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Slot-die coating for efficient and scalable inverted perovskite solar cells in ambient air

Abstract

The most widely deposition technology used for producing inverted perovskite solar cells (PSCs)
is spin-coating, but it has limitations when used on large substrates. The slot-die coating is a
promising alternative for deposition on larger areas. This study aimed to optimize the PTAA and
perovskite layers deposition using a slot-die coater, considering in its structure a perovskite
material stable under ambient air. The device architecture then employed in this study was
PTAA/MAPDI;/PCBM/BCP/Ag, chosen for its stability in ambient air. Achieving uniform, thin,
and defect-free layers is critical for the proper functioning of inverted PSCs. SEM
characterization was employed to evaluate the film quality. Optimization was carried out using
the JMP software. The optimized conditions for PTAA layer deposition were: 20 mm:-s™ of
coating speed, 50 pym gap between the slot-die head and the substrate, 70 °C plate
temperature, a sintering temperature of 100 °C and a concentration of PTAA solution of 2
mg-mL™". For the perovskite layer, optimal conditions were: 8 mm-s™ coating speed, 65 pm gap
between the slot-die head and the substrate, 70 °C plate temperature, a sintering temperature
of 80 °C and a perovskite concentration of 1.1 mol-L". Following optimization, the best
performing 5 cm? device assembled via slot-die coating achieved a power conversion efficiency
of 7.32 %, Voc of 0.85 V, Jsc of 18.88 mA-cm? and FF of 0.46.

Keywords: Slot-die coating, coating parameters optimization, MAPbI;, inverted PSCs.
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Resumo

A técnica de spin-coating é atualmente a mais usada para a producao de células solares de
perovskita invertidas em pequena escala, apresentando limitacdes para maiores dimensoes.

Para deposicoes em areas maiores uma das tecnologias mais promissoras é slot-die coating.

O objetivo principal deste trabalho consistiu na otimizacao da deposicao por slot-die da camada
transportadora de lacunas, o PTAA, e da camada absorvedora de luz, uma perovskita estavel
em condicGes de ar ambiente (MAPbI3). A arquitetura dos dispositivos usados neste estudo foi
PTAA/MAPDI;/PCBM/BCP/Ag, escolhida exatamente pela sua estabilidade em ar ambiente.
Atingir um filme uniforme, fino e sem defeitos é crucial para um bom funcionamento de uma
célula solar de perovskita invertida. A caracterizacao por SEM foi usada para avaliar a qualidade
do filme e a otimizacao foi feita usando o software JMP. As condicOes otimizadas para a
deposicao da camada de PTAA foram: 20 mm-s™ para a velocidade de deposicao, distancia de
50 um entre a cabeca da slot-die e o substrato, 70 °C para temperatura do prato da slot-die,
temperatura de sinterizacao a 100 °C e uma concentracao de PTAA de 2 mg-mL". Para a camada
de perovskita as condicoes otimizadas foram: 8 mm-s™ para a velocidade do prato da slot-die,
distancia de 65 pm entre a cabeca da slot-die e o substrato, 70 °C para a temperatura do prato,
uma temperatura de sinterizacdo de 80 °C e a concentracdo de perovskita de 1.1 mol-L".
Utilizando estas condicdes otimizadas, a célula PSC de 5 cm? com melhor desempenho obteve
uma eficiéncia de conversao de energia de 7.32 %, Voc de 0.85 V, Jsc de 18.88 mA-cm™ e FF de
0.46.

Palavras-chave: Slot-die coating, otimizacdo dos parametros de deposicao, MAPbIs;, PSCs
invertidas.



Slot-die coating for efficient and scalable inverted perovskite solar cells in ambient air

Declaration

| hereby declare, under word of honor, that this work is original and that all non-original

contributions is indicated and due reference is given to the author and source

luin Filipe sdwo samiss

Luis Santos, 01/07/2024




Slot-die coating for efficient and scalable inverted perovskite solar cells in ambient air

Index
PS4 (o Te 11Tt o o DO N 1
1.1. Framing and presentation of the WOrk .........cccoiiiiiiiiiiiiiiiiiiiiiieieiinnceennnnes 1
1.2. Contribution of the author to the WOrk .......ccceiiiiiiiiiiiiiiiiiiniieieeeiennnnneeenns 2
1.3. Organization of the dissertation .........ccceeiiiiiiiiiiiiiiiiiiiiiiiiniiiiiiiiinnnnaneees 3
2. Context and State of the art.....ccceeeeiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiiiiineesssccsssnnnnssssns 5
2.1, Solar Cell StrUCLUN® . ..uuuueeiiiiiiiiiietiiiiiiiiennasssteesssnssssssccssssssnssssscssssnnnnns 5
2.2. Inverted perovskite solar Cells ....ccivveiiiiineiiiiieiieiieiieieneieiienstescnsscosnsscnns 6
2.2.1. Glass substrate coated With @ TCO . ..iiiiiiiiiiiiii ittt ieeiiiiiieeeeeeeeeeeaannnnnns 6
2.2.2. Hole transport layer (HTL) covieiiiiiiiiiii ettt et i e it iiieeeeeeeeeeaeeennnnnanaanaaas 6
2.2.3. o] Y] S = - 1= 7
2.2.4. Electron transport layer (ETL) couuuueueieeieeeetieieiiiiiiiiieeeeeeeeeeeesesseennnnnsnsesnanaes 7
2.2.5. 5 1= Lo Qa0 31 - Lt 8
2.3, UPSCAliNG ceeieiineeiiiiiiiineeeteeeeeesnnaeeeceeeessnnssssceccesssssnssceccessssnnssscccannns 8
2.3.1. Yo Rl oo - L 11T« S PPN 9
2.3.2. 1) (e e |13 lo - Y 13 T N 9
2.3.3. Thermal EVapPOration ..ottt ettt e et teeeeeetarasseaeeeeeeeeennns 11
2.3.4. SEM CharaCterization .....uueeeiieiiiiiiiii ittt ettt e eeeiiiietaeeeeeeseseenannnnnes 12
A T B A ol o T- 1 -Vt <] g .£-1 4 (o] [P 12
3. Materials and Methods .......ciiiiiiiiiiieiiiiiiiiiineeeteeeiieennessececessnnasssscccsssnnnnes 17
% DR 1 F-1 =T o F- | £ PPN 17
K 20 N Yo 011511 1 1=] 1| - S PP 17
3.3. Optimized procedure for preparation of inverted PSCs........cccoviiinnniiicennnns 18
4, ReSUIts aNd diSCUSSION ...uiiiiiieieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeesesasesesssssssssssssssassaasnns 21
4.1, Optimization Of PTAA [@Yer ..cccvvvviiiiiiiiiiieieeeeeeeeeeeeeeeeeecececeececccessssssssees 22
4.2. Optimization of perovskite layer .....cccciiiieiiiiiieiiiiiniieiinnrieiinsscosnsccssnnnes 29
o TR O T o Tof 1153 (o] o 1 37
6. Assessment of the Work done ......ccceviiiiiiiiiiiieiiiiiiiiiiiieiieiineiieienstcssnnsccsnanes 39
6.1. ObjJectives ACRIEVEd......ciiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeeeeeeeeceeeceseeeeacsasassacacnns 39
6.2. Contribution to the Sustainable Development Goals.....ccccceveeiiiiiiiiiinnnnnnnns 39
6.3.  Final ASSeSSMENt ....ciiiiiiiiiieiiiiiiiiiineeteteeesienssssssccsssssssssssscsssssssnssssns 40
2 £ =] =] =] 3 U= 41

Annex A - Efficiencies of PSC devices reported in literature according to the active area45

Annex B - Sustainable Development GOoalS.......cciveeiiiieniiiiieiieiennieeienstcssnsccsnnsscons 47




Slot-die coating for efficient and scalable inverted perovskite solar cells in ambient air

Appendix A - Set of experiments for PTAA and perovskite layer optimization.............. 49
Appendix B - Principal photovoltaic parameters of solar cells.........ccceeviiiiiiiiinnnnnnnnn. 53
55

Appendix C - SEM images of the perovskite layer ......ccciiiiiiiiiiiiiiiiiiiiiiiiiiiiiinnennnee.




Slot-die coating for efficient and scalable inverted perovskite solar cells in ambient air

List of Figures

Figure 1.1. Evolution of renewable electricity generation since 2000.[1] .......ueeiiiiieiiiiiiieeernannnnnns 1
Figure 1.2. Annual investment in fossil fuels and clean energy.[2]........c.eeeeiiiiiiiiiiiiiiiinenneeeeeennns 1

Figure 1.3. Evolution of the power conversion efficiency of different photovoltaic technologies.[4] ...2

Figure 2.1. Working mechanism of an inverted PSC. .......cciuiiiiiiiiiiiiiettttttteeeeeninnnnsesseseeeeenns 5
Figure 2.2. Main device architectures of perovskite solar cells: a) regular and b) inverted. .............. 6
Figure 2.3. Crystal structure of MAPDI3; perovskite.[8] .....couuuiiiiiiiiiieittiieeeeiiiiiiinreseeeeeeeanns 7

Figure 2.4. Evolution of the size of PSC devices and modules fabricated with different deposition
= To o K30 [ S 8

Figure 2.5. Schematic process of spin-coating deposition, starting from the dropping of the solution

until the evaporation Of SOIVENES.[6] .......uuuuueeeeettiiieiieiiiiiaiteeeeeeeesesessssnnanneseeeesssssescassnnns 9
Figure 2.6. Scheme of the slot-die coating process. [3] ...cuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiireeeeeeeeens 10
Figure 2.7. Coating window and some typical slot-die coatings defects.[14] ...cceeeeeiiiiinnnnieinnnnnn. 10
Figure 2.8. Schematic representation of the thermal evaporation process.[6] .........ccceevevveeeeeennn. 12
Figure 2.9. Current - potential difference curve for asolar cell.............cccouiiiiiiiiiiiiiiiinnnnennnnnnn 13
Figure 2.10. Power - potential difference curve for a solar cell. ............ccooviiiiiiiiiiiiiinneeennnnnns 14
Figure 2.11. Solar cell electrical Circuit an@logQue. ............couiiiiiiiie i iiiiiiiiiiiiieeeeeeeeeens 15

Figure 3.1. Equipments used in the preparation of the inverted PSCs: a) a slot-die coater[19], b) a
spin-coater[20], c) the thermal evaporator [21], d) the benchtop SEM [22]. ......ccoviiiiiiiiiiiinnnnnns 17

Figure 4.1. Structure of the inverted PSC used in this WOIK. .........cccouiiiiiiiiiiiiiiiiiiiiiiiiinnenn. 21

Figure 4.2. |-V characterization of the dummy cell delivering lower ohmic resistance of PTAA layer.
Deposition conditions: 70 °C of plate temperature, 20 mm-s' coating speed, 2.00 mg-mL" of

concentration of PTAA and 50 LM Of QAP. «..uuunuuueueeettitteieiiiitiiieeeeeeeeseresessssnnnnnesesesssseees 23
Figure 4.3. Prediction profile from JMP software for the first optimization of PTAA deposition. ..... 23
Figure 4.4. Prediction profile from JMP software for the second optimization of PTAA deposition.... 24

Figure 4.5. Top-view images of the surface morphology of the perovskite layer using SEM

Lol 1L 1o Lo =] g {1 Lo o PSR 26

Figure 4.6. SEM images of perovskite layer using a sintering temperature of 100 °C and different slot-
die plate temperatures: a) 35 °C, b) 40 °C, c) 50 °C, d) 60 °C, e) 70 °C, f) 80 °C......ccevevevevrrennnn... 27

Figure 4.7. SEM images of the perovskite layer using different sintering temperatures: a) 80 °C, b) 100




Slot-die coating for efficient and scalable inverted perovskite solar cells in ambient air

Figure 4.8. Photovoltaic performance parameters of the PSC devices prepared based on the three
selected conditions for the PTAA slot-die deposition: a) Voc, b) Jsc, €) FF, d) PCE. ...cccvvviiiinnnnnn.. 28

Figure 4.9. I-V curve for a complete PSC device. Deposition conditions: 70 °C for the slot-die plate
temperature, 80 °C for sintering temperature, 10 mm-s' coating speed, 1.1 mol-L" of perovskite

concentration @nd 50 LI GAP. ......ovnneiriteiit ittt ettt ettt teatetentetaaterentesaatesaneeenes 29
Figure 4.10. Prediction profile from JMP software for the perovskite optimization...................... 30

Figure 4.11. Photovoltaic performance parameters of the PSC devices prepared with the optimal

conditions obtained with optimized perovskite slot-die deposition: a) Voc, b) Jsc, ¢) FF, d) PCE. ...... 32

Figure 4.12: SEM images of PSC device prepared with optimized slot-die coating conditions: a) top-

VIEW, QNG D) CrOSS-S@CLION. ..ttt ittt ettt eeeeeeeeeeeesasasanteeeeesesesssessnssssnnnssessesenes 33

Figure 4.13. PSC device divided into 3 small cells to evaluate the quality of the slot-die coating
Lo L= 00T 1 1 [ R 33

Figure 4.14. Current Density - potential difference curve for a full PSC device (5 cm?) and its

SEGMENEEA PATES (2.2 CIM?). ettt ettt ettt et ettt e e e easeeseaseeenseseasenseasensensenserensennnn 34

Figure 4.15. PCE of PSC devices prepared using slot-die coating (at least the perovskite layer) as a
function of the active area. Individual solar cells are represented by circles and modules are
represented by squares. The blue color refers to devices produced under ambient air and the green
color to devices made in a controlled atmosphere. The best-performing PSC device obtained based on

this work is represented with a triangle. Adapted from ref. [25]. «.ccvviiiiiiiiiiiiiiiiiiiiiiiiieeaaannnnns 35
Figure An. B. 1. Sustainable Development Goals.[40].......cuiiiiiiiiiitiiiiiiiiiiiiiiiieeeeeeeeaens 47

Figure Ap. C. 1. SEM images: a) top-view, and b) cross-section (perovskite slot-die deposition

conditions: 8 mm-s' coating speed, 0.75 mol-L'" of perovskite solution concentration and 50 ym of

[ o) 55
Figure Ap. C. 2. SEM images: a) top-view, and b) cross-section (perovskite slot-die deposition
conditions: 10 mm-s’' coating speed, 0.75 mol-L" of perovskite solution concentration and 50 um of
L] o) TR 55
Figure Ap. C. 3. SEM images: a) top-view, and b) cross-section (perovskite slot-die deposition
conditions: 25 mm-s’' coating speed, 0.75 mol-L" of perovskite solution concentration and 50 um of

L o) S 56
Figure Ap. C. 4. SEM images: a) top-view, and b) cross-section (perovskite slot-die deposition
conditions: 8 mm-s' coating speed, 0.75 mol-L’" of perovskite solution concentration and 125 um of

L o) R 56
Figure Ap. C. 5. SEM images: a) top-view, and b) cross-section (perovskite slot-die deposition
conditions: 16.5 mm-s’' coating speed, 0.75 mol-L" of perovskite solution concentration and 125 um of

L5 57




Slot-die coating for efficient and scalable inverted perovskite solar cells in ambient air

Figure Ap. C. 6. SEM images: a) top-view, and b) cross-section (perovskite slot-die deposition

conditions: 25 mm-s' coating speed, 0.75 mol-L’" of perovskite solution concentration and 125 um of
L] 2 S 57
Figure Ap. C. 7. SEM images: a) top-view, and b) cross-section (perovskite slot-die deposition
conditions: 16.5 mm-s’' coating speed, 1.00 mol-L"" of perovskite solution concentration and 50 ym of
[ o) TS PP 58
Figure Ap. C. 8. SEM images: a) top-view, and b) cross-section (perovskite slot-die deposition
conditions: 25 mm-s’' coating speed, 1.00 mol-L" of perovskite solution concentration and 50 um of

[ ] o) TS PP 58
Figure Ap. C. 9. SEM images: a) top-view, and b) cross-section (perovskite slot-die deposition
conditions: 8 mm-s' coating speed, 1.00 mol-L'" of perovskite solution concentration and 125 um of

L o) R 59
Figure Ap. C. 10. SEM images: a) top-view, and b) cross-section (perovskite slot-die deposition
conditions: 16.5 mm-s’' coating speed, 1.00 mol-L"" of perovskite solution concentration and 125 um of
[T o) TR PP 59
Figure Ap. C. 11. SEM images: a) top-view, and b) cross-section (perovskite slot-die deposition
conditions: 8 mm-s’' coating speed, 1.25 mol-L"' of perovskite solution concentration and 50 ym of

[0 o) TS PP 60
Figure Ap. C. 12. SEM images: a) top-view, and b) cross-section (perovskite slot-die deposition
conditions: 10 mm-s’' coating speed, 1.25 mol-L" of perovskite solution concentration and 50 um of
L] o) 1S 60
Figure Ap. C. 13. SEM images: a) top-view, and b) cross-section (perovskite slot-die deposition
conditions: 25 mm-s' coating speed, 1.25 mol-L" of perovskite solution concentration and 50 um of
L] o) TS 61
Figure Ap. C. 14. SEM images: a) top-view, and b) cross-section (perovskite slot-die deposition
conditions: 8 mm-s’' coating speed, 1.25 mol-L"" of perovskite solution concentration and 125 um of
Lo 61
Figure Ap. C. 15. SEM images: a) top-view, and b) cross-section (perovskite slot-die deposition
conditions: 16.5 mm-s’' coating speed, 1.25 mol-L"" of perovskite solution concentration and 125 um of

L o) S 62







Slot-die coating for efficient and scalable inverted perovskite solar cells in ambient air

List of Tables

Table 2.1. Large-area inverted PSCs prepared using slot-die coating. .........c.ccvveeiiiiiieiiniiinnennnn. 11
Table 4.1. Process values and their corresponding limits for the first optimization of PTAA. .......... 22
Table 4.2. Process values and their corresponding limits for the second optimization of PTAA. ....... 24
Table 4.3. Range of temperatures StUdIEd. .........couuiiiiiiiiiiitttteeeeiiiiiseseeeeeeesessesennnnnns 26
Table 4.4. Conditions of PTAA used for preparing full PSC devViCes. .......ccuuiieiiiueiiniiieieeninnneennnn 28

Table 4.5. Process values and their corresponding ranges for the perovskite slot-die deposition

L]0 1 11.] 47 14 (o] o IR PP 30
Table 4.6. Relationship between the coating conditions used and defects observed. .................... 31
Table An. A 1. PSC devices produced in ambient air CONditions. ..........uiviiiiiiiiiiiieeeeeeiiieeennnnnns 45
Table An. A 2. PSC devices produced in a controlled atmosphere. ........cccovviiiiineieiiiiiriieeeannnnns 46

Table Ap. A. 1. Set of experiments to be performed according to JMP software and the results

obtained for the first PTAA ODEIMIZALION. c.....nnuueeeteetttieteeeetiiiiieeeeeeeereeeeasnnnanneseeesssseees 49

Table Ap. A. 2. Set of experiments to be performed according to JMP software and the results

obtained for the second PTAA OPEIMIZALION. .......uueueeeiiiiiiiiiiiiiiiieeeetetteeeeieiirineseseseeeeeeens 50

Table Ap. A. 3. Set of experiments to be performed according to JMP software and the results

obtained for the perovskite OPEtimMIiZALION. ..........uuuiieeiiiiiiiiiiiiiiiiiiiteetettteeeetaiiiesesaeeeeeseenn 51

Table Ap. B. 1. Principal photovoltaic parameters of full PSCs prepared with the selected deposition

conditions of PTAA, under illumination of 1 sun (100 mW-cm?, AM 1.5, room temperature). .......... 53

Table Ap. B. 2. Principal photovoltaic parameters of full PSCs prepared with the optimized deposition

conditions of perovskite layer, under illumination of 1 sun (100 mW-cm2, AM 1.5, room temperature).

Table Ap. B. 3. Principal photovoltaic parameters of full PSC devices and the segmented device

prepared using the optimized PTAA and perovskite slot-die conditions. ..........ccceeeeeiiiiiiiiiennnnnn. 54

vii






Slot-die coating for efficient and scalable inverted perovskite solar cells in ambient air

Notation and Glossary

List of variables

A Active area cm

Ca Capillary number

D Diode

Ho Gap um

/ Electric current mA

J Current density mA-cm’?
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1. Introduction

1.1. Framing and presentation of the work

Nowadays, both population and economic growth are accelerating. Indeed, the demand for
electricity is anticipated to rise significantly to accommodate the needs of an expanding
populace. Given the finite nature of fossil fuels, it is imperative to explore alternative and
efficient methods of energy production. Embracing renewable energy sources not only promises
to meet our increasing energy demands, but also offers a sustainable path to diminish our
reliance on depleting fossil fuels. Figure 1.1 shows the evolution of renewable electricity
generation since 2000 and it is expected that more than 40 % of electricity will be generated
from renewable energy sources by 2028. Over the past decade, solar and wind technologies
have seen the most significant advancements. Presently, their combined energy production
rivals that of hydropower. This remarkable growth has been driven by heightened investment

in clean energy generation, as illustrated in Figure 1.2.
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Figure 1.1. Evolution of renewable electricity generation since 2000.[1]
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This study will focus on solar energy, specifically addressing solar cell technology, which
converts solar energy into electrical energy. Within the field of photovoltaics, organic-inorganic
perovskite solar cells (PSCs) are gaining much attention due to their compatibility with flexible
materials, cost-effective manufacturing, solution-processability, and highly tunable band gaps,
making them highly efficient to be commercially competitive.[3] Figure 1.3 illustrates the
efficiency evolution of perovskite solar cells, with their power conversion efficiency (PCE) rising
from 13.8 % in 2013 to 26.1 % in 2024, indicating their potential to rival conventional solar
cells.[4]
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Figure 1.3. Evolution of the power conversion efficiency of different photovoltaic technologies.[4]

This work focuses on the successful deposition of HTL (PTAA) and perovskite layers, under
ambient air conditions using slot-die coating technology. The use of this technology allows the
scalability of the devices. The coating optimization of these two layers was carried out using
the software JMP 18.0.1.

1.2. Contribution of the author to the work

All the experimental work was carried out by the author based on procedures already
implemented in the host laboratory. In particular, all the solutions and respective calculations
were performed by the author, as well as all the depositions by slot-die and spin-coating. The
Design of Experiments using the software JMP, as well as the characterization based on
photovoltaic performance were also independently performed by the author. Finally, the
experimental data was treated and interpreted by the author, and the main conclusions were

discussed with the supervisors.
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1.3. Organization of the dissertation

This work is divided into six parts. Firstly, in Chapter 1, the project is described and the
objectives are briefly explained. The second chapter presents the perovskite solar cells
technology, the functions of different layers, the most important technologies used in their
deposition, and a theoretical interpretation of the photovoltaic parameters used to
characterize cell performance. The third chapter describes the materials and experimental
procedure used to develop the proposed experimental work. The fourth chapter presents the
results and discussion. The fifth chapter contains the conclusions of this work. Finally, the last
chapter presents the main objectives achieved and the contribution of this project to the

sustainable development goals.
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2. Context and State of the art

2.1. Solar cell structure

A solar cell is an electronic device that converts sunlight into electricity. As depicted in Figure
2.1, this process requires a material such as a perovskite that, upon absorbing sunlight, excites
electrons to a higher energy state. When the incident energy exceeds the band gap, electron-
hole pairs are created. The excited electrons move to the electron transport layer (ETL), while
holes move to the hole transport layer (HTL). Electrons travel through the external circuit,
generating power, before returning to the solar cell and recombining with holes in the p-type
layer. If recombination occurs prematurely within the cell, the electron-hole pair is lost,

resulting in no electric current in the external circuit and no power generation.

Figure 2.1. Working mechanism of an inverted PSC.

The photovoltaic performance success of PSCs is due to the excellent optical and electrical
properties of the perovskite structure family used for these applications, such as the tunable
band gap, the large optical absorption coefficient and the high carrier mobility. The high light
absorption coefficient enables the use of a very thin perovskite absorber layer to collect the
light, resulting in a reduced charge carrier transport length and material consumption.[5]
Throughout the development of PSC devices, various device structures have been reported. The
most common structures are the regular (both planar and mesoporous) and the inverted
configurations, as illustrated in Figure 2.2. In this work, the focus will be on the inverted

perovskite solar cells.
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Figure 2.2. Main device architectures of perovskite solar cells: a) regular and b) inverted.

2.2. Inverted perovskite solar cells

The inverted architecture, as opposed to the regular configuration, has the HTL deposited on
top of the transparent conductive oxide (TCO) material and the ETL deposited after the
perovskite layer, which influences the direction of charge carrier extraction and the materials
used for each layer. This configuration can offer advantages in stability and manufacturing,
contributing to its growing popularity in photovoltaic research and applications. Indeed,
inverted PSCs often exhibit better stability, especially under environmental stress conditions
such as humidity and temperature. This is partly because the materials used in the inverted
architecture can be more resistant to degradation. Then, inverted configurations typically show
less hysteresis in their current- potential difference characteristics, leading to more accurate
and consistent measurements of their performance. Finally, the fabrication process for inverted
PSCs can be simpler and more compatible with existing industrial processes, especially those

used for flexible substrates and roll-to-roll manufacturing processes.
2.2.1.Glass substrate coated with a TCO

As glass is not a conductive material, it must be coated with a transparent conducting oxide
which enables the glass substrate conductivity. Two types of TCO are used to prepare perovskite
solar cells, fluorine-doped tin oxide (FTO) and indium tin oxide (ITO). FTO was the glass

substrate selected for this work.
2.2.2.Hole transport layer (HTL)

The hole transport layer is positioned on top of the FTO substrate. This layer selectively extracts
and transports holes, being a p-type semiconductor material, which is a material with a deficit
of electrons. This layer must satisfy the following requirements: 1) the highest occupied
molecular orbital, HOMO, or the valence band of the HTL must be compatible with the

perovskite film, -5.4 eV; 2) it must have a high hole mobility; 3) since this layer is between the
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glass and the perovskite, the HTL must have a high optical transmittance within the absorption
range of the perovskite (300-800 nm) to avoid photon loss; 4) HTL must not react with the
perovskite to avoid its decomposition; 5) it must be stable under ambient conditions and

solution processable.[6] Within this work, PTAA was used as HTL.
2.2.3. Perovskite layer

Perovskites are a family of materials with a crystalline structure ABXs, where A and B are cations
of different sizes, and X is an anion. MAPDbI;, the perovskite normally used under air conditions
and used in this work, has a large cation A, methylammonium (CH3NH3*, MA™), a smaller cation
B, lead (Pb?**) and the X, a halogen ion, iodine (I') [7]. Its crystal structure can be described as
[Pble]* octahedra connected in space with corner-sharing vertices to form a three-dimensional
structure, and MA" cations filling the pores to create an electrically neutral environment, as

shown in Figure 2.3.

&

O =Ma*

Figure 2.3. Crystal structure of MAPbI; perovskite.[8]

MAPDI; has a tunable band gap, a high light absorption coefficient, noticeable photovoltaic
properties, high power conversion efficiencies (PCE = 14-20 %), low exciton binding energy, and
long carrier diffusion length. As a result, the perovskite absorbing layer can be thinner, which
is beneficial to reduce the transport length of the charges, the material usage and
recombination between pair electron-hole. This perovskite also has some advantages like long-

term stability, easy crystallization at low temperatures, and simple fabrication.[5, 9]
2.2.4.Electron transport layer (ETL)

The electron transport layer is deposited on top of the perovskite layer. The ETL is important
for transporting electrons, being an n-type semiconductor material, which is a material with
an excess of electrons. Some aspects must be considered when choosing the ETL to be used: 1)
it must have high electron mobility and efficient hole-blocking properties; 2) the deposition

process for this layer must be compatible with the perovskite layer to minimize defects in it;
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3) this layer must completely cover the perovskite layer as if there is contact between the
perovskite and the back contact, it can lead to rapid degradation of the perovskite; 4) there

must be no reactions between these layers.[6] The ETL used for this work was PCBM.

2.2.5. Back contact

The materials used in this layer are essentially conductive metals, being the most used silver
and gold, due to their excellent electrical conductivity. As previously mentioned, the perovskite
layer can suffer corrosion or contamination when in contact with the back contact, turning the
silver back contact slightly yellow a few days after its manufacture as a result of the silver
oxidation to silver iodide. It is important for this layer to be stable under ambient conditions

and to minimize ion diffusion-induced device degradation to increase the stability of the cell.[6]

2.3. Upscaling

Upscaling is particularly challenging in solution-processed films, where precise control of film
uniformity is needed to avoid material defects. Over the years, several deposition methods
have been reported for the deposition of PSC layers such as HTL, perovskite and ETL layers over
large areas, while back contact is normally deposited by thermal evaporation.[10] For
laboratory-scale devices, spin-coating is the most efficient deposition method, but as the scale
increases, it becomes more difficult to crystallize and form a uniform perovskite film.
Currently, one of the most promising methods for perovskite deposition over large areas is slot-
die coating - Figure 2.4.
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Figure 2.4. Evolution of the size of PSC devices and modules fabricated with different deposition
methods.[11]
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2.3.1.Spin-coating

Spin-coating is the most used technique to deposit uniform thin films on flat and small
substrates. The spin-coating technique just needs a small amount of coating material solution,
which is applied on the center of the substrate while the substrate is spinning at low speed or
not spinning at all. Then the substrate is rotated at high angular speed to spread the coating
material by centrifugal force. The spin-coated film will be treated under thermal treatment to
evaporate the solvents, as represented in Figure 2.5.[6] However, this deposition technique is
not recommended for large substrates, since it is difficult to ensure uniform and high-quality
films over large areas. Moreover, there is a lot of wasted solution and, if the substrate is flexible

or has any roughness, it makes this process more difficult to form a thin film.

\
gl abhe alle

Figure 2.5. Schematic process of spin-coating deposition, starting from the dropping of the solution

until the evaporation of solvents.[6]

2.3.2.Slot-die coating

Slot-die coating, exemplified in Figure 2.6, is a versatile deposition process widely used for
producing thin and uniform films, and it is the most promising deposition technology for
upscaling PSCs since it can also be used with flexible substrates. This process involves the
delivering of a solution to a moving substrate through a narrow slit in the slot-die head. A
meniscus is formed when the solution contacts with the substrate, and the film extends along
the coating direction. When the ink solution delivery is not made using a syringe pumping, but
by manually dispensing a certain volume of ink solution on the substrate, a blade coating

deposition process occurs.

Achieving thin and uniform layers through slot-die deposition requires careful optimization of
several key parameters. These include the gap between the slot-die head and the substrate,
the plate speed and the temperature, and the flow/volume of the solution. Variation in these
parameters during slot-die coating can lead to coating defects, such as rivulets, ribbing, air

entrainment, and swelling and weeping at the upstream meniscus (Figure 2.7). These defects
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can affect the quality and consistency of the coated layers, highlighting the importance of
precise control and optimization in the manufacturing process. Rivulets are alternating coated
and uncoated stripes in the coating direction and they occur when the pressure difference
between the upstream and downstream meniscus is too high. Ribbing is a thickness undulation
on the deposited layer caused by excessive viscous forces that exceed the capillary force of the
meniscus. Air entrainment occurs when air bubbles become trapped within the coated film
caused due to high maximum wetting velocities. Swelling and weeping at the upstream
meniscus is caused by the decrease in the coating speed and the upstream meniscus is pulled

out past the slot-die head.[12, 13]

Ink
reservoir

Syringe pump

H—

----- «+ Wet film

Meniscus
.

Substrate

VACUUM PRESSURE

Figure 2.7. Coating window and some typical slot-die coatings defects.[14]
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Table 2.1 shows some literature examples of large area inverted PSCs in which at least one

layer was deposited by slot-die coating.

Table 2.1. Large-area inverted PSCs prepared using slot-die coating.

Slot-die coated
Device structure Area (cm?) PCE (%) | Year/Ref.
layer
ITO/PEDOT:PSS/MAPbI;.,Cl,/PCBM/BCP/Ag Perovskite 8.30 10.0 2018/[15]
FTO/NiO/MAPbI;/G-PCBM/BCP/Ag Perovskite 36.10 15.6 2019/[16]
FTO/NiO,/MAPbI;/PCBM/PEI/Ag Perovskite 3.78 10.3 2020/[10]
ITO/PTAA/MAPDbI;/Cg/BCP/Cu HTL, Perovskite 6.80 14.4 2020/[17]

2.3.3. Thermal evaporation

Thermal evaporation is a widely used technique for depositing thin films. It is particularly suited
for materials like metal electrodes that require precise thickness control or are challenging to
deposit using solution-based methods. In this process, the precursor material evaporates under
vacuum conditions as soon as it reaches its boiling point, facilitating rapid evaporation and
deposition onto substrates, as shown in Figure 2.8. For perovskite solar cell devices, thermal
evaporation is predominantly used for depositing metal electrodes onto the surface of the ETL.
This method enables the formation of uniform and dense electrodes with a controllable

deposition rate and total thickness. [6]
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Figure 2.8. Schematic representation of the thermal evaporation process.[6]
2.3.4.SEM characterization

Scanning Electron Microscopy (SEM) is a type of electron microscope that uses a focused
electron beam to scan sample surfaces to produce images. The electrons in the beam could
interact with the atoms inside the sample, producing a variety of signals that can be used for
collecting information about the samples including surface morphology, topography, and
composition. SEM can also be used to examine the surface morphology including roughness,

surface coverage and thickness of a film when a cross-sectional analysis is performed.[6]

2.4. |-V characterization

The principal photovoltaic parameters for the analysis of the performance of a solar cell are
the short-circuit current (Isc), the open-circuit potential difference (Voc), the maximum power
(Pmax), the fill factor (FF) and Power Conversion efficiency (PCE). These parameters can be

obtained by mean of the corresponding current-potential difference (/-V) curves - Figure 2.9.
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Figure 2.9. Current - potential difference curve for a solar cell.

The I-V curve can be described by the following equation:

qV
I = line — Io X enkT (2.1)

where [, is the light-generated electric current, that is produced in the presence of sunlight,

and I, x er% is the diode equation, which represents the current flowing through the diode I,
where I, is the “dark saturation current”. Actually, the p-n junction in all photovoltaic devices
behaves as a diode, so, the I-V curve of a solar cell is the superposition of the I-V curve of a
diode in the dark with the light-generated current. The dark saturation current [, is
proportional to temperature and decreases with enhanced material quality; q is the elementary
charge; V is the applied potential difference across the terminals of the diode, n is the ideality
factor (a number between 1 and 2, which increases as the current decreases); k is the
Boltzmann constant; and T is the absolute temperature. Equation 2.1 relates the electric
current with the potential difference, but as the diode equation increases exponentially with
increasing potential difference, this leads to an exponential decrease in the current flowing
through the external circuit.[18]

Looking together at Figure 2.9 and Figure 2.10, when there is no applied potential difference
all electrons photogenerated circulate through the external circuit but no power is produced
by the solar cell. This is the short-circuit situation. When the potential difference is disturbed,
there is a decrease in the electric field at the p-i-n junction and, according to the diode
equation, more electrons are needed to balance the junction, and reach equilibrium again. The

remaining electrons perform work in the external circuit, and they are accounted by the
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electrochemical station, producing the corresponding power. However, when the limit situation
is reached in which all the light-generated electrons are needed to balance the p-i-n junction
and no electrons circulate in the external circuit, no power is generated by the solar cell. This
is the open circuit situation. So, returning to Figure 2.9, one can see that there are two
characteristic points on this curve: i) a short-circuit situation corresponding to zero potential
difference and maximum current (Isc) and ii) an open-circuit situation in which the potential
difference is maximum, and the current is zero (Voc). In both cases, no power is produced, so
these points are not relevant for an operating solar cell.[18] Indeed, the point of interest in
operating any solar cell is when the maximum power (Pmax) is achieved, meaning that,

simultaneously, maximum current and maximum potential difference are reached - Figure 2.10.
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Figure 2.10. Power - potential difference curve for a solar cell.

Another relevant performance parameter is the fill factor (FF), which is the ratio between the
maximum power obtained from a solar cell and the product of Voc and Isc - Equation 2.4. This

value varies between 0 and 1, and higher values mean more efficient devices.

To calculate the PCE, given the maximum power of the cell and knowing the incident power

(100 mW-cm for 1 simulated sun), the efficiency is calculated using Equation 2.5.

V=RxI (2.2)

P=VxI 2.3)
Pmax

FF= —— 2.4

Isc X Voc (2.4)
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P
PCE (%) =%x 100 (2.5)

inc

Important to mention that some power dissipation may occur for an operating solar cell due to
resistive effects. The most common resistances are series resistance, Rs, and shunt resistance,
Rsh, illustrated in Figure 2.11. Series resistance in a solar cell may arise from the contact
resistance between the metal contacts and the absorber, and the resistance in the front and
back metal contacts. This resistance primarily decreases the fill factor, but if it becomes too
high, it can also lower the short-circuit current. On the other hand, significant power losses
due to shunt resistance (Rsu) are generally attributed to manufacturing defects rather than poor
solar cell design. Low shunt resistance causes power losses by creating an alternate pathway
for the light-generated current, which reduces the current flowing through the solar cell and

lowers the cell's potential difference. [18]

Rs
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Figure 2.11. Solar cell electrical circuit analogue.

In the presence of both series and shunt resistances, the /-V curve of the solar cell can now be
written as follows in Equation 2.6:
q(V+IRg)

1= Iipe—Ip—Isy = Iype — Iy x & mer —Lo8s (2.6)
Rsy
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3. Materials and Methods

3.1. Materials

The FTO-coated glass substrates (7 Q-sq™') were purchased from Greatcell Solar Materials.
Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) and [6,6]-Phenyl-C¢-butyric acid
methyl ester (PCBM) were purchased from Ossila. Bathocuproine (BCP, 99.99 % purity) was
purchased from Sigma-Aldrich. Perovskite films were fabricated using lead iodide (Pblz, 99.99 %
purity) purchased from TCl and methylammonium iodide (MAI, >99 % purity) purchased from
Sigma-Aldrich. Acetonitrite (ACN, anhydrous 99.8 % purity) was purchased from Sigma-Aldrich
and methylamine (MA(MeOH), 40 % in methanol) was purchased from TCIl. Anhydrous toluene
was purchased from Carlo Erba Reagents S.A.S. Acetone and anhydrous 2-propanol (IPA) were
purchased from Sigma-Aldrich. Silver (Ag, 99.999 % purity) pellets were purchased from Photon
Export.

3.2. Equipments

The following equipment was used to prepare inverted PSCs in this work: a slot-die coater [19]
- Figure 3.1a, a spin-coater (SPS-Europe, POLOS) - Figure 3.1b, and a thermal evaporator
(Oxford Vacuum Science) - Figure 3.1c. To analyze the morphology of the films a scanning

electron microscope (SEM, Desktop Phenom XL) was used - Figure 3.1d.

Figure 3.1. Equipments used in the preparation of the inverted PSCs: a) a slot-die coater[19], b) a
spin-coater[20], c) the thermal evaporator [21], d) the benchtop SEM [22].

Materials and Methods 17



Slot-die coating for efficient and scalable inverted perovskite solar cells in ambient air

3.3. Optimized procedure for preparation of inverted PSCs

The MAPbI;-based PSCs are fabricated wusing the inverted p-i-n architecture
(FTO/PTAA/MAPDI3/PCBM/BCP/Ag) and under ambient air, except for the PCBM and BCP layers

that were deposited in a glovebox filled with N,.

The FTO glass substrates were scribed using a laser ablation system (a 355 nm UV laser source
of 5 W power with a pulse frequency range of 20-200 kHz and a minimum pulse width of 15 ns)
to cut the FTO layer. The substrates were then cleaned with a 10 % aqueous solution of
Hellmanex and distilled water. Then, the substrates were cleaned with distilled water under
ultra-sonication for 10 min, followed by acetone and isopropanol for 15 min each. Then, the
substrates were dried with a N, stream and subjected to air plasma treatment for 15 min. The
cleaned FTO samples were then coated with a thin layer of PTAA as a hole transport layer. The
substrate was placed at the slot-die plate at 70 °C for 5 min. Then, 200 pL of 2 mg-mL™" of PTAA
dissolved in toluene was dispensed onto the substrate to form the meniscus. The coating speed
and the gap between the substrate and the slot-die head were set at 20 mm-s™ and 50 pm.

After PTAA deposition, the substrate was annealed at 100 °C for 10 min.

For MAPbDI; film, a 1.1 mol-L" solution of Pbl, and MAI dissolved in ACN:MA(MeOH) with a volume
ratio of 6:4 was prepared. The temperature of the slot-die plate was kept at 70 °C during the
coating process, and to ensure that the substrate was at the coating temperature, FTO/PTAA
substrates were placed in the plate for 5 min before starting the deposition. Then, 175 pL of
MAPDI; solution was dispensed into the substrate, and the slot-die deposition was performed
with a coating speed and gap set at 8 mm-s™ and 65 pm, respectively. The slot-die coated

MAPDI; samples were subjected to annealing at 80 °C for 10 min.

On top of the perovskite film, it was dropped 200 pL of 20 mg-mL™" of PCBM dissolved in
chlorobenzene; the sample was spun with a spin-coater (4000 rpm during 40 s) and then,
annealed at 100 °C for 10 min. After cooling down at room temperature, 250 pL of 0.5 mg-mL"
of BCP dissolved in 2-propanol was spun in the spin-coater (4000 rpm for 30 s). Finally, 80 nm

of Ag (back contact) was deposited by thermal evaporation under vacuum.[23]

The complete devices were characterized right after their preparation under air ambient and

temperature conditions. A black mask with 5 cm? was used to define the active area.

A solar simulator (150 W Oriel class A) calibrated using a silicon photodiode crystal (Newport,
USA) was used to simulate the power corresponding to 1 sun (100 mW-cm). The -V curve was
obtained by applying an external potential difference using a Zennium electrochemical station
(Zahner Elektrik, Germany) and measuring the generated current using Thales software (Thales
XT 5.1.4). The scan speed and potential difference step used were 20 mV-s™" and 10 mV,

respectively.
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The optimization procedure is necessary to obtain the best slot-die operating conditions. To do
the optimization, response surface methodology was used and implemented in a commercial
software (JMP). This method effectively minimizes the experimental effort by combining
mathematical and statistical tools for the investigation of processes in which the responses

depend on several variables.
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4. Results and discussion

The architecture of the inverted PSCs reported in this work is presented in Figure 4.1,
comprising FTO/PTAA/MAPbI3/PCBM/BCP/Ag.

Silver /

BCP

P s

FTO
Glass

Figure 4.1. Structure of the inverted PSC used in this work.

This work is divided into two parts: the optimization of the HTL layer deposition and the
optimization of perovskite layer deposition both using slot-die coating. To optimize the
deposition of the active layers on the slot-die coater, the influence of several parameters was
first studied, including the gap between slot-die head and substrate, the coating speed, the
concentration of the precursor solution, and the temperature of the slot-die plate. The
viscocapillary model of slot-die coating can be used to identify the optimal ranges of operating
parameters and to explain the impact of each operating parameter on the film quality.[24] The
capillary number (Ca) is a dimensionless number that represents the ratio between the viscous

and surface tension forces of a specific solution, according to equation 4.1:

3
2
2
Ca =065 — (4.1)
H
twet
Q
et = —— (4.2)

where Hpis the gap between the slot-die head and substrate, twe:is the wet film thickness, Q is
the pumping rate, w is the coating width and U is the coating speed. Using Equation 4.1 and
recognizing that the capillary number depends on the solution used, the variables influencing
the equation are the ratio between the gap, Ho, and the wet film thickness, twe:. Since the
volume of the solution, Q, and the coating width, w, remain constant, an increase in the coating
speed, U, leads to a corresponding decrease in the thickness of the wet film, twe: - Equation
4.2. Consequently, a smaller gap must be used to maintain the desired coating characteristics.

These equations help to understand the behavior of the slot-die deposition process. Better
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coatings are typically achieved with solutions that have low capillary nhumbers, low viscosity,

high surface energy and at low coating speeds.[24]

The slot-die coater was used to deposit PTAA hole transport material and perovskite layer. The
electron transport layer (PCBM) and the buffer material (BCP) were deposited by spin-coating,
following the host lab's optimized procedure.[23] The silver back contact was prepared by

thermal evaporation.

4.1. Optimization of PTAA layer

PTAA serves as the hole transport layer in inverted perovskite solar cells, with the primary
function of efficiently transport holes (positive charge carriers) from the perovskite active layer
to the electrode contact (here the fluorine tin oxide, FTO). The optimization of PTAA deposition
using slot-die coating began with assembling dummy cells, comprising only PTAA and silver back
contact. This approach allowed the analysis of the layer’s resistance to electrons passage. By
assessing their ohmic resistance using the /-V curve, the resistance could be calculated using
Equation 2.2. The dummy cells with higher slopes (R") indicate lower resistance, which is
desirable. The software JMP 18.0.1 was used to assist in the experimental design, optimizing
resource allocation and minimizing the number of experiments needed to achieve reliable
results. Parameters such as slot-die plate temperature, coating speed, gap between slot-die
head and substrate, and ink concentration were evaluated, using the response surface

methodology.

For the first optimization set of experiments, Table 4.1 shows the ranges of values used for
each parameter under study, while Table Ap. A. 1 presents the experiments suggested by the
software JMP. After performing the dummy devices with the suggested deposition conditions,
the ohmic resistance was calculated from the -V curves (see Figure 4.2 for the dummy cell
delivering lower ohmic resistance), and feedback was provided to the software. By running the
software, the optimal values for each parameter and desirability were obtained, which allowed
to understand the variability over the studied range for each parameter. The prediction profile

is presented in Figure 4.3.

Table 4.1. Process values and their corresponding limits for the first optimization of PTAA.

Temperature of the plate /°C 60-80

Plate speed / mm- s 15-25

Concentration of PTAA / mg-mL™* 1.5-2.0
Gap / um 50
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Figure 4.2. 1-V characterization of the dummy cell delivering lower ohmic resistance of PTAA layer.

Deposition conditions: 70 °C of plate temperature, 20 mm-s™ coating speed, 2.00 mg-mL"" of

concentration of PTAA and 50 pm of gap.
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Figure 4.3. Prediction profile from JMP software for the first optimization of PTAA deposition.

Analyzing Figure 4.3, it can be observed that for a fixed gap of 50 uym, the optimal speed is
21.66 mm-s™', and the plate temperature is 71.46 °C. In terms of concentration, the optimal
value is 1.5 mg-mL", which is the minimum value within the selected range. However, unlike
the other parameters, the performance curve increases for lower concentrations. Therefore, it

was necessary to explore the influence of concentrations below 1.5 mg-mL™".

A second optimization was then performed with a lower limit for the PTAA concentration and
varying also the gap. The temperature was maintained at the optimal value of 70 °C.

Temperature plays an important role in the evaporation of solvent, and increases the
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wettability of the substrate, allowing good surface coverage. This evaporation must be
controlled to form a film without voids. Given that the gap influences the coating speed, a
range of values for the gap was studied together with the study of the coating behavior at lower
concentrations of PTAA. The range of parameters studied in the second optimization is
presented in Table 4.2. The experiments suggested by the software and the results are presented
in Table Ap. A. 2.

Table 4.2. Process values and their corresponding limits for the second optimization of PTAA.

Temperature of the plate / °C 70
Plate Speed / mm-s™' 15-25
Concentration of PTAA / mg-mL"" 1.25-2.00
Gap / ym 50-200

Prediction Profiler
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Figure 4.4. Prediction profile from JMP software for the second optimization of PTAA deposition.

An analysis of Figure 4.4 indicates that at the optimized temperature, the optimal coating
speed is 15 mm-s™, the concentration is 1.88 mg-mL™" and the gap is 83.3 pm. There was no
significant variation in the coating speed and concentration values over the tested range, which
was consistent with the previous optimization results. Regarding the gap evaluation, higher
gaps and coating speeds during deposition led to increased meniscus instability. In those cases,
to maintain a stable meniscus and ensure complete surface coverage, more volume of solution
was required. This is explained by Equation 4.1 and Equation 4.2, which show that, for the

same capillary number, a higher gap is compensated with an increase in the wet film thickness.
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This can be achieved by increasing the volume of solution used or by decreasing the coating
speed. For experiments with higher gaps (Ho > 125 pym), to form a stable meniscus it was
necessary to increase the volume of PTAA solution. Since PTAA is an expensive material, this

range of values becomes less economically feasible.

Based on these results, the best PTAA deposition conditions were tested in full devices, because
having a low resistance does not guarantee that the film is uniform or has the ideal thickness
for efficient hole transport. SEM characterization cannot be used to directly analyze the

morphology of the deposited film because the PTAA layer is colorless and a very thin film.

To fabricate the complete devices, perovskite layer was also deposited using slot-die coating
instead of the usual spin-coating. This choice was made to anticipate certain challenges
associated with perovskite deposition by slot-die coating, even if its full optimization will be
done next. Typically, the spin-coating process uses DMF as the perovskite precursor solvent.
However, due to its high boiling point and the need for an antisolvent process to assist
crystallization, this solvent system is not adequate for slot-die deposition. Consequently,
solvents with lower boiling points, such as ACN and MA(MeOH), are employed. Low boiling point
solvents eliminate the need for antisolvents to assist perovskite crystallization, as the
temperature-induced evaporation of solvents initiates crystal growth.[17] From an industrial
point of view, avoiding antisolvent-assisted crystallization is also of great importance as it
eliminates the operator influence in the assembly, enhancing reproducibility. Since the PTAA
layer is hydrophobic, it is necessary to increase the wettability of the substrate to allow the

perovskite solution to spread properly. For this purpose, the slot-die plate was heated. [17]

After preparing and characterizing the full inverted PSC devices, it was noticed that all the
cells were short-circuited. Indeed, achieving working PSCs necessitates a uniform film and well-
developed crystals. To determine the causes of these short-circuits, the morphology of the cells
was analyzed using SEM characterization. Figure 4.5 shows the SEM images showing the surface

morphology of the cells.
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Figure 4.5. Top-view images of the surface morphology of the perovskite layer using SEM

characterization.

After analyzing these images, it was concluded that there is material removed from the surface.
This material was the perovskite layer, resulting in the formation of large voids in the film,
allowing the PTAA to contact the PCBM, therefore creating a direct pathway for charge carriers
and leading to a short-circuit in the cell. For solving this issue, it was needed to first ensure
adequate perovskite crystallization. For that, the influence of the temperature of the slot-die
plate and sintering were studied to achieve a void-free perovskite layer, as the voids appear
after the perovskite crystallization with the temperature being the only variable. Each of these
parameters, presented in Table 4.3, has a distinct impact on the perovskite layer deposition

and correspondent crystallization.

Table 4.3. Range of temperatures studied.

Slot-die plate temperature / °C 35, 40, 50, 60, 70, 80

Sintering temperature / °C 80, 100

For the cell function properly, the perovskite film must be uniform and well-crystallized with
large crystals. Figure 4.6 shows that at lower slot-die plate temperatures, smaller crystals are
formed, but increasing the temperature of the slot-die plate results in larger crystals. However,
at 80 °C more voids are observed compared to other temperatures. So, it is possible to conclude
that 70 °C is the optimal temperature for the best perovskite film crystallization.
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e)

Figure 4.6. SEM images of perovskite layer using a sintering temperature of 100 °C and different slot-
die plate temperatures: a) 35 °C, b) 40 °C, c) 50 °C, d) 60 °C, e) 70 °C, f) 80 °C.

To evaluate the sintering temperature, a slot-die plate temperature of 70 °C was used in both
cases and the SEM images are shown in Figure 4.7. It is possible to observe that no voids were
observed at a sintering temperature of 80 °C, whereas at 100 °C many voids were seen. So, it
is possible to conclude that these voids were caused by the higher sintering temperature, which

led to rapid solvent evaporation.

a) b)

Figure 4.7. SEM images of the perovskite layer using different sintering temperatures: a) 80 °C,
b) 100 ° C.
The slot-die plate temperature directly influences the crystallization of the perovskite film.
With a perovskite film free of voids, it is now feasible to fabricate fully functional devices using
a slot-die plate temperature of 70 °C and a sintering temperature of 80 °C.
With a reasonable perovskite deposition quality, full inverted PSC devices were prepared using

the two optimal conditions provided by the JMP software optimization for the PTAA deposition
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using slot-die coating (Conditions 2 and 3 in Table 4.4). Additionally, another set of deposition
conditions was tested, specifically the conditions that resulted in the lowest ohmic resistance
when dummy cells were assembled - Figure 4.2. This condition is labeled as Condition 1 in Table

4.4. Figure 4.8 presents the principal photovoltaic parameters of the PSC cells prepared.

Table 4.4. Conditions of PTAA used for preparing full PSC devices.

Condition 1

Condition 2

Condition 3

Concentration: 2 mg-mL"
Speed: 20 mm-s
Gap: 50 pm

Temperature: 70 °C

Concentration: 1.5 mg-mL"
Speed: 21.66 mm-s™'
Gap: 50 ym

Temperature: 70 °C

Concentration: 1.88 mg-mL"’
Speed: 15 mm-s
Gap: 85 um

Temperature: 70 °C
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Figure 4.8. Photovoltaic performance parameters of the PSC devices prepared based on the three
selected conditions for the PTAA slot-die deposition: a) Voc, b) Jsc, ¢) FF, d) PCE.
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From the analysis of Figure 4.8, it was observed that conditions 1 and 2 exhibit very similar
photovoltaic parameters, while condition 3 shows significantly poorer performance. The
analysis demonstrated that the champion device was obtained for condition 1 with good
reproducibility: 7.51 %, 0.83 V, 17.53 mA-cm™ and FF of 0.52.

4.2. Optimization of perovskite layer

After finding the optimal condition for the PTAA layer, the perovskite layer was optimized using
complete devices. Using the [-V curve, the PCE can be calculated using Equation 2.4 and
Equation 2.5. The software JMP was used to assist in the design of performed experiments.
Table 4.5 presents the ranges of values used for each parameter evaluated. The suggested
experiments by the software and corresponding results are shown in Table Ap. A. 3. After
performing the complete devices with the suggested deposition conditions, the PCE was

calculated (Figure 4.9), and feedback was provided to the software (Figure 4.10).

20.0

15.0 +

10.0 +

Current density / mA:cm2
o
o
f

0.0 - f f f f
0.0 0.2 0.4 0.6 0.8 1.0

Potential difference / V

Figure 4.9. |-V curve for a complete PSC device. Deposition conditions: 70 °C for the slot-die plate
temperature, 80 °C for sintering temperature, 10 mm-s' coating speed, 1.1 mol-L' of perovskite

concentration and 50 um Gap.
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Table 4.5. Process values and their corresponding ranges for the perovskite slot-die deposition

optimization.
Temperature of the slot-die plate / °C 70
Coating Speed / mm-s™" 8-25
Concentration of perovskite / mg-mL"" 0.75-1.25
Gap / pm 50-200

Prediction Profiler

3 6,2604

ks 4

2

= 1 2
0
1

2 075

20120029 05

g 0.25

0

S 8 a 8 o wn 8 m @ & = N o n uwn K\ -
= - 3 = o L
= - ~ < 2 & 2P e
63,046942 speed concentration
GAP (um) (mms-1) (M) Desirability

Figure 4.10. Prediction profile from JMP software for the perovskite optimization.

An analysis of Figure 4.10 reveals that the optimal coating speed is 8 mm-s™, the concentration
of perovskite solution is 1.09 mol-L™", and the gap is 63.05 pm. Significant variations were
observed in coating speed, ink concentration and gap across the range values tested. Lower
concentrations resulted in a non-compact perovskite film and smaller crystals, which increased
electron recombination and reduced current density. Regarding the gap, instability of the
meniscus was observed at higher values, =125 pym, making it difficult to deposit the layer
uniformly across the substrate. This behavior mirrors observations made during PTAA
optimization. Indeed, as explained by Equation 4.1 and Equation 4.2, a higher gap requires
increasing the wet film thickness, the volume of solution used, or decreasing the coating speed.
Since the coating speed varied, it was necessary to increase the volume of solution used. For
gaps larger than 200 pym, it was observed that even with an increased volume of solution, the

meniscus did not remain stable.
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SEM characterization was essential for analyzing the morphology and thickness of the perovskite
film. In Appendix C, top-view and cross-sectional SEM images are presented to aid in
characterizing the films under the conditions specified in Table Ap. A. 3. These images facilitate
the analysis of defects inherent to the deposition process, as explained in Figure 2.7. Across all
deposition conditions tested, the most prevalent defect observed was ribbing, which becomes
more pronounced at higher values of coating speed and gap. In contrast, lower coating speeds
and gaps lead to more uniform films with less variation in thickness across the deposition area.
Air entrainment defects are particularly evident at higher gap values, and increasing the coting
speed exacerbates their occurrence in the perovskite film. The relationship between the

coating conditions and these defects is detailed in Table 4.6.

Table 4.6. Relationship between the coating conditions used and defects observed.

Coating conditions Defects
High coating speed and high gap Lots of air entrainment and ribbing
High coating speed and low gap Some ribbing
Low coating speed and high gap Some air entrainment and ribbing
Low coating speed and low gap Slight ribbing

Following, the coating conditions that can lead to higher efficiencies were determined. The

main photovoltaic parameters are presented in Figure 4.11 and Table Ap. B. 2.
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Figure 4.11. Photovoltaic performance parameters of the PSC devices prepared with the optimal

conditions obtained with optimized perovskite slot-die deposition: a) Voc, b) Jsc, ¢) FF, d) PCE.

Figure 4.11 demonstrates good reproducibility in the slot-die coating process, which relies more
on equipment precision than operator skills. The average Voc was 0.83 V, Figure 4.11a,
indicating some energy mismatch in the interface active layer that affects device performance.
The average Jsc was 18.86 mA-cm, Figure 4.11b, suggesting effective crystallization of the
perovskite film and good uniformity. The FF, slightly below 0.5, Figure 4.11c, may be attributed

to structural defects within the device but is typical for larger devices due to increased
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substrate series resistance (here 5 cm?). The average PCE was 6.96 %, Figure 4.11d, highlighting
the champion device performance reaching 7.32 % PCE (0.85 V, 18.88 mA-cm™ and FF of 0.46).

Using SEM characterization, it was possible to compare the images in Appendix C with those of
the PSC device prepared under optimized conditions, and which are presented in Figure 4.12.
Analysis of this image reveals that the film exhibits good crystallization and uniformity, and it

is relatively thin, with approximately (1.855 + 0.555) ym. The film is highly compact, showing

minimal thickness variations and no air entrainment.

Figure 4.12: SEM images of PSC device prepared with optimized slot-die coating conditions: a) top-

view, and b) cross-section.

In order to analyze the uniformity of the deposition along the substrate, a PSC device was

divided into 3 smaller cells using the laser ablation system- Figure 4.13.

Direction of deposition on the substrate

Back-Contact

Figure 4.13. PSC device divided into 3 small cells to evaluate the quality of the slot-die coating

deposition.

Figure 4.14 displays the I-V curves for both the 5 cm? device and its segmented parts. Analysis
of these curves reveals that each segmented part exhibits slightly superior performance
compared to the 5 cm? device, as expected since it is characterizing a smaller area with likely
fewer defects.[25] This analysis is crucial for evaluating the shunt resistance and series
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resistance in each segmented part in order to assess the quality of layers deposition. An ideal
device will have a fill factor equal to 1. However, due to the presence of shunt and series
resistances, there is a loss of current density along the electrical circuit analogue, attributed
to recombination or poor contact between the layers -Figure 2.11. Low shunt resistance results
in a decrease in current density at high potential differences, whereas high series resistance
leads to a reduced current density at low potential differences. Optimal device performance

requires a high shunt resistance and low series resistance, ideally achieving a FF close to 1.[18]
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Figure 4.14. Current Density - potential difference curve for a full PSC device (5 cm?) and its

segmented parts (2.2 cm?).

At the beginning of the substrate (Zone 1), there is a decrease in series resistance and an
increase in shunt resistance, resulting in higher FF and improved PCE. This suggests fewer
defects and lower recombination of charges. In the intermediate section (Zone 2) and in the
final section of the substrate (Zone 3), the behavior resembles that of the 5 cm? device,
although with a higher current, possibly due to better perovskite crystallization. Zone 3 has a
higher shunt resistance when compared with the 5 cm? device, resulting in a higher FF and
higher PCE. In conclusion, it can be stated that the substrate underwent uniform deposition
because all segmented parts exhibited comparable PCE.After optimizing PTAA and perovskite
layers deposition using slot-die coating, a bench marketing between our results and those
reported in existing literature should be conducted. Annex A includes two tables, Table An. A

1 and Table An. A 2, which presents the efficiencies of devices where at least the perovskite
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layer was deposited using slot-die coating, produced under ambient air and in a controlled
atmosphere, respectively. Figure 4.15 displays the values from these tables alongside the result

obtained in this work: 7.32 % with an active area of 5 cm?.
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Figure 4.15. PCE of PSC devices prepared using slot-die coating (at least the perovskite layer) as a
function of the active area. Individual solar cells are represented by circles and modules are represented
by squares. The blue color refers to devices produced under ambient air and the green color to devices
made in a controlled atmosphere. The best-performing PSC device obtained based on this work is

represented with a triangle. Adapted from ref. [25].

The increase in active area results in decreased efficiency, as indicated by the yellow dashed
lines. This trend has been documented in previous studies. [25] Devices manufactured in
ambient air demonstrate inferior performance compared to those produced in a controlled
atmosphere. When compared to results reported in the literature, the champion device
developed in this work falls below the reported values. It is important to note, however, that
the device size range used in this study falls within the region where module results are typically
presented, which makes direct comparison less equitable due to the influence of increased area
on final performance. Moreover, the perovskite material used in this study features a simple
structure and stability under ambient conditions, but additional structural modifications could
enhance light absorption efficiency. Further optimization is needed for the other active layers

to achieve a fully slot-die coated device.
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5. Conclusion

To reduce dependency on fossil fuels, renewable energies have emerged as a viable alternative.
Solar energy, in particular, has experienced rapid development driven by increased investment
in the sector. The introduction of perovskite solar cells has significantly advanced the field of
solar cells due to their characteristics and the ability to deposit them in both flexible and rigid
substrates, approaching efficiencies of silicon-based solar cells. Among the various technologies
for thin-film deposition available, this work focused on the slot-die coating, known for its
advantages in scaling up and implementing roll-to-roll processing (deposition on a roll of

flexible plastic).

This study aimed at two main objectives: optimizing the PTAA layer deposition using a slot-die
coater and subsequently the perovskite layer deposition. The optimized conditions for the PTAA
layer were as follows: coating speed of 20 mm-s™, gap of 50 um between the slot-die head and
the substrate, slot-die plate temperature of 70 °C, sintering temperature of 100 °C and PTAA
concentration of 2 mg-mL". For the perovskite layer, the optimal conditions were: coating
speed of 8 mm-s™', gap of 65 pm, slot-die plate temperature of 70 °C, sintering temperature of

80 °C and a perovskite precursor concentration of 1.1 mol-L™.

The highest efficiency achieved for a PSC prepared with these optimized conditions was 7.32 %
for an active area of 5 cm?. The PSC device was then divided into three parts to analyze the
uniformity of the deposition. Zone 1 presented higher FF but lower current, whereas Zones 2
and 3 showed lower FF but higher current. This led to an improved efficiency of 8.75 % for an
active area of 2.2 cm® corresponding to Zone 1. Indeed, for this evaluation of efficiency
throughout the cell deposition process, it was observed that while the efficiency remained
relatively stable, there were variations in shunt and series resistance as well as in current

density generation.

When compared to the literature values for the same coating technique, the results of this work
are slightly lower but still within an acceptable range. This indicates that while promising,

there is room for improvement.

Future work should focus on several modifications to further enhance efficiency. These include
altering the perovskite structure, incorporating additives to increase humidity stability, using
a gas knife to improve crystallization during the deposition, optimizing the slot-die deposition
for the PCBM layer and doing a morphological analysis by dividing the substrate to understand
the optimal substrate size for module fabrication. These efforts aim to contribute to the overall

advancement of perovskite solar cell technology.
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6. Assessment of the work done

6.1. Objectives Achieved

This study represents the first exploration of slot-die deposition within the host laboratory.

Thus, the primary objective was to optimize the deposition of the active layers, mainly

envisaging deposition under ambient conditions. For that, a simple MAPbI; perovskite structure

was selected. It was successfully deposited by slot-die coating the PTAA and perovskite layers,

while PCBM and BCP were deposited by spin-coater. Future work will focus on the optimization

of these remaining layers, and adapt the deposition of the perovskite to more complex

structures but with enhanced efficiency, aiming to fulfil the project's ultimate objectives.

6.2. Contribution to the Sustainable Development Goals

ODS | Targets Contribution Performance indicators and metrics
) Perovskite solar cells can be produced at a
Ensure universal access o o
) lower cost compared to traditional silicon-
to modern, reliable and ) )
7.1 based solar cells, which can contribute to the
affordable energy ) )
) widespread of solar technologies and make
services
them more affordable and accessible
The major advances in the efficiency of
perovskite solar cells, combined with their low-
Increase renewable cost production and the versatility of
7.2 energy share in the total | applications, make them a good candidate for
final energy consumption revolutionizing the photovoltaic market and
. offer great potential for meeting the world’s
energy needs.
Perovskite solar cells can be integrated into
buildings as an energy-efficient solution to turn
them into decentralized energy producers. In
addition, as an off-grid energy system,
Double the overall rate ]
o perovskite solar cells offer an excellent
7.3 of energy efficiency

improvement

opportunity for developing countries to reduce
inequality between urban and rural areas, as
electricity can be provided in a short time,
people do not have to wait several years to be

connected to the national grid.
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13

13.2

Reduction of the total
greenhouse gas emissions

per year

Photovoltaic technologies are sustainable and

clean energy sources with less pollution during

their lifetime compared to other renewable
energy sources. In particular, perovskite solar
cells use abundant raw materials and low-
energetic demanding fabrication processes,
leading to a low carbon footprint and
environmental impact even when compared to

silicon panels.

6.3. Final Assessment

This project had a very positive impact, as it facilitated the development of important research

skills and provided valuable laboratory experience. It was challenging due to various obstacles

encountered along the way, both at the project and personal levels, which fostered resilience

and enhanced problem-solving abilities. Additionally, it provided an opportunity to explore new

domains of engineering, particularly thin-film deposition techniques.

Assessment of the work done
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Annex A - Efficiencies of PSC devices reported in literature according to

the active area

Table An. A 1. PSC devices produced in ambient air conditions.

Device Active area / cm? PCE / % Year / Ref.
0.09 15.20 2018/[26]
0.10 12.70 2018/[27]
cell 0.10 21.80 2020/[17]
0.13 14.50 2020/[28]
0.30 12.30 2019/[7]
2.10 14.90 2022/[29]
3.78 10.34 2020/[10]
6.80 14.40 2020/[17]
module 8.30 10.00 2018/[15]
17.60 10.60 2017/[30]
20.77 16.63 2021/[31]
168.75 11.10 2018/[32]

Annex A - Efficiencies of PSC devices reported in literature according to the active area 45
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Table An. A 2. PSC devices produced in a controlled atmosphere.

Device Active area /cm? PCE / % Year / Ref.
0.01 18.30 2018/[33]
0.06 18.00 2018/[34]

cell

0.09 22.70 2020/[35]
0.16 20.80 2021/[36]
2.20 14.60 2021/[36]
7.92 19.60 2020/[35]
10.20 18.70 2020/[35]
12.00 15.20 2021/[37]

module
16.07 14.89 2018/[38]
36.10 15.60 2019/[16]
144.00 13.80 2018/[39]
151.88 11.10 2018/[39]

Annex A - Efficiencies of PSC devices reported in literature according to the active area
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Annex B - Sustainable Development Goals
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Appendix A - Set of experiments for PTAA and perovskite layer

optimization

Table Ap. A. 1. Set of experiments to be performed according to JMP software and the results

obtained for the first PTAA optimization.

R sp_?ed i Sl plateo Ink concentration / mg-mL"! R/ Q1
mm-s temperature / °C
1.50 0.95
60
2.00 1.1
15 70 1.75 1.25
1.50 1.14
80
2.00 1.2
60 1.75 1.09
1.50 1.28
1.05
20 70 1.75
1.24
2.00 1.34
80 1.75 1.19
1.50 1.24
60
2.00 0.9
25
70 1.75 1.03
80 1.50 1.23

Appendix A - Set of experiments for PTAA and perovskite layer optimization
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Table Ap. A. 2. Set of experiments to be performed according to JMP software and the results

obtained for the second PTAA optimization.

Coat:ll;\rgn???ed 4 Ink concentration / mg-mL" Gap / pm R'/Q1
50 0.93
1.25
200 0.00
15 1.63 125 1.01
50 1.11
2.00
200 0.00
1.25 125 0.90
50 1.06
20 1.63 125 0.94
200 0.00
2.00 125 1.05
50 0.89
1.25
200 0.00
25 1.63 125 1.14
50 1.01
2.00
200 0.00
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Table Ap. A. 3. Set of experiments to be performed according to JMP software and the results

obtained for the perovskite optimization.

Coat:‘]\i?gfed " | Ink concentration / mol-L-! Gap / pm PCE /%

50 1.62
0.75 125 4.81
200 0.00
8 1.00 125 6.59
50 3.03
1.25 125 4.38
200 0.00
50 2.70

0.75
125 0.13

10
1.10 50 7.51
1.25 50 6.71
0.75 125 1.93
50 2.85
2.72
16.5 1.00 125
2.36
200 0.00
1.25 125 4.16
50 3.14
0.75 125 0.10
200 0.00
25

1.00 50 3.00
50 3.34

1.25
200 0.00

Appendix A - Set of experiments for PTAA and perovskite layer optimization 51
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Appendix B - Principal photovoltaic parameters of solar cells

Table Ap. B. 1. Principal photovoltaic parameters of full PSCs prepared with the selected deposition

conditions of PTAA, under illumination of 1 sun (100 mW-cm?, AM 1.5, room temperature).

Voc/V Jsc / mA-cm? FF PCE/ %

0.83 17.53 0.51 7.51

0.83 18.81 0.46 7.19

Ink coqcentration: 2 mg-mL™’ 0.76 12.70 0.62 5.99
Coating speed: 20 mm-s"

Gap: 50 ym 0.83 18.09 0.43 6.45

Slot-die plate temperature: 70 °C 0.83 18.89 0.46 7.32

0.86 17.29 0.40 5.93

0.77 15.51 0.46 5.49

0.84 15.62 0.43 5.68

Ink co'ncentration: 1.5 mg-mL" 0.85 14.18 0.37 4.40

Coating SG":;.“;; L’nﬁ(’ LIUER 0.83 16.18 0.49 6.67

Slot-die plate t.emperature: 70 °C 0.84 16.79 0.51 7.14

0.77 13.46 0.60 6.21

0.84 16.11 0.39 5.30

Ink concentration: 1.89 mg-mL" 0.81 16.43 0.45 5.99

C““”%Z‘;‘fe;g J;mm's'1 0.85 15.25 0.49 6.41

Slot-die plate temperature: 70 °C 0.76 16.82 0.39 4.98

0.76 16.82 0.39 4.98

Table Ap. B. 2. Principal photovoltaic parameters of full PSCs prepared with the optimized deposition

conditions of perovskite layer, under illumination of 1 sun (100 mW-cm?, AM 1.5, room temperature).

Voc/V Jsc / mA: cm? FF PCE / %
0.84 17.39 0.44 6.49
0.83 20.86 0.38 6.55
0.84 18.88 0.46 7.32
Ink congentration: 1.1 mo_l-L'1 0.79 18.69 0.49 7.91
Coating speed: 8 mm-s"
Gap: 65 pm 0.87 16.21 0.37 5.27
Slot-die plate temperature: 70 °C 0.86 19.02 0.44 7.30
0.80 17.73 0.36 5.13
0.85 18.59 0.46 7.19
0.81 18.63 0.44 6.62
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Table Ap. B. 3. Principal photovoltaic parameters of full PSC devices and the segmented device

prepared using the optimized PTAA and perovskite slot-die conditions.

Voc/V Jsc / mA-cm2 FF PCE / %
5 cm? 0.86 19.02 0.44 7.30
Zone 1 0.87 18.89 0.53 8.75
Zone 2 0.86 19.97 0.44 7.51
Zone 3 0.87 20.38 0.47 8.40
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Appendix C - SEM images of the perovskite layer

a) b)

Figure Ap. C. 1. SEM images: a) top-view, and b) cross-section (perovskite slot-die deposition

conditions: 8 mm-s' coating speed, 0.75 mol-L" of perovskite solution concentration and 50 um of

gap).

a) b)

Figure Ap. C. 2. SEM images: a) top-view, and b) cross-section (perovskite slot-die deposition

conditions: 10 mm-s’' coating speed, 0.75 mol-L"" of perovskite solution concentration and 50 um of

gap).

Appendix C - SEM images of the perovskite layer 55
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a) b)

Figure Ap. C. 3. SEM images: a) top-view, and b) cross-section (perovskite slot-die deposition

conditions: 25 mm-s’' coating speed, 0.75 mol-L"" of perovskite solution concentration and 50 um of

gap).

a) b)

Figure Ap. C. 4. SEM images: a) top-view, and b) cross-section (perovskite slot-die deposition

conditions: 8 mm-s' coating speed, 0.75 mol-L"" of perovskite solution concentration and 125 um of

gap).
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a) b)

Figure Ap. C. 5. SEM images: a) top-view, and b) cross-section (perovskite slot-die deposition

conditions: 16.5 mm-s' coating speed, 0.75 mol-L"" of perovskite solution concentration and 125 um of

gap).

Figure Ap. C. 6. SEM images: a) top-view, and b) cross-section (perovskite slot-die deposition

conditions: 25 mm-s’' coating speed, 0.75 mol-L"' of perovskite solution concentration and 125 um of

gap).
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Figure Ap. C. 7. SEM images: a) top-view, and b) cross-section (perovskite slot-die deposition

conditions: 16.5 mm-s' coating speed, 1.00 mol-L"" of perovskite solution concentration and 50 ym of

gap).

a) b)

Figure Ap. C. 8. SEM images: a) top-view, and b) cross-section (perovskite slot-die deposition

conditions: 25 mm-s’' coating speed, 1.00 mol-L"" of perovskite solution concentration and 50 um of

gap).
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a) b)

Figure Ap. C. 9. SEM images: a) top-view, and b) cross-section (perovskite slot-die deposition

conditions: 8 mm-s' coating speed, 1.00 mol-L"" of perovskite solution concentration and 125 um of

gap).

Sl it il o o aM-—

a) b)

Figure Ap. C. 10. SEM images: a) top-view, and b) cross-section (perovskite slot-die deposition

conditions: 16.5 mm-s' coating speed, 1.00 mol-L" of perovskite solution concentration and 125 um of

gap).
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a) b)

Figure Ap. C. 11. SEM images: a) top-view, and b) cross-section (perovskite slot-die deposition

conditions: 8 mm-s' coating speed, 1.25 mol-L" of perovskite solution concentration and 50 ym of

gap).

a) b)

Figure Ap. C. 12. SEM images: a) top-view, and b) cross-section (perovskite slot-die deposition

conditions: 10 mm-s' coating speed, 1.25 mol-L'! of perovskite solution concentration and 50 um of

gap).
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a) b)

Figure Ap. C. 13. SEM images: a) top-view, and b) cross-section (perovskite slot-die deposition

conditions: 25 mm-s’' coating speed, 1.25 mol-L"" of perovskite solution concentration and 50 um of

gap).

a) b)

Figure Ap. C. 14. SEM images: a) top-view, and b) cross-section (perovskite slot-die deposition

conditions: 8 mm-s' coating speed, 1.25 mol-L" of perovskite solution concentration and 125 um of

gap).
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a) b)

Figure Ap. C. 15. SEM images: a) top-view, and b) cross-section (perovskite slot-die deposition

conditions: 16.5 mm-s™' coating speed, 1.25 mol-L"" of perovskite solution concentration and 125 ym of

gap).
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