electrons can be readily to promoted into these empty states.
This is the reason why electrons are free flowing in metals, generally making metals good conductors.
On the contrary, an insulator is a material that does not readily conduct electricity at room
temperature. As the Fermi level lies within a large gap, a large amount of energy would be required
to promote an electron into the next free energy level, usually requiring considerable thermal energy

to allow for conduction 2.

A semiconductor is a material which have electrical conductivities falling between that of conductors,
such as metals, and insulators, such as glass. The band gaps in these materials are smaller than that
insulators, with typical values of the band gap ranging between 0.75 eV to 3.90 eV 2%, This causes them
to have conducting properties between those of metals and insulators at room temperature, as
thermally excited electrons can more easily attain the energy to be promoted to the conduction band.
Like insulators, the conductivity also increases with temperature. In PV applications the small E; is
exploited as it allows incident photons to promote electrons into the conduction band gap. This is the
same effect first observed by Einstein in metals, however as the electrons do not leave the material it

is known as the internal photoelectric effect 2°.

2.1.3 The Band Gap

The nature and size of the band gap (Eg) is an important parameter when it comes to how a material
responds to light. If a photon possesses energy greater than that of the materials band gap, it can be
absorbed by a semiconductor. The photon then transfers its energy to the electron causing it to be
promoted into the conduction band (CB). This also causes the formation of a hole, or in other words

a lack of an electron leaving behind a space of positive charge. This is known as the formation of an
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electron-hole pair. This is the main mechanism behind the generation of electronic charge from

sunlight 2°.

VB VB

L J

L J

Direct bandgap Indirect bandgap

Figure 2-3 Sketch illustrating direct and indirect band alignments

The Eg of a semiconductor can take on two different forms, an indirect band gap or direct band gap
(Figure 2-3). This distinction arises due to the nature of how the electron transitions from the valence
to the conduction band. In a direct band gap, the electron can directly transition from the valence
band to the conduction band as both the conduction band minima and the valence band minima
occupy a similar position in k-space. In an indirect band gap, the electron requires a change in
momentum before its transition. This is provided in the form of a phonon, or lattice vibration and
means that because the process requires multiple components it is less efficient, which has the
consequence of reducing the amount of light that a material can absorb in a given thickness. Silicon is
an indirect band gap material and therefore suffers from requiring thick absorbing layers (~10-
100 pum) 22?7, In comparison modern direct bandgap technologies such as OMHP PVs, require layers

of less than 1 um thick.

2.1.4 Absorption of Light and Generation of charges
How strongly a material can absorb a certain wavelength/energy of light is determined by the
absorption coefficient, a. This is strongly dependant on the band gap of semiconductor, as light with

energy below the band gap does not possess enough energy to promote the electron into the
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conduction band. Therefore, the photon is not absorbed. Photons with energy above the band gap

are readily absorbed giving rise to a sharp increase in absorption (Figure 2-4).
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Figure 2-4 Graph showing absorption coefficient, a, vs incident light wavelength in a variety of semiconductor. Adapted
from pveducation.org 28

Therefore, selecting materials with appropriate band gaps, to absorb as much incoming light as
possible, is paramount to creating a PV. The Shockley-Queisser Limit can be used to estimate the
maximum theoretical efficiency of a solar cell based on the materials band gap. It was first calculated
by Shockley and Queisser and estimates that the maximum theoretical efficiency of a single p-n
junction solar cell is 33.7%, achieved with a material that has a band gap of 1.34eV %. Figure 2-5 shows
the theoretical calculated efficiencies of various bandgaps and indicates that values between 1.1 eV

and 1.5eV are desirable.
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Figure 2-5 Calculated maximum efficiency vs Eq4 using the Shockley Queisser model. Solar radiation is approximated as a
6000 K blackbody spectrum.

The generation of charge carriers from incident light can be calculated using the absorption coefficient

of a material, and the intensity of the incident light *:

I =Ile (2-1)
With a = absorption coefficient (cm™), x = position in depth of the material, lo is the light intensity at
the top surface. This assumes that all incident photons produce an electron hole pair. Differentiating
this equation will give the generation of electron-hole pairs at any point within a device and yields the

generation rate of electron-hole pairs, G:

G = aNye™** (2-2)

With a = absorption coefficient (cm™), x = position in depth of the material, No= photon flux at the
surface (photons/unit-area/sec.) As this equation has the form of exponential decay, it also shows that

most of the electron-hole generation happens within the surface of the cell 3°.

2.1.5 Built in Potential- Extracting the Charge

The generation of charge via the photovoltaic effect alone does not provide enough current necessary
for electricity production. Excited electrons tend to have a finite lifetime and will recombine with a
hole or thermally relax back into the valence band position. To extract the charges effectively a second

mechanism is required: that of a built-in potential barrier.

The original form of this, and the one still used commonly to date, is that of the silicon P-N junction,
invented by Ohl in 1939 3%, To understand the basics of this junction it is necessary to understand

semiconductor doping. By introducing impurities, also known as doping, within a semiconductor, new
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allowed energy states are introduced within the band gap. Impurities which introduce electronic
states near the conduction band edge are called electron donor impurities (n-type doping), whereas
impurities that create states near the valence band are called electron acceptor impurities (p-type

doping).

For instance, in a perfect silicon lattice each silicon atom shares one of its electrons in the valence
shell with another silicon atom, forming four bonds. When one adds a pentavalent element such as
phosphorus, four of the electrons form bonds with the remaining electron being free to move in the
lattice. These free electrons create the extra energy states near the valence band, which means that
they can be readily excited into the conduction band. Conversely, addition of a tri-valent element such
as boron creates electron deficiencies, also known as holes. These states are easily filled by electrons
in the valence band, leaving mobile holes in the valence band and therefore also improving
conductivity. When introducing a large amount of these dopants, enough energy states can be

introduced within the E, to allow for ready conduction at room temperature 32,

By introducing these allowed energy states, dopants have a large effect on the Fermi level of a
material. Electron acceptor doped materials (p-type) have their Fermi level close to the valence band,
and electron donor doped materials (n-type) have their Fermi level near the conduction band edge
(Figure 2-6). Due to the Fermi level needing to be aligned in a system when it is in thermodynamic

equilibrium, as the p-type and a n-type material contact each other band bending occurs 2.
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Figure 2-6 Diagram illustrating the effect of p-type and n-type dopants. Adapted from Hyperphysics 33

At the p-n interface, the free electrons from the n-type are attracted to the excess positive charge in
the p-type. This causes them to diffuse into the p-type material and recombine. Conversely, the holes
in the p-type drift into the n-type material and screen the charge there. This creates a region of
negative charge in the p-type material and a region of positive charge in the p-type material. Both
regions together repel mobile charges away due to an electric field, creating a space charge region or
potential barrier. This opposes the initial diffusion process, and over time both phenomena

counterbalance and reach an equilibrium. This space charge region is what creates the characteristic

Page | 34



Literature Review

diode behaviour of a p-n junction. In forward bias the holes and electrons are pushed into the centre
of the junction, reducing the depletion region and allowing the charge carriers to cross easily and
current flows more readily. Conversely, in reverse bias charge carriers are pulled away from the centre,
creating a larger depletion region making it harder for current to flow 2°. A schematic of a p-n junction

can be seen in in Figure 2-7.
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Figure 2-7 Diagram of p—n junction in thermal equilibrium with zero applied bias. Under the junction, plots for the charge
density, electric field, and the voltage. Adapted from Wikimedia 3*

Another commonly used variation of the p-n junction is the p-i-n junction, which is the junction
commonly implemented in OMHPs. In this junction the perovskite is sandwiched between two
semiconducting materials, a p-type and an n-type. The i denotes the intrinsic nature of the perovskite,
or in other terms that it is undoped. In this case, the depletion layer is stretched over the larger length
and spans the thickness of the intrinsic semiconductor, creating an electric field across the intrinsic

material (Figure 2-8). These junctions can also be formed from dissimilar materials with each having
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different band gaps and different Fermi-levels; this is referred to as a heterojunction. The energy level
diagram of a heterojunction p-n or p-i-n junction look similar to their homo counterparts, however, a
key difference is the presence of a discontinuity at the contact of the two materials. This discontinuity
can either assist or disrupt the flow of charge carriers depending on the initial band gap levels. In p-i-
n junctions this feature can be, for instance, used to block flow of electrons to the side of the cell

containing holes, which can reduce recombination of charges.

Figure 2-8 Schematic of p-i-n junction with zero applied bias. Adapted from Yoshida (2012) - Nanoscale probing of transient
carrier dynamics modulated in a GaAs—PIN junction by laser-combined scanning tunnelling microscopy

When the junction within a solar cell is illuminated, the inbuilt electric field separates the electron-
hole pair. The electric filed will cause the electron to drift towards the n-type and the hole will drift
towards the p-type, and the charges can be collected. However, the electric field can only influence
electron-hole pairs if they are within its influence, meaning the electron-hole pairs have to be within
the junction?. If electron-hole pairs are formed away from the junction, in the bulk of either
semiconductor, then the probability of electron hole separation is lower. The probability of this
happening is known as the collection probability and decreases as the distance from the junction
increases. This is one major advantage of the p-i-n junction, as the electric field usually stretches across
most of the absorbing material and therefore most of the electron hole pairs experience the effect of

the electric field .
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2.1.6 Thel-V Curve
The non-linear behaviour of the p-n/p-i-n junction can be described using the diode equation, however
when dealing with PVs it is customary to use current density (J) instead of current (I). Under no

illumination the equation is as follows:

Jaark(V) = Jo (exp (#:T) - 1) (2-3)

Jo is the reverse saturation current density, q is the elementary charge of an electron, V is the applied
bias, n is the diode non-ideality factor, ks is the Boltzmann constant, and T is the temperature in Kelvin
30, When the junction is illuminated and the terminals are connected in a circuit, a short-circuit current

forms. The short circuit current density is defined as:

Jse = q [ bs(E)EQE(E)dE (2-4)
The Ji is defined as the integration of the products of incident spectral flux density, bs, external
quantum efficiency, EQE, across the whole solar spectrum of incident photon energies, E. The spectral
flux density is the amount of energy transferred from solar radiation to the cell*’. The EQE is a measure
of the probability of a given photon with energy E creating an electron that is harvested by the circuit.
It is also known as the incident photon-to-current conversion efficiency (IPCE). The EQE is dependent

on the absorption coefficient of a material and the efficiency of the charge separation®®.

As the junction is illuminated the current formed shifts the diode curve. This can be described by the

following modification to the diode equation:

](V) =Jsc _]dark(V)
14
= J(V) = Jse-Jo (exp (7o7) = 1) (25)
This resulting curve can be seen in Figure 2-9 ,which also shows a several other key points on the

curve.
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Figure 2-9 J-V behaviour of a non-ideal solar cell in the dark and under illumination. Short-circuit current, Jsc, is shown at V =
0 and open-circuit voltage ,V,., is shown at J = 0. Maximum power density, P, is shown at the intercepts of Jm and V. FF is
the ratio between the product of Jsc and V.

As the current drops to zero it intercepts the abscissa at a given voltage, which is known as the open-
circuit voltage, Voc. This is the voltage that the cell generates when the circuit is not completed and
stems primarily from the inbuilt potential difference of the junction. Using equation 2.1 the following

expression for Vo.*° can be derived:

te =t (e (c7) =1)

nkyT Jsc
> Ve =—=In (—
o¢ q Jo

+ 1) (2-6)
Within the region between Jic and V.. the cell is generating power density, P, with the maximum power
density, Pm, achieved at a certain combination of current, J», and voltage V. Another important factor
called the fill factor, FF, is calculated using the ratio between the product of the Voc and Jsc and the Vi,
and Jn, 3

FF = % (2-7)
Using this the overall power conversion efficiency of the cell, n, can be defined as the ratio of P, and
the proportion of incident light power density from solar irradiance, P, 3°. Typically, cells are tested at
air mass 1.5 solar irradiance, which equates to a P, of 1000 W/m?2,

]me
P;

1’1:

_ JscVocFF

0 Pin (2_8)

In real world operation solar cells experience contact resistances in the contacts and current leakage
in the device. These two factors can be quantified by two parasitic resistances, one in series, Rs and

one in parallel R, also known as the shunt resistance. Rs primarily stems from the resistance of the
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cell material to current flow, the current flow to the contacts and the intrinsic resistance of the

contacts themselves. Including these resistances, equation 2.3 becomes 3

]sczjo(exp( qV)_l)_w (2-9)

nkpT Rgpn

The parasitic resistances have a major effect on the FF and therefore can dramatically lower the

performance of a device( Figure 2-10).
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Figure 2-10 Effect of parasitic resistances on J-V curve. a) increasing series resistance Rs;b) and increasing shunt resistance
Rsh. The FF is severely affected by both resistances, leading to lower power output.

2.1.7 Recombination of Charges, Lifetimes and Mobility

Recombination is the opposite of charge generation, in that the excited electrons recombine with
holes. This leads to a loss of current from the device and is one of the major losses within solar cells.
Recombination is primarily caused due to either intrinsic processes within the material or due to
imperfections and interfaces in the material. Radiative recombination is one such intrinsic process,
where an excited electron in the conduction band directly recombines with a hole in the valence band,
releasing a photon with the energy of the band gap. This is also known as spontaneous photoemission
39, The other intrinsic process is Auger recombination which involves the recombining of an electron
and hole. However the energy is not emitted thermally or as a photon, instead the kinetic energy is
transferred to another electron. The electron then loses energy via thermal vibrations and relaxes
back into the valence band. Auger recombination dominates in materials with large carrier
concentrations, such as heavily doped materials 3°. Recombinations due to imperfections or surfaces
occur due to trap states within the band gap. These trap states form at crystal defects and impurities
within the material, or at surfaces of the material. The process by which trap states recombine charges
is known as Shockley-Read-Hall (SRH) recombination. Here electrons or holes will get trapped at one
of the intragap states and either be released due to thermal excitation or recombine with the opposite

carrier at the same site 3°. These processes are illustrated in Figure 2-11.
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Figure 2-11 Carrier recombination mechanisms in semiconductors 3¢
These recombination processes directly affect the lifetime of free charge carriers, which can be

described by ¥:

1 1

1

+—+

T Trad A TSRH

(2-10)

With t being the total lifetime of the charge, tr.q being the radiative lifetime, ta the Auger lifetime and
Tsen SRH lifetime. Charge carrier diffusion length is another parameter that is directly linked to the
recombination processes. This describes the average distance a charge carrier can move before it
recombines. The diffusion length of the charge will limit the maximum thickness of the solar cell
material before it cannot extract charge, as the charge carriers recombine before they reach the

contacts. This naturally is linked to the lifetime and the relationship is 3°:

L =+Dt (2-11)

L is the diffusion length of the charge carrier and D is the diffusivity of the charge carrier, which can
be described using the Einstein relation to give another key parameter, the mobility of the charge

carrier 3

kT
D=%p. (2-12)

The mobility, p, describes how quickly a charge carrier moves in an electric field and is commonly used

as a metric in PV materials to discern how well charges could be extracted from a cell.

Page | 40



Literature Review

2.2 ORGANO METAL HALIDE PEROVSKITES

Organo-metal halide perovskites (OMHP) are a recent development and have garnered a lot of
attention in the field of photovoltaics. They were first used as sensitizers in DSSCs, however, now they
are considered a separate research entity and show potential for achieving a high efficiency at a low
material cost. Over the last 14 years of research perovskite cells have almost matched the record
efficiencies of single crystal silicon, as of 2019 exceeding 25% 1. This in combination with its low
material and processing cost, makes it one of the most attractive 3™ generation PV technologies.
However, a lot of work remains to be done, especially in the area of scalable depositions techniques.
This section of the review will give a brief introduction to OMHP, their properties, the current state of

research and how AACVD has been utilised to deposit this material.

2.2.1 History of OMHP

The first use of OMHP in in the field of photovoltaics was in a DSSC solar cell produced by Miyasaka
et.al in 2009 *. In this study, two variations of halide perovskite, methyl ammonium lead tri-bromide
(MAPBr) and methyl ammonium lead tri-iodide (MAPI), were used as sensitizers on a mesoporous TiO;
scaffold. The resulting cells had similar power conversion efficiencies (PCE), with the Br based cell
achieving 3.13% and the | cell having 3.83%. Furthermore, a high Voc of 0.96V was realized in the Br
based cell. One major drawback reported was the rapid degradation the cell underwent when exposed

to light and air, a problem which to date still persists in OMHP.

An evolution of the DSSC based design was demonstrated by Park’s research group in 2011 %° . In this
DSSC design, MAPI was deposited in the form of nanocrystal quantum dots (QD), with diameters of 2-
3nm. Efficiency of this cell was 6.2 %, with a V.. of 0.629 V and a FF of 0.617. The cell was further
improved via the introduction of a Pb(NOs), blocking layer, which reduced recombination. This
increased efficiency to 6.5 % and V. to 0.706 V. However, degradation due to the electrolyte that

plagued earlier perovskite DSSC cells was still present.

A big breakthrough in terms of stability and efficiency was the development of solid-state cell (SSC)
perovskite devices. The research groups of Park and Snaith both demonstrated cells in which the
electrolyte was replaced by the hole transporting polymer 2,2°,7,7 -tetrakis-(N,Ndi-p-
methoxyphenylamine)9,9 -spirobifluorene (spiro-OMeTAD). The champion device of Park et al. had
an efficiency of 9.7 % with a FFof 0.62and a Voc of 0.888 V, exceeding the efficiency achieved by the
DSSC counter parts. The biggest improvement due to abandonment of liquid electrolytes was the
increased stability. Stability of this cell was analysed and over 500h under illumination only led to a
small decrease in Jic**. The cell produced by Snaith’s group had a very similar structure, however the

perovskite was of a mixed halide form (CHsNHsPbls«Cly). The cell also had a higher V., indicating less
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recombination within the cell, and therefore achieved higher efficiencies than its DSSC counterpart,
10.9% “?>.Moreover, further investigation into the charge carrier properties, by replacement of the
mesoporous TiO; layer with a mesoporous Al,0s, led to the discovery of the ambipolar charge carrier
transport in halide perovskites, long carrier diffusion lengths and high charge carrier mobilities 3.
These key discoveries paved the way for OMHPs to become the most rapidly advancing PV technology

to date.

2.2.2 The Perovskite Structure

The perovskite structure was first resolved from CaTiO, 1839 by Gustav Rose and was named
perovskite in honour of the Russian Mineralogist L.A Perovski 6. Halide perovskites were discovered
40 years later, with Wells et al. synthesising a series Cs based halide perovskite in 1893. The first OMHP
perovskites were synthesised by Weber in 1978, one of which being methyl ammonium lead tri-iodide
(MAPI)#. This perovskite was used by Miyasaka in 2009 to produce the first OMHP PV, forming the
basis of the field *°.

Figure 2-12 Crystal structure of methyl ammonium lead tri-iodide (MAPI)

The general formula of perovskite is ABX; where A and B are cations and X is an anion (Figure 2-12).
The ideal cubic unit cell (Pm3m) is composed of five atoms, with the A cation occupying the cubo-
octahedral site and the B cation occupying the octahedral sites. The X anions occupy the face centred
positions “¢. In a typical OMHP the A site is typically occupied by organic cations such as methyl-
ammonium (CH3NHs*), formamidine (NH2CH=NH,") and Guanidium (C(NHz)s*). Recent developments
have also included the addition of small radii alkali metal ions such as Cs'* and Rb'*. The B site is
typically occupied by large divalent metal cations from the carbon group such as Pb?" Sn?* and Ge?".
The X site is primarily occupied by the three halides, Br* CI" and I". State of the art OMHP employ

various mixtures of cations and anions within a single material. One of the simplest ways to determine
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if a mixture of ions will form a perovskite the known ionic radii can be used to calculate the

Goldschmidt tolerance factor (t) *:

t = (ra+1x)/[V2(r5 +1%)] (2-13)
Rais the ionic radius of the A cation, Ry is the radius of B cation and Ry is the radius of the halide ion. A

list of typical ionic radii values for OMHP materials can be seen in the following table:

Table 2-1 Showing commonly used radii of ions. A-cation are coloured black, B cations are coloured blue and the X anion is
green. Table adapted from Chen et al. (2015) 4°

Species Formamidinium Methylammonium Cs Pb Sn | Br Cl F
(FA) (MA)
Size (A) 19-2.2 1.8 1.7 1.2 1.1 2.2 2.0 1.8 1.3

When using a mixed composition, a virtual radius must be employed, which considers the fractions of
each ion introduced into the system and then uses a weighted average to calculate a final radius for
the relevant site. If the value lies between 0.7 and 1.11 it is likely that a perovskite will form. However,
as the value deviates from 1, the crystal structure will begin to distort. Values below 0.9 form
perovskites with an orthorhombic/rhombohedral structure. Above 1 it may form a tetragonal or
hexagonal structure. Furthermore, the size of the A ion can also affect the dimensionality of the
perovskite. If the ion is very large, then the three-dimensional (3D) network is broken and two-
dimensional (2D) or one-dimensional (1D) structures are formed. Therefore, if t<< 1 the 3D structure
will be destroyed. *° Another value to consider in formability is the octahedron factor,u, developed by
Li et al. *° This factor describes the ratio between the radii of the B cation and the X anion. It is

calculated as follows:

uw=rg/ry (2-14)
If the value of nu<0.442 then formation of the perovskite will not occur, as the octahedron will be too

unstable.*®

The main caveat with using the Goldschmidt and octahedral factors is the low accuracy with which
they can describe OMHP formability. For instance, the Goldschmidt factor tends to only accurately
predict 31% of iodide, 51% of chloride and 56% of bromide perovskites. Using modern data analytics
Bartel et al. have proposed a new tolerance factor that considers the oxidation state of the A site
cation °:

T=2— na(ny — ra/Ts )

—_— (2-15)
Tp In(ra/re)
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Where n, is the oxidation state of the A site cation. ra > r,, and 1 < 4.18 indicates a stable perovskite.
This new tolerance factor can predict the formation of OMHP with over 90% accuracy and has been

even extended to low dimensionality perovskites and double perovskite structures.

2.2.2.1 Common phase transitions

As is the case with most materials, external factors such as temperature affect the crystal structure.
In OMHP the three dominant crystal systems are cubic (Pm3m), tetragonal (l4/mcm) and
orthorhombic (Pnam). As the temperature increases the structure transforms from orthogonal to
tetragonal and then to cubic. These phase transformations are classified as follows: high temperature
phase a, intermediate temperature phase B and low temperature phase y (Figure 2-13). MAPI for
instance, is tetragonal at room temperature and experiences a phase transition to the tetragonal

structure at 400K 32754,

PVSK Phase  Temperature (K)  Structure Space group  Lattice parameters (A) Volume (A3)
MAPbDI;3 o 400 Cubic P4mm a=6.3115 b=6.3115 c=6.3161 251.6
B 293 Tetragonal l4cm a=8.849 b=8.849 c=12.642 990
v 162172 Orthorhombic ~ Pna2, a=5.673 b=5.628 c=11.182 959.6
MAPDCl3 o >178.8 Cubic Pm3m a=5.675 182.2
B 172.9-178.9 Tetragonal P4/mmm a=5.655 c=5.630 180.1
Y <172.9 Orthorhombic ~ P222, a=5.673 b=5.628 c=11.182 375
MAPbBr; « >236.9 Cubic Pm3m a=>5.901 206.3
B 155.1-236.9 Tetragonal 14/mcm a=8.322 c=11.833 819.4
v 149.5-155.1 Tetragonal P4/mmm a=5.8942 ¢=5.8612
B <144.5 Orthorhombic  Pna24 a=7.979 b=28.580 c=11.849 811.1
MASnI3 « 293 Tetragonal P4mm a=6.2302 b=6.2302 c=6.2316 241.88
B 200 Tetragonal l4cm a=8.7577 b=8.7577 ¢=12.429 953.2
FAPDI; a 293 Trigonal P3m1 a=8.9817 b=8.9817 ¢=11.006 768.9
B 150 Trigonal P3 a=17.791 b=17.791 ¢=10.091 2988.4
FASnI; o 340 Orthorhombic ~ Ammz2 a=6.3286 b=8.9554 ¢=8.9463 507.03
B 180 Orthorhombic  Imm2 a=12.512 b=12.512 ¢=12.509 1959.2

Figure 2-13 Structural phase transformations for commonly found within OMHP. Adapted and modified from Chen et al.
(2015) 49

2.2.3 Optical Properties of OMHP

Optical properties that make OMHPs ideal for PV applications are their narrow bandgaps 1.1-2.3 eV
and high absorption coefficients (10° cm), allowing for even thin layers to sufficiently absorb a wide
range of the solar spectrum. The strong optical absorption arises from their direct band gap nature,
which in OMHPs is primarily formed by the molecular orbitals of the B and X site ions *°. This means

that compositional variations of those two sites will heavily affect the light absorbing properties of the

material.

For instance, MAPI has a bandgap of ~1.55 eV, meaning that it absorbs light from the near infrared
region (800 nm), however, the Sn derivative, CHsNHsSnl;, has its absorption onset shifted into the near
infrared region, 1000nm, with a band gap of 1.1 eV. Intriguingly, the mixed metal system,

CH3NHsSn,Pbil3, has shown red-shifting of the onset towards 1300nm 6. Changes in the halide can
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have a similarly large effect, with the Br substituted derivative, CHsNHsBrls, having a much wider band
gap, 2.3 eV. The mixed composition, CHsNHsPbls«Bry, displays band-gaps between that of the parent
systems >/, However, the addition of Cl ions, forming the mixed halide CHsNHsPblsCly, displays very
little difference in the absorption spectra.>® Conversely, replacement of the A site cation shows a
smaller shift in the absorption. Replacing the MA with FA, forming, HC(NH,),Pbls, has shown the onset
shift towards 850nm.>>%° Additionally, Cs based perovskites such as CsPbBrs have shown blue shifted
absorption onset to 540nm. %! Recently a study by Grétzel et al. showed that a triple cation system
containing MA, FA and Cs has an absorption onset of 775nm.%? A energy diagram of common OMHPs

can be seen in Figure 2-14.

3.67 eV -3.63 eV

-3.9 eV
-4.2eV -4,2 eV

Energy vs. vacuum
FAPbI,
MAPbI,
MASnI,

MAPbB,

-4.73 eV
-4.95 eV
-5.4 eV
5.7 eV

-6.5 eV

Figure 2-14 Band edge positions of various organometal-halide perovskites. The bandgap values are: MAPbBrs; 2.3 eV
MAPDbI3 1.5 eV, FAPbI; 1.5 eV, MASnl; 1.1 eV. Adapted from Chen et al. (2015 *°

2.2.4 Charge Carriers in OMHP
OMHPs exhibit excellent charge carrier properties, having near instantaneous formation of free charge

carriers with high mobilities.

Charge carrier generation mechanisms in OMHPs have been shown to behave comparably to that of
other semiconductors, such as GaAs. Studies on MAPI have shown that upon illumination, excitons
almost immediately disassociate to form free charge carriers #3%%, with Ponseca et al. reporting this to

occur within 2 ps . In FAPbI;s this has been shown to occur even more rapidly within 1ps®®.

The mobility of these charge carriers has been reported to be between the orders of 107 to

10t cm? (Vs)? for thin films and up to 10° cm? (Vs)*  for single crystals. Interestingly, they have been
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shown to have an ambipolar characteristic, with both electrons and holes having similar values. Sn
based analogues tend to exhibit higher mobilities in the range of 10%-10® cm? / Vs %%, A site
modification can also lead to changes in mobility, for example, FA based perovskites tend to exhibit
lower mobilities than MA or mixed cation counterparts . Furthermore, addition of Rb leads to
increased mobilities, however the mechanisms may be related to trap state reduction rather than
intrinsic energetics 7%’1. Substituting | with Br also tends to lead to a lower mobility, with mixed
compositions resulting in lower values than either parent system. This is generally attributed to the
potential dimensional disorder of the crystal at these compositions 72. One caveat with most reported
mobilities is that they can stem from a variety of analytical techniques. Some techniques, such as time
of flight (TOF) and Space Charge Limited Current (SCLC), measure out of plane, akin to what would be
found in a device. On the other hand, measuring the field effect mobility via a field effect transistor
(FET) or utilising the Hall effect, measure the in-plane mobility. Depending on the axis of
measurement, the number of grain boundaries will change, which could lead to different numbers of
carriers being trapped at the boundaries, resulting in axis dependant variation in mobilities.
Furthermore, decoupling intrinsic factors such as composition and crystal structure from extrinsic
factors, such as morphology, defects, and impurities is very challenging. This is because small changes
in composition tend to adversely affect the morphology of the films. These are the reasons that true

mobilities are hard to ascertain and care must be taken when interpreting results.

A large range of charge carrier diffusion lengths and carrier lifetimes have been reported for OMHPs.
Monocrystalline diffusion lengths have been reported to be in the order of several 100 um 73, with
lifetimes being reported in the us scale 7. Recent work by Brenes et al. has shown comparable
diffusion lengths of 77 um and lifetimes of 32 us in thin films after exposing them to humid air, which
was shown to reduce surface trap states ’>. However, typical diffusion length results for thin films tend
to be < 1um *. When considering that in most devices the active layer is sub 1um thick, these values
show why OMHPs can extract charges very effectively. This is corroborated by the fact that record
cells are already approaching the theoretical Jsc limit 76778, As mobilities are linked to diffusion lengths
and carrier lifetimes, the same factors influence the values. Compositional engineering and number

of trap states**”® heavily influence both factors.

2.2.5 Device Architecture

As previously stated, the typical OMHP cell is formed of an intrinsic perovskite absorber layer
sandwiched between two semiconductors, p and n type. When photons are absorbed by the
perovskite layer the inbuilt electric field of the junction sweeps charges to the p or n type contacts.
Many key properties of the cell performance are linked to the architecture. For instance, the Vo, is

governed by the difference in work function of the p and n type materials, and the resulting quasi
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Fermi level splitting that occurs at each of the contacts. The FF is affected by the contact resistances

of each of the layers and any pinholes or defects that are present. Js is affected by any recombination

losses that can occur due to interfaces between materials. Therefore, it is vital to understand how to

structure the OMHP device to maximise the performance. There have been a wide array of materials

and architectures studied, which can be categorised mainly by the arrangement of the p and n-type

contact materials. An overview of architectures can be seen in Figure 2-15, with leading device

performances of each architecture in Figure 2-15.
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Figure 2-15 Schematic diagrams of common OMHP device architectures. Adapted from Jena et al. 5>

Table 2-2 Highest efficiencies reported in publications. Parameters were taken from the reverse scan of the champion

device of each study.

Architecture  Configuration Composition PCE (%) Jsc Voc (V) FF Ref
(mA/cm?)

Meso n-i-p (FEA)2Pbla/FAPbDI3 22.1 25.8 1.10 0.78 80
Meso p-i-n CsxFA1.xPbl3 20.13 22.2 1.13 0.80 8l
Planar n-i-p GAx(CsFAMA)1.xPbl3 21.12 23.7 1.19 0.75 82
Planar p-i-n MAXFA1xPb(11-xBrx)3 20.9 21.9 1.18 081 88
HTM-Free i-n MAPbI3 15.0 21.7 0.96 0.72 84
ETL-Free i-p MAPbI3 20.1 23.1 1.17 0.74 85
C-Electrode n-i-c MAPbI3 16.1 20.8 1.05 0.74 86
Mesoscopic infiltrated (5-AVA)x(MA)1.Pbl3 15.7 23.2 0.98 0.69 87

2.2.5.1 Mesoscopic Cell

The mesoscopic scaffold type cell is one of the most popular cell architectures used to date and is an

evolution of the DSSC structure. The substrate typically is formed of glass coated with a transparent

conductive oxide (TCO), such as FTO or ITO. This is then coated with a dense layer of TiO, (>100nm),

which is an n type material and acts as the electron transporting layer (ETL). This is then covered with
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a scaffold of nanostructured TiO; (~350 nm). To date several different nanostructures have been

investigated, with nanowires, nanorods and nanotubes to name a few %0

. The perovskite
layer (~350-500 nm) is then deposited and partially infiltrates the scaffold layer. The next layer is
typically an organic hole transporting layer (HTL) such as, spiro-OMeTAD. The final layer is a metal
contact (~100 nm), although carbon black has been shown to be an effective electrode®>. The
resulting cell cross section can be seen in Figure 2-15. During operation, charge carriers are generated
in the perovskite sensitizer and swept to n and p type materials due to the inbuilt electric field.
Electrons are collected and injected into the mesoporous layer. Holes are transported through the
HTL. Moreover, ETL and HTL layers can also act as barriers to non-transported charge carriers, reducing
interfacial recombination at the electrodes. Alternative scaffold materials have been studied, such as
ZnO, strontium titanate (STO) and barium titanate (BTO)*°1%2, Chen et al. demonstrated an inverted
mesoporous cell utilising CuGa0,. In these cells the mesoporous metal oxide layer forms the p-type
material and electron collection is handled by a planar layer of PCBM. This structure has been shown
to have increased electron lifetimes and good energy conversion efficiency (20.13%)%'. Many cells
utilising the mesostructured architecture have achieved high efficiencies of over 20% %28 however
it has several drawbacks. Processing of the mesostructured layer is more labour intensive and the high
annealing temperatures required to fully process the metal oxide make it less desirable for scale up
manufacturing. It has been also shown that during cell operation this type of cell architecture is prone
to hysteresis in the J-V scan and, in the case of TiO;, based structures, degradation, which will be

discussed in detail in a later section ®+%°.

2.2.5.2 Planar Heterojunctions

Another common architecture is the planar heterojunction. In this architecture the perovskite is still
placed between two p and n type materials, however there is no mesostructured component. Instead,
all layers are deposited as thin films. Depending on which order the layers are deposited the resulting
structure will be p-i-n or n-i-p, note that both still form p-i-n junctions *. The naming convention stems
from the order of which materials interact with the light. In the n-i-p configuration the ETL is deposited
onto the TCO, which can be made of inorganic materials like TiO, and SnO, or organic materials such
as Phenyl-C61-butyric acid methyl ester (PCBM). The absorber layer is similar in thickness to the
mesostructured cell (~¥300-500 nm), however there is no partial infiltration and the perovskite forms
a completely planar layer. The hole transport is then handled by a spin coated layer of p-type material.
In the inverted, p-i-n configuration the p-type material forms the first layer, which is typically an
organic material such as poly(triaryl amine) (PTAA), PTPD or spiro-OMeTAD. One advantage compared
to the n-i-p configuration, is the fact that the organic p-type layer can be made thinner as it does not

have to ensure coverage on the slightly rougher perovskite surface. As p-type organic materials
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typically have low conductivities (~ 107 S cm™) a thinner layer would improve series resistance.
However, inorganics such as NiO have been shown to be suitable alternatives. This architecture has
become one of the most popular as it is highly versatile, allows for easy processing, more consistent
performance and is compatible with more deposition techniques *. The peak efficiencies of planar
structures have lagged that of the mesostructured cell. However, in a recent record set by Wu et al.
they showed a planar device using colloidal SnO, and spiro-OMeTAD reaching over 21.12%%2,
Additionally, this cell architecture has shown improved hysteresis characteristics and stability

compared to typical mesostructured cells.

2.2.5.3 Other Architectures

Mesostructured and planar architectures are the most utilised architectures. However there have
been many reported variations and novel designs developed. Omission of the HTM has been shown
to still yield functioning devices. Liet al. utilised an inverted structure design without a p-type material
and achieved an efficiency of 15%, which is the highest achieved to date and has been shown to have
enhanced stability 8. Likewise, efficient ETL-free devices have been demonstrated. Huang et al.
utilised tetramethylammonium hydroxide (TMAH) to treat FTO and used these substrates in a i-p
configuration with spiro-OMeTAD to fabricate a cell with 20.1% efficiency . Both architectures are
primarily possible due to the ambipolar charge transport properties of OMHPs, which show similar
mobilities for electrons and holes. Removing these layers would reduce the complexity and cost of the

cell, potentially making scalable manufacturing easier.

Another promising architecture is the carbon-based electrode configuration. Here the perovskite is
infiltrated into mesostructured metal oxide, commonly TiO,. The cell is then completed without HTM,
instead a carbon ink is used to form the back contact. Zhang et al. utilised a scaffold of CuPc nanorods
to record an efficiency of 16.1% %. A variation of this architecture, called the mesoscopic cell which
utilises screen printed layers of TiO,, ZrO, and carbon which are then infiltrated with perovskite ink,
has similar efficiencies with the record being 15.7% #'. Utilising carbon not only removes the need for
an HTM, it removes the need for costly metal back contacts. Furthermore, its inherent hydrophobicity

provides a protective barrier for moisture ingress, therefore improving cell stability.

2.2.6  Hysteresis

Reliably evaluating the performance of OMHPs is relatively challenging, primarily due to hysteresis
observed during J-V measurements (Figure 2-16). Depending on the scan direction, range and rate,
the shape of the curve will change. This leads to different values for key performance metrics and

makes it difficult to ascertain the true cell performance. However, recent advances in the field have
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not only improved cell efficiency but have also reduced the hysteresis to almost negligible levels.

Therefore, it seems that factors governing performance are closely linked to that of hysteresis °.

Reverse
44—

Df' L‘lrf ard"-_

Current density (mA cm?)

Applied Bias (V)

Figure 2-16 Example of OMHP hysteresis effect on J-V curve

Typically, hysteresis manifests itself in three main categories: normal, inverted and mixed. In normal
hysteresis the reverse scan shows a higher FF and V... Conversely, in inverted hysteresis the forward
scan shows higher values %’. Mixed hysteresis occurs when the forward and reverse scans cross over
at a certain point. The severity of hysteresis, also known as the hysteresis index (HI) can be described

simply by the ratio of the PCE of the forward and reverse scan:

PCERrs—PCE
H] = —B8__—7F (2-16)
PCERs

where PCEgs is the reverse scan efficiency and PCEgs is the forward scan efficiency. The timescale at

which hysteresis occurs is usually within tens of seconds %819,

2.2.6.1 Influence of architecture and materials

Different cell architecture and materials show different severities of hysteresis, with the worst
generally being planar n-i-p architectures. Sandheep et al. conducted a study where they compared
mesoporous TiO,, compact TiO, and ETL free cells. Here, the lowest hysteresis was observed on the
mesostructured cell, followed by ETL free and then compact TiO %%, A similar study was conducted by
Kim and Park, where they trialled cells containing different mesoporous TiO, thicknesses, 220 nm, 110
nm and 0 nm. Their results indicated that thinner layers show more hysteresis, with the ETL free cell

showing the highest value. This trend is also present when using SnO,, with mesoporous architectures
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again showing less hysteresis 1°2, This effect of mesoporous architectures reducing hysteresis has been
linked to the efficient charge carrier collection due to the increased surface area. Intriguingly, inverted
planar cells utilising PCBM show very little hysteresis in the planar configuration 1%, This has been
attributed to the PCBM diffusing into the perovskite and stabilizing mobile ions %4, The type of OMHP
can also influence the hysteresis; mixed cation perovskite have been shown to have reduced

hysteresis 627919, Furthermore, the nature of the hysteresis has been shown to be inverted %,

2.2.6.2 Origins of hysteresis

The origin of this effect is a heavily debated area in OMHPs, with several theories being proposed as
to a possible cause. As a number of perovskite-structured materials are ferroelectric, it has been
suggested that ferroelectricity in OMHPs may be the cause of hysteresis. MAPI for instance has been
shown to belong to the non-centrosymmetric space group l4cm crystal group, ascribed to the rotation
of the MA" ion 17, Gottesman et al. proposed that under the application of a bias the MA* dipole
would align itself with the field and become polarised %°. Using density functional theory, Stroppa et
al. determined the polarisation to be 4.47 uC/cm?%®, Therefore, it could be theorised that during a J-
V measurement the applied bias would pole the perovskite and the resulting polarization field would
affect the inbuilt field. Depending on the field direction this would inhibit or enhance charge
separation and collection leading to anisotropic J-V behaviour. This could in part explain why planar
devices suffer from more hysteresis, as the field will be more unidirectionally applied to the
perovskite. However, there are some studies that refute the ferroelectric contribution to hysteresis.
Leguy et al. have estimated the timescale of ferroelectric domain relaxation to be approximately 0.1-
1 ms, faster than the effect observed in the J-V curve 1%, Therefore, whilst some OMHPs may display

ferroelectric properties, these may not contribute to the hysteresis in the J-V curve.

Charge accumulation due to unbalanced charge extraction has also been attributed as a cause of the
hysteresis. It has been theorised that slow electron extraction leads to a build-up of charge at the n-
type contact, creating a capacitance that leads to scan direction/rate dependence %10, Again, this
would corroborate the lower hysteresis observed in mesostructured cells, as the large surface area

allows for good charge injection into the perovskite.

Another origin may be the trapping and de-trapping of charges at defect sites, occurring at the
material interfaces of the cell or at grain boundaries of the OMHP. During the forward sweep, traps at
these sites are filled and subsequently released under short circuit conditions, resulting in a hysteresis
of the J-V curvel'. There have been many reports that support this idea. For instance, TiCls treatment

of the mesoporous TiO; has been shown to reduce defects, and lead to cells with better hysteresis
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characteristics!2. Similarly, correctly controlling the annealing of both ETL and OMHP has been shown

to reduce traps in the respective materials and reduce hysteresis.

lon and vacancy migration have been one of the leading theories ascribed to the cause of hysteresis.
In OMHPs the ions have been shown to be relatively mobile. Azpiroz et al. determined the activation
energies of ionic vacancies, in MAPI, using density functional theory (DFT). lodine vacancies (Vi), MA
vacancies (Vwa), Pb vacancies (Vpb), and iodine interstitials (/)), were determined to be 0.08, 0.46, 0.80
and 0.08 eV respectively. Similar values were independently reported by Eames et al. and Haruyama
et al. 113114 The low activation energies would mean that with an applied external field, ions could
migrate towards the electrodes. This would lead to screening of the internal electric field caused by
a build-up of charge at the contacts (see Figure 2-17). Evidence for MA* and |* migration in a weak
electric field has been experimentally observed by several groups >, Furthermore, external ion
migration can occur in cells that utilise certain contact layers. Li*, H* and Na*ions have been shown to

migrate through the cell during J-V measurements, potentially contributing to the hysteresis '8,
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Figure 2-17 Schematic showing the effect of ion migration in p-i-n junction. Adapted from Eames et al. 11°

More recent studies suggest that the hysteresis is a product of several concurrent processes, where

the sum of the effects lead to the characteristic curve 29121,

2.2.7 Stability

One of the most challenging issues facing OMHPs is the environmental and operational instability.
These materials have been shown to be susceptible to moisture, temperature, light and chemical
incompatibilities with other materials found within a cell. There has been a substantial amount of
research effort in this area, leading to significant progress in stability improvements. Recent trials have
shown OMHP devices perform for more than 1000 h of continuous operation, whilst retaining over
80% of their initial efficiency 2>1%*. However, the lifetime of a solar cell is approximately 25 years, and

substantial work is still required to prove and improve their longevity.
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2.2.7.1 Moisture instability

The moisture instability of OMHP has been primarily linked with the hygroscopic nature of amine salts,
MA* FA*etc. In MAPI, exposure to moisture leads to the formation of a hydrated phase initially, before
complete degradation into Pbl,. This process has been determined by Leguy et al. and can be

described by the following equation °:

4(CHsNH3)Pbl, + 4H,0 = [4(CHsNH;)Pbl; » H,0] = (CHsNH;),Pblg » 2H,0 + 3Pbl, + 2H,0  (2-17)

The initial hydrated phase is a monohydrate, (CHsNH3)Pbls®H,0, and continued moisture exposure will
create the dihydrate (CHsNHs)sPbls®2H,0, and finally lead to complete dissolution of the material. The
monohydrate formation is reversible and device performance can be revived after drying, albeit with
worse J-V characteristics that indicates a loss of film quality 126. This process can readily occur from
humidity found in ambient air. Moreover, recent studies have shown that small levels of humidity
during processing can have a beneficial effect during processing, leading to devices with higher and
more consistent performance. Snaith et al. reported that an ambient humidity of 50% enables the

production of higher performance devices due to the removal of excess MA* 1?7,

Like most properties in OMHP, the compositional can be used to modulate the material property, and
this extends into improving the stability. Br substituted perovskites have been shown to be more
resilient to moisture, a property attributed to the more contracted lattice due to the introduction of
smaller Br ions 1?8, Likewise, Cl addition has been also shown to guard against moisture degradation,

due to similar effects 122139,

2.2.7.2 Temperature stability

For OMHP cells to be commercialised they must meet a set of industrial standards. The standard used
by most commercial technologies is the IEC 6125, set by the International Electrotechnical Commission
(IEC). One of the main stipulations of this standard is the continuous operation of the solar cell at 85 °C
for 500 hours 3%, This represents the extreme conditions the cell may undergo during operation. The
temperature stability of OMHPs is therefore an important factor, as it would have to survive these
elevated temperatures for prolonged periods of time. Thermogravimetric analysis (TGA) has
previously shown MAPI to be stable at temperatures in excess of 300 °C, however more recent studies
have shown that thermal decomposition occurs at much lower temperatures, between 60 and 140 °C
1327137 This is well within the typical operating range of a solar cell, which can exceed 60 °C. Kim et al.
probed the degradation mechanism using in-situ near edge absorption fine structures (NEXAFS) and
observed the formation of MA, CHsl and NHs, indicating the primary instability is caused by the

decomposition of the MA 38, Further study by Latini et al. showed that there are potentially two

Page | 53



Literature Review

139

competing mechanisms '*°. One produces the aforementioned species, the other produces

methylamine and hydrogen-iodide. The degradation pathways can be described as follows:

CH3NH5PbI; - Pbl, + CH;NHy, + HI ) (2-19)

The process described in equation 2-18 is thermodynamically more favourable but is kinetically
unfavourable and tends to occur at very high temperatures. The second process, equation 2-19, is

thought to be the dominant decomposition route at lower temperatures.

Composition again has a large effect on the stability. Substituting FA, forming FAPbIs, has been shown

140-142  Kovalenko et al. demonstrated a perovskite

to drastically improve temperature stability
containing guanidinium (GA) and FA to be thermally stable up to 255 °C 3. Addition of inorganic Cs*

and Rb* has also been shown to improve the temperature stability 862144,

2.2.7.3 Light and oxygen induced degradation

OMHPs have also been shown to be susceptible to UV light exposure. Haque et al. exposed films of
MAPI to light within a dry atmosphere and observed the formation of CHsNH,, Pbl, and I, .
Furthermore, they show that the degradation mechanism is mediated through the formation of a
reactive superoxide species, that attacks the MA of the perovskite itself. The process can be

summarised as follows:

Light
CH3NHsPbl; ——> CHyNHsPbI;* (2-20)
CH3NH3PbI3* .
0, —— 0, (2-21)
._ Deportonation 1
CH3NH3PbI3 + 02 —_— +CH3NH2 +Pb12 +512+H20 (2'22)

Here the photoexcited species in MAPI react with molecular oxygen and form an oxygen radical (0,").
This deprotonates the MA within the perovskite and decomposes it to form methylamine, Pbl,, |, and
water. The timescales of this degradation have been shown to occur within a few hours to a day,
signifying that when incorporated into devices OMHPs would require encapsulation. Light induced
degradation has also been shown to occur due to the ETL layer, with TiO, producing free radicals that
can induce breakdown of OMHPs, creating di-halogens. Furthermore, it has also been shown that

light-induced desorption of oxygen species from the TiO; itself can rapidly degrade OMHP.

2.2.7.4 Material incompatibilities
At the same time as environmental issues, perovskites are susceptible to chemical exposure from
solvents and other materials used during the creation of the cell. It has been reported that 4-

tertbutylpyridine (TPB) and acetonitrile, commonly used as additives in organic HTMs, have shown
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corrosive effects on perovskite films. 146147 TPB has been shown to directly attack CHsNH3Pbls and form
Pbl, complexes.*® Acetonitrile, which is a commonly used solvent for Li-TFSI (Li-

bis(trifluoromethanesulfonyl) imide), has also been revealed to directly corrode the perovskite.

The ETL can also induce instabilities. As previously stated, TiO, can produce free radicals due to light.
This can also occur with ZnO, which also has pH instabilities associated with it. SnO; has been shown
to be a more stable alternative; due to its wider bandgap it produces less free radicals that can attack
the OMHP *°. Organic ETLs such as PCBM have been shown to be very stable compared to their

inorganic counterparts 0.

Electrode materials can be another source of degradation. Commonly utilised metals such as Au and
Ag have potential issues with OMHPs. Ag has been shown to react with OMHPs to form silver halides
151 Au has been shown to diffuse through the HTM and perovskite layers, leading to degradation 2,
However, using Cr interlayers has been shown to prevent this. Moreover, Cu and C based electrode

materials have shown much greater compatibility with OMHPs 150133,

2.2.8 Environmental and toxicological concerns of OMHPs

The instability of OMHPs are not the only concern regarding this technology. Most high performing
OMHP compositions use Pb and Sn, both of which have been shown to have detrimental
environmental and health effects. Though the concentration of these compounds within a solar panel
is in the few 100 mg/m?, issues with large scale fabrication and implementation should not be
overlooked . For instance, the toxicological exposure threshold for Pbl,, a common precursor for
MAPI, is only 2.5 mg via ingestion or 0.5 mg via inhalation . In terms of the ecological impact, a study
by Li et al. showed the detrimental effect of soil contaminated with perovskite precursor solution. In
the study mint plants were grown in soil containing lead at a concentration of up to 250 mg/kg. The

plants grown in this contained over 3000 mg/kg of Pb and showed visible deformities **°.

The inherent instability of these cells further exacerbates these concerns, as the degradation products
carrying toxic compounds could readily leach into the environment®®. Therefore, proper

encapsulation and sealing of solar cells is imperative.

Due to all these concerns, the decommissioning of OMHPs must also be carefully evaluated and
implemented. Several studies have shown the successful extraction of Pb and other raw materials
from OMHP cells "%, Furthermore, fabrication of OMHP cells using lead extracted from lead-acid
batteries has also been demonstrated °. These studies demonstrate the viability of recycling OMHP

cells and potentially reducing the impact of toxicity.
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2.2.9 Processing of OMHPs

One of the main advantages OMHPs have over 1% and 2" generation PV technologies, is the relatively
inexpensive and diverse processing that can be used to manufacture devices. OMHPs are usually
prepared from two main precursors components. The first typically includes an organic halide cation
(OX*, X=Cl,Br,I O=FA,MA). The second is an inorganic metal halide species (MX,, M= Pb,Sn X= Cl,Br,1).
These precursors can be mixed to form a variety of different OMHP compounds. The deposition of
these precursors can performed via a large variety of processing techniques, such as spin-coating,
blade-coating, slot-die coating, inkjet printing, screen printing, chemical vapour deposition and
electrodeposition, to name a few *>11, The following section will focus on techniques that are most

relevant to the thesis.

2.2.9.1 Spin coating-based techniques

Spin-coating was one of the original methods to synthesise perovskites. This method has several
advantages due to its low cost and ease of production. However, it suffers from being a non-scalable
and wasteful technique. It can be divided into two subcategories, one-step or two-step, depending on

how the precursors are mixed and deposited.

A (Pbl, + CH;NH,1)/DMA

ONE-STEP COATING
—

=

CU'P CU> GP e

TWO-STEP COATING

Figure 2-18 Schematic of on-step and two-step spin coating techniques. Adapted from Chen et al. (2015) *°

One-step processing first involves mixing all the precursors into one solution. Typical solvents used to
dissolve the precursors are dimethylformamide (DMF), gamma-butyrolactone (GBL), N-Methyl-2-
pyrrolidone (NMP) or dimethyl sulfoxide (DMSO)*. The solution is then deposited onto the substrate
and spun, forming a thin layer of the precursor solution. It is then annealed at elevated temperatures
forming the perovskite (figure 20). Over the last decade, this process has been extensively augmented

to improve film quality. Current state of the art methods utilise specific ratios of solvent to control
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evaporation rates, therefore allowing for controlled nucleation of perovskite crystals, leading to
smoother films with large grains 1%2. Moreover, another commonly applied technique is the use of an
anti-solvent during the spin-coating. Here an anti-solvent such as toluene, chlorobenzene, isopropanol
and diethyl ether is applied to the substrate while it is spinning. This washes away the solvent from
the precursor solution, rapidly crystallising the film. This produces very high-quality films, and has
been extensively utilised in research 3. This method is used by Liu et al., who to date have the highest

efficiency cell with a published method .

In two-step deposition the metal halide component is deposited first, again dissolved in a similar
solvent. This is then followed by a deposition of organic halide cation dissolved in a solvent orthogonal
to that of the first component, which is usually achieved via spin coating but can also be done by
immersing the substrate in the solution. Introduction of the organic precursor leads to rapid
crystallization of the perovskite and within a few seconds of annealing the film is formed. This method
has been shown to work for both thin-film and mesoporous perovskites, however efficiencies have

trailed behind the one step method *°.

2.2.9.2 Solvent annealing of perovskites

Solvent annealing is a commonly employed post deposition treatment and has been shown to improve
device efficiencies. It involves the introduction of solvent vapour during the crystallisation process of
thin films, which lowers the diffusive energy barrier and allows for the coalescence of grains. It was
first discovered as an effective method to increase the crystallinity of organic semiconductors but has

since been widely applied to OMHPs.

The first reported application of OMHP solvent annealing was by Huang et al. in 2014 %%, Here, spin
coated MAPI films were covered by a petri dish, with 10 pl of DMF applied to the edge of the dish. The
films were then annealed at 100 °C for 1 h, allowing the DMF to evaporate and diffuse into the films.
The treated films had increased grain sizes in the order of um’s, compared to only 260 nm in untreated
films. The resulting devices utilising treated films, showed an improved PCE of 15.6% vs. 13.5% in the
untreated devices. This performance uplift was primarily attributed to the reduction of grain

boundaries and therefore the reduction of traps, allowing for longer charge carrier lifetimes.

To date, several other solvent vapour systems have been explored, including N,, H,O, DMF, y-
butyrolactone (GBL), pyridine, butanol and DMSO %716 However, as yet there have been no devices
reported with PCEs exceeding 20 % that have utilised solvent annealing techniques. This lack of
performance may be attributed to the difficulty of applying this method consistently, as the

evaporation of the solvent cannot be accurately controlled.
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2.2.9.3 Chemical vapour deposition (CVD)

Chemical vapour deposition (CVD) has been extensively used in industry to fabricate a variety of thin
films over a large area and is considered a relatively mature technology. The details of CVD and the
mechanisms will be discussed in later sections. Here, the focus will be on how the method has been
utilised to form OMHP. To date, several groups have successfully demonstrated the deposition of

OMHP using CVD, however efficiencies have lagged behind those of spin-coated counterparts.

The first application of chemical vapour processing in perovskites is derived from the two-step
method. In 2013 Yang et al. pioneered the use of the vapour-assisted solution process, a hybrid
process utilising aspects of spin-coating and CVD *°. Here, spin coated films of Pbl, were placed within
a reaction chamber containing a crucible of MAI powder. The chamber was then heated to 150 °C,
creating a vapour of MAIL. This reacts with the Pbl,, and through a gas-solid reaction it forms MAPI.
The resulting films had micron sized grains with cells reaching an efficiency of 12.1%, competitive to
many other techniques at the time. An evolution of this technique currently holds the record for CVD
processed OMHPs at 18.9% 7°. The main caveat with this method is that it still relies on spin coating

of the lead halide, making it less compatible for scale-up production.

The first fully-vapour-processed OMHP were deposited by Qi et al. in 2014 %, They utilised a hybrid-
CVD (HCVD) technique. Here, the lead halide precursor is thermally evaporated at high vacuum,
followed by the substrates being placed inside a CVD reactor and being exposed to a MAIl vapour. The
resulting devices had a champion efficiency of 11.8%. However, this technique is still not a true CVD
technique, relying on thermal evaporation to form the lead halide precursor film. This again limits the
scalability of this technique, as thermal evaporation requires very high vacuums and is limited by the
effective deposition area. Since then, many variations of CVD have been utilised to produce OMHPs,
including hybrid physical CVD (HPCVD), in-situ tubular CVD (ITCVD) and low-pressure CVD (LPCVD) 172,
However, most still rely on the prefabrication of a metal halide precursor film using a less scalable

deposition technique, negating the advantage of the CVD technique.

Tavakoli et al. developed a promising one-step CVD that forms the OMHP without the need for a high
vacuum process Y3, This system uses a sealed reaction chamber with two different temperature zones,
a low and high zone. The precursors are placed within this chamber in the high temperature zone (up
to 360°C) and the substrates are placed in the lower temperature zone (80°). In the high temperature
zone, the precursors are evaporated. Argon gas is then passed through the chamber, which transports
the evaporated precursors into the low temperature area, where they deposit onto the substrate.
Substrates are then annealed, forming the final film. Grain sizes were in the micrometre scale and

carrier lifetimes in the nanosecond scale were recorded. The champion efficiency was 11.1%.
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2.2.9.4 OMHPs and Aerosol assisted chemical vapour deposition (AACVD)

This section will focus on the progress that has been made to date using AACVD to deposit OMHPs,
however key aspects of the technique itself will be discussed in section 2.3.3. OMHP deposition using
AACVD is a relatively niche area of research, with only a handful of studies having been published. This
is most likely in part due to the challenging nature of controlling the film morphology. At the time of
writing, most published research has not shown continuous films and no devices utilising the layers

have been reported.

The first deposition via AACVD was done by O’Brien’s group in 2014 ¥4, In the study they formed
MAPbBr; using a single-step reaction. To form the precursor solution, they mixed an equimolar
mixture of PbBr, and MABr in DMF. This was then diluted in acetonitrile and used as the aerosol. The
deposition took place at 250 °C and formed a discontinuous powdery film. They performed XRD, SEM
and EDS measurements to confirm composition, showing high phase purity. In the same year
Palgrave’s group demonstrated the first deposition of MAPbls, also via single step AACVD 7>, Here
they used an undiluted equimolar solution of Pbl and MAI in DMF, and carried out the deposition at
200 °C. The material was also characterised via XRD and SEM, but added absorption and XPS
measurements. The resulting films showed high phase purity, however, were discontinuous and film
thickness was unreported. In 2016 , Nishinaka et al. deposited MAPbBr,Clx 7 using a single step
process. In this study they mixed different ratios of PbBr,, MABr and MACI and were able to
incorporate 15% of Cl into the structure. Again, the films were discontinuous and not suitable for any

devices.

In 2015 the Binions group demonstrated a two-step deposition method, which showed improved
continuous film morphology and a film thickness of 1.5 um*”’. This was the first continuous film to be
produced via AACVD. The films were formed by first depositing Pbl, at 70 °C and then subsequently
exposing the film to a MAl aerosol at 230 °C, forming MAPI. The films were characterised by XRD, XPS
and absorption measurements. However, no devices were fabricated. More recently, a three-step
method was utilised to form films of MAPI Y8, This method is an evolution of the work done by the
Binions group and included an intermediary annealing step. This was done between the first and
second step to dry the Pbl, precursor film. The focus of this study was to characterise the
compositional variance throughout the surface and to use ellipsometry to measure dielectric and
absorption coefficients of the film. The film thickness was stated as being less than 400 nm, however
the cross-sectional SEM does not clearly show the film morphology. In a recent study, Flavell et al.
used lead thiocyanate (Pb(SCN),) as the metal cation source to form a continuous layer of MAPI from

a single step °. They report a film thickness of 600 nm, however the film is very rough and has
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numerous pinholes. The films showed good ambient stability, remaining stable for one month.

Furthermore, they showed a high tolerance to moisture. Again, there were no devices reported.

Recent studies utilising AACVD have been primarily focused on inorganic halide perovskites. A 2017
study synthesised a suspension of CsPbBr;l nanoparticles, which were then deposited as a thin film
using AACVD ¥ The films have a rough surface composed of cubic nanoparticles and were
characterised using XRD, SEM and TEM. Moreover, the film thickness was unreported. In 2018 the
deposition of Cs,Snls double perovskite was reported, which marks the first time a double perovskite
was deposited using AACVD 8, Furthermore, the perovskite solutions were modified using hydriodic
acid and the resulting films were shown to be stable in ambient conditions. The films were primarily
composed of nanoparticles, however they seemed to be quite densely arranged. The thickness was
reported to be approximately 1.2 um. The films were characterised using XRD, SEM, EDS and XPS.
These techniques were also used to track changes in the films after 100 days of aging, indicating

favourable stability.

To date, there have been only a few studies utilising AACVD for perovskites, with even fewer showing
continuous films suitable for PV devices. So far there have been no working devices reported in any
form and most of the characterisation is relatively limited. A summary of AACVD in relation to

perovskites can be seen in Table 2-3.

Table 2-3 Summary of studies utilising AACVD to deposit OMHPs

Year Perovskite Cont. Film  Thickness Method Substrate REF
2014 MAPbBr3 N NA 1-Step Glass 174
2014 MAPDbI; N NA 1-Step Glass + ¢c-Ti0,  '7°
2015 MAPDbI; Y 1.5 um 2-Step FTO 77
2016  MAPbBr.,Cl, N NA 1-Step c-TiO; 176
2017 MAPbI3 Y <500 nm 3-Step Glass 178
2017 CsPbBr,l N NA Colloid+ 1-Step Glass 180
2018 Cs,Snls N NA 1-Step ITO + Au-Si 181
2019 MAPDbI; Y 600 nm 1-Step ITO 179
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2.3 CHEeMICAL VAPOUR DEPOSITION

AACVD is a variation of CVD that relies on aerosol delivery of the precursors. It is a scalable, flexible
and low-cost deposition method making it potentially ideal for OMHP deposition. This section will

describe the key principles of CVD and thin film growth, with a focus on AACVD.

2.3.1 Introduction to CVD
Chemical vapour deposition (CVD) is one of the most common routes for thin film production in
industry. It involves the disassociation and/or chemical reactions of gaseous reactants in an energetic

environment, resulting in the formation of a product.

CVD processes can trace back their development to the late 19" century, with the first patents filed
by Sawyer and Mann describing a process to coat lamp filaments with metals®2. Further patents were
filed by Lodyguine and Aylesworth for similar uses. In this era, CVD also proved to be an economical
way to extract and produce high quality refractory metals, such as Ti, Ni, Zr, and W. However, over the
last 50 years CVD has been developed to deposit a variety of materials, including II-V and II-VI
materials, carbides, borides, nitrides and oxides. Moreover, since the 1970s CVD has been extensively
utilised by the electronics industry to scalably produce high quality thin films from semiconducting
materials over. In terms of photovoltaics, CVD has been used to deposit various components of the

solar cell, from the TCO to the active layer itself 18,

2.3.2 The CVD Process

A CVD system can be broken down into three main components. The first is the precursor supply
system, which is responsible for producing a gaseous reactant species. The second critical component
is the reaction chamber; this usually consists of an enclosed vessel where the CVD process itself occurs.
It is within this vessel that substrates are placed and heated, facilitating the deposition of the desired
material. The final component is the effluent gas handling system. This is responsible for removing the

excess reactant from the chamber, but in low pressure CVD systems acts as the vacuum source &2,
The steps within the CVD process can be broken down into the following:

1. Generation of gaseous precursors to form gaseous reactant species.
2. Transportation of these reactant species into the reaction chamber/substrate.
3. The reactants undergo a gas phase reaction forming the intermediary species:
a. Attemperatures above the decomposition temperature of the species, homogenous
nucleation can occur. This tends to result in the formation of powders rather than thin

films.
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b. Below the decomposition temperature, the species diffuse through a boundary layer
onto the substrate and undergo steps 4 — 7. The boundary layer effect and its origin
will be detailed in section 2.3.2.3.

4. Species are absorbed onto the heated substrate, and heterogenous reactions occur at the
substrate surface. This results in a deposit of the desired material.

5. The deposit diffuses along the heated substrate surface and creates a crystallisation centre,
from where the film grows.

6. Volatile by-products are removed from the surface by reverse diffusion or convection through
the boundary layer.

7. Un-reacted precursor species and by-products are removed from the reaction chamber.

y’ \
3) 6) 7)
— . -

;|

Heated Substrate

1)

Figure 2-19 schematic illustration of the CVD steps during deposition 182

2.3.2.1 Thin film growth

For a thin film to form, material must nucleate and grow on the substrate. For this to occur, atoms
that adsorb at the surface must reach a critical cluster size before they become thermodynamically
stable and allow for further growth. As CVD is a dynamic process, with material being constantly
absorbed and desorbed, the critical cluster size is governed by the deposition parameters and the
nature of the atomic bonds of the material itself. This process can be described using classical

nucleation theory.

The cluster size required, and the Gibbs free energy required to grow from a nucleate can be described

by the following equations:

Page | 62



Literature Review

AG = AG; — AG, (2-23)

Where AG;s (J) is the energy requirement to form a new surface, AG, (J) is the free energy contribution
when surrounding a particle in a precipitate and AG (J)is the total Gibbs free energy. The contributions

can be calculated using:

AGg = Agy (2-24)
AG,

VAg (2-25)
Where As (m?) is the surface area of the cluster, y (N m™?) is the interfacial energy, V (m3) is the volume
of the cluster and Ag (Jm3) is the free energy per unit volume. At small cluster sizes the positive AGs
term dominates and further nucleation is unfavourable. As the cluster size grows the negative AG,
becomes dominant and nucleation and growth becomes more favoured. The critical point AG, at
which formation is stable, is when dG/dr = 0. Figure 2-20 shows the contributions and the location of

the critical nucleation energy.

AG 4
surface energy

AG

bulk free energy

Figure 2-20 Dependence of the cluster free energy, AG, on the cluster radius, r. The curve illustrates the maximum free
energy at the critical cluster size, re.

However, this only describes homogenous nucleation. As nucleation occurs heterogeneously on a flat

substrate in CVD it is necessary to consider the surface energy contributions of the substrate:

AG, = f(6)AG” ( 2-26)

8) = (2 + cosB)(1 — cosh)? (2-27)
£(6) =

cosf = ys;_yn (2-28)

Where AGy, is the critical heterogenous nucleation energy, 0 is the contact angle of a liquid on a
surface, ys (Jm?) is the surface energy of the substrate, ¥, (Jm) is the surface energy of the nucleus,

and ys» (Jm2) is the interfacial energy between them.
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The growth rate of a CVD reaction can be described using the following equation

1( ksh
R=—-|—X% Cg (2-29)
N \ks+hy
Where R is the growth rate, N is the number of atoms per unit volume of the film, ks surface reaction

rate constant, hg is the gaseous mass transport coefficient and Cq is the concentration of the precursor.

This growth rate can be simplified depending on if the deposition is mass transport limited (ks >> hg)
or surface reaction limited (hg >> ks). In mass transport limited cases the surface reactions occur very
quickly, and the growth rate is limited by the amount of precursor that can be delivered to the

substrate. Here the growth rate can be approximated to 8

1
R = Nhng ( 2-30)

If the reaction is surface reaction rate limited, then the equation can be approximated to:

1
R = Nkng (2-31)
Moreover, in this case the rate can also be described by the Arrhenius equation:

“Ea
k = Ae rT (2-32)

Where k is the rate of the reaction, E, (J mol?) is the activation energy, R is the universal gas constant,

Tis temperature and A is a pre-exponential factor.

Depending on which mode the CVD reaction occurs, the resulting morphology of the film can be
drastically affected. Mass transport limited systems tend to produce inhomogeneous films, whereas

surface reaction rate limited systems tend to produce smooth and uniform films (Figure 2-21).

4’ 4"
Precursor flow Precursor flow
D e —
Substrate Substrate
Surface Rate Reaction Limited Mass Transport Limited

Figure 2-21 Schematic showing thin film growth in surface rate reaction limited and mass transport limited systems

2.3.2.2 Growth Modes

Films deposited via the CVD process are primarily amorphous polycrystalline in nature (see Figure
2-22). Amorphous films exhibit no long-range order and in terms of electronic properties are generally
undesirable. This type of film usually grows at low substrate temperature, where the mobility of the

adsorbed species is too low for it to diffuse to more energetic sites and crystallise.
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Polycrystalline films form when material nucleates from multiple sites on the substrate and coalesce
together to form a film. The arrangement of the crystals in these films tend to either be equiaxial or
columnar. Columnar structures consist of highly orientated grains growing from the initially nucleated
layer of material. They tend to form due to superstation of the precursor and low substrate
temperatures, which limit the nucleation points. Equiaxial structures consist of small randomly
orientated grains. Such structures result from very high supersaturation of precursors which forces

the precursors to rapidly nucleate before they migrate to a preferential crystal site &2,

Polycrystalline films can also be grown via epitaxy. Epitaxial film growth consists of crystals that have
a well-defined orientation with respect to the substrate. The simplest case of this type of growth is
when two isomorphic materials, i.e. materials with the same crystal structure, are grown on top of
one another. Here the crystals in the deposited material will tend to share the orientation of the
substrate. Polymorphic materials, i.e. materials with the different crystal structures, or even
completely dissimilar materials may also have epitaxial effects. For instance, naturally occurring rutile

TiO, shows epitaxial growth on hematite .

They form at low super saturation of precursors and high substrate temperatures. This facilitates the
diffusion of the precursor across the surface of the substrate to a preferred nucleation point with the
lowest energy. This leads to the growth of the solid from a preferred orientation. Typically, this type
of film growth requires the substrate to be free of any contamination, otherwise materials may
nucleate from impurities and form a polycrystalline film. Epitaxial films tend to exhibit excellent

properties and are desirable for semiconductor applications, however due to the higher temperature

and cleanliness requirements they require costly equipment 82,
[ ] I ] | ] [ ]
Frank Van der Meerwe Volmer-Webber Stranski-Krastanov
Layer Growth Island Growth Mixed Growth

Figure 2-22 Schematic of different thin-film growth modes

The growth mechanism of the thin film can be described by three main classifications: Volmer-Webber
(VW), Frank Van Der Merwe (FDM) and Stranski-Krastanov (SK) (Figure 2-22). Volmer-Webber, also
known as island growth, describes the process where the material preferentially grows on previously
deposited material. This occurs due to more favourable bonding between the deposited material than
between the deposited material and the substrate. Films that grow in this fashion tend to have rough
surfaces and are either amorphous or polycrystalline in nature. This growth mechanism is typically the

least favoured as it produces films with bad homogeneity. Frank Van Der Merwe growth, or layer by
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layer growth, is a growth mechanism where the deposition material preferentially deposits onto the
substrate, forming a complete layer before the subsequent material is deposited. This mechanism
tends to result in films of a high quality and low roughness, ideal for semiconducting applications.
Stranski-Krastanov growth is an intermediate mechanism that combines aspects of VW and FDM
growth. Here a transition from the initial FDM growth to VW growth occurs at a critical thickness and
the transition is primarily affected by the chemical and physical properties of the substrate, such as

lattice parameters and surface energy %,

2.3.2.3  Precursor Flow
Within a CVD reactor, the controlled delivery and flow of the precursor to and over the substrate is
critical. The precursor motion must be carefully considered in order to controllably deposit high quality

films.

CVD systems typically operate in one of two precursor flow regimes, depending on their operating
pressure. In low pressure systems, the mean free path of molecules within the chemical vapour is
quite large (>5 cm), and it is said that they operate within a free molecular flow regime. At pressures
approaching atmospheric conditions, molecules have a shorter mean free path as collisions readily
occur. In this regime the vapour begins to act like a fluid, this is called the continuum flow regime. The
Knudsen number (k,) can be used to determine which regime the system is in 2, It is the ratio of the
gas mean free path and the characteristic reactor dimension:
w

k, = = (2-33)
Where w is the reactor width and x is the mean free path of the gaseous species. If k, >> 1 the reactor
is operating under the continuum regime and when k, << 1 then it is operating in a molecular flow
regime. This is typically the regime that AACVD occurs at, with the fluid flow characteristics of the

carrier gas directing the precursor flow.

The fluid flow of CVD systems operating in the continuum regime must be carefully controlled to
ensure homogenous delivery of the precursor. Typically, the flow of gas over the substrate is laminar
rather than turbulent in nature. In other words, the precursor gas smoothly flows over the substrate.
The smoothness of this gas flow can be described by the Reynolds number (Re):

__pul _ ul

R =
e " v

(2-34)

Where p is the fluid density, u is fluid velocity in respect to substrate, L is a characteristic dimension
(i.e. reactor length), W is the dynamic viscosity of the fluid and v is the kinematic viscosity of the fluid.

A high Re (> 2100) indicates turbulent flow, and a low Re (>10) indicates laminar flow 82,
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Figure 2-23 Development of boundary layer over a flat. Adapted from Flanker (2008) 187

As the gas flows, a boundary layer is formed between it and the static substrate. This is a stagnant
layer of gas that forms due to aerodynamic effects, as fluid flows over an object. In CVD, precursors
must diffuse through this layer to adsorb onto the substrate, hence the thickness of this layer is

important to control.

2.3.2.4 \Variations of CVD
CVD usually describes the general process, however there are many variations that exist. Most
variations are distinguished by their different operating regimes, or their different precursor delivery

systems.

The most conventional form of CVD is termed thermally activated CVD (TACVD). Here precursors
reactions utilise thermal energy, usually provided by heating the substrate or chamber, to activate the
desired chemical reactions. This can be furthered sub-divided depending on their operating pressure
during deposition. They are usually classified as atmospheric pressure CVD (APCVD), low pressure CVD
(LPCVD) or ultra-high vacuum CVD (UHVCVD). LPCVD systems typical operate at 1-100 Pa and UHVCVD
operate below 10°® Pa. Whilst in all cases the reactions are thermally driven, the pressure can
significantly alter the way the material grows. For instance, in LPCVD the rate limiting step is the
surface reaction at the substrate, as precursor can readily adsorb onto the substrate. Conversely, in
APCVD the precursors must diffuse through a boundary layer, making it a mass transport/diffusion

limited process 82,

The source for the activation energy of the precursors is also an important differentiator. For instance,
utilising plasma (Plasma Enhanced CVD), to provide the activation energy has been demonstrated to
allow reactions to occur at much lower temperatures. This enables the use of temperature sensitive

substrates, allowing for previously unfeasible material combinations. For instance, it allows the
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coating of metal substrates with nitrides 8. Other sources of activation include light (photo-assisted

CVD) and microwave (micro-wave plasma assisted CVD) 182,

The delivery of precursors is another differentiator between CVD systems. In conventional CVD, the
precursors are heated and vaporised, before being introduced into the chamber via an inert carrier
gas. For instance, in flame-assisted CVD the precursors are delivered by introducing precursors into a
flame. Here the flame provides the activation energy and the thermal energy to vaporise the
decomposed precursors. Direct liquid injection CVD (DLICVD) utilises liquid precursors, which are
introduced into a vaporisation chamber via injectors. This is akin to the process found in common

direct injection gasoline engines ¥,

2.3.3 Aerosol Assisted CVD (AACVD)

As previously discussed, the precursor delivery is a key way to categorize a CVD method. This study
utilises a CVD technique based on aerosolised precursors called aerosol assisted CVD (AACVD). The
term aerosol was first coined by Frederick Donnan in the early 19 century, where he used it to
describe microscopic particles in air °. However, this definition has been expanded to also include
liquid droplets suspended in gas. Whilst aerosols are typically associated with synthetic processes,
they can also occur naturally. For example, atmospheric dust, fog and clouds are commonly observed

aerosols created due to natural phenomena.

The aerosol is typically formed by sub-micrometre precursor droplets that are suspended in an inert
carrier gas. The precursor is typically formed by dissolving chemical compounds into suitable solvents.
As the aerosol is introduced into the heated reactor, the solvents will rapidly evaporate or combust.

The chemicals then decompose and/or react near/on the substrate surface and form the final film 22,
AACVD has several advantages:

1. Aerosol generation is much simpler than the conventional thermal vaporisation methods,
therefore reducing complexity and cost.

2. As it uses chemical solvent mixtures as the basis of the aerosol, multiple chemicals can be
stoichiometrically mixed and introduced to the chamber in one step. This allows for a more
facile deposition of multicomponent systems, as individual components do not have to be
separately introduced into the chamber.

3. Deposited material forms rapidly at low temperatures, as the precursors are transported near
the substrate surface and only need to diffuse a short distance.

4. It is an atmospheric process and therefore requires no sophisticated reactor or vacuum

systems.
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2.3.3.1 Aerosols and generation

The method of aerosol generation is very important. Depending on how an aerosol is generated, it
can alter the size, distribution and concentration of the aerosol droplets. These parameters heavily
influence the deposition of the precursor on the substrate and therefore also affect the film formation.
There are several ways in which an aerosol can be generated. The most common methods include
pneumatic/collision atomisation, electrostatic atomisation and ultrasonic aerosol generation.
Pneumatic/Collison atomisation involves a high-pressure jet of gas passing over an orifice connected
to a reservoir of liquid. Due to the Bernoulli principle, the liquid is pulled through the orifice into the
stream of gas and is then broken apart into small droplets '°1. Electrostatic atomisation uses a potential
applied to a spray nozzle that causes finely charged droplets to be ejected, forming a Taylor cone.
Ultrasonic aerosolization utilises a piezoelectric transducer to pulse an ultrasonic wave into the

precursor solution, breaking up the surface of the liquid and forming small liquid droplets.

2.3.3.2 Ultrasonic generation of aerosol

Ultrasonic aerosol generation is the method utilised for aerosol generation within this study. In this
method the nature of the aerosol produced depends on the nature of the liquid precursor and the
properties of the ultrasonic wave used to break up the liquid. Using the following equation established

192

by Lang, the median droplet size due to ultrasonic pulsing *** can be determined:

d= 0.34(@% (2-35)

pf
Where d is the median droplet size, T is the surface tension of the liquid, p is the liquid density and f
is the frequency of the excitation wave. From this it can be deduced that a transducer with a narrow
excitation frequency would produce an equally narrow distribution of droplet sizes, which is why this

method tends to be quite suitable for high quality aerosol generation.

2.3.3.3 Aerosol flow in the reactor
The way a liquid droplet behaves within a gaseous suspension can be described by Knudsen number

(kn).

k?’l = — (2-36)

Where A is the mean free path of the suspending gas and d is the diameter of the aerosol droplet.
Similarly, to the flow regimes of gas, droplets can be either in the free molecular regime (k,>>1) or the
continuum regime (kn<<1). In the molecular flow regime, the droplets will behave similarly to the gas
molecules and follow the flow of the gas. In the continuum flow regime, gas molecules flow around

the droplet and don’t readily flow with the stream of gas.
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2.3.3.4 AACVD reaction pathways

Once the aerosol is introduced into the reactor it can undergo several possible mechanisms depending

on the temperature within the reaction chamber 82, The processes are illustrated in figure 2-24.

Constant initial droplet size  Decreasing initial droplet size
060 Do
Initial
. . . ¢ droplet
Q o o .
‘ ‘ ] & Precipitate

b Vapor

Increasing Temperature Constant Temperature

Figure 2-24 Diagram illustrating aerosol reaction pathways with varying temperature and varying drop size. Adapted from

A.

Filipovic 2012 193

In this pathway the aerosol is directly sprayed onto the substrate and the solvent is
subsequently removed via evaporation and the precursors decompose to form the final film.
This is akin to spray coating and tends to lead to suboptimal film quality, as the continuous
wetting and drying of the solvent on the substrate may lead to cracking and roughening of the
film.

Here the solvent is evaporated before the precursor adsorbs onto the substrate. The
precursor typically then undergoes a chemical reaction or decomposes to form the final
desired film.

Here the solvent is firstly evaporated and then the precursor is also vaporised near the
substrate surface. The vaporised precursor then adsorbs onto the surface of the substrate and
undergoes the decomposition or chemical reaction to form the final film. This mechanism
emulates the heterogenous nucleation typically found in standard CVD systems and produces
high quality and dense films.

At elevated temperatures the decomposition and reaction of the precursors can occur in gas
phase, leading to homogenous nucleation of material. These particles then adsorb on the
substrate where they may be sintered together. These films tend have a poor morphology,

with a tendency to be porous and have poor substrate adhesion.
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Only pathways C and D can be considered true CVD processes, as there is a formation of a chemical
vapour that undergoes subsequent chemical reactions. Furthermore, a similar trend would be
observed with varying aerosol droplet size. Smaller precursor droplets would evaporate more rapidly,
due to their higher surface area to volume ratio, and therefore this would be analogous to the effect
of increasing deposition temperature. Therefore, for a given system it is important to try and identify

and optimise the processing conditions to allow for deposition of high-quality films.
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3 EXPERIMENTAL APPARATUS & METHODS

This chapter will detail all the experimental setups and methods used within this study. The primary
focus will be on the AACVD system, followed by device fabrication methods and characterisation

techniques. Additionally, contributions and collaborations will also be detailed.

3.1 REACTOR EQUIPMENT DESIGN

The AACVD setup consists of two main components, one is the heated reaction chamber and the other
is the aerosol precursor delivery system. Figure 3-1 shows a simple schematic of the setup. For this
study both components were developed and modified to improve the performance and consistency.

This section will briefly cover the designs of both components and the overall setup used in this study.

Inlet Baffle

Reactor
Misting Bottle \ e o o — . —— -
=

N\

Heated Graphite

N, Inlet—,

Precursor Substrate

solution

\

\

Piezoelectric
Mister

-

Figure 3-1 Schematic of AACVD setup

3.1.1 Aerosol Generation

This study utilised an ultrasonic piezoelectric mister to create the aerosols. The theory behind this
method is detailed in section 2.3.3.2. This mister uses a 20 mm piezoelectric membrane, which is
specified to operate at a frequency of 2 MHz. This unit is then placed within a beaker and immersed
in water. The misting bottle, containing the precursor solution, is then held above the mister using a
clamp. Once the mister is turned on it will begin to aerosolise the solution in the bottle, which is then
carried into the reactor using N, via Tygon tubing. The nitrogen pressure is set at 1 bar and is controlled

via a Patton gas flow meter.

Page | 72



Experimental Apparatus & Methods

Using the Lang equation (2-35), the expected droplet sizes can be calculated for both MeOH and DMF,
the two solvents used in the study. DMF would yield a median droplet of approximately 2 um and for
MeOH it would be 1.9 um. However, these are estimates for droplet sizes at the point of generation,

and do not account for coalescence of droplets as they are flowed in the reactor.

The misting bottle itself was developed specifically for use with high surface tension solvents, such as
DMF. Previously, a glass flask was used to hold the solution, however aerosolising solutions proved
difficult. This was because the wall thickness of the glass vessels significantly reduced the effect of the
ultrasonic pulse. Conversely, this study’s misting bottles are made of low-density polyethylene (LDPE),
with a thinner wall thickness. This more effectively allowed the ultrasonic pulse to pass though into
the solution, creating a better aerosol. Furthermore, the glass vessels were fragile and commonly

developed fractures.

a)
N, Inlet

\1 Aerosol
outlet

N P_/

Brass Head

?

Down stem

. J

Figure 3-2 a) Schematic of misting bottle b) Photograph of misting bottle

The bottles were designed by using the body and lid of commonly available solvent bottles (VWR 215-
343). The inlet and outlet were integrated into a head machined from naval brass (CW712R). CW712R
was chosen due to its improved chemical resistance and relatively good machineability. This head was

then integrated into the solvent bottle lid by cutting an orifice into the centre of the lid and fitting the
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head. This enables use of the existing thread of the bottle lid to screw the head onto the solvent bottle.
This design also had several practical advantages as it allowed for facile replacement and cleaning of
all components. Another key aspect of this design was the inlet stem, which is designed to allow the
carrier gas to push the aerosol out from the bottom of the vessel. In this design the stem is also
replaceable. The heads were designed to use leftover needle covers from Braun Sterican 0.8 mm x
120 mm needles, which again simplifies replacement and cleaning. The schematic and image of the

bottle lid can be seen in Figure 3-2.

3.1.2 Reactor Components

a)

Figure 3-3 CAD model of inlet baffle. a) shows complete baffle b) exploded view revealing three main components. c)
cutaway view revealing baffle cavities

For this study a cold wall reactor was constructed based on an existing design within the Binions group.
The reactor consists of three major components, the reaction chamber, the heating system and the
inlet baffle. Arguably the most important of these is the inlet baffle, which is responsible for
planarizing the flow of aerosol. The baffle is constructed from three parts machined from CW712R
naval brass and two stainless steel tubes brazed into the baffle. These three parts are then bolted
together and form two inlets and baffle cavities. The first cavity is shaped as a rectangular cuboid with
a single plate placed perpendicularly to the gas flow. As the gas flows in from the inlet, it flows around
the plate and exits through a thin slit, therefore transforming the cylindrical flow of gas into a planar
stream. The second cavity, which was not used during this study, is a thin spade shaped cavity. Here
the gas enters in at the pointed side and exits through a thin slot at the wide end. A schematic of the

cavity and the baffle CAD model can be seen in Figure 3-3.

The second major component is the reaction chamber itself, which consists of a faceplate, a central
tube, an exhaust and supports used to mount all the components together. The face plate, exhaust

and supports are all machined from 316 stainless steel and the tube is made of quartz. The face is
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responsible for mounting the baffle and heater components. Steel rods are used to fasten all these
components together to form the complete reactor. Figure 3-4 shows the complete reactor assembly

with the baffle fitted.

a)

b

Figure 3-4 a) CAD model of the complete reactor with the baffle mounted b) exploded view of reactor components
c)Photograph of assembled reactor with a Quartz tube

The final set of components are all related to the heating system. As stated previously this reactor
utilises a cold wall design, meaning that the thermal source is localised and directly heats the
substrate. In this design this is achieved via a heated graphite block on which the substrates are placed.
The heat source is a Watlow cartridge heater that is mounted to the faceplate and is embedded into
the graphite block. Figure 3-4 shows an example of this assembly. To control the heater, two 150 mm
type-K thermocouples (RS PRO Type K Thermocouple) connected to a Eurotherm 3126 temperature
controller and a Tempatron 4800 were used. The Eurotherm is responsible for setting and controlling
the temperature, whilst the Tempatron limits the maximum temperature of the reactor in case of
failure. Moreover, the faceplate of the reactor was grounded to reduce the risk of electrical shock and

to reduce the build-up of static electricity.
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To test this design before fabrication, a simple computational fluid dynamic (CFD) analysis was
conducted using Autodesk CFD 2019. The flow of gas was simulated using values for pure N; gas, as
this is the carrier gas used. The simulation was carried out for 0.3 and 0.5 L min™, which are the two
flow rates primarily used for the AACVD reactions. Figure 3-5 shows the results of the CFD models.
Here the action of the baffle, planarizing the cylindrical flow, can be clearly seen. Furthermore, it is
evident that this planar gas stream passes over the substrate in a controlled manner, indicating

laminar flow.

It can be observed that at 0.5 L min™ the flow velocity is approximately 1 cm s over the substrate. At
0.3 L min' this is reduced to approximately 0.7 cm s, Using these velocity values, the equation 2-34
can be applied to calculate the Reynolds number (Re) of the system over the length of the substrate.
At the reactor midpoint, 0.3 L min and 0.5 L min "yields Re values of 33 and 47 respectively. These
values are well below the turbulent regime that begins at a Re of ~4000. This corroborates the visual
information from the CFD model, however, as the model is based on using N, and not an aerosol,

these results may not be fully representative of the real flow.
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(1) Velocty Magrtude - cmv's

1) Weiocsty Magrviude - oy

Figure 3-5 CFD simulation of nitrogen flow within the AACVD Reactor. a) Simulation run at 0.5 L min* b) Simulation run at
0.3 L min* ¢) 3D visualisation of nitrogen flow
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3.2 AACVD EXPERIMENTAL

This section will describe the methods used to make precursor mixtures and how the experiments

were carried out using the AACVD reactor.

3.2.1 Operation of Reactor

The reactor was placed within a fume hood to ensure that all excess aerosol was safely extracted. To
complete a deposition, several key steps must be undertaken. Firstly, nitrogen is directly connected
to the reactorinlet and the flow is set at 1.0 L min™. The reactor is then heated to 150°C for 30 minutes,
which ensures that any remaining moisture is eliminated from the system. This is a key factor when

depositing MAPI, as any remaining moisture can affect the deposition.

In the next step, substrates are placed on the graphite surface and the reactor inlet is connected to
the misting bottle outlet. N; gasis then connected to the inlet of the misting bottle. The temperature
of the chamber is then set using the Eurotherm. Once the set temperature is reached, the piezoelectric
mister is turned on. This marks the beginning of the deposition. Once the deposition time has elapsed,
the mister is switched off and the N, gas is again directly connected to the reactor inlet. This is to
ensure that no remaining aerosol continues to flow into the reactor after the set time. The heating is
then switched off and the reactor is allowed to cool. Once the temperature has dropped below 50°C,

the reactor can be opened and substrates are removed.

3.2.2  Precursor Solutions

All precursors were stored inside a Nxfilled glovebox to ensure that no degradation or moisture ingress
occurred. Precursor solutions were made in excess for a given reaction time. This was to ensure that
the solution did not run out before the reaction time had elapsed. The minimum volume using our
bottles is 5 ml, as a lower quantity would not form enough depth in the misting bottle to consistently

aerosolise.

3.2.2.1 Pbly/DMF

In this study only a single concentration of Pbl, solution was utilised. The solution was created by
dissolving 2.4 g of Pbl, (Merck: 211168) in 15 ml of DMF, creating a 0.035 M solution. This was then
heated to 60°C and stirred for 30 minutes to ensure complete dissolution of the Pbl,. The solution was
then filtered using a 0.2 um PTFE filter and cooled to room temperature, before being transferred into

the misting bottle.

3.2.2.2 Pb(Ac),»3H.0/MeOH
The Pb(Ac), solution was formed by dissolving a set quantity of Pb(Ac),-:3H,0 (Merck: 467863) in 20
ml anhydrous MeOH (Merck: 322415). As this salt is soluble in MeOH, and due to the low boiling point
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of the solvent, the solution was stirred at ambient temperature for 30 min. It was then directly

transferred into the misting bottle.

3.2.2.3 MAI Solution
To create the MAI solution, 1.0 g of MAI (Merck: 901434) was dissolved into 30 ml of MeOH. This
formed a 0.21 M solution. The solution was stirred at ambient temperature for 30 min and then

transferred into a misting bottle.

3.2.2.4 MABr Solution
For the MABr solution, 1.0g of MABr (Merck: 901435) was dissolved into 30 ml of anhydrous MeOH.
This formed a 0.29 M solution. The solution was stirred at ambient temperature for 30 min and then

transferred into a misting bottle.

3.2.3 AACVD Substrate and Device Preparation
This section will detail the preparation of substrates and devices used in the AACVD experiments of

chapters 0 & 5.

3.2.3.1 FTO substrates & preparation

6 mm

A
v

Glass
Glass
12 mm

Figure 3-6 Schematic of FTO substrate used to make AACVD devices

Two types of FTO substrates were utilised for these experiments. Non-device depositions used 3 mm
thick Pilkington-NSG Tec 15 FTO coated glass. The substrates were cut to size using a diamond scribe
and a tile breaker. For ToF measurements we utilised 20 mm x 20 mm sized substrates with 5 mm

etched edges.

Devices utilised 2.2 mm thick FTO coated glass substrates. These substrates were pre-cut to 12 mm x

12 mm with 3mm pre-etched edges. Figure 3-6 shows the layout of the patterned FTO.

Substrates were cleaned in 5-steps. Firstly, substrates were washed with acetone, followed by
ultrasonication in a mixture of detergent and water. This is followed by two subsequent

ultrasonications in acetone and IPA. Lastly, the substrates undergo a 30-minute UV/Ozone treatment.
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3.2.3.2 Mesoporous TiO; Electron Transport Layer (ETL) Layer

To form the ETL, firstly a layer of compact TiO; was deposited. This was formed by spin-coating a 0.2
M titanium isopropoxide (Merck: 377996) solution in absolute ethanol with the addition of 0.02 M HCl
at a speed of 5000 rpm. This was then heated to 120°C to dry the layer. MP-TiO; was then deposited
using a solution of 18-NRT Titania paste (Merck: 791555) diluted in ethanol (1:7 wt%), which was spin-

coated at 5000 rpm. The substrates were then annealed at 500°C for 1 hour.

3.2.3.3 Deposition of HTM Materials

AACVD deposited MAPI and reference devices were tested using either Spiro-OMeTAD or CuSCN.
CuSCN was deposited on top of the MAPI layer via spray-coating and spin-coating. The spraying
solution was formed using a 0.15 M solution of CuSCN (Merck: 298212) in dipropyl sulphide (Merck:
P54280). This method was adapted from a previous study . In this study, the substrates were heated
to 65°C and 30 spray passes were used. This forms an approximately 300 nm thick layer of CuSCN. The

substrates were then stored in a N; filled glovebox for one day to allow the layer to dry.

To spin coat CuSCN, 35 mg of CuSCN was dissolved in diethyl sulphide (DES) and dynamically spin

coated onto the MAPI layer. The samples were also stored in a N; filled glovebox for one day.

3.2.3.4 AACVD Substrate Reactor Placement

o S

~

~
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Figure 3-7 CFD simulation with grey rectangle indicating substrate position within the reactor

Reactor position was kept constant to ensure consistent results. For all AACVD experiments only the
centre section of the reactor was used, which was approximately 3 cm from the baffle entrance. Figure

3-7 shows the area in which all substrates were placed within the reactor.
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Spiro-OMeTAD solution was made by dissolving it in chlorobenzene to form a 70mM solution. This
solution was then doped using a 4-tert-butylpyridine (TBP) and bis(trifluoromethane)sulfonimide
lithium salt (LI-TFSI). Per ml of Spiro-OMeTAD solution, 30 ul of TBP were added. This was followed by
20 ul of 1.8M Li-TFSI in acetonitrile. The doped solution was then spin coated on the AACVD MAPI at
3000 rpm for 30 s. Samples were then aged for 24 hours in a desiccator to allow for the oxidation of

spiro-OMeTAD.

3.2.3.5 Thermal evaporation of Au electrode & final device dimensions

6 mm 10 mm
- [

>
]t

12 mm
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[ 1 v
AACVD Devices ToF Devices

Figure 3-8 Schematic of thermally evaporated electrodes

Cells utilising the AACVD MAPI Layer are n-i-p type devices, which means that holes are collected on
the non-illuminated side of the device. Therefore, a metal contact with an appropriate work function
is required. A 150 nm thermally evaporated Au was utilised; the thickness of this layer is there to
ensure complete coverage over the rough surface. This layer is evaporated at a pressure of 5 x 10
mBar, with an initial rate of 0.5 nm min, which is then increased to 5 nm min™ for the remainder of
the thickness. This is to ensure that the HTM layers are not damaged by a large flux of Au metal during
the initial parts of the evaporation. The evaporation mask used for these devices produces six

electrodes each with a 4.5 mm?2active area. Figure 3-8 shows the schematic of the device layout.

For ToF samples the same thickness and evaporation procedure were used, however using a four-pixel

mask, which can be seen in Figure 3-8.
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3.3 SPIN COATING AND AASA EXPERIMENTAL

This section will detail the experimental methods used to produce OMHP films utilised within the AASA
experiments in chapter 6. Cells used within this chapter are primarily p-i-n type devices, which were
primarily fabricated and measured by Tian Du. The AASA treatment and electrode evaporation was

conducted by myself.

3.3.1 ITO Substrate Preparation

To fabricate the devices, patterned ITO substrates were used. Two different substrate dimensions
were used. The standard area devices used 12 mm x 12 mm substrates with 3 mm etched edges. Large
area devices utilised 20 mm x 20 mm substrates with 3 mm etched edges. The standard substrate
layout is identical to the aforementioned FTO based devices. Substrates were cleaned in 5-steps.
Firstly, substrates were washed with acetone, followed by ultrasonication in a mixture of detergent
and water. This was followed by two subsequent ultrasonications in acetone and IPA. Lastly, the

substrates underwent a 10-minute UV/Ozone treatment.

3.3.2 Glass Substrate Preparation

To study the uniformity of the AASA treatment, glass substrates measuring 2.54 cm x 2.54 cm were
coated in MAPI. Glass was used instead of ITO, due to the limited availability of large ITO substrates.
The cleaning of the substrates and the deposition of MAPI are the identical to that used with ITO

substrates.

3.3.3 HTM Layers

Cells used within this chapter are primarily p-i-n type devices. Therefore, the HTM material is spin
coated onto the substrate before the OMHP layer. The HTM material used was Poly(4-
butylphenyldiphenylamine) (PTPD), which was diluted to 0.25 wt. % in chlorobenzene and spin coated
at 5000 rpm for 20 s. This was performed in ambient conditions prior to being transferred into a N,

filled glovebox.

3.3.4 PFN Interlayer

The wettability of perovskite solutions on PTPD is very poor. Therefore, Poly [(9,9-bis(3'-(N,N-
dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9—dioctylfluorene)] (PFN) is used as a surface modifier
to enable the spin-coating of perovskite solutions. To apply this layer, a 0.25 wt. % solution of PTAA in

chlorobenzene, is spin coated on the HTM at 5000 rpm for 20 s.

3.3.5 MAPI Deposition
The CH3NH3Pbls (MAPI) precursor solution was prepared by dissolving 1.5 M Pbl, (Alfa Aesar : 12724)

and MAI (Merck: 901434) of equal molar ratio in a mixture solvent of N,N-Dimethylformamide (DMF)
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and dimethyl sulfoxide (DMSO) (9:1.1 vol). The solution was then filtered using a 0.45 um PTFE filter.
40 pl precursor solution was dropped onto substrates and spun at 4000 rpm for 30 s. After seven
seconds, 0.5 ml diethyl ether was dripped onto the spinning substrate. The substrates were

subsequently annealed on a hot plate at 100 °C for 15 minutes.

Thickness was modulated by varying the concentration of precursor in the solution, while the mix of
solvent remains constant. 1.5 mol L%, 1.7 mol L'* and 2.0 mol L were used to produce films with
thicknesses of 500 nm, 900nm and 1300 nm respectively. This entire process was conducted within a

N; filled glovebox.

3.3.6 Mixed Composition OMHP

In this study the following mixed composition perovskites were used: MAPb(los2Broi2)s,
Cs15sFAPDb(lo.esBro.os)s, and Csp.1sFA0.ssPb(lo.9Bro.1)s. The mixed halide solution was made by substituting
some MAI, in the aforementioned MAPI solution, with MABr (Merck: 901435). The solution was then
spin-coated and annealed using the same protocol as above. The FA based perovskite solution was
made by dissolving caesium lodide (Csl) (Merck : 203033), formamidinium iodide (FAI) (Merck:
806048), Pbl, and lead bromide (PbBr;) (Merck : 398853) in a mixture of DMF and N-Methyl-2-
Pyrrolidone (NMP) (8:2). Films were spin coated using 40 ul precursor solution dropped onto HTM
coated substrate and spun at 4000 rpm for 30s. After ten seconds, 0.5 ml diethyl ether was dripped
onto the spinning substrate. The substrates were subsequently annealed on a hot plate at 130 °C for

30 minutes. This entire process was conducted within a N; filled glovebox.

3.3.7 Substrate Placement for AASA Spatial Uniformity
The spatial uniformity of AASA was tested by placing three MAPI coated glass substrates, measuring
2.54 cm x 2.54 cm substrates, along the length of the reactor. Samples were treated using the protocol

described in chapter 6 and immediately moved to a N;filled glovebox to await measurement.

3.3.8  Grain Size Evaluation

Substrates were divided into 12 equal sized areas and imaged within the SEM. The grain sizes were
evaluated from the centre of each sample, using the intercept technique. This involves drawing a line
of a fixed length over the image and counting the number of grain boundaries this line intercepts. This

measurement was completed 10 times per image, yielding the average grain size.

3.3.9 Substrate placement for AASA devices
The AASA treatment was carried out after the OMHP films were deposited and annealed. Substrates

were placed in the centre of the reactor and treated with the protocol described in chapter 6.
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Substrates were then immediately stored in N; filled glovebox in preparation for the subsequent HTM

and electrode deposition.

3.3.10 BCP Interlayer

Bathocuproine (BCP) is a commonly used interlayer material in photovoltaic devices and is used to
improve electron extraction. It achieves this by improving the ohmic contact between the electrode
and the ETL layer. To deposit this layer, a fully saturated solution of BCP in MeOH was spin coated at
3000 rpm.

3.3.11 Cu electrode evaporation and device

As devices in the AASA experiments are p-i-n type devices, a 50 nm thick copper (Cu) was used as the
top electrode material. This layer is evaporated at a pressure of 5 x 10® mBar, with an initial rate of
0.5 nm min, which is then increased to 5 nm min for the remainder of the thickness. This is to ensure
that the HTM layers are not damaged by a large flux of Cu metal during the initial parts of the

evaporation.

b)

6 mm 14 mm

12 mm
20 mm

1.052 cm?

Figure 3-9 Schematic of electrode patterns used within AASA devices. a) Schematic of 4 pixel device b) Schematic of large
area device

Two different electrode patterns were used for the AASA devices. The first was a 4-pixel arrangement
used on the 12 mm x 12 mm substrates, with each pixel having an area of 9 mm?2. This electrode
arrangement can be seen in Figure 3-9. The larger 20 mm x 20 mm substrates used a dual size pixel
arrangement, here each substrate contains a 1.052 cm? pixel and a second 4.5 mm? pixel. This was
designed by myself. The L-shape electrode pattern was a result of trying to maximise the pixel area on
the existing substrates. Moreover, the L-shape pattern of the collection electrode was designed to
minimise resistive losses and to allow for easy connection to the measuring apparatus. Additionally,
metal is evaporated on the periphery of the substrate to compensate for contact resistances. Figure

3-9 shows the layout of this device.
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3.4 CHARACTERISATION TECHNIQUES

This section will describe how different characterisation techniques were carried out to produce the

data shown in this study.

34.1 XRD
Within this study two XRD systems were used to measure samples, one for ambient conditions and

the other for thermal experiments.

3.4.1.1 Room-temperature XRD

Room-temperature XRD measurements were completed using a PANalytical X'pert® Powder
diffractometer. The radiation was produced source was a Cu Ka. source, with a wavelength of 1.5406 A.
The patterns were collected using the Bragg-Brentano geometry, whilst the sample was rotated with

the X-ray source and the detector.

Diffraction patterns were collected from 10-55° 26, with a step size of 0.0167° and a collection time of
20 s. The total time for each scan was approximately 8 min. Samples were stored in sealed glass vials
and removed just before the measurement was conducted. This was done to minimise the amount of

degradation that could occur before the measurement.

3.4.1.2 High-temperature XRD
Sample measurements were conducted by the author, with additional assistance from Afif Aziz in data

processing and plotting.

High-temperature XRD measurements were completed using a PANalytical Empyrean diffractometer
equipped with an Anton-Paar HTK 1200N high-temperature chamber. Samples were placed within this
chamber, which featured environmental heating. This means that the samples are heated externally
and not from the substrate surface. The temperature was controlled using the inbuilt Eurotherm
system. The chamber is calibrated to remove any thermal expansion artefacts of the stage, meaning
that shifts in diffraction patterns are wholly that of the sample. Additionally, the samples were

measured entirely in air, to give a more accurate representation of thermal degradation.

XRD measurements were taken using the Bragg-Brentano geometry, with the beam passing through
the chamber’s polyimide windows. This arrangement limits the temperatures OMHP samples can be
heated to, as any material evaporating from the film may condense on the windows and impede the

X-ray beam.

Patterns were either collected at various temperatures intervals or, for isothermal measurements, at

constant temperatures at set time periods. Scans at different temperature intervals were collected
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from 10-55° 20, with a step size of 0.0167° and a collection time of 30 s. The longer exposure time was
to compensate for the intensity loss of passing the beam through the heating chamber windows. The

total time for each scan was approximately 9 min.

For isothermal measurements samples were held at a given temperature and diffraction patterns were
collected every 10 minutes. The scan range was limited to 12-16° 20 to minimise the time lag
associated with each scan, with each scan completing in under 2 minutes, therefore giving a more

accurate snapshot of the samples diffraction pattern at a given time.

3.4.1.3 Crystallite size
The Scherrer equation was used to calculate the crystallite size of the OMHP films. The equation is as

follows:

I = KA
- Lcos6

(3-1)

Where T is the mean size of ordered crystallite domains, K is the dimensionless shape factor, B is the
line broadening at half the maximum intensity (FWHM) and 0 is the Bragg angle. In this study a K value
of 0.9, which assumes spherical grains. Additionally, the B was taken without including instrumental
broadening or strain effects. The FWHM value was taken from the (110) reflection for tetragonal
patterns and (100) for cubic patterns. Note, that the instrumental broadening and crystallite stress is
not included in the calculation. This means that the calculated crystallite size should not be used as an

absolute value, but rather a comparative value.

3.4.1.4 lLattice Parameter
The lattice parameters of OMHP films were calculated from the (110) and (201) peaks in tetragonal
systems and the (100) peaks for cubic systems. This calculation is done by first determining the d-

spacing of the aforementioned peaks, which was done by using the Bragg equation:

2d sin@ =nAa (3-2)
Where d is the lattice spacing, 0 is the Bragg angle, n is the positive integer and A is the wavelength of

the incident wave. The d-spacing was then applied to the following tetragonal and cubic crystal system

equations.

Tetragonal:

LI [hz + k2412 (g)z] LS (33)

2 2
A a
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Cubic:

2=+ 4] (3-4)
For the tetragonal crystal system this involves first solving the equation for the (110) reflection to
determine the a lattice parameter. Using a, the equation can be used to solved for c by using the (201)
d spacing. For the cubic system, the a parameter was determined by using the single d-spacing value

for (100)

3.4.2 UV-Vis absorption spectroscopy

A Shimadzu UV-2600 spectrophotometer was used to collect absorbance data of various samples. The
data was collected from 1000 nm to 200 nm. A direct band-gap Tauc plot was used to determine the
optical band-gap of the measured samples. The plot shows hv (energy of incident wavelength) on the

abscissa and (ahv)”" (where a is absorbance) on the ordinate.

343 SEM

Scanning electron microscopy (SEM) was carried out with an Inspect F field emission scanning electron
microscope. All samples were mounted and grounded using carbon tape. Samples deposited on non-
conductive substrates, such as glass, were coated with a 10 nm layer of Au/Pd alloy. This was done to
make the sample conductive enough to prevent charging. All imaging was carried out at 5kV to

minimise beam damage of samples. This is especially important when imaging the OMHP layers.

To prepare samples’ cross-sectional imaging, the substrates were split using a glass scribe and tile
breaker. The break was done perpendicularly across an electrode area. The samples were mounted

flat and tilted within the SEM to image the cross-section.

3.4.4 Resistivity & Hall measurements

12 mm

12 mm

Figure 3-10 Schematic of contact placement used for Hall and electrical measurements
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A Lakeshore 8400 HMS system was used to measure the electrical properties and the Hall coefficients
of the AACVD MAPI Films. This system utilises the van der Pauw method and a 1.67 T magnetic field

to measure the samples. The contact geometry can be seen in Figure 3-10.

3.4.4.1 Ohmic check
To ensure accurate resistivity and Hall measurements an Ohmic contact must be made to the sample.
To confirm this, the voltage is measured using different excitation currents. Samples were probed in

both diagonal directions (1-3, 2-4) using 0.1 -1 nA ..

3.4.4.2 Van der Pauw and Resistivity

The van der Pauw method utilises four probing points placed around the perimeter of the sample
(Figure 3-10) . The measurement is done by flowing a set current (excitation current) from one
contact to another and measuring the voltage across the contacts on the opposite edge. In this study
an excitation current of 1 nA was used, with the current being applied for 30 seconds before
measurement. This was done to minimise ionic effects. Using Ohm’s law the resistance can be
calculated. The following example shows how the horizontal resistance (Riy34) is calculated, with

current measured across 1,2 (l12) and voltage measured across 3,4 (Via4):

_ _ Vag
R12,34 = Rhorizontal = E (3-5)

This measurement is then conducted across all contacts and repeated with a reversed polarity to

improve the accuracy. These measurements are combined in the following way:

Ri234+ R3412+R2143+R4321

Rhorizontat = 4 (3-6)

R3341+ R4123+R3214+R1432
Ryerticar = 2 (3-7)

Using these values, the sheet resistance can be calculated using the van der Pauw formula
e‘”Rvertical/RS + e‘”Rhorizontal/RS =1 (3-8)

Where Rs is the sheet resistance of the sample. By multiplying this value by the film thickness, the

resistivity of the material can be determined.

3.4.4.3 Measuring Hall voltage

The Hall effect exploits the effect of the Lorenz force. This is a force that a charge particle experiences
when it is travelling in a magnetic field. This force is proportional to the strength of the magnetic field
and the velocity of the charged particle and is strongest when the particle is moving perpendicularly

to the magnetic field. If a current is passed through a sample within a magnetic field, the Lorentz force
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will cause electrons to accumulate on one side of the sample. This creates a potential difference across

the sample, termed the Hall voltage (Vh).

To measure the Vi, a constant current is applied across the sample and the voltage is measured
perpendicularly. This measurement is then repeated in a reversed magnetic field and the difference
of the two values is taken. For instance, when injecting current across contacts 1 and 3, the voltage is

determined as:
Vas = Vauy = Vayo

Similar to the resistivity measurements, the accuracy of the overall V}, can be therefore determined as

follows:

_Vig+ Vo + V3 + Vg,
h 8

3.4.4.4 Sample Preparation

The perovskites were deposited on glass substrates and mounted on a Lakeshore 840931 Sample card.
The perimeter contacts were formed by using silver conductive paint (RS: 186-3600) on the four
corners of the sample. The contacts were connected to the sample card using 0.03 mm copper wire,

which was soldered directly to the card.

345 ToF
The time of flight system consisted of several components: excitation source, sample holder, signal
generator and oscilloscope. The system was created by Theo Kreouzis, who significantly aided with

the setup and measurements.

3.4.5.1 Excitation Source

The excitation source was a frequency tripled Big Sky Nd: YAG laser with a 355 nm wavelength. The
laser had a pulse width of 8 ns, an output energy of 20 mJ, and was fired at the sample at 5 Hz
controlled by a Q-switch. The intensity of the laser was reduced by an ND3 optical filter. This was
done to reduce the number of excited charge carriers within the sample, so that they do not begin to

screen the applied electric field.

3.4.5.2 Sample preparation and holder placement

Samples of MAPI were deposited on 3mm FTO coated glass, with dimensions of 20 mm x 20 mm.
Electrodes were then evaporated using the method in described in section 3.2.3.5. The sample holder
used in this study contained five pins. Four of the pins connect to the gold electrode, with the

remaining pin connected directly to the FTO. To ensure a clean contact to the FTO, the deposited MAPI
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is cleaned off using acetone, at one area of the sample. The sample is then mounted face down into
the holder, with the glass side facing the window. This chamber is mounted in the path of the laser

and is connected to the signal generator and oscilloscope.

3.4.5.3 Signal generator and timing

To apply the bias on the sample, an Aim-TTi TGA 1241 waveform generator was used to generate the
voltage pulse. The generator is triggered using the laser’s Q-switch. By adjusting a timing delay within
the generator, one can adjust the time the sample experiences a bias before the laser strikes the

sample. To monitor the timing of this bias, the output is split between the sample and oscilloscope.

3.4.5.4 Oscilloscope and data collection

The resulting signals are collected using a Wavesurfer 3024 Oscilliscope. A photodiode connected to
the oscilloscope and placed in line with the sample, is used to trigger the collection of data. To improve
the accuracy of the data, an average of 64 signals is taken. To reduce intrinsic electrical noise, data
was collected whilst the sample was not illuminated. This was then subtracted from the original data

to yield the final data.

3.4.6 Dektak Measurments

A Ntegra Prime (NT-MDT Spectrum Instruments) was used to determine the film thickness of the time
of flight sample. To conduct the measurements a small area of the MAPI film was removed from the
substrate using a scalpel. The tip of the surface profilometer was the placed on this area and scanned
towards the coated area. The total distance for the scan was set at 2 mm. These, measurements were

conducted by Thibault Degousée.

3.4.7 Kelvin Probe / APS
Kelvin Probe and APS measurements were conducted by Matyas Daboczi. All energy level

measurements were performed using an APS04 System (KP Technology).

The Fermi level of the samples was determined in the dark by Kelvin probe (KP) applying a vibrating
gold tip (2 mm diameter). A cleaned silver reference was used to calibrate the work function of the
tip. The samples were deposited on a conductive substrate, grounded during the measurement and

kept in the dark until an equilibrium value was reached.

Ambient pressure photoemission spectroscopy (APS) measurements were performed in order to
determine the valence band edge of the semiconductor layer. The cube root of the photoemission
signal was fitted with a linear and extrapolated to zero to extract the energy value of the valence band

edge.
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3.4.8 AFM and SKPFM
AFM measurements for AASA experiments were conducted by Vikki Bremmer using a Asylum MFP 3D
AFM. Samples were probed using a Pt-Ir coated silicon tip (Nanosensors PPP-EFM-10). The total scan

area was 3 um x 3 um.

3.49 TEM & EDS Imaging
TEM sample preparation, imaging and data processing was done by Felix Kosasih. The samples

consisted of complete devices fabricated by Tian Du, using the methods detailed in section 3.3.5.

To prepare the samples for imaging, lamellae were cut and thinned to electron transparency with a
FEI Helios Nanolab Dualbeam focused ion beam miller following a standard protocol . The lamellae
were then directly transferred into a FEI Osiris TEM operated at 200 kV, minimising air exposure to
about 2 minutes. STEM-EDX data were collected using a Bruker Super-X silicon drift detector with ~0.9
sr collection solid angle. To minimise beam damage, a defocused beam (Af = -1 um) was used with a
beam current of ~140 pA, dwell time of 40 ms/pixel, and spatial sampling of 10 nm/pixel. STEM-EDX
data were acquired in TEM Imaging and Analysis (TIA) and analysed in HyperSpy ¥’.

3.4.10 Device Testing
The photovoltaic performance of AACVD devices were measured by this author and devices with the

AASA experiments were measured by Tian Du.

3.4.10.1 J-V Measurements

Current density-voltage (J-V) characteristics were measured using a Keithley 2400 source meter. The
cells were illuminated by an AM 1.5 filtered xenon lamp (Oriel Instruments) at 1 sun intensity,
calibrated using a Si reference photodiode. The light source has an ABB spectral match rating. All
devices were stored in the dark prior to measurement and were measured in a nitrogen-filled
chamber. Measurements were taken after a 30 second light soaking period, at a rate of 0.03 V s for
AACVD devices and 0.1 V s AASA. All devices in chapters 4 & 5 were measured by this author with

Tian Du measuring all devices in chapter 6.

3.4.10.2 MPPT Testing

Maximum power point tracking (MPPT) was used to test the continuous power output of the PV
devices. To accomplish this, measurements samples are placed within a chamber and connected to a
Keithley 2400 source meter. The illumination source consists of a white-light LED area calibrated to
AM 1.5 intensity. Using a MPPT algorithm the power output of the cell is continuously kept at
maximum and recorded. Cells were tested in ambient air at 25°C at a relative humidity of 60%, or at

25°Cin a nitrogen atmosphere. This testing was also completed by Tian Du.
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3.4.11 Photoluminescence measurements

Measurements were conducted by Tian Du. All films were stored in a N; filled glovebox prior to
measurement. Steady state photoluminescence (PL) spectroscopy of films were measured with a FL
1039 spectrometer (Horiba Scientific). Illlumination is provided by a white light LED (B3590N)
purchased from CREE with output wavelength from 400 nm to 700 nm. For this study an excitation

wavelength of 635 nm was used.

Time resolved PL (TRPL) measurements were conducted using time-correlated single photon counting
technique (TCSPC) delta flex system (Horiba Scientific). The excitation was produced by a NanoLED N-
02B (Horiba scientific). The wavelength was set at 635 nm, with a pulse duration of < 200 usand a 1
MHz repetition rate. The illumination intensity was set at 0.15 nJ cm™2. The TRPL signal was collected

using a PPD-900 single photon counting detector (Horiba Scientific).

3.4.12 Curve Fitting and data processing
All data processing and curve fitting was done using Origin Labs Origin Pro 2019b v9.6.5.169.
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Afif Aziz, Masters student, Imperial College London
Assisted with data processing for high-temperature XRD Experiments

Dr Victoria Bremmer, Atomic Force Microscopy Facility, Imperial College London
SKPFM measurements of AASA samples

Matyas Daboczi, PhD student, Imperial College London
Kelvin probe and APS measurements

Thibault Degousée, PhD student, Queen Mary University of London
Dektak Measurement of ToF Film

Tian Du, PhD student, Imperial College London
Spin-coating of MAPI and interlayers for AASA experiments. Device testing for AASA experiments. PL

and TRPL measurements.

Felix Kosasih, PhD student, University of Cambridge
STEM imaging and EDS analysis in AASA experiments
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4 REeSULTS: AACVD OF THICK PEROVSKITE FILMS

4.1 INTRODUCTION

As discussed in chapter 2, characterisation of AACVD deposited OMHP perovskite films has been
previously explored by several studies. However, most of these studies have completed only limited
characterisation, with most of the focus being on the confirmation of composition. Furthermore, there
is also a lack of understanding of how perovskites form in the AACVD processes. This chapter will focus
on the formation and intrinsic material properties of AACVD films produced via the method initially
developed by Chen et al. *8. This method utilises the AACVD setup described in section 3 and can
produce thick MAPI films. Previous work within the group has attempted to utilise these films to
produce photovoltaic devices, but due to the difficulty of producing sub 1um films, this was never
realised. In this study these thick AACVD films are extensively characterised using XRD, absorption

spectroscopy ToF, Hall, Kelvin Probe and APS measurements.

4.2 2-STEP METHOD AND FILM FORMATION

DMEF:Pbl, Pbl2 MeOH:MAI

E— ’

Figure 4-1 Schematic showing the 2-Step AACVD process

Films are formed via a two-step process, with the first step depositing a layer of Pbl,. This is
accomplished by aerosolising a (0.035) solution of Pbl, in DMF and carrying it, via a nitrogen carrier
gas, at 0.75 L/min into the reactor. Substrates were kept at 75 °C for this step. The second step involves
the aerosolization of MAIl in methanol, which then converts the initial Pbl; film into MAPI. A schematic

of the reaction can be seen in Figure 4-1 and the parameters for the deposition can be seen in Table

4-1.
Table 4-1 Deposition parameters used to deposit AACVD MAPI films
Concentration Temperature Flowrate Time
Step Precursor Solvent
(M/L) (°C) (L min?) (min)
1 Pbl, DMF 0.035 75 0.5 NA
2 MAI MeOH 0.21 230 0.3 60
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4.2.1 1% Step: Growth of Pbl; film

To elucidate how the AACVD process deposits the initial Pbl; layer, samples were removed at different

points during the first of deposition. Samples were taken at 15, 30 and 60 min.

Figure 4-2 SEM images of the Pbl, film deposited during the first step of the AACVD process for reaction durations shown on
images.

Figure 4-2 shows the morphology development of the film during the first step of deposition. At 15
minutes, islands of Pbl, are formed, which are composed of needle like grains. As time progresses the
islands coalesce to form the final porous film. From these results it can be inferred that the film follows
a Volmer-Webber type growth mechanism . Furthermore, by visually observing the substrate during
the deposition, droplet formation could be observed. This indicates that the process occurs in the
AACVD pathway A, that is akin to spray coating. This is further corroborated by the porous and rough
structure observed of the final Pbl; film. Intriguingly, this morphology does not carry over to the final

MAPI film.

4.2.2 2" Step: Conversion to MAPI

0 min 15 min 30 min 45 min 60 min

Figure 4-3 Photograph of samples taken at different points of the 2"? step reaction
The conversion of the film from Pbl, to MAPI has been extensively explored in two-step spin coating
solution processing methods. However, there have been no investigations carried out on the AACVD
process. This study explored this by periodically taking films out of the reactor. For this experiment

films were removed at 15, 30, 40, 50 and finally 60 minutes. Photographs of the resulting film can be
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seen in Figure 4-3. When looking at SEM images (Figure 4-4), it can be observed that the conversion
occurs from the surface of the film and propagates downwards towards the substrate. Moreover,
original porous and platelet structure is completely transformed into the large dense columnar grain
structure of the MAPI. This indicates a deconstruction-reconstruction type process, similar to that
observed by Brenner et al. **°. In their experiment, crystals of Pbl, were exposed to gaseous and liquid
MAI. When exposed to the gaseous MAI the Pbl; crystals began to form large (~ 1um) smooth spherical

grains, like those observed in this study’s films. Additionally, when they used a MAI solution grains

tended to form sharp tetrahedron shaped crystals, similar to that observed in spin coated films.

Figure 4-4 Cross-sectional SEM images of the Pbl; film being converted to MAPI during the second step of the reaction

Therefore, it can be inferred that the second step conversion process does not occur in the AACVD
reaction pathway A but is most likely in the true CVD pathway, with the chemical vapour being formed
by MAI. This vapour then begins to deconstruct and reconstruct the surface of the Pbl; into the final
form. Furthermore, the swelling of the film during the early stages of conversion is due to the lower
density of MAPI when compared to Pbl, (4 g/cm? vs. 6 g/cm3) 209291 Ag the reaction continuous the
film thickness contracts slightly, which is due to the removal of porous voids originally found within

the Pbl; film. A schematic of the formation can be seen in Figure 4-5

Pbl, precursor film Initial MAPI conversion Final MAPI film

| — | —

Figure 4-5 Schematic of the Pbl2 to MAPI conversion process
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To further elucidate the conversion process, samples were analysed using XRD and UV-Vis
spectroscopy. Figure 4-6 shows the XRD patterns of the films during conversion. From this it can be
seen that the initial Pbl, layer formed crystals preferentially orientated around the (100) plane at
12.7°. The conversion can be followed more clearly when looking at the (100) peak of Pbl, and the
(110) peak of MAPI. As the conversion continues the (100) peaks slowly diminishes and the formation
of the characteristic MAPI peak (110) can be observed beginning at 15 minutes. The final film shows

no Pbl; diffraction present, indicating complete conversion of the film.
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Figure 4-6 XRD patterns of substrates taken during the 2nd step AACVD conversion process. Right: Full XRD patterns Left:

focusing on Pbl; 100 and MAPI 110 peak

Page | 98



Results: AACVD of thick perovskite films

a) b) ——60 min
—— 50 min
40 min
07 R ——30 min
i 15 min
0.8 4 0 min Pbl,
El
Lt
2 N 064
c £
2 s
3 0.4
o
<
0.2 4 |
0.0 e ———
500 600 700 800 14 16 18 20 22 24 26 28 30 32
Wavelength (nm) Energy (eV)

Figure 4-7 a) Absorption spectra of samples removed at different times. b) Tauc plots calculated for direct band gap

The UV-Vis spectra and calculated Tauc plots in Figure 4-7 supports the XRD data, with the initial film
showing the characteristic absorption onset of Pbl, at 540 nm corresponding to a band gap of
2.3 eV 22 At 15 minutes the absorption onset of MAPI, at 800nm, begins to develop. Again, the
bandgap matches the expected values at 1.55 eV. However, at this point the Pbl, onset has blue
shifted, resulting in an increase of the calculated bandgap. This can be partially explained when looking
more closely at the XRD data. The (100) peak shows a shift towards higher 20, indicating a contraction
in the lattice. What is likely occurring is that the higher temperature of the second step, 230 °C, begins
to anneal the Pbl; and relaxes the crystallographic strain. Therefore, this alters the density of states
within the crystal and may alter the bandgap of the material. As the deposition commences, the
absorption of the MAPI begins to dominate and at 60 minutes the film shows no absorption
contributions of Pbl,. To evaluate the growth of MAPI crystals, the Scherrer equation was used to

calculate the crystallite size during growth. The results can be seen in Table 4-2.

Table 4-2 Summary of FWHM and crystallite size calculated using Sherer equation. All values were calculated from 110 peaks.

Time FWHM (°) Crystallite size d110 (nm)
15 0.103 81.2
30 0.096 87.1
40 0.095 88.0
50 0.095 88.0
60 0.098 85.4

The crystallite sizes do indicate that large crystallites are formed as soon as 15 minutes. There does
seem to be a slight growth as time progresses, however the FWHM values are close to the minimum
instrumental broadening observed by the XRD measurement system. Therefore, the broadening may

be masking the true crystallite size as the film is converted. Furthermore, the tetragonal peak splitting
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which results in the (110) and (002) reflections overlapping may introduce artificial broadening, again

masking the true crystallite size.

Combining the SEM observations, XRD and absorption spectra, the following facile reaction can be

proposed:

Pblz(s) + CH3NH3I(g) i CH3NH3Pb13(S) {4-1)

Here the solid Pbl, is transformed into the MAPI via gaseous MAI to form the final solid MAPI film.

4.2.3  Future Work

Further study will be required to validate these results. True in situ experiments may show additional
intermediary processes and chemical species. Potential modification of the reactor to allow in-situ
XRD may allow for real time observation of the growth. Additionally, spectroscopic measurements,
such as infrared spectroscopy, may allow for the identification of chemical species during the
transformation process. Hu et al. utilised a similar combination of techniques to successfully evaluate
the crystallisation of spin coated MAPI films 2%, However, implementing these techniques in AACVD
will not be trivial, as there is a significant challenge in passing signals though an aerosol due to

scattering effects of the droplets.

4.2.4 Film formation summary

In summary, these results indicate that the first step undergoes a Volmer-Webber type growth
mechanism, likely in AACVD pathway A. As the second step commences, the original Pbl; film
undergoes a deconstruction-reconstruction type mechanism, due to exposure to vaporised MAI gas
from the aerosol. The MAPI grains nucleate from the surface of the film and slowly grow down

towards the substrate consuming the Pbl; layer.
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4.3 XRD stupIESs oF AACVD MAPI

This section looks more closely at the crystallographic information obtained from MAPI films utilising
the aforementioned 2-step method. Additionally, the crystallographic information of the AACVD
sample is compared with a spin-coated film of MAPI. This film was deposited using a 1-step antisolvent
method, described in section 3.3.5, making it representative of most state-of-the-art research MAPI
films, and were prepared by Tian Du. Note that the spin-coated sample was deposited on ITO, whereas
the AACVD film was deposited on FTO. Direct deposition of spin coated samples on FTO proved
difficult as the method was not optimised for ITO/glass substrates. However, the pattern observed in
literature of spin coated films deposited on FTO substrates match closely to this study’s spin-coated

samples, therefore it is still a suitable comparison. 125204

4.3.1 Peak splitting and texture
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Figure 4-8 XRD patterns of AACVD, Spin coated and tetragonal reference MAPI 250735-ICSD 132

The XRD diffraction data of the AAVCD MAPI shows a more tetragonal structure when compared to
the reference pattern in Figure 4-8. The AACVD film shows stronger signs of tetragonal peak splitting
indicated by the (004) and (220) reflection at 28.15° and 28.43° 20 respectively. In the spin-coated
sample the splitting is not visible, with an asymmetric peak observed at 28.53° which is typical of
patterns observed in spin-coated samples literature. The splitting in the AACVD sample is most likely

due to two factors. Firstly, the thicker (~5 um) AACVD film may produce a stronger diffraction signal.
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Additionally, the larger grains observed may indicate larger crystallite sizes. This would lead to a lower
amount of peak broadening in the XRD pattern. This enables the smaller peak to be more clearly
observable. When the crystallite sizes were evaluated using the Scherrer equation though, crystals in
the AACVD films were found to be 85.4 nm and 85.1 nm for the spin coated films. However, the
difference may be again masked by the instrumental limitation of the XRD system. The argument for

larger domains is partially substantiated when looking at SEM images in Figure 4-9, as there are visibly

larger grains in the AACVD film (180 nm for spin coated vs 1000 nm for AACVD).

Figure 4-9 SEM images of (a) spin coated and (b) AACVD films of MAPI

Another major difference between the two films is their texture, with the AACVD films exhibiting
significantly less preferred orientation (Figure 4-10). Spin coated films more closely match what is the
reference pattern, with a preferred orientation around the {110} planes. In contrast, the AACVD films
show a more even distribution of intensities, with a much stronger contribution from the (310) planes.
A similar trend was observed by Brenner et al. when comparing vapour and liquid phase formation of
MAPI, from single crystal Pbl, °°, Here, the Pbl, reacted with MAI vapour and formed more randomly
oriented MAPI, whereas, when exposed to a solution of solvent and MAI, the films exhibited a similar
texture to spin coated films. This confirms the observations in section 4.2.2, where it was thought

that the MAI aerosol step was forming a chemical vapour and reacting with the Pbl; film.
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Figure 4-10 a) Relative intensity of peaks compared to MAPI reference pattern 250735-1CSD 201, b) Illustration showing
common diffraction planes in relation to perovskite crystal

4.3.1.1 Lattice parameters

Next, the crystal lattice dimensions of the films will be looked at more closely. By utilising Braggs Law
and the formula for the tetragonal crystal system the dimensions of the crystal were calculated. The
results are summarised in Table 4-3. The lattice parameters of the AACVD sample closely match
reference patterns 2°1. However, spin-coated MAPI exhibits significant elongation in the c-axis: 12.51
vs 12.67 A respectively. This indicates that the rapid crystallisation during the 1-step antisolvent
method, creates strain within the films. Additionally, epitaxial effects of the substrate could be more

pronounced in the thinner spin coated film.

Table 4-3 Comparison of lattice parameters between AACVD and spin coated films

Film Lattice constant Calculated (A) Reference Primitive unit cell
difference (%) volume (A3)
AACVD a 8.88 +0.33 249.8
c 12.67 +0.24
Spin coated a 8.87 -0.10 246.1
c 12.51 -1.03

AACVD films exhibit a more contracted lattice when compared to its spin coated counterpart, with c/a

ratio of 1.43 and 1.41 respectively. However, these are closer to the calculated reference pattern
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indicating that the film is less strained. This is probably due to the longer and higher temperature
process of formation. The intrinsic growth process of deconstruction and reconstruction tends to lead
to more randomly orientated grains, further indicating that this is the process occurring in the AACVD

method *%°.

4.3.2 Thermal XRD studies

To further study the AACVD film, XRD measurements were undertaken at elevated temperatures. The
experimental details can be seen in section 3.4.1.2. Samples were heated from 25-175°C £ 1°C at 25
°C intervals. 175°C was the maximum this study was able to run in the XRD system, as higher
temperatures would lead to degradation material coating the inside of the measurement chamber.
The samples were measured at ambient pressure and exposed to atmosphere. Again, the AACVD films
are contrasted against a 1-step spin coated counterpart, which serves as a reference point. The total
time of the process was 180 minutes, with each scan taking 5 minutes to complete. The results can be

seen in Figure 4-11.

From this data it can be seen how the crystal structure of the spin coated and AACVD MAPI films
changes at elevated temperature. The first notable change is the transition from B- tetragonal phase
to the a-cubic phase, which occurs between 50°C + 1°C and 75°C £ 1°C. This is evident from the
disappearance of the (211) reflection, marking the transition between the two phases. At higher
temperatures the formation of Pbl, can be observed, indicating the onset of thermally induced

degradation.
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Figure 4-11 XRD data taken at different temperatures. Tetragonal indices are denoted by the diamond, with major cubic
peaks indexed at higher temperatures
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4.3.2.1 AACVD Phase transition

To confirm the phase transition in the AACVD sample, temperature scan measurements were
conducted at smaller temperature increments. An initial room temperature pattern was firstly
collected at 25°C + 1°C, then at 2°C £ 1°C increments from 46°C + 1°C to 64°C + 1°C, with a final scan
at 75°C + 1°C (Figure 4-12).

Interestingly, the phase change occurs at approximately 50°C + 1°C, with the (211) peak disappearing
completely at 52°C + 1°C. This is lower than that typically seen in literature, with the reported phase
change occurring at approximately 330 K (57°C) 201295207 Again, the reason may be due to a lower
intrinsic strain within the film, allowing for a faster transition to occur. Previously, the MclLachlan
group has conducted similar experiments on spin coated films of MAPI. The phase transition was

observed to occur at 55°C + 1°C, more in line with reports in literature 2%,
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Figure 4-12 MAPI phase change from tetragonal to cubic upon heating

4.3.2.2 Determination of thermal expansion

Next, the expansion of the lattice with temperature will be outlined. This section contains
contributions from Afif Aziz, who assisted with the data processing. As the temperature increases, the
XRD patterns show a shift to lower angles; this is due to the expansion of the lattice. This data was
used to calculate the lattice parameters at the different temperatures and the following equation was
applied to calculate the thermal expansion coefficients 2%7,

_1dL

= 4-2
L™= par (4-2)
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Where al is the linear thermal expansion coefficient, L is the crystal dimension and T is the
temperature in Kelvin. This calculation was done for the tetragonal system (a.s and ac) from data
collected between 25-50 °C + 1°C and from 75-175 °C + 1°C for cubic system (a.). The results of this
calculation can be seen in Table 4-4, and shows the increase in a/b parameters and a decrease in the
¢ parameter during heating in the tetragonal phase. This is because the crystal is becoming more cubic

as it is heated.

Table 4-4 Linear thermal expansion coefficients of AACVD film in tetragonal and cubic phase

Phase AACVD Thermal expansion Spin coated Thermal expansion
coefficient, ax (K) coefficient, ay (K?)
B Tetragonal Oab=1.27 x 10 Oap =1.36x 10"
a. =-1.35x10* a. =-3.33x10°
a Cubic a, =3.98x10° a, =4.15x10°

The obtained values are close to previously determined expansion coefficients. Jacobsson et al.
determined the linear expansion coefficients of spin coated MAPI to be: aap=1.32 x 104K?, a.=-1.06
x 10K and o, = 4.77 x 10°K12%, Moreover, previous work in the M group also investigating spin-
coated films, and determined the coefficients to be: azp=1.13 x 10*K?, ac=-1.42 x 10*K? and a5 =
3.17 x 10° K 28, The largest difference is between the values of a. between the AACVD sample and
spin-coated sample. The spin-coated sample exhibits much lower expansion, which again bears

credence to the idea that it is highly strained in the c axis.

Once the lattice parameters are determined, it is straight forward to calculate the volume of the
primitive unit cells. Figure 4-13 shows the expansion across the phase change the volume of the
primitive unit cells of the tetragonal and cubic phase. Note that at approximately 50 °C there is a
discontinuity in the trend; this is most likely due to the phase change the material undergoes and

corroborates the previous observation.
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Figure 4-13 Results from AACVD film a) Volume of lattice plotted against temperature. b) Plot focusing on the point of
phase change

Using a variation of equation 3-2, the volumetric expansion coefficient can be determined:

1dv
a, = ;E (4-3)
Where V is the volume of the primitive unit cell. Using this equation an overall expansion coefficient,
ay can be calculated. However, as the expansion may not be linear across two different phases,
separate values for tetragonal, ay, and cubic a,. were calculated. The results are summarised in Table

4-5.

Table 4-5 Volumetric thermal expansion coefficients of AACVD film in tetragonal and cubic phase

Phase Thermal expansion coefficient, a (K)
Overall a, =1.27x10*
B Tetragonal oyt =1.19x10%
a Cubic oy =1.97x10*

From these results the thermal expansion in the cubic phase is higher than in the tetragonal phase.
However, as there is a lack of data in the lower temperature regions (25-45 °C), more data will need
to be collected before the tetragonal expansion coefficient can be reliably determined. When
comparing these values to literature, they are again very similar, with a, = 1.57 x 10* K being reported
by Jacobsson et al. in spin-coated films %7, Previous work within the McLachlan group also attempted
to look at thermal expansion coefficients of the two individual phases in spin-coated films. The
tetragonal expansion was calculated to be a,: = 0.82 x 10 K and the cubic oy = 2.43 x 10 K1 208,
This suggests that the results in this study are correct, with the tetragonal phase showing less thermal

expansion than the cubic phase. Furthermore, these results indicate that AACVD MAPI films seem to
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possess similar thermal expansion values to their spin-coated counterparts. Using this study’s values,
DFT calculations could be conducted to further understand the properties of films produced via

AACVD.

When putting these results into context, they are relatively high compared to other common
materials. For instance, soda lime glass has an expansion coefficient of ay = 2.6 x 107 K™%, meaning
that MAPI has a 5 times larger expansion coefficient. It is 8 times larger than stainless steel (316) (av
= 1.6 x 10~ K%) and nearly double that of a common polymer acrylonitrile butadiene styrene (ABS)
(oy = 7.4 x 10™ K™1). When comparing it to other solar cell materials, MAPI still has a much larger
thermal expansion. Values for Si, CIGS and CdTe are: 0.3 x 10 K™, 2.7 x 107° K and 1.4 x 107> K™
respectively. MAPI’s high thermal expansion coefficients could be a major obstacle when using these
materials in photovoltaic cells. Thermal cycling that cells experience during a day will cause the active
layer to swell and contract, creating mechanical stress within the layers and could lead to internal

damage.

4.3.3 Isothermal XRD studies

When looking at Figure 4-11, there is a clear formation of Pbl; at higher temperatures. This is due to
the thermally induced degradation of MAPI. In the spin coated sample this process occurs to a greater
degree, with a significant formation of lead iodide visible at 175 °C. Figure 4-14 shows the samples
before and after the thermal sweep, which was detailed in section 4.3.2. On the other hand, the
AACVD sample has remained more intact with only a small amount of Pbl, observable in the pattern.

This indicates that the AACVD sample may be more resistant to thermal degradation.

To try and quantify this difference in stability, a series of isothermal measurements were conducted
and the evolution of the Pbl, peaks were observed. Three different samples of AACVD and spin coated
MAPI samples were measured at three elevated temperatures, 130 °C + 1°C, 140 °C £ 1°C and 150 °C
1 1°C. The total time at each temperature was 93 minutes, with scans occurring every 10 minutes. This
range of temperatures was chosen because it allows for practical observation of degradation in this
short time frame. Lower temperatures did not show enough degradation to accurately analyse.
Likewise, higher temperatures could not be used as this would cause the inside of the XRD chamber
to be contaminated with excess degradation product, causing problems with the diffraction signal.
Furthermore, only measurements between 12-16 ° 20 were taken. This is the range where typically a
strong (001) Pbl, and (001) from the cubic MAPI is observable. Furthermore, this allowed for rapid
scanning of the sample within 3 minutes and reducing of the lag time between each scan. Longer scans
would cause problems in the measurement, as the sample would continue to degrade throughout the

scan.

Page | 109



Results: AACVD of thick perovskite films

~——— After Thermal Sweep

——— Pristine

Spin coated

# Pbly

H*
(vor)
"
* (zov) ¢ (zoy)
(oo¥) (oov)
HH
*
*
(0z2) (0z2)
9 (zo2)
1 (L1e)
d (002)
(011) | (011) |
2 "3

5
-
g8 o
&3
_ _ o (zov)
(oov)
(vze)
(1ze) -
K
(o1€) (oL€) =
]
(0z2) (0z2)
(v00)
(zo2) (zoz)
(112) (L12)
W (002) == (002) —=
O
<
(o) (o11)
Il]lll.,L

+

(‘n"e) Aysuayuj

(‘n"e) Aisuayuj

50

40

30

20

10

20 (°)

Figure 4-14 XRD patterns of samples before and after the thermal sweep experiment conducted in section 4.3.2. Figure 4-11

shows the full results of the sweep
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The results of the three isothermal measurements on the AACVD film can be seen in Figure 4-16. See
appendix (Figure 9-1) for spin-coated MAPI film. At 130 °C the degradation process is very slow,
however at 150 °C the peak grows much more rapidly. Figure 4-15 shows the evolution of the (001)
Pbl; at 150 °Cin both the spin coated and MAPI film. Interestingly, the intensity of the MAPI peak does
not directly scale with the increasing intensity of the Pbl, peak. This is because Pbl, tends to nucleate
highly orientated crystals, therefore the intensity of this peak is much stronger than the relative MAPI

peaks, which have more evenly distributed intensities across diffraction peaks.

a) b)
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Figure 4-15 Isothermal XRD patterns overlaid to show the evolution of the 001 Pbl, peak in spin-coated MAPI (a) and AACVD
MAPI (b). Measurements taken at 150 °C for 93 minutes

Using this measurement, the relative ratios of the integrated peak areas can be taken to derive the

parameter x(t):

x(t) _ Area (001)Pbl, -
" (Area (001)Pbl,+ Area (001)MAPI) (44)

Where x(t)= 0 is a completely pristine sample and x(t)=1 is a fully degraded sample. This assumes that
the area of the peaks is related to the proportion of species within the film. It must also be assumed
that any intensity changes are not due to realignment/recrystallisation processes within the film. Also,
as anincrease in background scattering has not been witnessed, it can be inferred that the degradation
does not happen due to a dissolution process. There were some difficulties in correctly determining
the area at lower temperatures and times, as the area of the Pbl, peak was very small. To alleviate
this problem, values from 24 minutes to 93 minutes were used. By plotting the x(t) vs time curves that
show the fractional content of Pbl, over time can be produced. By fitting a linear equation to this data,

the time it takes for a certain fraction of degradation to occur can be calculated.
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Figure 4-16 AACVD Isothermal XRD patterns taken from AACVD sample over 93 minutes. Insert shows small peak evolution

due to Pbl, formation
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By using values of x(t) a simplified model of the Mittemeijer solid state reaction model can be applied,

which itself is derived from the Arrhenius equation 299210,

E
ln(txz - txl) - R_;' - anm (4-5)

Where tyn is the time taken for a certain fraction of Pbl, to form, E, is the effective activation energy
for the nucleation and growth of Pbl,, R is the gas constant, T is the temperature in Kelvin and Kn, is
the pre-exponential rate constant. Plotting the data as In(tx-tx1) vs. 1/RT and taking the slope of a
linear fit will give the activation energy E.. This analysis takes two times where the fraction of Pbl, are
0.9 and 0.2, which will be the tx; and t«. Choosing different volume fractions will result in shifting of

the line, however the slope and therefore the calculated activation energy will be the same.
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Figure 4-17 Graph showing volume fraction of (001) Pbl; peak vs (001) MAPI over time for AACVD (a) and spin coated film
(b). Below is the In(tx,-tx1) vs. 1/RT plots. The gradient of the fitted line gives the activation energy

Figure 4-17 shows the results of the fractional fitting, where it can be seen that in the AACVD sample
the growth of Pbl, is faster at higher temperatures. At 150 °C the degradation begins to display
a nonlinear pattern. At higher temperatures there may be different degradation mechanisms

occurring, which could lead to this non monotonic behaviour. This effect should be first confirmed by
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repeating the measurement, and potentially attempting the measurement over a longer time period
or higher temperature. However, as the purpose of this study is comparative, a linear fit is used to

simplify the model.

The spin coated sample shows a similar trend of increasing rate, however samples measured at 130 °C
and 140 °C show very similar rates. This discrepancy may arise from the fact that every measurement
is conducted on a different sample. Moreover, as the 1 -step spin-coating process is sensitive to
process conditions and timing, the samples produced may have slight variations in morphology or
composition. This may lead to different susceptibility to degradation between each sample,
potentially affecting measured rate of degradation. Again, to verify these results multiple

experimental runs should be conducted on multiple samples.

When looking at the (tx-tx1) vs. 1/RT plot it is evident that the fit has a steeper gradient in the AACVD
samples when compared to the spin coated samples. This indicates that the activation energy for
degradation, E., is larger in the AACVD film.

Table 4-6 shows the activation energies calculated by this method.

Table 4-6 Calculated activation energies of degradation for AACVD film and spin coated film

Film Activation energy KIJ Activation energy eV
mol?
AACVD 159+ 31.3 1.66 +0.33
Spin-coated 46.1 £21.2 0.48+0.22

The AACVD film has an activation energy that is over three times higher than the spin coated film. This
strongly indicates that the AACVD films are more resistant to thermal stress. Previous studies in
literature have shown that CVD based techniques produce perovskites that tend to show enhanced
stability?!212 | This enhanced stability may be due to several reasons. Firstly, the high temperature
formation of the MAPI within the AACVD process would form a very dry film, with most of the solvent
being evaporated during deposition. Whereas, the spin coated film would have residual solvent within
it, potentially mediating the degradation pathway. Secondly, when looking at the sample XRD
patterns, Figure 4-8, it can be observed that the spin-coated films already contain more Pbl; than the
AACVD film. This could mean that the spin coated film is not completely stoichiometric in composition,
making the structure more defected, and this could lead to easier diffusion of ions due to thermal

stress.

Previous work in the McLachlan group calculated the E, of a spin-coated MAPI film to be 0.99 eV 2%,
The film in this study had no visible Pbl, before the experiments began. Therefore, this result may be

more indicative of a higher quality spin-coated MAPI film. However, this value is still significantly lower
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than that of the AACVD film. As the sample size is very limited, these results still need to be confirmed
by repeat measurements. Moreover, the results should not necessarily be used as absolute values,
but this methodology could be used to quantitatively compare the thermal stability of different

deposition methods and compositions.

4.3.4 Future work and improvements

To substantiate these results a larger sample size should be used. This is especially required for the
calculation of the lattice parameters, as the differences in values are quite small. As the growth
process in AACVD is time consuming and inconsistent, producing many samples has proven to be

problematic.

Electron beam diffraction would give more accurate crystallographic information and would also
provide spatially resolved crystallographic information. Attempts have been made to prepare samples
for this characterisation, however the thick films proved difficult to prepare. For electron beam
diffraction, a thin slice of the film’s cross section must be milled using a focused ion beam. Thick films
have proven to be very difficult to mill, with the ion beam degrading the structure significantly before
it is able to cut through the depth of the film. Therefore, development of a new protocol may be
required to prepare samples for these kinds of measurements. Moreover, if samples could be
successfully prepared, the diffraction information could be applied to the film formation study
discussed in section 4.2. This would allow for the observation of crystal lattice constant evolution

during growth.

Quantification of the strain via utilisation of sin2 W XRD measurements would substantiate the claims
of inbuilt strain. Attempts were made to conduct this measurement, however the measurement
typically requires strong diffraction at high angles of 26 (>50°) that this study’s films do not possess.
In work by Niu et al., they utilised a grazing incidence arrangement of the XRD in combination with a
sin2 W to allow this measurement to work on peaks at lower angles 23, Application of this method

could allow for quantification of the stress of the strain within the film.

Again, a larger sample size would enable confirmation of the observations of the isothermal
measurements. This would also allow for running of the samples at smaller temperature increments
and give more data for the activation energy calculations. Utilising a system that would enable running
measurements at higher temperatures could potentially shed light on the non-linearity observed in

the AACVD film.
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4.3.5 XRD study summary

This study shows that the AACVD films have a typical tetragonal MAPI crystal structure, with lattice
parameters that are close to reference values. However, the films grown by this technique exhibit less
preferred orientation to the spin coated analogue. This study also shows that the phase transition
between tetragonal and cubic occurs at 50°C £ 1°C, lower than previously reported values for thin
films. Utilising thermal XRD measurements this study also elucidated the thermal expansion
coefficients of the system, again showing comparable results to spin coated films. Finally, isothermal
XRD measurements were used to calculate the activation energies of degradation, showing that

AACVD films are potentially more stable.

4.4 OPTOELECTRONIC AND ELECTRONIC MEASUREMENTS

This section will look at the optoelectronic and electronic properties of the AACVD films. Again, these
properties have not been explored in previous studies and there is a lack of understanding of how
materials deposited via AACVD behave in terms of charge generation and transport. By utilising ToF,

Hall effects, 4- point probe and kelvin probe, this study reveals these intrinsic properties of the films.

4.4.1 Time of Flight measurements

Time of flight (ToF) is a common technique used to measure the charge carrier mobility of materials
that has been seldom utilised in OMHPs 7214, The reason behind the lack of ToF studies in perovskites
lies in the limitations of apparatus and the difficulties in both measuring and producing samples. ToF
relies on measurement of transient currents as charges cross the sample. Therefore, if the films are
relatively thin and have a high mobility, it will be difficult to measure the fast signals. Previous
measurements in literature have been limited to single crystal samples which are thick enough for
signals to arrive on timescales that are observable 8721, However, as AACVD films are typically much
thicker than spin coated samples (> 5 um vs 500 nm), it allows for the application of the ToF technique

for one of the first times on a thin film.

These measurements were conducted on a sample of MAPI, which was deposited on FTO and coated
with gold electrodes. The details of the sample preparation and experimental setup can be seen in
3.4.5. A schematic of the device stack can be seen in Figure 4-18. To photogenerate charges in the
samples, a laser is fired through the FTO. The wavelength used for excitation was 355nm (3.55 eV),
which is far higher in energy than the calculated band gap of the material 800nm (1.55 eV) (section
4.2.2). The absorption coefficient of MAPI at that wavelength is in the order of 10° cm™ 21217 which
equates to a penetration depth of less than 100 nm. As this is far smaller than the thickness of the

sample, it can be approximated that all the charges are being generated near the surface of the film.
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Furthermore, a neutral density filter (ND3) was utilised to lower the intensity of the light. This is so

that a large number photogenerated charges do not adversely affect the applied field.
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Figure 4-18 Schematic of AACVD ToF sample (a). (b) shows bias applied to FTO to collect holes and (c) shows the collection
of electrons by applying the bias to gold

The charges are collected at the Au side of the device, with a positive applied bias on the FTO collecting
holes at the FTO, and a negative bias collecting electrons. The resulting signals are then plotted as a
double logarithmic plot. Here, the inflection point marks the transit time, t«, of the charges. This point
is determined by the intersection of tangents fitted on either side of the inflection point. A schematic

of this process can be seen in Figure 4-19.
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Figure 4-19 Graphical representation of time of flight signal as measured by the oscilloscope. Insert shows determination of
arrival time by utilising a double logarithmic plot and the intersection of two tangents

Once the transit time is determined the mobility can be calculated using the following equation:

d2
= (4-6)
Vefftx

Where [ is the mobility of the charge carrier, d is the film thickness, Ve is the applied bias minus the
inbuilt potential and tx is the transit time determined from the measurement. The work function of
FTO and Au is 4.4 and 5.1 eV respectively. Therefore, the applied voltage will be subtracted by 0.7 eV.
This measurement is then repeated at different biases, to confirm the mobility dependence on the
strength of electric field. The mobility value obtained should remain relatively constant as it should be

a field independent value.

4.4.1.1 Development of the ToF technique for OMHPs
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Figure 4-20 Photocurrent transients measured on sample with constant applied bias
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Initial measurements of the samples showed anomalous results, with both the photocurrent and the
arrival time not scaling with the applied bias. Figure 4-20 shows the electron photocurrent transients
of a sample. Note how as the voltage is increased from 1 V to 2 V the amplitude of the signal increases,
however, applying a higher bias causes an irreversible amplitude drop. This is due to the sample
degrading under the applied bias, which causes a loss in photocurrent. When looking at the double
logarithmic plot, there does not seem to be an observable shift in the transit time. Note that the noise
of the signal makes determining the transit time difficult, creating a source of error in the absolute
value. However, it is still clear that the signal is not responding to bias. This could be due to damage
to the sample, or potential ionic effects interfering with the signal. As a bias is applied to the sample,
ions may accumulate at the electrodes and screen the electric field (Figure 4-21). Several groups have

witnessed this migration in weak electric field 1*>7117,
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Figure 4-21 Schematic of ion migration screening with increasing electric field within the ToF sample

From this it can be observed that there are two significant issues when measuring these samples.
Firstly, the potential of degradation of the sample under continuous bias and the non-scaling of the
arrival time. To overcome these problems, a pulsing method was developed where the bias is applied
to the sample over a set period. This means that the sample only experiences the bias for a short
period of time, reducing the risk of damage and allowing for higher potentials to be used. Moreover,
by adjusting the timing of the bias pulse this study attempted to decouple the influence of ions from

the electronic response (Figure 4-22).
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Figure 4-22 Schematic of voltage pulse timing in relation to photocurrent signal

Four different pulse delays (P4t), 50 ps, 140 ps, 400 ps and 1000 us were applied. The total length of
each pulse was 1000 ps except for a pulse delay of 1000 us, which used a total pulse time of 2000 ps.
The timings relate to the time period between the first application of the bias and the laser excitation.
50 ps was the minimum time delay that could be used, as this allowed enough time for the bias to
stabilise in the sample. Time periods over 2000 ps would lead to loss in photocurrent, indicating that
this is the maximum duty cycle the sample can experience before degradation. Furthermore, due to

the pulsing of the signal higher biases to the sample were able to be safely applied.

4.4.1.2 Pulse ToF measurements

Figure 4-23 shows data collected from one sample where this testing methodology was applied. The
sample thickness was measured as 6.72 um using a Dektak surface profilometer, with an average
surface roughness of 0.76 um. Additionally, tabulated data of arrival times and mobilities are shown
in the appendix (Figure 9-2). What is clearly observable is that at longer pulse times the signal begins
to quench, indicating the increasing influence of ionic screening. This is considerably more noticeable
in the electron signal, which seems to be more strongly influenced by P4 To confirm that this
guenching is not due to degradation, the sample was remeasured after the set of experiments.

Appendix Figure 9-3 shows the signal not degrading after the experiments were completed.
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Figure 4-23 Photocurrent transients measured at different pulse delays
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Figure 4-24 Log-log plots of sample tested with 50 us and 1000 us pulse delays. a) Electron signal with a bias pulse time of
1000 us. b) Electron signal with a bias pulse time of 50 us. c) Hole signal with a bias pulse time of 1000 us .d) Hole signal
with a bias pulse time of 50 us

Figure 4-24 shows the log-log plot of the 50 pus and 1000 us experiments. Here the onset of arrival
time scaling in the 50 us when compared to the longer pulse time can be clearly seen. Moreover, at
1000 ps the signals become very noisy and the inflection point becomes even more difficult to
determine. Additionally, the time scale reduces as the delay increases. When looking at the holes, it is
evident that the trend is not as clear. A lower delay does not seem to improve the measured signal,
with both the amplitude and the arrival time not significantly changing. This data shows an anisotropic
charge carrier behaviour, which indicates that the ionic effects do not affect both charge carrier
species equally. Considering that V, are potentially the dominant mobile, these results could be
explained by the accumulation of these positively charged species at the collecting electrode 218220,
During the hole measurement these vacancies would migrate towards the FTO contact, where the

signals are collected. This would explain why the hole measurements show the invariant behaviour
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when compared to the electron measurements. The overall time scale of the signals is similar between
electron and holes, indicating balanced charge transport in the material. This matches what has been
previously observed in MAPI 22, Calculating the resulting mobilities using equation (4-6), gives values

of 0.06 - 0.84 cm? (V s)* for electrons, and 0.11 — 1.37 cm? (V s)* for holes.
Using a Poole-Frenkel plot this data can be summarised by plotting the mobility derived via equation
(4-6) vs. the square root of the electric field. The electric field is calculated using:

E=—- (4-7)

Where E is the electric field, V is the applied bias and d is the thickness of the sample. Note that in this

case the effective electric field is unknown due to potential ionic screening.
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Figure 4-25 Poole-Frenkel of data gathered from ToF measurements. a) electron mobility b) hole mobility

Looking at Figure 4-25 it is evident that the electron mobilities scale negatively with the electric field
until pulse times of 80 ps or below are used. This negative slope is a symptom of the arrival times not
scaling with bias. In the holes the negative slope is present throughout all of the pulse time variations,

again showing their invariance to the pulse delay.

Comparing these results with the few literature values available, thin film ToF measurments have not
been conducted at different biases. Chen et al. utilised ToF to measure a 500 nm thin film of MAPI,
however they only utilised a fixed bias of 20 V 24, From their data it can be seen that their arrival times
are in the same order of magnitude as this study’s work (107 s), though their film is much thinner.
Furthermore, they calculated their electron and hole mobilities to be in the order of 10 * cm? (V s)™.
In contrast this study measured mobilities approaching unity. Potentially, their values are so low
because they experienced degredation during their measurment. However, it cannot be discounted

that AACVD technique may produce films of higher quality and therefore better charge transport
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properties. When comparing this study’s results to single crystal measurments conducted by Dong et
al., they measured an electron mobility of 24 cm? (V s)?, with no results being shown for holes. Whilst
the electron result are higher, this is expected as single crystals are more defect free and therefore
have better charge carrier properties. Interestingly, they conducted their measurment from 2.5 — 20
V and show scaling of the arrival times with bias. Again, this may be due to the defect free nature of a
single crystal, leading to lower amounts of ion accumulation at the interface. Additionally, when
considering the electric field in their sample, at 20 V the field strength is 6.6 x 10> V m™. At 10 V this
study’s sample experiences 2 x10° V m, therefore accumulation of the ions at the interface is far

more likely to occur.

From these results, the timescales of ion migration using equation (4-6) could also be estimated. A
significant effect of ion migration is seen at Pg= 1000 ps. Using 1000 us as an estimate of the time for
ions to begin accumulating at the electrodes, equations can be applied to calculate an estimate of ion
mobility. Using 6 V as the applied bias the ion mobility is 4.71 x 10 > cm? (V s)%. This is five orders of
magnitude slower than this study’s calculated charge carrier mobilities. However, this assumes that
the ions are drawn across the whole thickness of the film, but unlike photogenerated charge carriers
ions are present throughout the film. Therefore, using 100 nm for d gives a value of 1.89 x 10 ® cm? (V
s)L. These two values should be considered the upper and lower limit of the estimation. Comparing
these values to literature, the highest calculated ion mobilities MAPI are in the order of 10 cm? (V s)
1222 The lowest measured mobilities are in the order of 10 cm? (V s)123, Therefore, it is plausible to
assume that the effect this study witnessed is indeed due to ions. Furthermore, this would place this
study’s ionic mobility values in the upper region of most materials. If comparing this to Li* mobilities
in LiCoOs; , a common battery electrode material, the values range between 10® to 10° cm? (V s)™.

The ionic cionductivity in solid oxide fuel cell materials is in the order of 10° cm? (V s)™.

4.4.1.3 ToF future work

As these results have been collected using a single sample, repeat measurements should be used to
validate these results. Furthermore, variation in thickness and temperature could be used to further
decouple ionic and electronic influences. Measurement of the thinner and thicker samples could allow
for determination of whether the arrival times scale with thickness. Additionally, different thickness
may have different responses to the pulse. Likewise, measuring samples at lower temperatures,

should reduce the influence of ions.

Another potential avenue of investigation is the exploration of different perovskite compositions and
dopants. By altering the composition, it may be possible to reduce the ionic migration within the film

224 Therefore, it may be possible to eliminate or reduce the signal from ionic effects.
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4.4.1.4 ToF Summary
In conclusion, this study shows the development of a novel ToF technique to extract electron and hole
mobilities in thick MAPI films deposited via AACVD films. Furthermore, the study elucidated the role

that ionic migration has on the measurement and derive estimates on the timescales of ionic effects.

4.4.2 Hall and Electrical Measurments

To confirm the mobilities extracted by the ToF measurements the Hall effect was utilised. This
measurement will not only allow for extraction of mobility values, but by the virtue of the
measurement technique, resistivity and charge carrier concentrations can also be extracted. The
results were compiled from three different samples, with each result being an average of 10
consecutive measurements. Details of the experimental setup and the Hall effect can be seen in

section 3.4.4.
The mobility using the Hall effect is derived from the following equation:

_ Vhaul
RsIB

(4-8)
Where W is the hall mobility, Vhai is the measured hall voltage, | is the injected current, B is the magnetic
field and R; is the sheet resistivity. By utilising the Van der Pauw geometry, this study first measured
the sheet resistivity, Rs, of the samples. The samples were probed using 1 nA, with the ohmic check
being conducted from 0.1 to 1 nA. The ohmic check on the samples can be seen in appendix (Figure
9-4). Then using the same geometry, the Hall measurement was performed to derive the Vha. This

would give all the information required to calculate the hall mobility. Additionally, by using the

following equation, the sheet carrier density can be derived:

ng =17 4
q1Vhaul

Where ns is the sheet carrier density and q is the elementary charge. By then dividing the thickness of

the sample (6.72 um), the bulk charge carrier density, n, can be determined. The following table

summarises the results.

Table 4-7 Summary of data collected by Van der Pauw and Hall measurements

Sample Resistivity Qcm  Hall voltage V' Charge carrier density (cm3)?  Hall mobility cm?

(Vs)?

1 2.65x 10° 6.95x 103 2.10x 10 11.2
2 1.7 x 10° 6.37x103 2.3x 101 159
3 2.07 x 10° 5.10x 103 2.84 x 10" 10.6
Avg. 2.14x 10° 6.14 x 103 2.41 x 10" 12.6
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When comparing these values to literature, the electrical resistivity values of single crystal MAPI are
typically in the order of 10°— 107 Q cm 22228 This indicates that the electrical properties of the AACVD
deposited perovskite are single crystal like. When considering this is an in-plane measurement, the
results are remarkable as the grain boundaries do not seem to have a significant effect. Thin film
conductivity/resistivity measurements are difficult to find, especially for thin film MAPI. This could be

due to the high resistivity making nm scale films very difficult to measure.

The Hall voltage measured was positive, which indicates that the sample is slightly p-type in nature.
In MAPI defects and excess MAI can lead to a slight p-type doping in the film 22223, As the AACVD films
are produced by exposing them to a vapour of MAI, excess of the organic cation is very likely to occur.
Looking at the mobility values themselves they are well within the expected values for MAPI thin films,
however they are lower than the single crystal counterparts 2?. The measured charge carrier
concentrations also seem to correlate with what is typically observed in literature, with values for

MAPI ranging from 10%°to 103 225-228.231,

When focusing on mobilities extracted by Hall measurements, again most reported results have been
measured on single crystals. This is due to the difficulty of passing enough current through a very
resistive sample. Single crystal values are reported to be between 20-105 cm? (V s) 225228, Chen et al.
have reported values for thin film Hall measurements, however they utilise a laser to induce
photoexcitation, which improves the conductivity. They report a mobility of 1.5 cm? (V s). However,
they utilise a more sophisticated Faraday-induction corrected AC Hall measurement system to resolve

the small hall voltage, therefore it is not a like for like comparison %2,

Figure 4-26 shows the Hall measurement plotted on a Poole-Frenkel plot with the results from the ToF
measurement in section 4.4.1. As the Hall effect measures the drift of charge carriers perpendicular
to an applied potential, this study plotted it at zero electric field. Essentially, the Hall measurement
should show a mobility less affected by ionic screening, as the ions would be drawn to the current
injecting contacts. This is the reason this study used long settling times as described in section 3.4.4.
This leaves the injected charge carriers to form the Hall voltage due to the Lorentz forces, giving a

potentially true intrinsic mobility value.
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Figure 4-26 Poole-Frenkel plot showing combined extracted mobility values of Hall and ToF measurements

4.4.2.1 Comparison to ToF measurements

The results show that the Hall measurements are an order of magnitude higher. This may be because
the Hall effect measures the in-plane mobility versus the out of plane mobility in the ToF
measurement. However, the enhanced mobility may come from the lack of ionic screening
experienced during this measurement. On the Poole-Frenkel plot, a linear dependence of the mobility
based on the square root of the electric field can potentially be seen. The gradient of this slope could
be related to the amount of ionic screening the sample experiences, and therefore an indication of
the number of ionic defects within the sample. The following equation could be used to describe the

effect:

1
U =i (Ez) + Ui (4-10)
Where pu is the measured mobility, is is the gradient due to ionic screening, E is the electric field and p;

is the intrinsic mobility. Using this equation to process ToF mobilities, it is possible to solve for ; to
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derive a “true” mobility of the material. Furthermore, the parameter is could be used to determine
the quantity of ionic defects in the material, therefore giving a potential quantitative value for the

quality of the perovskite.

4.4.2.2 Future Work

As these results are based on a limited range of samples and measurements, the value will need to be
verified by repeat measurements. In terms of the Hall measurements themselves, measuring the
samples at lower temperatures could “freeze out” ionic contributions, therefore improving the
accuracy of the measurements. Moreover, utilising the same Faraday-induction compensated AC Hall

technique as Chen et al. may also help to extract more accurate mobility value 232,

Furthermore, alternative techniques should be used to verify the mobility. Terahertz spectroscopy or
charge extraction by a linearly increasing voltage (CELIV) could be used to further verify this study’s

obtained mobilities.

4.4.2.3 Hall and Electronic Summary

In conclusion, the results of this study show that the AACVD film has electrical properties that are
comparable to single crystal MAPI literature values. In addition, the Hall mobilities are also
comparable to literature values, though they are higher than the ToF results. Comparing these results,
the study potentially shows a link of the measured mobility with the effect of ionic screening due to

the application of electric fields.

4.4.3 Determining the Energy Levels: Kelvin probe, APS and optical band gap

Determining the energy levels of semiconducting material is crucial. Knowing the relative positions of
the valence, conduction and Fermi level is key to device fabrication and can help with elucidating the
origin of material characteristics. This study uses a mixture of Kelvin probe, ambient photoemission
spectroscopy and absorption measurements to determine the energy levels of the AACVD MAPI film.
All of the following measurements were performed by Matyas Daboczi. The experimental details for

each of the techniques can be seen in section 3.4.7.

4.4.3.1 Kelvin Probe and APS results
To determine the valence band position, APS measurements were used. The resulting cube root vs.
photon energy plot can be seen Figure 4-27 a). From this plot a valence band position of 5.32 eV ca be

extrapolated; this is within the expected range of MAPI, with values ranging between 5.3-5.75 eV

233,234
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Figure 4-27 a) Ambient photoemission spectroscopy measurement of AACVD MAPI film. b) Energy level diagram of AACVD
MAPI film. Valence band derived from APS measurements, Fermi level from Kelvin probe measurements and conduction
band is calculated from the optical band gap

From the Kelvin probe measurements, a Fermi level value of 4.59 eV is derived. If we combine these
measurements with the optical band gap values obtained in section 4.2.2, the following energy level
diagram can be formed (Figure 4-27 b)). Comparing these values to literature, the AACVD film matches
closely to the energy levels reported %%, The mid-band position is 4.54 eV, therefore the Fermi level
indicates a slight p-type doping of the film. However, the films show less doping when compared to
spin coated films, which due to defects exhibit a deeper Fermi level 2%°. This corroborates the Hall

measurement results, which indicated p-type behaviour.

4.4.3.2 Summary

This study used APS, Kelvin probe and optical measurements to determine the key energy levels of
the AACVD MAPI film. The results show that the film closely matches literature values for MAPI.
Moreover, Kelvin probe measurements show that the films are slightly p-doped, which is also a typical

feature of MAPI films.
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4.5 APPLICATIONS OF THICK AACVD FiLms

Films made via this study’s method have also shown promise in other material property studies. This

section will briefly highlight some of the collaborative work that has utilised these films.

4.5.1 Thermal conductivity of AACVD MAPI films
The application of OMHPs in thermoelectric devices has been a relatively new area of research. Initial
studies have shown excellent thermoelectric properties such as a low thermal conductivity, large

Seebeck coefficient and high charge carrier mobilities 237237,

By utilising the AACVD method to deposit films on specialised test chips, collaborators were able to
measure the thermal conductivity of this study’s AACVD MAPI films 238, They contrasted the results

with evaporated films. The results of this collaboration can be seen in Figure 4-28.
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Figure 4-28 Thermal conductivity measurements of evaporated (a) and AACVD MAPI (b) 238

The results show a clear discontinuity at the orthorhombic-tetragonal phase transition in the AACVD
films. In contrast, this is not observed in thermally evaporated films. This is due to the increased mass
of material in the AACVD film improving the sensitivity of the measurements. Again, this shows the

value of producing these thick films for material property study.

4.5.2 Alpha radiation absorption
OMHPs have recently attracted attention for potential use in ionizing radiation detection, due to their
strong absorption, particle radiation stopping power and large defect tolerance. To date there have

been several studies showing the promise of these materials in X-ray, y-ray and a-radiation detection

239,240

Yet again, the AACVD films have shown promise in this area. With help of Theo Kreouzis et al., AACVD

MAPI films, deposited on FTO, trialled as a-radiation detectors. The films were held at different biases
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and exposed to a-radiation, produced by the decay of an americium 241. Figure 4-29 shows the results

of this initial experiment.
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Figure 4-29 Average measured Al upon exposure to a-radiation, averaged over 16 measurements

Upon exposure, a detectable change in current was observed. These promising results indicate the

potential for AACVD MAPI films to be used within a-radiation detectors.
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4.6 CHAPTER 3 SUMMARY

By utilising several characterisation techniques, this study was able to monitor the growth of MAPI
films via AACVD. Furthermore, these results shed light on the chemical and physical mechanisms
involved in the formation of the films. Key characteristics of the films were then determined using a
variety of analytical techniques, with the results indicating that the produced films closely match
typical characteristic of MAPI. Table 4-8 summarises the key measured material properties of the

AACVD film.

Table 4-8 Summary of AACVD MAPI film properties measured in Chapter 3. Conduction band, Valence band and Fermi Level
values are relative to vacuum level.

Material Property Measured Value
Lattice Parameters a=8.88Ac=12.67A
Volumetric thermal expansion coefficient 1.27 x10*K?
Tetragonal-Cubic phase change 50°C+ 1°C
Thermal degradation activation energy 1.66 eV
Optical Band Gap 1.55eV
Conduction Band 3.94 eV
Valence Band 5.49 eV

Fermi level 4.59 eV (p-type)
Resistivity 2.14 x 10°
Charge carrier concentration 2.41 x 10 (cm?)?
Hall mobility 12.6 cm? (V s) (p-type)
ToF e mobility 0.06-0.84cm? (Vs)?
ToF h* mobility 0.11-1.37cm?(Vs)?
ToF ion mobility estimate 10°-10%cm? (V s)*!

These values are derived from a few measurements and a limited set of samples, therefore they will
have to be further validated experimentally. However, these are the first reported values of any kind
for material deposited using AACVD. Moreover, they also indicate that the material is comparable to

counterparts deposited with more conventional techniques.
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5 AACVD LEAD ACETATE

5.1 INTRODUCTION

The main drawback of the method used in chapter 4 was that the resulting films were very thick. This
limited their application for non-photovoltaic applications and intrinsic study. This chapter shows the
development of a new AACVD technique that can produce thinner films (~ 1um) and the application

of these films in photovoltaic devices.

5.2 LEAD ACETATE AS A PRECURSOR

Over the past few years, there have been several different precursor systems used to form MAPI. The
typical method involves using Pbl, as the primary Pb?* source, however, there have been recent
developments in using alternative precursors. Non-halide lead precursors such as, lead nitrate
(Pb(NOs),), lead carbonate PbCOs and lead thiocyanate ((Pb(SCN),) have been reported to successfully
produce perovskite films 24242 | One of the more promising alternative precursors is lead acetate
(Pb(Ac),), which was pioneered by Zhang et al. in 2015 to produce devices with a PCE of 14% 4.
Pb(Ac), has been shown to allow for rapid crystallisation of the film, forming the perovskite in only a
few minutes of annealing 2**. Furthermore, it has been shown that the hydrated form, lead acetate

tri-hydrate ((Pb(Ac);-3H,0), enhances film stability 2*#2%° (See Figure 5-1).

O

N

HsC™ ~O°| Pb** «3H,O
2

Figure 5-1 Chemical formula of lead acetate tri-hydrate ((Pb(Ac),-3H,0)

In terms of CVD, to date there have been no reported uses of Pb(Ac), to fabricate any OMHPs. This is
possibly due to the fact that lead acetate decomposes before being vaporised 2*¢. However, this
limitation does not apply to the AACVD technique, as precursors do not need to be thermally
vaporised. Moreover, as Pb(Ac)2:3H,0 readily dissolves in many volatile solvents, it makes it a highly

suitable precursor for AACVD.

5.3 DEVELOPMENT OF THE LEAD ACETATE 2-STep AACVD

By utilising Pb(Ac),-:3H,0 dissolved in MeOH, this study was able to substitute the Pbl, in DMF step in
the 2-step method detailed in chapter 4 (Figure 5-2). This came with several advantages. Firstly, MeOH

is easier to volatilise due to its lower surface tension of 22.70 mNm™ versus 38.16 mNm™ 247,248,
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Secondly, the solubility of Pb(Ac),-3H,0 in MeOH is higher than Pbl; in DMF. Thirdly, MeOH is a safe
and green solvent. This is notable as OMHPs are typically processed using toxic solvents, such as DMF
and NMP, which limits their industrial applicability. Lastly, as the first (S1) and second step (S2) utilise

common solvents, this could potentially make it easier to implement the systems and lower the cost.

MeOH:
Ph(Ac), Pb(AC)2-3H20 MeOH:MAI
-3H,0

- » EEE—

Figure 5-2 Schematic showing the 2-Step AACVD process using lead acetate (Pb(Ac),-3H;0)

5.3.1 Determining the deposition parameters

To determine the deposition parameters, this study first began by using a fixed concentration of
Pb(Ac),-:3H,0 in MeOH. To determine this concentration, half the concentration of the solubility limit
was used, which was 0.13 M. This solution was aerosolised for 20 minutes and passed into the reactor
at 0.5 I mint, where an FTO coated glass substrate was placed. Experimental details are presented in
section 3.2. Several deposition temperatures were used to rapidly determine the ideal parameters.

Table 5-1 summarises the experimental conditions used.

Table 5-1 Experimental conditions used for the determination of the first step deposition temperature. Notes describe the
resulting film.

Concentration (M) Flow Rate (Imin?) S1T(°C) S2T(°C) Notes
0.13 0.5 500 230 No deposition with powdery
residue on reactor
0.13 0.5 230 230 Sparse coverage with 3D
structures
0.13 0.5 200 230 Smooth film with pinholes
and incomplete coverage
0.13 0.5 175 230 Smooth film small pinholes
and macro streaks
0.13 0.5 150 230 Smooth film large pinholes
0.13 0.5 125 230 Smooth film large pinholes

At 500 °C there was no visible deposition on the substrate, with powdery residue forming at the exit
of the reactor. This indicated that the deposition temperature was far too high, resulting in
homogenous nucleation of the precursor in the gas phase. At 230°C some deposition of material
started to be seen on the substrate, however it is very sparse, with large three-dimensional flakes
forming. Figure 5-3 shows the SEM images of the deposited material when using different first step

temperatures. As the deposition temperature was lowered, a solid film began to form. At 200°C a
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formation of a continuous film began to be observed, albeit very rough with large three-dimensional

structures.

Figure 5-3 SEM images of films deposited at different first step temperatures using lead acetate Pb(Ac),-3H,0 a) 100°C, b)
125°C, ¢) 150°C, d) 175°C, e) 200°C and f) 230°C
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175°C resulted in a continuous film with an average grain size of ~1.2 um. However, there were still a
significant number of pinholes present and the surface was still very rough. Note, the bright spots are
the result of ambient degradation caused by lengthy storage and are not the result of the deposition.
Lower temperatures of 150 — 125°C resulted in films with large grains (> 5 um), however with poor

film coverage. At 100°C, a very rough and porous film is formed. From these results, the most likely

deposition temperature to produce films for PV devices is 175°C.

Figure 5-4 SEM images of films converted at different second step temperatures using lead acetate Pb(Ac),-3H,0 deposited
at 175 °C. a) 220 °C b) 230 °C and 240 °C

This study also investigated the effect of the second step temperature on the morphology of the film.
230°Cis the optimised temperature for the Pbl, based method detailed in chapter 4. To confirm if this
temperature is ideal for this method, depositions were carried out at 220 and 240°C. The results can
be seen in Figure 5-4. As the temperature is lowered by 10 °C, the resulting film becomes sparsely
covered and rough. An increase of 10 °C results again in a roughening of the film, with more three-
dimensional structures forming. From these results it was determined that 230 °C produces a

favourable morphology.

Further trials were conducted with concentration alterations and gas flow rate changes of the first
step. The results can be seen in Figure 5-5. Halving the concentration of Pb(Ac),:3H,0 to 0.066 M led
to a sparse film. In contrast, increasing the concentration to 0.198 M L created a very rough film. This
roughness is possibly caused by the promotion of homogenous nucleation as the solution becomes
more concentrated. When altering the flow rate, the films became sparse when the flow was
increased to 1.0 | min™. This indicates that at higher flow rates there is less time for the precursors to
diffuse onto the substrate, leading to little precursor material being deposited to form a film. Reducing
the flow rate to 0.25 | min™ produces a rough film. This can be attributed to the increased turbulent

flow at lower flow rates: see equation 2-34.
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Figure 5-5 SEM images of films converted at different first step flow rates and concentrations of Pb(Ac),-3H,0 in MeOH. a)
Concentration of 0.066 M with a flow rate of 0.5 | min-1. b) Concentration of 0.198 M a flow rate of 0.5 | mint- ¢) Flow rate
of 0.25 L min"t with a concentration of 0.33 M d) Flow rate of 1 L min! with a concentration of 0.33 M

5.3.2 Deposition of mesoporous TiO;

Due to the deposition temperature, this study was limited in the materials and architectures that could
be employed to make a PV device. In terms of the TCO material, FTO was the most suitable due to its
high resistance to temperature. ITO, for instance, suffers from resistivity increases when annealed at
temperatures over 200 °C %5°, Most organic materials used for charge extraction, such as PTAA and
PCBM also cannot endure the high temperatures of the second step. Therefore, it was necessary to
utilise an inorganic charge extraction layer to deposit the perovskite onto. The chosen architecture
was a n-i-p using mesoporous TiO; as the ETL layer. This is a well-known layout used for perovskite

cells. Therefore, existing methods could be used to deposit the layers. Section 3.2.3 details the method
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used to deposit the layer. This allows for focus on the perovskite layer performance, without having

to introduce another variable into the device fabrication.

%

Figure 5-6 MAPI film deposited using lead acetate method on mesoporous TiO2 ETL

Figure 5-6 shows a MAPI film deposited using the previously established optimum deposition
parameters (S1 T: 175 °C and S2 T: 230 °C). The resulting film had significantly improved coverage,
with no pinholes visible when compared to the film deposited on bare FTO. Furthermore, the film
retains a similar average grain size of ~1.2 um. The cross-section shows the films have a thickness of
approximately 1 um, with grains spanning the entire thickness of the film. This morphology should be
favourable in PV applications, as grain boundaries potentially host defects that can act as trap sites for
charge carriers, induce shunts, and decrease the stability of the cell by allowing the ingress of
moisture. Furthermore, whilst the film thickness is above the ideal for MAPI based devices, it was
hoped that the lack of grain boundaries in the thickness of the film would allow charges to be extracted

effectively. Also evident from the cross-section is the significant surface roughness, with the SEM
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showing excess of 500 nm of thickness variation. This is confirmed by visual observation of a matte

surface, rather than the ideal mirror-like finish of spin-coated film.

5.4 MATERIAL CHARACTERISATION
Whilst the resulting morphology looks to be suitable for PV applications, confirmation of the material
properties is vital. Here, films deposited using the optimised method (S1 T: 175 °C and S2 T: 230 °C)

are characterised. Figure 5-7 shows the XRD pattern of the MAPI film deposited on mesoporous TiO,.
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Figure 5-7 XRD patterns of AACVD MAPI and tetragonal MAPI reference pattern 132

The patterns observed are in good agreement with the reference pattern for tetragonal MAPI. There
are no observable precursor or degradation peaks visible, indicating good phase purity. Furthermore,
the sharp and intense peaks indicate large crystallite sizes (d110: 76 nm), which is substantiated by the
larger observable grain sizes in SEM images. This increased crystallinity is generally desirable in
perovskite cells and is typical of MAPI fabricated using an excess of MAI %, In the AACVD method, the
films are exposed to MAI continuously until fully converted. Unlike films deposited utilising Pbl,, films

deposited from Pb(Ac),-3H.0 do not appear to show a similar preferential orientation around (310)
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reflection. Instead, they are more akin to that of spin coated samples, showing a preferred orientation

around the (110) plane (See Figure 5-8).

Table 5-2 Calculated lattice parameters of MAPI films deposited using PbI2 and Pb(Ac)2-:3H20

Primitive unit

Lattice Reference

Film constant Calculated (A) difference (%) c/aratio cell {;:;me
a 8.88 +0.33
Pbl, c 12.67 +0.24 1.43 249.8
a 8.84 -0.23
Pb(Ac)2-3H,0 . .
(Ac)23H, . 12.70 +0.53 1.44 248.11

(110) [ | AACVD Pb(Ac)2-3H20
| | Reference

(310) (200)

@0 | e

(202)

Figure 5-8 Relative intensity of peaks compared to MAPI reference pattern 201

Utilising this data, the lattice parameters were calculated (Figure 5-8). When comparing this to the
films made using Pbl,, it is evident that films produced by Pb(Ac),-3H,0 show more strain in the c-axis.
The caveat with this comparison is that these films are deposited on mesoporous TiO,, therefore there

may be additional strain induced due to the substrate effects.

Uv-Vis measurements match the expected results, with a sharp absorption onset at 800nm and the
Tauc plot indicating an optical band gap of 1.58 eV (Figure 5-9). Again, this supports the previous data,

indicating that the formed film is indeed MAPI. Combining this study’s optical measurements with APS
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and Kelvin probe data allows for formation of a band diagram for the final film (Figure 5-9). The Efand
valence band positions were measured at -4.82 eV and -5.37 eV respectively. Using Tauc plot derived
bandgap of 1.55 eV places the conduction band at approximately -3.82 eV. These results are
comparable to literature values, however there are slight differences. The mid-band position of the
Fermi level indicates a relatively defect-free film, where solution-processed samples typically show
more p-type behaviour (Fermi level closer to valence band edge) due to defects #?°. Overall, this
indicates that the AACVD MAPI is of high quality, with few intrinsic defects.

a) b)
—— AACVD MAPI (Pb(Ac), 3H20

.3.82eV. Absorption

4.82eV

E37eV Aps

Absorbance

A ~158eV

150 155 180 165 170 75 180
Energy (V)

T T T T T T T 1
500 600 700 800 900
Wavelength (nm)

Figure 5-9 a) Absorption spectra of AACVD MAPI film deposited from Pb(Ac),-:3H-0. Inset shows Tauc Plot b) Energy band
diagram of deposited perovskite. Values were determined by absorption, APS and Kelvin Probe measurements
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5.5 PV DeVICES

By utilising Spiro-OMeTAD as a hole transporting material, these films were tested in photovoltaic
devices. The experimental method for cell fabrication can be seen in section 3.2. Figure 5-10 shows
the SEM cross-section of a completed cell utilising Au as the top contact and the performance of the

resulting devices.
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Figure 5-10 a) SEM Cross-section of a cell utilising AACVD MAPI film, with false colouring showing the TCO, ETL active layer
and Au electrode. b) Schematic of the cell. c) J-V curve of champion device utilising Spiro-OMeTAD. d) Inset show box plots
of data from 12 working cells, measured in a reverse J-V scan

The resulting devices suffered from low reproducibility, with approximately 50% of pixels on each
substrate not functioning, either by shorting or giving no signal. Moreover, devices that did function
suffered from low PCEs. The champion device had a Jscof 17.2 mA cm™, V. of 0.48, FF of 0.35, resulting
in a PCE of 2.89 %. Looking at these results, it is apparent that the largest loss is due to the low V.
Typically, state of the art devices utilising spiro-OMeTAD have a V,. exceeding 1 V. This indicated that
there were significant issues with the coverage of the HTM. Furthermore, looking more closely at the

J-V scan revealed a significant amount of hysteresis (Figure 5-10), therefore these efficiencies are not
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fully representative of the actual performance. Using equation 2-16, a large hysteresis index (HI) of
0.76 can be calculated. The potential origin of the hysteresis can be deduced by the shape of the
reverse J-V curve. The bump observed in the reverse scan indicates a large amount of interfacial
capacitance, which is potentially caused by a low interfacial quality of the device layers. This again
points towards potential issues with the HTM perovskite interface, however the losses may also be

caused by the mesoporous layer.

To circumvent the issues of a rough surface, CuSCN as the HTM was used. CuSCN possess a much
higher hole mobility than organic equivalents, (upto 0.1 cm? V1) 2°2, Therefore, thicker layers can be
utilised and still effectively transport charge. Using the spray coating developed in the McLachlan
group, detailed in section 3.2.3.3, this study was able to deposit a >500 nm layer of CuSCN. This thicker
layer compensated for the surface roughness and ensured complete coverage of the film. Moreover,
spray-coating is also a scalable technique and therefore complements the AACVD technique in this

regard. The cross-section SEM of the resulting device can be seen in Figure 5-11.
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Figure 5-11 a) SEM Cross-section of a cell utilising AACVD MAPI film, with false colouring showing the TCO, ETL active layer
and Au electrode. b) Schematic of the cell. c) J-V curve of champion device utilising spray-coated CuSCN. d) Inset show box
plots of data from 12 working cells, measured in a reverse J-V scan
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Distribution of device performances and the J-V curve of the champion cell can be seen in Figure 5-11.
This device had a short circuit current density (Js.) of 16.01 mA/cm?, open circuit voltage (Voc) of 0.77,
and a fill factor (FF) of 0.44 resulting in a PCE of 5.42%. These are results taken from the reverse sweep
of the device, with the forward sweep showing a significantly reduced hysteresis when compared to
the cells using spiro-OMeTad. Moreover, the substantial increase in Vo indicates that the coverage
issues are alleviated by using the thick CuSCN layer. Looking at the J-V curve it seems that the cell also
suffers from a low FF induced by both a high series resistance of ~20 Q and low shunt resistance of
129 Q. The high series resistance could be attributed to the sub-optimal thicknesses of the layer and
the shunt resistance could still be linked to bad interfaces or pinholes present in the device. Looking
closely at the cross-section of the cells reveals that the CuSCN layer adopts a bi-layer type structure,
with an initial layer of larger crystals followed by a smoother thicker layer. This may be the origin for
the hysteresis and still sub-optimal FF and V... Looking at the distribution of PCEs, it is evident that the
performance varies greatly, even more so in the devices utilising spiro-OMeTAD. This indicates that
the constant application of the CuSCN layer is not facile. However, the champion efficiency still

represents the potential for this process.

In terms of OMHPs being processed by AACVD, these results are the first successful application of this
technique to produce working cells. Additionally, these are the highest recorded efficiencies of any
device utilising an AACVD active layer. The previous non-certified record PCE was 1.0 % using copper

indium selenide (CulnS,), achieved by Hepp et al. in 2006 at NASA 233,
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5.5.1 Comparison to spin-coated films

To confirm the origin of the losses leading to low PCEs in the aforementioned devices, cells utilising
spin coated MAPI layers were tested. Figure 5-12 shows the results utilising the same architecture as
the AACVD devices using mesoporous TiO; and spiro-OMetad. The resulting J-V curve of the champion
device shows a significant amount of hysteresis, with a calculated HI of 0.54. This hysteresis manifests
itself in a similar way to the AACVD devices, with a “bump” clearly observable in the reverse sweep.
Looking at the V.. of the device, it can be observed that the values are well within the expected range
for spiro-OMeTAD, with all the devices having a value over 1 V. This indicates complete coverage of
the active layer with the p-type material. Combining these observations, it can be inferred that the

origin of the hysteresis lies in the ETL layer.

Spiro-OMeTAD " %0
18+ [ JPCE |28
J
—— Reverse 17 e
—— Forward 18 . -
20~ F15- (24
- o . <
f= 814 = 22 £
[&] 4
< 13 20
S 12 18
Py 11
) 16
5 0 10
e Reverse PCE: 15.59% 0.80 1.10
= F d PCE: 7.12% '
G orwar —
5 0.78 : [ voc
3 — L1.05
0.70 i
— == =
-20 & 065 ”’0?37
g
0.60
T T T T T T T T T T T T I T T T 1 085
-04 -0.2 0.0 0.2 04 0.6 0.8 1.0 1.2 0551

Voltage (V) 0.50 0.90

Figure 5-12 J-V curve of champion spin coated device utilising spin- coated spiro-OMeTAD. Inset show box plots of data
from 6 working cells, measured in a reverse J-V scan

Figure 5-13 shows devices with the spray coated CuSCN, which had a drastically reduced PCE of 8.23%
when compared to the original Spiro-OMeTAD device. This was primarily caused by a low FF and V.
The large distribution of V. values corroborates the observation in the all AACVD cell, indicating that
this layer is difficult to apply consistently. In terms of hysteresis, it is significantly reduced when
compared to the cell utilising spiro-OMeTad, with a Hl value of 0.18. However, the true hysteresis may
be masked by the drop off in performance. The way the hysteresis manifests itself is different, showing
a clear crossover between forward and reverse scans. This behaviour is typically linked to unequal
charge transport in the cell, potentially caused by the thicker spray coated layer not effectively

extracting charge.
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Figure 5-13 a) J-V curve of champion spin coated device utilising spray-coated CuSCN. Inset show box plots of data from 6
working cells, measured in a reverse J-V scan. b) J-V curve of champion spin coated device utilising spin- coated CuSCN. Inset
show box plots of data from 6 working cells, measured in a reverse J-V scan

To confirm this hypothesis another set of devices were prepared using a thin spin-coated layer of

CuSCN (Figure 5-13). These devices show much improved device performance, displaying a significant

recovery in the FF and V.. In particular, the Vo almost matches the performance of spiro-OMeTAD.

Conversely, the hysteresis greatly increased with a calculated HI value of 0.46. This gives credence to

the cause of the effect being linked to the ETL layer, and in the spray coated CuSCN device the
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limitation of the charge transport masks this effect. Moreover, this result shows that it is not the

CuSCN itself that reduces the performance, rather it is the morphology that dictates the performance.

5.5.2  Film formation

Figure 5-14 Photographs of three films removed at different stages of the AACVD deposition. Left: Film after first step.
Center: Film halfway through MAI aerosol exposure. Right: Completed MAPI film

To further investigate the poor device performance and better understand the film formation process,
the films were characterised at various stages of the deposition procedure. Figure 5-14 shows a set of
substrates removed at different points during the reaction. In the first step, a white translucent film
of PbAc; is formed and upon exposure to the MAI aerosol an intermediate yellow phase forms, which

with further time converts into a characteristic dark MAPI film.
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Figure 5-15 a) XRD patterns correspond to initial lead acetate (PbAc) film, lead iodide intermediary and final
methylammonium lead triiodide (MAPI) film b) Tauc plots of film extracted from absorption data

XRD patterns of the films at these stages indicate the yellow phase to be Pbl, with the typical (001)
and (003) reflection being present. Furthermore, the lack of PbAc; reflections during the intermediate

stage suggests complete conversion to Pbl; before being converted to MAPI. This indicates a different
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film formation mechanism compared to solution-processed counterparts, where there are no
intermediate phases formed. Absorption measurements seen in Figure 5-15 further support the
proposed film formation mechanism, with absorption onset and bandgap values matching literature

values of PbAc,, Pbl, and MAPI (3.5 eV, 2.3 eV and 1.55 eV) 2°2, The linear regime in the PbAc, data is

likely due to the mesoporous TiO,, showing a band gap of 3.5 eV.

Figure 5-16 SEM images of three films removed at different stages of the AACVD deposition. a) Film after first step. b) Film
halfway through MAI aerosol exposure. c) Completed MAPI film

SEM images of the films reveal an interesting film formation mechanism. After the first step, the
acetate seems to infiltrate the mesoporous TiO; layer. Upon exposure to the MAI, lead iodide crystals
begin to form on the substrate surface. With continued exposure these crystals begin to transform

into MAPI and the film begins to coalesce. This process is illustrated in figure 5-17.

Mp-TiO, on FTO

PbAc infiltration

Pbl, intermediate

MAPI final film

Figure 5-17 Schematic illustrating the growth and conversion of the AACVD MAPI film
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From these observations, it can be deduced that there are multiple reactions that occurs during the
formation of these films. Equation (5-1) shows the typically-reported scheme of MAPI formation when

using PbAc; as the Pb(ll) source?**,

Pb(CH5COO0); + 3CH3NH3l = CHsNHsPbls + 2CH3;NH;CH;COO™ (5-1)

In that process, the PbAc; reacts with the MAI to form MAPI and a volatile by-product CHsNHsCHsCOO
(MAAC), which is removed via the annealing process. From observations of the AACVD process, this

study proposes a different reaction scheme with two parts, as can be seen in equation (5-2) and (5-3).

Pb(CH3COO), + 3CH3NH3l - Pbl, + CH3:NH3CH;COO ™ (5-2)
Pbl,+ CH3NHs3l > CHs:NHsPbls (5-3)

The first part of the process involves the transformation of PbAc; to Pbl,, and the formation of the
volatile species MAAc. As the reactor is at an elevated temperature (220 °C) it is feasible to assume
that MAAc will be removed during the reaction. The second process is akin to a typical solution process

and involves the reaction of Pbl, with MAI, leading to the formation of MAPI.

This film formation mechanism could also in part explain the surface roughness observed in the final
film. The large density changes during film formation, beginning from 3.25g/cm® (PbAc)**® to
6.16g/cm? (Pbl,)*® and then finally to 4g/cm® (MAPI)®” would cause the films to swell and contract,
leaving a rough surface. Moreover, work by Brenner et al. explored vapour phase transformation of
Pbl, single crystals exposed to gaseous MAI %, Similar to this study’s work, the transformation of the
films was accompanied by a roughening of the surface, likely attributed to the expansion and growth
of the MAPI grains. Further work will be needed to find a suitable set of precursors that may minimize

the density change and therefore improve final film quality.
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5.6 METHYL AMMONIUM LEAD BROMIDE

The acetate method developed in this chapter is potentially a flexible route for the deposition of a
variety of OMHP materials. As this process uses lead acetate in the first step, it was predicted that
halide substitution may be facile. Therefore, to test the versatility of this method, MAI was substituted
for methylammonium bromide (MABr) with the aim of forming Methyl ammonium lead tri-bromide
(MAPDbBr). Lead acetate precursor films deposited on mesoporous TiO, were used at the optimised
parameters used in section 4.2.1. These films were then exposed to an aerosol of MABr in MeOH

(0.21M per litre), at 230 °C, to complete the second step (Figure 5-18).

MeOH:
Pb(Ac), Pb(Ac),-3H,0 MeOH:MAI MAPBr
3H,0

Figure 5-18 Schematic showing the 2-Step AACVD process using lead acetate (Pb(Ac),-3H,0) and methylammonium bromide

The resulting film had the characteristic orange colour of MAPBr, with the SEM showing a typical
OMHP grain structure. The average grain size was calculated to be 870nm, which is comparable to the
MAPI counterpart. However, film coverage was poor with large uncovered areas showing the

mesoporous TiO; substrate. The cross-section SEM images reveal a film thickness of approximately 1

pum (Figure 5-19).

Figure 5-19 a) Photograph of resulting MAPbBr film. b) top down SEM image of film and c) cross-section of film
To confirm the composition of the film, optical absorption and XRD measurements were performed.
Figure 5-20 shows the diffraction pattern of the MAPBr film compared to the previously discussed
MAPI film. The pattern shows that the deposited MAPBr possess the expected cubic perovskite

structure. Furthermore, the pattern indicates a high phase purity with no trace of PbBr or other
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degradation products visible. By applying the Scherrer equation, a large crystallite size of 89nm was

calculated. This again is similar to what was observed in the MAPI film.
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Figure 5-20 XRD patterns of AACVD MAPI and AACVD MAPBr both deposited using led acetate (Pb(Ac),-3H,0) as the Pb(ll)
source. Reference pattern ICSD 1446529

Table 5-3 shows the lattice parameters calculated using the cubic crystal system equation. The results
again match closely with the values calculated from the reference pattern. In comparison, MAPI atoms
within MAPBr are more closely spaced, which can be observed by the higher angles of diffraction.
Moreover, the lattice volume of the MAPBr film is approximately 16% smaller than the MAPI

counterpart (208.8 vs 248.1 A).

Table 5-3 Calculated lattice parameters of AACVD MAPbBr film

Film Lattice constant Calculated (A) Reference Primitive unit cell
difference (%) volume (A3)
AACVD a 5.933 +0.01 208.8
MAPBYr

To further confirm the composition of the material, optical absorption measurements were conducted
(Figure 5-21). A sharp absorption onset was observed at approximately ~540 nm. Using a Tauc plot a

bandgap of 2.28 eV was determined, which is close to the expected value for MAPBr, 2.3 eV 2%,
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Figure 5-21 a) Absorption spectra of AACVD MAPBr film deposited from Pb(Ac),-3H,0. b) Tauc Plot indicating band gap of
2.28¢eV

In summary, these results show the successful deposition of MAPBr using the lead acetate based
AACVD method. This demonstrates the potential flexibility of this method to produce lead based
OMHPs.
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5.7 FUTURE WORK

To improve the PV performance several issues will need to be investigated and solved. Primarily, the
consistency of the deposition will need to be improved. The variability of the process can be strongly
linked to the continuum flow regime the method takes place within. Due to the reaction occurring in
this regime, aerodynamic effects dominate the precursor flow and delivery. Therefore, to achieve
consistent results, there must be a well-defined aerosol flow in the reactor. Another area of
improvement is the aerosol formation itself. The piezoelectric system utilised in this study creates a
polydisperse aerosol, therefore the droplet evaporation rates vary greatly within the reactor. Utilising
a more advanced aerosol delivery system to create a monodisperse aerosol may drastically improve

the consistency of the deposition.

There are several different architectural changes that could be implemented to improve performance.
This study primarily utilised mesoporous TiO; due to its prevalent use in literature, allowing for quick
development of a consistent ETL. However, alternatives such as SnO; or porous carbon could be viable
to further develop this technique. Moreover, this study’s results strongly indicate that optimisation of
the p-type layer is necessary. Alternative materials or deposition techniques could be applied to
circumvent the surface roughness issues. As scalability is the goal, applying AACVD or other scalable
deposition techniques for the ETL/HTM layer would create a proof of concept for an entirely line
processable cell. However, this would require significant amount of research, and potentially would

require reactors utilising multiple aerosol streams.

In terms of composition, the lead acetate technique could be used to produce a variety of OMHPs.
Moreover, other metal acetates could be utilised to deposit a variety of non-lead, inorganic or double
perovskite materials. Investigation into different compositions may further showcase the flexibility of

this system and perhaps could lead to novel material development.

5.8 CHAPTER 5 SUMMARY

In terms of OMHPs being processed by AACVD, these results are the first successful application of lead
acetate as a precursor to produce a thin film of MAPI. The method utilises a facile green solvent based
precursor mixture, potentially making it compatible with large scale production. Using this method PV
devices were successfully fabricated, achieving a champion device efficiency of 5.4 %. These are the
first reported cells using an AACVD deposited OMHP and are the highest recorded efficiencies of any
device utilising AACVD active layer. Moreover, this technique has been shown to be versatile,

demonstrating the ability to also deposit MAPbBr.
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6 AEROSOL ASSISTED SOLVENT ANNEALING (AASA)

6.1 INTRODUCTION

Until this point, the focus of this research has been to utilise AACVD to deposit OMHP. However, this
has been proven to be a challenging technique to master. Despite this, there are valuable lessons that
have been learned during this endeavour. Primarily, the development of a system that can aerosolise
solutions and solvents commonly used in OMHP processing. In this chapter, the focus will be on
utilising these aerosols to improve existing spin coated OMHP films. Additionally, the potential

mechanisms behind the improvements are elucidated.

6.2 SOLVENT ANNEALING OF PEROVSKITES

The key factors affecting the performances of OMHP devices is their microstructure and morphology.
Grain boundary density, crystal orientation, crystal quality and defects can significantly affect
performance. Therefore, scalable deposition of materials and controlling these parameters poses a
great technical challenge. Studies have demonstrated improvements in morphology utilising chemical
approaches, such as using additives and alterations in stoichiometry. For instance, a mixed halide and
mixed cation systems have been proven to significantly enhance the performance and stability of cells
181 In terms of processing there are many different approaches that have been used. During the spin-
coating, application of an antisolvent has been shown to dramatically improve morphology, resulting
in uniform films with large crystals. However, this technique has proven to be difficult to master
consistently, as the timing window for successful application is small (order of s). Solvent annealing
has been shown to be an effective post-processing technique °*. It utilizes a solvent vapour to
recrystallise perovskite films and increase crystallinity and grain size, therefore improving the
performance of the device. However, this technique also suffers from scalability and consistency
issues. Most examples of this technique in publication utilise an upturned petri dish and a very precise

amount of solvent. Similar to the anti-solvent technique, controlling the effect is a challenge.

6.3 DEVELOPING THE AASA

Using the previously developed aerosol system, this study was able to effectively aerosolise DMF
solutions to produce MAPI films. Therefore, it was feasible to use a pure DMF aerosol to treat an
existing MAPI film, akin to the petri dish method solvent annealing method . To conduct these

experiments, 1-step spin coated MAPI films on ITO were used, as this method has been fully optimised
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and yields high performance device. This allows for the critical evaluation of the influence that the

aerosol treatment has on the film.

Figure 6-1 SEM images of spin coated MAPI films treated with the AASA method. Corresponding cross sections are below
each image. a) Untreated control film b) Film treated with 0.1 L min~c) 0.5 L min-land d) 1 L min

To develop the method, a simple parameter sweep was conducted. Films were kept at 100 °C for 5
minutes, whilst different aerosol flows were trialled. This temperature and time were initially chosen

as they are the typical annealing parameters for MAPI films. Experimental details can be seen in
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section 3.2. Figure 6-1 shows the influence of flow rate on the morphology of the film. The control film
has an average grain size of 240 nm. At 0.1 L min? there is no discernible difference in the film.
Increasing the flow to 0.5 L min™ yielded an average grain size increase to 380 nm. Moreover, the cross
section reveals a monolithic grain structure, which is favourable for PV applications. As charges move
out of plane in PV devices, this structure would present no grain boundaries to impede charge
transport. At 1.0 | min? the average grain size is 330 nm, showing less effect than rate. Additionally,
the cross-section does not reveal the same monolithic grain structure. Thus, similar to the work in
previous chapters, faster flow rates may reduce the time for the aerosol to interact with the film.

Therefore, the effect will become less pronounced at faster flow rates.

To more closely look at the microstructural effect of the AASA treatment, XRD measurements were
taken. Figure 6-2 shows the (110) reflection of the treated films. Note how the peaks shifted to a
higher angle in the samples that are treated at higher flows, 0.5 and 1 L min™. This indicates that the
unit cell of the perovskite has contracted. In the sample treated at 0.5 L min’, the peak is more intense
and hints of tetragonal peak splitting can be seen, with a small hump forming due to the (002) plane.
This suggests that the crystallites within the film are larger and more highly orientated, leading to

more defined diffraction peaks.

5min 1l/min
—— 5min 0.5l/min
—— 5min 0.1//min
—— Control

(002) “Shoulder”

Intensity (a.u.)

135 14.0 14.5
26 (°)

Figure 6-2 XRD pattern centred around (110) reflection of films treated by AASA with varying aerosol flow rates

To confirm this, the Scherrer equation was used to calculate the crystal size and the results can be
seen in Figure 6-2. The resulting crystallite sizes are very close, with the 0.5 L min* sample indicating
a slightly larger crystallite size, 103 nm vs 98.5 nm. However, as these results are close to the detection

limit of the method, the results should be verified with further experimentation.
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Table 6-1 FWHM and Crystallite sizes of films treated with varying aerosol flow rates

Flow rate (L min) FWHM (°) Crystallite size di10 (nm)
Control 0.085 98.5
0.1 0.085 98.5
0.5 0.081 103
1 0.085 98.5

Figure 6-3 shows the preferential orientation of the samples and again a subtle yet clear difference in
the sample treated at 0.5 L min? is observable. The film shows a slight increase in preferential
orientation around the (110) plane, corroborating the visual observations can be seen from the SEM

data.

0.5 | min™’
Control

0.1 | min
11 min”’

(200)

e

(310)

>

(220) (211)

(202)

Figure 6-3 Radar diagram showing relative peak intensities of films treated with different aerosol flow rates. Only the 0.5/
min “Ishows a significant difference

Using the XRD data, the lattice parameters of the treated films were calculated. The results can be
seen in table
. Here again it is evident that the aerosol effect is more pronounced in the samples treated at 0.5 and
1 L min’}, with both samples showing a more contracted lattice. As expected, the 0.5 L min* sample
shows the largest change. However, the ratio between a and cincreases, indicating a more tetragonal

lattice, which is why the sample shows the (002) “shoulder” in the XRD pattern.
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Table 6-2 Lattice parameters calculated from XRD patterns of films treated at different aerosol flow rates

Flow Rate Lattice Calculated (A) Control Unit cell c/a
(L min) constant difference (%)  volume (A3)
Control a 8.84 N/A 247.5 1.433
C 12.67 N/A
0.1 a 8.84 0 247.5 1.437
C 12.67 0
0.5 a 8.82 0.23 246.9 1.439
C 12.70 0.24
1 a 8.83 0.12 247.2 1.437
c 12.68 0.16
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6.4 AASA DEeVICES AND OPTOELECTRONIC PROPERTIES
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Figure 6-4 a) J-V curve of champion treated and untreated champion cells. b) PCE distribution of 24 treated and untreated
cells c) Schematic of cell architecture used

In section 5.3, it was shown that a 5-minute treatment with an aerosol flow rate of 0.5 L/min resulted
in the most promising film morphology. Hence, films treated with these parameters were
incorporated into devices and their performance was evaluated. The details of device fabrication can
be seen in section 3.3. Figure 6-4 shows the resulting performances of the devices measured in reverse
sweep. Note as p-i-n devices do not show significant hysteresis only reverse sweeps are evaluated;
appendix Figure 9-5 shows an example of a forward and reverse sweep. Non-treated films had an
average PCE of 18.58%, with a champion PCE of 19.64%. Treated films show an improved average PCE
of 19.26% with a champion efficiency of 19.87%. Moreover, the AASA treatment not only improves
the average PCE of the cell, but also reduces the distribution of device performance. Comparing the J-
V curve of the two champion devices, it is clear that there is an improvement in Js, Voc and, more
significantly, the FF. This increase could be primarily attributed to the reduction of grain boundaries
in the treated films, which would act as potential charge trap sites. Observations in literature similarly

link FF losses with parasitic resistances caused by grain boundaries 25%2¢,
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6.4.1 Elucidating the performance increase
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Figure 6-5 a) Cross-sectional scanning transmission electron microscopy (STEM) images (top row) of complete solar cells,
scale bar corresponds to 500 nm. Energy dispersive x-ray spectroscopy (EDS) mapping of the of I/Pb (center row) and Pb/N
(bottom row) molar ratio, colour scale bar corresponds to elemental molar ratio from high (red) to low (blue). b) and c)
Histogram of pixels of varied elemental molar ratio

To better understand the effect of the AASA and the resulting device performance, scanning
transmission electron microscopy (STEM) was employed. These measurements were conducted by
Felix Kosasih at the university of Cambridge materials science department. Figure 6-5 shows the cross-
sections of a treated and untreated device. The reduction of grain boundaries in the treated film can
clearly be seen. Additionally, the untreated films displayed more inhomogeneity, with bright spots
visible near the HTM interface. Using EDS, these brighter areas were shown to be Pb rich, indicating
that these are areas may be Pbl, left over from the initial fabrication of the film. These areas act as
potential trap sites for charges and would reduce the PCE potential of the device. Furthermore, when
looking at the overall I:Pb ratio, the treated samples show a more ideal 3:1 stoichiometry. Appendix
Figure 9-6 shows further the atomic ratios of key elements within the treated and untreated films.
Again, these results clearly show that the treated films have a more homogenous distribution of
atomic species. This indicates that the AASA not only promotes the recrystallisation of the film, but

also homogenises the stoichiometry of the film.

Page | 161



Aerosol Assisted Solvent Annealing (AASA)

(a) o :
Q020 e
ig o 5
10 aooay L0 3
a0i0% e
1 t 15 2
Q020 %
10 2 =3
0%
15 _— 15
€
2050 b 2

b (d) E
(b) i Untreated a-SA treated e

gmm [ 3 - e

- — Pervskite

% L iiooed HTL Perovskite

E 200" =

= Ee

J T [ N | [ . S I e

l  — |

0o AR et
750 800 750 800

Wavelength (nm)

(c) (e)

ok Untreated | a-SA treated S——— Eu
£
3
S b -
) HTL _
E a-SA perovskite
f 10°F B

Peravskit
o —P]e;rF‘:D?pereovsldte
——Perovskite/PCBM
101 i i 1 I i L L 1

0 50 100 150 2000 50 100 150 200
Time (ns)

Figure 6-6 Electronic and optoelectronic characterization of untreated perovskite film and AASA treated perovskite film. a)
the surface contact potential difference. b) steady-state PL emission spectra of perovskite, HTL/perovskite and
perovskite/ETL. c¢) PL decay dynamics. d) and e) schematic drawing of HTL/perovskite band bending.

To better understand the effects of these microstructural and stoichiometric improvements, a variety
of electronic and optoelectronic measurements were applied. Firstly, the work function was probed
using scanning Kelvin probe force microscopy (SKPFM), which was measured by Victoria Bremmer.
Figure 6-6 a) shows the average surface contact potential difference (CPD) of ITO and treated and
untreated films. The average CPD of untreated perovskite film (-0.09 mV) is slightly more negative
than ITO (-0.014 mV). After the treatment this becomes more negative after a-SA treatment (-0.319
mV). Whilst the absolute WF cannot be reliably determined, the negative shift in respect to the
untreated film shows the reduction of p-type doping. The data suggests that the untreated films are
intrinsically more p-type as deposited, which is typical of spin-coated films 2?°, It also shows that after

the treatment the films become more intrinsic as the unreacted species/defects are reincorporated

Page | 162



Aerosol Assisted Solvent Annealing (AASA)

into the film. These results substantiate the EDS measurements and show the relationship of non-

stoichiometry and electronic properties.

To probe the effect of these energetic changes, steady state and transient photo luminescence (PL)
spectroscopy was used. Figure 6-6 b) shows the steady state PL emission spectra of treated and
untreated films on glass and charge extraction layers. On glass substrates, treated films show a fivefold
increase in emission, indicating a strong reduction of non-radiative recombination processes. Or, in
other words, removal of defects leads to less quenching caused by trap states. In the transient
measurements the typical bi-exponential decay dynamics observed in OMHPs can be clearly observed.
However, the magnitude of the initial fast decay is reduced by more than half after treatment, again

indicating a considerable suppression of the charge trapping due to defects.

By conducting these measurements on half cells utilising only an ETL or HTM, this study was able to
look at the differences of charge transfer dynamics. In the untreated film more significant quenching
of the steady state PL can be seen, when the film is contacted with the ETL, when compared to the
HTM. Likewise, in the transient measurement a more rapid decay in the ETL contacted film is
observable. This indicates that the hole transfer is significantly slower than the electron transfer. After
treatment however, this becomes more balanced. Both the ETL and HTM contacted film show
significant and more equal quenching. Again, the transient measurement verifies this, showing a
considerable faster decay. This improvement can be ascribed to the change in WF of the film, resulting
in more favourable band bending that facilitates better charge transfer. This is illustrated in Figure 6-6

d) and e).

Overall, these results illustrate that the AASA treatment not only improves the morphology and
stoichiometry, but also alters fundamental electronic properties of the film that aid in device charge

carrier dynamics.

6.4.2  Future work

To further investigate the effects of the AASA treatment on the fundamental optoelectronic
properties, several key techniques could be utilised. One key factor that is lacking within this study is
the determination of the charge carrier mobility of the films. From the results it would be expected
that the mobility of the charge carriers would be improved. The microstructural, morphological and
optoelectronic properties all indicate that out of plane mobility should improve. However, deriving
the true mobility is not trivial. SCLC or ToF may be used to give accurate values, however they rely on
specific architectures and film thicknesses to give accurate results. Preliminary work has been
conducted using the AASA treatment on the thick perovskite films deposited utilising the method

detailed in chapter 3. Figure 6-7 shows the improvement in measured mobility after the AASA
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treatment. This supports the assumption that the AASA process would improve charge carrier
mobility. However, as these results utilise AACVD films they cannot be used as a like-for-like
companions. These results, however, do give credibility to the argument of improved mobility due to

the AASA treatment.
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Figure 6-7 Poole-Frenkel plot of ToF measurements conducted on AASA treated and untreated MAPI films deposited by
AACVD. Films were deposited using the method detailed in chapter 4, with the treated films using the 5 minute protocol
detailed in this chapter.
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6.5 ScALABILITY OF AASA

One of the main benefits of using the AASA versus conventional solvent annealing techniques is the
potential scalability of the method. Typical solvent annealing of OMHPs is conducted by placing a
substrate in a sealed vessel containing a small quantity of solvent. The substrate is then heated, which
also evaporates the solvent within the vessel. The evaporated solvent then interacts with the film,
recrystalising it and promoting grain growth. The caveat with this system is that the solvent delivery
is dominated by convective flows, which are difficult to control. On the contrary, within this study’s
AACVD based system, the aerosol/solvent flow is more controlled. Figure 6-8 shows a schematic
comparing both the methods, illustrating the use of the boundary layer to control the delivery of the

solvent. This means that the AASA should be more controllable and consistent over large areas.
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Figure 6-8 Schematic illustrating petri-dish solvent annealing and the AASA process

6.5.1 Uniformity over large areas

To demonstrate the scalability of the AASA technique, the grain size was evaluated over a larger area
within the reactor. This is a simple approach to assess the uniformity of the solvent annealing effect.
The experiment was carried out by using large glass substrates coated with MAPI, that were placed
within the reactor and treated. The substrates had a total area of 19.35 cm? (2.54 cm x 7.62 cm). The
substrates were then divided into 36 individual areas and the grain size was measured in the centre

of each area using SEM images. For comparison, a petri dish solvent annealed analogue was also
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measured. Due to the size limitation of the petri dish, the substrate was a third of the size with an area
of 6.45 cm? (2.54 cm x 2.54 cm). The results of this experiment can be seen in Figure 6-9, with results
of an untreated sample in appendix Figure 9-7. Note that as these samples are spin coated on large

glass substrates, they have intrinsically smaller grains.

a)

Avg. Grain size

320.0 308.0 296.0 284.0 272.0 260.0 248.0 236.0 224.0 212.0 200.0

1.90

Flow
—ly g 1.27

0.63

b) AASA Avg. Grain size (nm) C) Petri Avg. Grains size (nm)
2.54

3200 254 3200

3050
1.91

2150
£ 127 E 127 %00
2450
0.64 200

2150

2000

0.00
0.00 042 085 1.27 170 212 254

cm

Figure 6-9 Heatmap showing the average grain size of MAPI films on glass substrates. a) Shows the distribution of grain
sizes after the AASA treatment. b) Grain sizes of centre slice of the AASA sample c) Grain size distribution in petri-dish
solvent annealed sample

The average grain size across the entire length of the substrate was 236 nm, however it is clear that
the distribution is not entirely uniform. Near the entrance of the reactor the grain size is larger, and
towards the back of the reactor the grain sizes approach the untreated values. This inhomogeneity
can be explained by gas flow effects detailed in section 2.3.3.3. Essentially, as the aerosol flows over
the substrate, the boundary layer begins to form at the leading edge of the substrate. At this point the
boundary layer is very thin and the solvent can easily diffuse through this layer and recrystallise the
film. As the aerosol flows further down the substrate, a stable boundary layer is formed, and the

solvent annealing effect begins to become more homogenous. Towards the latter part of the reactor
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the laminar flow will begin to detach from the surface of the substrate, transitioning to turbulent flow.
This reduces the amount of aerosol near the surface of the substrate, thereby reducing the effect. This
inhomogeneity is a result of the limited size of the reactor. For instance, in a wider reactor, the

homogenous area would make up a larger total proportion.

The petri dish treatment yielded an average grain size of 284 nm, slightly larger than the AASA
treatment ( Figure 6-9c ). However, there was more significant grain size variation across the substrate.
When comparing the centre section of the AASA, the homogeneity advantages become more
apparent. Figure 6-10 shows the box plots of both the AASA centre section and the petri dish treated
sample. The results clearly show how much more even the effect of the AASA treatment is, and how

the more traditional petri dish method could be unsuitable for scalable implementation.
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Figure 6-10 Box plots of average grain size collected from untreated and treated MAPI films spin-coated on glass

To further test the spatial uniformity of the AASA, a set of cells were fabricated utilising treated MAPI
films. The AASA treated films were placed within an approximately 2.54 cm? area in the centre of the
reactor, which simulated the aforementioned glass substrate. A second set of films were treated using
the petri dish solvent anneal method. Figure 6-11 shows the resulting J-V curves of the devices treated
by both methods. Here it can be clearly seen that the all devices treated by AASA showed a smaller
distribution in performance. Conversely, in the petri dish method there was a large variation, with
multiple devices performing worse than the reference device. AASA treated devices also had a higher
average PCE of 19.4 % as opposed to 18.0 % for petri-dish method. Appendix Figure 9-8 shows the
distribution of cell parameters. These results highlight the advantage of the AASA method, as it can

more consistently solvent anneal perovskite films over a large area.
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Figure 6-11 a) Photograph of device arrangement used to test spatial uniformity. b) Box plot showing PCE distribution of
treated devices. c) J-V curves of devices treated by AASA at different reactor positions. d) J-V curves of devices treated by
petri dish solvent anneal at different reactor positions.

6.5.2 Large area devices

To further prove the viability of AASA in industrial applications, one of the key requirements is the use
of large pixel devices. Currently, all the results have been collected using devices with active areas
smaller than 10 mm?, which is far smaller than what would be required in a typical industrial cell. From
this study’s previous results, it can be seen that AASA performs consistently over a large area.
Therefore, it was anticipated that it could be effectively applied to large area cells. Additionally, as the
treatment has been shown to reduce the number of defects in the film, it was hoped that the AASA

can preserve the performance of a device when the area is scaled up.

To evaluate the effect of AASA in regard to device area, substrates were patterned with two different
electrode areas. This produced two devices on each substrate, one with an area of 0.25 cm?, and the
other with 1.025 cm?. Details of device fabrication and electrode design can be found in section 3.3.

By evaluating the area effect per substrate, it minimises the effect of substrate-to-substrate film
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quality variation. However, as the electrodes are at different points on the substrate, there may be
still some variation caused by the inhomogeneity of the spin coated film. Moreover, due to the
difficulty of fabricating large-area devices using spin-coating, the results were limited by the number
of working devices. Figure 6-12 shows the results of one AASA treated and one untreated substrate.
Whilst this is a small sample set, the results indicate that AASA has a positive effect on the area scaling.
At 0.25 cm? the untreated device had a PCE of 18.7 % and this reduced to 16.7 % in the larger area.
On the other hand, in the treated device the small area PCE was 18.9 %, which reduced to 17.8%. In
other words, as the area increases the untreated devices suffer from an 11.1% reduction in PCE,
whereas in the AASA treated samples this is 6.02 %. From this it can be seen that the AASA treatment

not only causes the expected PCE uplift, but it also preserves the performance when scaling up the

device.
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Figure 6-12 a) J-V curves of two-pixel substrates, showing results for AASA treated and untreated films. b) PCE values of
devices plotted against area.

Table 6-3 shows the detailed parameters extracted from the devices. Here it can be seen that the
AASA improves the FF and Jsc retention as the device is scaled up. Interestingly, the Vo shows a
significant improvement as the device is scaled up. Again, whilst these results corroborate this study’s

hypothesis, a larger sample size would be required to truly substantiate the claim.

Table 6-3 Two-pixel device parameters for AASA treated and untreated films

Untreated AASA
Area (cm?) 0.25 1.025 Diff. (%) 0.25 1.025 Diff. (%)
PCE (%) 18.7 16.7 -11.1 18.9 17.8 -6.02
Voc (V) 1.1 1.08 -1.91 1.08 1.10 +1.85
Jsc (mA/cm?) 21.9 21.8 -0.46 21.8 21.8 -0.23
FF 0.78 0.71 -8.97 0.8 0.74 -7.50
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6.5.3  Future Work

Firstly, further work should be conducted on the large-area experiments to substantiate the initial
findings in this study. Moreover, utilising smaller increments of pixel sizes may give a more accurate
representation on how the effect scales with size. Additionally, utilising more optimised deposition
techniques better suited for large area devices would give a better starting film. This would remove
the uncertainty caused by the spin coating technique. Utilising cells based on inkjet or slot-die coating
may not only give more reproducible results but would also test the cross applicability of AASA on

different deposition techniques.

In terms of further characterisation, utilisation of electro luminesces (EL) measurements could be used
to prove the AASA effect over the large area. As these measurements are conducted by injecting
charges into the cell and measuring the radiative recombination, they are a good indicator of the
quality of the film. Moreover, as these measurements are conducted by taking an image of the entire
cell, they could provide strong evidence for the area effect of the treatment 2% Spatial
photoluminescence measurements could be also used in a similar effect to EL measurements,
however this would probe radiative emission on a more local area and could be used to look at

potential grain boundary trap states 262,

6.6 ENABLING THICKER FILMS

Typically, the active layer within high-performing perovskite cells is around 500 nm thick. Whilst,
OMHPs have shown diffusion lengths in excess of this length, grain boundaries and the resulting trap
states have limited the optimal thickness. This limits the maximum amount of light the active layer
can absorb and therefore limits the potential efficiency the device can reach. This is especially true in
non-AM1.5 conditions. For instance, at dusk and dawn longer wavelengths of light dominate the
spectrum, which require a larger absorption depth. Therefore, if the microstructure of the absorbing
layer can be improved the cells would become more efficient in real world use cases. As AASA has
demonstrated the transformation of perovskite film morphology to a monolithic grain structure, it

seems plausible to apply this method to thick films of perovskite.
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Figure 6-13 SEM images of thick MAPI films treated with AASA. a) 900 nm film control left and treated right with
corresponding cross sections below. b) 1300 nm film control left and treated right with corresponding cross sections below.

To test the AASA effect on thicker films, films with two different thicknesses were spin coated: 900
nm and 1300 nm. The technique and method were developed by Tian Du and was detailed in section

3.3.5. Intriguingly, as thickness increases the as-spin coated grain structure becomes finer. This is most
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probably due to the thicker films requiring higher concentrations of precursor material, which in turn
would lead to more rapid nucleation of the film and therefore produce a finer grain structure.
However, after the AASA treatment both films show much improved morphology. Figure 6-13 shows
the microstructure of the respective films before and after AASA treatment. In the 900 nm thick film,
the treatment increases the average planar grain size from 330 nm to 550 nm. When looking at the
cross-section, the formation of a monolithic grain structure can be clearly observed. This trend is also
seen in the 1300 nm thick film. Here, the planar average grain size increases from 220 nm to 800 nm

and again the grains are monolithic in the z-axis.

This change in morphology is again visible in the XRD measurements, with the (110) reflection showing
a shift to higher angles (Figure 6-14). This is consistent with the observations in the 500 nm films.
However, the effects of the AASA are stronger as the film thickness increases. This is possibly due to
the aforementioned rapid crystallisation creating strain in the parent film as they are spin coated.

Alternatively, thicker films may have more of an ability to relax as they are less epitaxially confined.

a) b)

—— Thick 1lum SA —— Thick 1.3um SA
——— Thick 1um Control ——— Thick 1.3um Control

Intensity (a.u.)
Intensity (a.u.)

T T T T T T 1
13.5 14.0 14.5 13.5 14.0 14.5
26 20

Figure 6-14 XRD diffractograms of treated and untreated film focusing on the (110) reflection. a) Results for 900 nm film
before and after treatment. b) Results of 1300 nm film

Table 6-4 shows the lattice parameters of the films before and after treatment. The 1300 nm film
shows the largest lattice contraction, with a primitive lattice volume change of 1.4 %. The 900 nm
shows a change of 0.55 %. Both of these films exhibit a larger lattice volume contraction than the 500

nm counterpart, which only showed a 0.22 % contraction.
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Table 6-4 Lattice parameters for AASA treated and untreated thick perovskite films

Sample Lattice Length (A) Control Primitive unit cell Control
constant difference (%) volume (A3) difference (%)
Control a 8.83 N/A 247.75 N/A
900 nm C 12.71 N/A
AASA 900 a 8.82 0.12 246.41 0.55
nm C 12.67 0.32
Control a 8.83 N/A 247.16 N/A
1300 nm c 12.68 N/A
AASA 1300 a 8.752 0.89 243.77 1.4
nm c 12.73 0.40

In Figure 6-15 the device performances of treated and untreated thick films can be seen. Appendix
Figure 9-9 contains more detailed cell parameter results. Like the 500 nm films there was a significant
uplift in PCE. The origin of this uplift seems to primarily come from an increase in Js, with the thickest
1300 nm films showing the largest improvement. These results are consistent with the observable
monolithic grain structure in the films, as this would allow for more changes to be extracted without
them getting trapped at the numerous grain boundaries in the as-spun film. Moreover, the champion
devices utilising a treated 900 nm film had a PCE of 20.68 %. This is a high value for a device utilising
unalloyed MAPI. The current record for a p-i-n type cell is 21 %, held by Luo et al. However, they utilise
a mixed composition perovskite with guanidinium bromide as a dopant to attain this performance.
This indicates that AASA can potentially produce state of the art cells without the need for complex

stoichiometry or dopants.
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Figure 6-15 J-V curves of champion devices fabricated from AASA treated and untreated thick perovskite films. Below each
curve are the PCE distribution of fabricated cells

These results have several major implications. Firstly, AASA can potentially remedy charge collection
issues of overly thick films. This means that the treatment can be used to relax the stringent thickness
requirements during deposition, making scalable production easier as variation in thicknesses will not
lead to detrimental device performance. Secondly, as AASA enables the use of thicker films, these
devices may show enhanced performance in low light conditions and can produce more power during
the day. Lastly, the results show how much performance can be extracted from a pure MAPI device.
This gives credence to the idea that reducing defects and not doping is the key to ultimate device

performance.

6.6.1 Future work

The motivation behind utilising thicker films was both the potential benefit to industrial manufacturing
and the potential low-light performance. Whilst the results have indicated that the performance of
thicker cells can be significantly improved, the low light performance has not been assessed. Going
forward this should be tested, and it is anticipated that there would be an increased performance in

the AASA treated devices.

In terms of the absolute performance, the AASA treated 900 nm film exhibited near record levels of
PCE. This result would need to be verified using independent and certified testing to ensure the
obtained PCE value is valid. Moreover, by conducting optical modelling of these devices, the thickness

of the transport layers could be optimised to further boost the PCE.
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6.7 AASA EFFECT ON STABILITY

As the AASA treatment has been shown to improve the stoichiometry and morphology of the device,
it is natural to assume that there may be some observable stability improvements. Moreover, as pure
MAPI is utilised within this study, any improvements in stability can be solely attributed to the AASA
treatment. All of the following results utilise the same 5 min treatment previously described in this

chapter.

6.7.1 Ambient stability via XRD

As shown in chapter 4, a facile approach to monitor stability is to track the development of the Pbl,
peaks within XRD diffractograms. To evaluate the effect of AASA on ambient stability, two 500 nm
MAPI films deposited on ITO were exposed to ambient atmosphere for 48 hours. Additionally, these
films were not exposed to light, meaning that any observable degradation is most likely due to
atmospheric moisture and not due to light-induced degradation. The results of this experiment can be

seen in Figure 6-16.

a)
Reference AASA
— AASA
b) ——Reference
T (001) Pbl,

J (110) MAPI

Intensity (a.u.)

28(%)

Figure 6-16 a) Photographs of AASA treated and untreated MAPI films after 48 hours of exposure to ambient air. b) XRD
patterns of aged films
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From the photographs it is immediately apparent that the reference film shows almost complete
degradation to Pbl,, with nearly the entire substrate being yellow. Conversely, the treated film retains
more of the characteristic dark brown/black colour. The XRD measurements also corroborate the
visual results, with a much larger (001) peak visible for the untreated film. By taking the total area of
the (001), it was estimated that the reference film has more than three times the amount of Pbl, than
the AASA treated film. The origin of the stability may be due to several factors. Firstly, the increased
grain size results in fewer grain boundaries, which means that there are less points of ingress for
moisture. Furthermore, as it has been shown that Pbl, nucleates at grain boundaries, a treated film
may have fewer points at which the degradation can progress from. Another cause could be linked to
the improvements in stoichiometry and crystal geometry. A less defected crystal would be more

stable, and therefore, would be more resistant to degradation.

6.7.2 Long-Term Device Stability
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Figure 6-17 MPP tracking results of AASA treated and untreated devices measured in a) ambient and b) N, atmospheres
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To test the effect of AASA on device stability, the output of treated and untreated cells was measured
using maximum power point tracking (MPP). The details of the method are given in section 3.4.10.2.
This method was used to compare the PCE of AASA treated and untreated MAPI devices over time.
The devices were illuminated in both atmospheric and nitrogen atmospheres whilst at ambient
temperatures. These two atmospheres in essence can be used to simulate encapsulated and
unencapsulated devices. However, effects of humidity and ambient moisture may still influence the

results.

Figure 6-17 shows the results of both AASA treated and untreated samples, in atmosphere and
nitrogen atmospheres. In both cases, the treated sample experiences a slower performance decline,
indicating that the AASA treatment has indeed improved the stability. However, unencapsulated
results still show rapid degradation over the course of only a few hours. This degradation is most likely
caused by super oxide induced degradation of the active layer, or oxidation of the electrodes 159263,
Therefore, whilst AASA improves ambient stability, it will not enable the use of these devices without

encapsulation.

The results of cells tested in N, show much slower degradation, therefore measurements were taken
over a much longer time period. The data indicates that the untreated cell experiences an initial rapid
drop-off in performance, followed by a slower degradation. After just 45 hours, the untreated cell
drops below 95% of its initial PCE; this point is known as to9s and is a known metric evaluate cell
longevity. In the treated cell the degradation in performance acts very differently. Over the course of
the first 200 hours, the AASA cell experiences a slight boost in performance, after which the
performance begins to drop off. This boost during the initial part of testing the cell is typically seen in
high-performing p-i-n cells 2%, The togs point is reached after 490 hours, showing a considerable
improvement over the untreated cell. This is the highest result reported for a pure MAPI device,
matching more advanced mixed composition and doped OMHP devices %°7257, Therefore, from these
results it can be inferred that the stoichometry and crystal defects are the dominant factors that

influence device stability.

In summary, the data shows that the AASA treatment can effectively improve the stability of devices.
This, in conjuction with the performance uplift, makes this a very promising post deposition treatment

method.

6.7.3  Future Work
To explore the full effect that AASA has on stability, several different experiments will need to be
conducted. To elucidate the ambient stability further, it will be necessary to track the degradation

over time. XRD or optical absorption measurements can be used to give the rate of ambient

Page | 177



Aerosol Assisted Solvent Annealing (AASA)

degradation. Furthermore, SEM and TEM imaging can help identify how the films degrade and show

how the AASA treatment impedes this on a morphological level.

In terms of device stability, MPP tests should be conducted in ambient atmosphere and at elevated
temperatures. If the measurement was conducted at 85°C, the results could be used to evaluate the
performance against the IEC 8125 standard. However, as MAPI tends to suffer from thermal instability,

this test could perhaps utilise a different OMHP.

The effect on thermal stability should also be evaluated. For instance, this could be conducted with
the process developed in section 4.3.3, and using the calculated E,, this can be contrasted against a

reference film.
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6.8 APPLICABILITY TO DIFFERENT ARCHITECTURES AND COMPOSITIONS

From the previous results it can be seen that AASA can successfully improve the properties of MAPI
devices, and this study has also shown how the treatment may be scalability applied. To further
demonstrate the flexibility of AASA, different compositions and device architectures were

experimented with.

6.8.1 HTM Free

One of the most expensive components of an OMHP cell is typically the p-type HTM. These are
primarily composed of small molecules or polymers that can cost in excess of £1000/g. For instance,
the current quoted cost of PTAA from Merck is £1800/g. Therefore, replacing or omitting these layers
would significantly reduce the material costs of the cell. From the work in section 6.4.1, it was shown
that the AASA may create more favourable band bending, allowing for more efficient hole extraction.

This motivated the experimentation of applying AASA to HTM free devices.
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Figure 6-18 a) J-V curves of HTM free devices treated with AASA and untreated. b) Schematic of HTM free device

Figure 6-18 shows the results of treated and untreated HTM champion devices, utilising a i-n
architecture. The untreated device has an expectantly low PCE of 3.6 %, caused primarily by a lack of
Js. This is a typical result for an HTM free device, as the extraction of holes becomes problematic. This
study’s previous measurements indicated that the Fermi level of the untreated perovskite nearly
matches that of the ITO. Therefore, there would little energetic offset to drive the extraction of holes.
Conversely, the AASA treated device shows a much higher PCE of 11.9 %, a result of a large increase
in Js.. This three-fold increase in PCE suggests that the extraction of holes is at least partially remedied

by the AASA treatment. The result also vindicates this study’s hypothesis of more favourable band
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bending, due to a more mid band Fermi level. However, the cells still do not reach the maximum PCE

observed in the standard devices, suggesting that there are still some barriers to hole extraction.

In conclusion, AASA could be used to produce reasonably efficient HTM free devices by creating more
favourable band offsets. This again shows how this method can be used to potentially enable lower

cost OMHP devices.

6.8.2 AASA with mixed composition OMHP

To test the applicability of AASA on different compositions three common mixed cation/halide
perovskites that are utilised within the MclLachan research group were trialled. The device
architecture was kept the same, utilising PTPD and PCBM as the HTM and ETL layers. The details of
fabrication and composition is detailed in section 3.3.6. Figure 6-19 shows champion device J-V curves

of treated and untreated mixed composition devices.
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Figure 6-19 Champion J-V curves of AASA treated and untreated devices utilising mixed composition OMHP's. a) J-V curve of
film utilsing Cs35FAPb(lo.95Bro.0s)3. a) J-V curve of film utilsing MAPb(lo.2Bro.12)3. a) J-V curve of film utilsing
Cso.15FA0.85Pb(l0.9Bro.1)3.

Here it can be seen that the AASA has the expected effect with a similar uplift of PCE visible for every
example. Interestingly, all compositions show an uplift in Js, suggesting that the mechanism of
improvement is like that of the MAPI based devices. This gives strong evidence for the cross-

applicability of the AASA treatment.

6.8.3  Future work

To further evaluate the versatility of AASA, the technique could be applied to a variety of different
architectures. The work in this study has primarily focused on the use of OMHP devices utilising the
inverted p-i-n architecture structure, however this technique should be evaluated using conventional
n-i-p devices. It is expected that these devices would also show improvements, however the impact

of the treatment may be different. More unusual architectures such as the mesostructured carbon-
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based cells should also be trialled. As these cells use a line-processable technology, AASA could be

easily incorporated into the technology and be used to boost performance to acceptable levels.

As AASA is a potentially scalable technique it should be tested on perovskite devices that utilise
scalable deposition methods. Currently cells that use CVD, spray coating, slot-die coating or thermal
evaporation are yet to match the performance of spin-coated analogues. Therefore, AASA could

provide a facile route to scalable produced high performance OMHP devices.
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7 SUMMARY, CONCLUSIONS AND RESEARCH OUTCOMES

7.1 BACKGROUND AND AIMS

As OMHPs research has matured over the last decade, one of the key barriers to mass adoption is the
difficulty in scalably manufacturing these materials. To date, there has been a large focus on
developing scalable methods, with many different technologies emerging as potential candidates.
Some examples include Inkjet, spray-coating, slot die coating, thermal evaporation and CVD. Whilst
scalable, so far none of these technologies has yet managed to reach the same record efficiencies as
devices based on spin-coating processes. Therefore, developing new alternative processing

techniques that may help realise scalable OMHP production is of vital importance.

One such alternative deposition technique is AACVD, which is a CVD based technique that utilises
aerosols to deliver precursor material. This technique has numerous advantages, primarily as it is a
low-cost and low complexity technique. OMHPs have been fabricated using this technique, however,
most studies have been limited to rudimentary material characterisation. To date there has been little
focus on the intrinsic properties of AACVD films, or the fabrication of working devices utilising this

technique.

Therefore, the aim of this study was to further develop the AACVD method, with the ultimate goal of
producing the first working OMHP device utilising an AACVD deposited active layer. Moreover, it was
also hoped that by studying the properties of films deposited via this technique, how the deposition

technique affected intrinsic material properties could be investigated.

7.2 RESEARCH OUTCOMES

7.2.1 Chapter 3

In chapter 3 this study utilised the previously developed 2-step AACVD method to deposit perovskite
films. As this method tends to produce overly thick films (>1 um), it is unsuitable for PV device
fabrication. Therefore, it was hoped that by understanding how these films form and their properties,

an attempt could be made to try and improve the system to make PV devices.

Film formation using XRD, SEM and optical absorption measurements was observed. From this data
this study was able to observe the growth of the precursor film, which showed island growth-like
characteristics, forming large islands that only coalesce once a > 1 um thickness is reached. This
therefore is the origin of the thickness limitation. Further observations show that the final film is

formed via a deconstruction-reconstruction type process, which converts the precursor Pbl, to MAPI.
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Moreover, it was shown that the final morphology bears very little resemblance to the precursor

morphology.

These films were then analysed in depth using a variety of characterisation techniques to determine
the films’ intrinsic properties. XRD measurements revealed that the films are slightly different from
spin-coated counterparts. The crystals within the film showed less preferential orientation and lattice
parameters indicated a more tetragonal crystal structure. By conducting XRD measurements at
elevated temperatures, this study was able to deduce the thermal expansion coefficient of the film.
Furthermore, by conducting isothermal XRD measurements the thermal stability of the material was
evaluated. Using the Mittemeijer solid state reaction model the E, of Pbl, formation due to
degradation was determined. The results show that the 2-step AACVD films are more temperature

resistant, something that is common trait of films deposited by conventional CVD.

This study then proceeded to probe the optoelectronic properties of these films, to both ascertain and
verify the properties. Fortunately, due to the thickness of the films, it was possible to apply the ToF
technique to measure the charge carrier mobility. During the measurements, artefacts in the
measurement that were potentially related to the ion migration were discovered. This led to the
development of a new measurement protocol, which applies a pulsed bias to the sample. Using this
this study was able to show the decoupling of the ionic and electronic signals. This allowed not only
for the determination of charge carrier mobilities, but also indicated at what time scales the ionic
contribution occur. These results were then contrasted against Hall effect measurements, which show
similar mobility values, further validating the results. By virtue of the Hall measurement technique,
this study was also able to extract key electrical properties of the films, which approached values of
single crystal measurements. Additionally, by combining optical, Kelvin probe and APS measurements,

the energy diagram of the films was determined.

This data indicates that the material itself is comparable to that of MAPI deposited via other methods,
in some cases matching single crystal values. Therefore, it can be inferred that the MAPI deposited via
AACVD is of high quality. Lastly, potential applications for these thick films in thermo electric and

radiation detection applications were shown.

7.2.2 Chapter4

In chapter 4, a new precursor solution composed of Pb(Ac),:3H,0 dissolved in MeOH was developed
to form the precursor film. This allowed for production of thinner films, more suitable for PV
applications. The films were characterised using SEM, XRD, optical absorption spectroscopy, Kelvin
probe and APS measurements. All results indicated that the resulting MAPI was of a high quality and

comparable to that of spin coated films. Moreover, as this method utilises MeOH as the common
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solvent throughout the deposition, it is one of the few reported synthesis processes that utilises

entirely green solvents. This makes it a potentially attractive method for scalable manufacturing.

By optimising parameters to produce higher quality films, this study was then able to incorporate
these films into working devices. However, the device performance was low, with the best performing
device achieving 2.89%. It was then identified that the potential shortcoming of the device is caused
by the rough nature of the deposited MAPI film; this created interfacial issues with the thin layer of
organic HTM. This led to the application of a thicker spray coated layer of CuSCN, which resulted in a
slightly improved PCE of 5.4%. Whilst these results are quite low in comparison to record efficiencies
for OMHP’s, these are the first reported devices that utilise an AACVD deposited OMHP active layer.

Furthermore, these are the highest reported efficiencies using an AACVD active layer of any material.

To further understand the deposition process, this study looked at how the film formed. By removing
substrates from the reactor half way during the deposition and by conducting XRD, SEM and optical
absorption measurements, the formation of a species was tracked. It was discovered that the
precursor Pb(Ac), film transforms into an intermediate Pbl, film upon exposure to MAI. Upon
continued exposure the final MAPI film is finally formed. The large density changes that the film

undergo during this process is the likely origin of the surface roughness in the final MAPI film.

As this method splits the metal and halide sources between the first and second step, it potentially
makes it more flexible in terms of producing other compositions. To test this, MAI was substituted
with MABr in the second step, whilst keeping most parameters the same. This resulted in the
successful deposition of MAPbBr, which was confirmed using XRD and optical absorption

measurements. Therefore, the results show that this is indeed a relatively flexible technique.

7.2.3 Chapter5

The focus of chapter 5 was to utilise the aerosol delivery system within the AACVD setup to treat
existing films with a solvent aerosol. This was termed aerosol-assisted solvent annealing (AASA). As
the flow of aerosol can be carefully controlled within the system, it was thought to be a more

controllable way to solvent anneal OMHP films.

To develop the technique, spin-coated films of MAPI were placed into the reactor and treated with
aerosolised DMF at different flow rates and exposure times. SEM images revealed that the treatment
induced the expected grain growth and the formation of a monolithic grain structure through the
thickness of the film. This was corroborated by XRD measurements, which indicated higher
crystallinity and a more contracted lattice. Furthermore, it was revealed that the tetragonality of the

lattice was increased after the treatment, evidenced by more visible peak splitting in the XRD pattern.
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Treated films were then incorporated into devices, which showed significant improvements in the
average PCE and reduced the distribution of device performance. These results suggested that the
treatment can be used to normalize the device efficiency, making it an attractive proposition as a more

controllable post-process treatment.

To understand the origin of the device performance, the films were measured using a variety of
optoelectronic and material characterisation techniques. STEM imaging corroborated this study’s
previous SEM observations. However, they also revealed inhomogeneity in the untreated films, which
were not present after treatment. Using the EDS functionality in STEM, it was possible to evaluate the
compositional variation across the cross-section of the film. The results revealed that the AASA had
homogenised the compositional variation across the film, thereby reducing potential defect sites that

would degrade cell performance.

To investigate the effect that this compositional change had on the film, KPFM measurements were
used to probe the work function of the film. It was revealed that the treated films have a more intrinsic
doping level with the Fermi level shifting to a more mid band position. This is what would be expected
from a film with a more even composition. This shift in Fermi level would also create more favourable
band bending within a device, allowing for more effective charge carrier collection. Using PL and TRPL
measurements it was possible to show that the number of trap states was significantly reduced after
the treatment. Moreover, by measuring the perovskite films in contact with either ETL or HTM,
improved charge carrier injection in treated films was demonstrated. This again corroborates this

study’s other findings.

As AASA is a potentially scalable technique, it was useful to validate its effectiveness over larger areas.
To do this, several substrates were placed along the length of the reactor and the average grain size
across several positions was measured. These results were then contrasted with a conventional petri
dish solvent annealing method. The results showed that the AASA led to a more even distribution of
grain sizes, whereas the petri dish method showed a large variation across the substrate area. To
further validate these results, this experiment was repeated and used to fabricate a set of devices.
The results corroborated the previous findings, with the device performance being more consistent

across the AASA treated substrates.

Due to these promising results, this study then turned to application of AASA on large area devices. It
was hoped that the AASA treatment can mitigate the performance loss that is associated with area
scaling. To evaluate this, substrates containing one small and one large electrode were utilised. This
allowed for comparison of the area effect per spin coated substrate. As expected, the AASA treated

devices showed better area scaling than the untreated counterparts, with only a 6% reduction in PCE
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vs. 11%. These results show that AASA can not only treat films more evenly over larger areas but can

also be used to improve the performance of larger area devices.

The influence of parental film thickness was also investigated. By applying AASA on 900 nm and 1300
nm perovskite films, this study was able to show that the effect still produces a monolithic crystal
structure through the thickness of the films. Likewise, XRD measurements showed a similar trend of
lattice volume contraction, as seen in the thin films. Devices fabricated using the treated films show a
significant increase in PCE and a narrower distribution of performances. Moreover, the 900 nm film
showed a champion efficiency of 20.68 %, making it competitive with state-of-the-art OMHP devices.
This shows that AASA can enable the practical application of thicker active layers within a device,
which could potentially boost low light performance of OMHP devices. Furthermore, by enabling
higher device performance with thicker active layers, AASA can be potentially used to relax the optimal

thickness requirements. This would allow for more facile large-scale production of OMHP.

As stability is an ongoing concern in OMHPs, it was important to ensure that AASA does not have a
detrimental effect on device lifetimes. XRD measurements of films aged in ambient conditions
revealed that AASA has a positive effect on stability. After 48 hours, the treated films showed less Pbl,
present than the corresponding untreated film. To test the effect on device stability, MPP tracking
was used to measure device performance decline over time. Measurements were taken in both
ambient and nitrogen atmospheres, and in both cases the AASA treated devices showed improved
stability. In N, the treated devices have shown only a 5% PCE drop off after 490 hours, whereas
untreated devices suffered a 5% PCE drop after only 45 hours. These result demonstrate that the
healing effect of the AASA on the perovskite can significantly improve the longevity of devices, most

probably a result of the improved local stoichiometry and lower number of defects.

To test the versatility of AASA this study attempted different device architectures and OMHP
compositions. This method was tested on HTM free devices, which showed a significant improvement
in performance, with the PCE increasing from 3.6% to 11.9% due to a large Ji increase. This
performance increase was attributed to more favourable energy band alignments, due to the more
intrinsic nature of the MAPI film after the treatment. As previously stated, the Fermi level of the
treated films are shallower, being closer to the mid band position. This means that when contacted
with the ITO there would be more favourable band bending, allowing for charge to be extracted more
efficiently. These results therefore support this study’s initial KPFM measurements. Moreover, this
shows the potential of using AASA to remove the requirement of an HTM layer, which is significant as

these are some of the most expensive materials used within OMHP devices.
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Summary, Conclusions and Research Outcomes

This study further probed the versatility by testing the AASA on mixed composition OMHP devices.
Three different compositions were trialled, all of which showed an improvement after the AASA
treatment. This is strong evidence to show that the AASA method can be used to treat a variety of

OMHP compositions.

7.3 CONCLUSION

In summary, this study has successfully advanced the field of AACVD of OMHPs by elucidating film
formation, key material properties and the fabrication of working devices. Therefore, the goals set out
in this project have been successfully achieved. Additionally, the AASA treatment technique was
developed, which has shown great potential in improving the morphology, crystallinity, performance

and stability of already deposited OMHP films.
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Figure 9-1 spin-coated MAPI Isothermal XRD patterns taken from AACVD sample over 93 minutes
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1000 ps pulse time

Applied Bias (V) t. (s) ts (s) Mo [ em?® (W s)*) i [ cm? [V s)t)
2 2.30E-07 2.20E-07 1.50E+00 1.57E+00
4 2.30E-07 2.50E-07 5.91E-01 5.44E-01
] 2.90E-07 2.20E-07 2.92E-01 3.85E-01
B 2.90E-07 2.27E-07 2.12E-01 2.71E-01
10 2.90E-07 2.35E-07 1.66E-01 2.05E-01

400 ps pulse time

Applied Bias [V) t. (s) tn (5] Mo [ cm? (W 5)2 ) pn [ om? [V s)?)
2 3.30E-O07 1.76E-07 1.05E+00 1.96E+00
4 3.00E-O07 1.03E-07 4 53E-01 1.32E+00
] 4 20E-O7 1.44E-07 2.02E-01 5.8EE-O1
B 3.80E-D7 1.73E-07 1.62E-01 3.55E-01
10 4. 17E-O7 1.50E-07 1.15E-01 3.22E-01

140 ps pulse time

Applied Bias (V) t. (s) ts (s) Me [ om® (W s)t) Wy [ cm?® (W s)?)
2 2.40E-O07 2.07E-07 1.44E+00 1.67E+00
4 2.80E-O7 2.16E-07 4 85E-01 6.30E-01
] 3.54E-07 2.26E-07 2.39E-01 3.75E-01
8 3.70E-O7 2.34E-07 1.66E-01 2.63E-01
10 3.50E-07 2.36E-07 1.38E-01 2.05E-01

B0 ps pulse time

Applied Bias (V) t. (s) ts (s) Me [ om® (W s)t) Wy [ cm?® (W s)?)
2 2.30E-O7 1.60E-07F 1.50E+00 2.16E+00
4 2.30E-O07 1.44E-07 591E-01 9 48E-01
] 2.20E-O07 1.42E-07 3.85E-01 5.895E-01
B 1.55E-O07 1.58E-07 3.97e-01 3.89E-01
10 1.46E-O07 1.50E-07 3.31E-01 3.22E-01

50 ps pulse time

Applied Bias (V) t. (s) ts (s) Me [ om® (W s)t) Wy [ cm?® (W s)?)
2 28.80E-O7 1.40E-07F 3.92E-01 2.47E+00
4 B6.68E-O7 1.34E-07 2.04E-01 1.02E+00
b 4 90E-07 1.12E400 1.73e-01 7.56E-08
B 2.82E-07 9.50E-01 2.18E-01 6.47E-08
10 1.81E-O07 1.10E+00 2.67E-01 4 39E-08

Figure 9-2 ToF table of results, showing arrival times and calculated mobilities of AACVD MAPI film. The film thickness was
6.72+0.76 um
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Figure 9-3 ToF signal before and after pulsing experiments. This shows that the sample did not degrade after the
application of a pulsed bias.
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Voltage vs. Current

V=8.0092E9 * | - 153.49E-3, Comrelation = 998.57E-3

Voltage vs. Current

V'=4.5803E9 * |- 35.766E-3, Correlation = 999.49E-3

Voltage vs. Current

V=85204E9 * | + 94 381E-3, Correlation = 999 82E-3

€ 6809 1E1
di 4E0 2 .
5E0 4 : N S$3:1-3 -
$1:1-3 . S2:1-3 . 5E0 .
. 2€0
. . .
= . = .
= .
g 0E0 . g 0E0 - N & o0 )
s 3
. .
-2E0 4 -
» -
J .
-5E0 . ; 5E04
. 4E0 .
5 . .
-IE1 : v : : -6E0 . . r ! v “E ¥ ¥ ¥ . v y
-1.1E9 5.8E-10 B83E-1 4.2E-10 9.2E-10 1288 -T.3E-10 -3.9E-10 11E-11 4.1E-10 8.1E-10 1168 T AE-10 31E-10 98811 49E-10 8.9E-10
Current [4] ssE0 ssE0 -1.8E-10 21810 61E-10 1E9 PRERT 51810 44810 23810 6.9E-10 1189
Current [4] Current [4]
Voltage vs. Current
Voltage vs. Current Voltage vs. Current
V=7.5868E9 * | + 9.0477E-3, Correlation = 999 28E-3
V= 51208E9 * | - 27.137E-3, Correlation = 999.34E-3 V'=7.7317E9 * | + 113.74E-3, Correlation = 999 58E-3
1E1 4
6ED 8ED
.
T e “1 5324 '
] - .
5E0 . VA
S1:2-4 . S2:2-4 . 4E0 2
.
. 260 . .
= 2E0 4
& 0E0-| ’ = . - :
g il 0E0 % oe0
. . £ »
. 260
se0 e -2E04 N
) — . 4E0] .
- 4e0] .
-6E0 =
1 ' v T T [ .
11E9 6.1E-10 L1E-10 3.9E-10 8.9E-10 6E0 T T T T T T 1 -8E0 T T T T T T T T T
1268 31410 “4.1E-10 TEA2 33810 73810 126 12E8 7TE0 37E-10 27611 43810 83810
Current [4] 4ES SAE10 2.1E-10 1.96-10 55610 5.36-10 B7E10 STEA0 ATEAD 23810 63510 159
Current [4] Current (4]

Figure 9-4 Ohmic check results conducted for Hall measurements.
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Figure 9-5 Example of neglibile hysteresis within p-i-n cell used in AASA experiments.
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Figure 9-6 Energy dispersive x-ray spectroscopy (EDS) mapping of the destruction of a) C at%, b) N at% c) I/Pb Ratio d) Pb at%.
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Figure 9-7 Grain size distribution of untreated MAPI spin coated on glass
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Figure 9-8 Box-plots of cell parameters of AASA and Petri-dish solvent annealed devices
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Statistics of device performance — 900-nm perovskite Statistics of device performance — 500-nm perovskite
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Figure 9-9 Box-plots showing the distribution of cell parameters for AASA treated and untreated thick MAPI devices
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