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Abstract

The high—pmnversion efficiencies (PCEs) of perovskite solar cells (PSCs) on lab-scale devices
triggers ed to develop scalable manufacturing processes to accelerate their commercialisation
transition. -roll (R2R) vacuum-free printing on flexible substrates allows for high-volume and
low-co ring which is especially well-suited for PSCs due to its solution processibility and
low temperature annealing requirements. Herein, a facile hot deposition technique is reported to

fabricate t N (Cspo7FA070MAG 14Pb(lg.g3Bro.17)s) perovskite films in an ambient environment

using a R2 e coating method. This perovskite composition, whilst being most studied in lab

devices du€ igh efficiency and stability, has not been applied in R2R fabrication thus far. The
demonstr slot-die coated flexible PSCs achieve stabilized PCE reaching 12% at maximum
power rted ‘p-i-n’ architectures, the highest efficiency reported to date for R2R inverted

PSCs. T#is, the underlying hole transport layer (PEDOT:PSS) is modified with guanidium
iodide (GAme which leads to the formation of large milli-metre sized perovskite clusters,
improved e crystallinity, and enhanced charge-transfer efficiency. This study highlights the

potential acile hot-deposition method while providing critical insights into the role of

This article is protected by copyright. All rights reserved.
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interfacial engineering in eliminating performance losses and fabricating efficient printed flexible

e
1. Intro @

L

Organic-inmetal halide perovskite materials have generated enormous interest due to their

PSCs.

simple pr (-5l

tunabilitylemight absorptionm, high charge mobility[s] and long carrier diffusion Iengths.[gl The
r

record lab

requirements and superior opto-electronic properties including band-gap

cale power conversion efficiency (PCE) for single-junction perovskite solar cells

(PCSs) has reached 25.5%, rivalling most of the established photovoltaic (PV) technologies

such as sili Y copper indium gallium selenide (CIGS), and cadmium telluride (CdTe)-based solar

cells.™ wij € unique combination of these favourable characteristics and rapid progress, PSCs
gl

have the to be a cost-competitive clean energy technology. To accelerate the

commercimof PSCs, the development of industrially-compatible large-scale manufacturing
r

processes a red./tt-1el

Among the ossible production methods, roll-to roll (R2R) manufacturing on low-cost flexible
substra ing solution-based coating and printing deposition methods allows high-volume and
low-cost manufacturing. Such a R2R scheme is especially suited for PSCs due to their solution
processibililly and low-temperature annealing requirements. Various scalable fabrication techniques

17 slot-die coating (SDC)™™®, doctor-blading™ and gravure printing® have

such as inkjet_printing
been succd @ ilised for the deposition of perovskite films. Notably, SDC is the most facile and

scalable technique that allows in-situ patterning and control of coating characteristics, such as wet

layer thick@less and coating width using printing parameters such as the web speed, solution flow

rate, and cpated width.”* Thus, SDC has yielded promising results in the deposition of perovskite

films and Jthers functional layers comprising a PSC on flexible substrates using R2R set-up under

ambient conditionim_zs]

<C
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Among all the functional layers comprising PSCs, the perovskite layer is the most challenging to
fabricate a uniform film in continuous large-scale production. This is because many processes that
are repWerate uniform perovskite films in the laboratory require an inert environment
using the ble spin-coating methods. These processes often cannot be directly transferred
to R2R promo the sensitivity of perovskite films to moisture during crystallization 2% and
the dymamiemmatmme of film formation in spin-coating, which cannot be replicated by scalable

methods th-die coating.”*" Thus, a substantial amount of work is required to re-optimise
and re-courocesses such that they can be made compatible with ambient fabrication

7

Achieving uniformfilms was one of the earliest challenges in the development of PSCs at the

conditions lable printing and coating methods.

laboratory " Which led to numerous approaches to generate high quality films with full surface
coverage controlling nucleation and crystal growth. Some of the these approaches are gas-
quenching!® olvent treatment® the two-step sequential deposition method™®"! and hot-

depositionm many of these methods have been adapted to R2R manufacturing, the hot-
e

deposition is arguably the most appealing for several reasons.'®*>**3) Firstly, the hot-

[38]

deposit suited to most perovskite compositions in an economical one-step process.

Secondly, i acile approach that requires only a pre-heated substrate and/or solution
immedi to/during deposition at a temperature optimized for a specific perovskite
composition.®** Thirdly, the simple one-step precursor solution allows room for additive

engineerin er improve coating unformity.

| [42]
3 ’

To date, ation has been reported for basic perovskite formulations such as MAPb

MAFAPbI;" and CsFAPbI,™* especially in planar ‘n-i-p’ structures. A table collating research on R2R
devices is \gresented in Supplementary Table 1. Arguably, the most promising bulk perovskite
compositio@ is a mixed-cation mixed-halide such as Csgo7FAg 79 MAg 14Pb(1 o83 Bro.17)3, first reported by
Saliba eHre are no reports of scalability for this formulation.” Based on our experience,

this formulation isfextremely difficult to process through nitrogen blowing or anti-solvent methods

under ambient ironments. In this work, we employ the hot-deposition technique for this

This article is protected by copyright. All rights reserved.
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perovskite composition in an inverted ‘p-i-n’ structure. A p-i-n architecture is preferable to an n-i-p
architectures due to their long-term operational lifetimes, versatile fabrication techniques, and low-
temperaMssing routes.**™*¥ However, p-i-n exhibit inferior PCE values compared to n-i-p
architectur o non-radiative recombination and open-circuit voltage (Voc) losses which limit

the device [150-52]

|
To mitigateathese detrimental effects, we fabricated R2R flexible PSCs (f-PSCs) in p-i-n architectures
by doping idium iodide (GAIl) additive into a poly(3,4-ethylenedioxythiophene) polystyrene

sulfonate (PEDOTBSS) hole transport layer as an interface modifier. This modification improves

C

coating unifor of subsequently R2R-coated perovskite film, enhances perovskite crystallinity,

increases pergVskite cluster size, supresses surface defects, and improves charge extraction, thereby

S

leading t ed optoelectronic properties and photovoltaic device performance. This

J

passivation strat yields a champion PCE of ~12% on an active area of 0.20 cm” for R2R p-i-n PSC

devices, w issthe highest reported for p-i-n structures in general and for a mixed-cation mixed-

halide per ite composition in particular.

1

2. Re Discussion

Ma

A p-i-n device architecture was used in this study for the following reasons: p-i-n devices can be

manufactu

E

w temperatures (< 140 °C), which lie within the thermal tolerance of plastic

[53]

substrates the polyethylene terephthalate (PET) films commonly used in R2R coating””,

)

[54]

their ease of fabrication”™™, and charge transport layers (CTLs) in p-i-n architectures are

comparatively less absorptive than n-i-p ones, which reduces the risk of potential performance
[ 4
losses during device operation.[SS] Figure 1a illustrates the employed device configuration;
PET/indium-doped tin oxide (ITO) /PEDOT:PSS/perovskite/phenyl-C61-butyric-acid-methyl-ester
—_—
(PCBM)/polyethylenimine ethoxylated (PEIE)/gold (Au). The 3D perovskite absorber layer was
A

based on the mixed-cation mixed-halide formulation (Csg;FAq.7sMAg 14Pb(lo.53Bro.17)3) (referred to

as CsSMAFA, w. s is cesium, MA is methylammonium and FA is formamidinium) with a 3 mole %

This article is protected by copyright. All rights reserved.

5



WILEY-VCH

excess of Pbl, and a small amount of L-a-phosphatidylcholine surfactant to aid in surface
coverage.m] Herein, we utilized a hot-deposition technique for the perovskite film fabrication at
ambienMntal conditions as shown schematically in Figure 1b. A photograph of the slot-die
coating stajd ere the perovskite solution is undergoing hot-deposition and a corresponding
video of th&e shown in Figure 1c and Supplementary Video 1.

I I

We optimi t eposition temperatures in terms of film quality. Hot-deposited perovskite films
are charactesi

y micron-sized clusters, a repetitive feature comprising of radially arranged
submicron gFfaifis-Wnlike anti-solvent and nitrogen-blowing processes, the hot-deposited film quality
can be e ecked with an optical microscope due to the large-size of the clusters
(Supplementary Figure 1). These clusters have been referred to as grains in the literature, which is a
misnomer. optical images of films fabricated at 90 °C show isolated 10-20 um clusters

emanatingSrom nucleation sites. The size of these clusters increases in size with increasing

temperatu

web speedm rate were optimized for the fabrication of perovskite films.

The moéthe films was examined using SEM as shown in Supplementary Figure 2. The
formati lusters having average sizes of 50 — 100 um was observed for flow rates of 10,

20, 25 and 30 pL min™. At higher flow rates of 40 and 50 pL min™, SEM images show an unusual

ey coalesce at 130-140 °C. Additionally, the slot-die coating parameters such as

morphologh\ undulating surface, which indicates solution overflow and poor crystallization. A

flow rate L min™ was found to produce the best device performance metrics, with
reproducib ort-circuit current density (Jsc), fill factor (FF) and PCE values of 0.93 V, 21.7 mA
2 49 9 .1 %, respectively (Figure 1(d-g)). At increased flow rates, FF and Jsc values

decrea reduced PCE.

B
This article is protected by copyright. All rights reserved.
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deposition, statistical distribution of the photovoltaic device performance

Figure depicting the device layout of the p-i-n PSC, b) schematic of the employed hot
deposition igue for perovskite film fabrication, c) View of the slot-die coating station featuring
perovski

parameters: d) Vg, €) Jsc, f) FF and g) PCE. The data are based on the J-V results from 12 cells in a

reverse sc! direction at a scan rate of 20 mV s™.

The main lim on of the reference devices originated from significant losses in V¢ (~ 0.9 V) and FF

(~ 50 %) whlich have been widely attributed to non-radiative recombination pathways present at the
interface betweengthe perovskite and CTLs.”*>% The non-radiative recombination centres act as
defect states that trap charge carriers during device operation, thus impairing the solar cell

performance.’® TSrefore, we doped GAI as an additive into PEDOT:PSS (Modified PEDOT:PSS) for

the dual-function fsuppressing interfacial recombination and modifying interface energetics, while

This article is protected by copyright. All rights reserved.
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simultaneously allowing efficient charge (hole) extraction to the HTL. GA is a relatively large organic
cation composed of three amino groups (—NH,) with an ionic radius of ~ 278 nm; the amino group
of the M species is proposed to strengthen the hydrogen-bond formation with the
undercoordi iodine species of the perovskite phase, which would help to passivate surface
defects.[w& of perovskite films with GAI and other alkyl ammonium compounds is a
commom apemeaehmreported in the literature.®>®* However, these passivation materials are usually
spin—coatem of the perovskite film at high speed with a diluted alkyl ammonium solution in

isopropyl mIPA). We attempted to apply GAI through this common approach in R2R using

sequential coating, but found that IPA causes degradation of the perovskite. Upon
deposition ell time on the perovskite film is significantly shorter in spin-coating where
drying and eading occurs simultaneously due to the high angular acceleration. However, in
R2R slot-die coatMag, film spreading and drying are discrete and slower processes, which causes a

longer dw of the IPA on the underlying perovskite film, resulting in degradation of the

perovskiteSm In order to mitigate this, we investigated if we can harness the passivation effect of

GAl by inc

it into the underlying PEDOT:PSS layer.

The do ect of GAl into PEDOT:PSS was first systematically analysed for ITO glass-based devices
while maintaiagi e same device architecture used in R2R coating. An 8 mg mL" concentration was
found t m (Supplementary Figure 3). The modified PEDOT:PSS was then transferred to

the R2R process with the device structure shown in Figure 2a and complete devices were fabricated

with R2R hition of perovskite film, spin-coating of PCBM and PEIE, and evaporation of gold

electrode. ices were compared nd compared against reference PEDOT:PSS based-devices
fabricated e same print length. Figures 2b and c shows the current-density voltage (J-V)
curves of t erforming reference and modified PEDOT:PSS PSCs in both reverse (from Vy to
Jsc) andﬂm Jsc to Voc) scan directions. The corresponding PV parameters are summarized

in Table“rence device showed a PCE in reverse scan mode of 10.1 % with a Voc 0of 0.93 V, a
Jsc 0f 21.7 nd a FF of 49 %, whereas the modified PEDOT:PSS devices showed an increase in
the PCE t with a Voc value of 0.95 V, Jscvalue of 22 mA cm™ and FF value of 57 %. The

externa{efﬁciency (EQE) for each PSC is presented in Supplementary Figure 4. The

This article is protected by copyright. All rights reserved.
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integrated Jsc calculated from the EQE spectra with respect to the AM1.5G solar spectrum was 19.04
and 20.12 mA cm™ for both the reference and modified PEDOT:PSS devices, respectively, with a
discrepaM with those J,. values determined from the J-V curves. We note that EQE J.
measurem re carried out on unencapsulated cells in air. The modified PEDOT:PSS PSCs
exhibited @esis than the reference ones between the reverse and forward scans as
evidentfirommmtlvemis\/ curves. To further investigate the effect of this hysteresis in real world device
performan easured maximum power point (MPP). Figure 2d shows MPP tracking for the

modified ag® re nce devices. The modified PEDOT:PSS PSC displayed a sharp rise and stabilized

GF

output of , which is the same value as the PCE observed in the reverse J-V scan,

demonstra er interfacial contact and excellent photostability.®® However, the reference

S

devices sh d @ slower rise to MPP and reached only 9.5 % PCE for the same time interval,

suggesting higherWesistive interfaces. MPP tracking over 2000 minutes (33 hours) showed promising

U

stability wi gible degradation (Supplementary Figure S5). Long term stability tracking will be

reported irfla separate study. We note that the device area used for this study was 0.20 cm?, which is

n

twice the monly reported in other R2R literature.®” Increasing the device area on flexible

substrates higher power losses compared with increasing the device area on glass/ITO

a

substrates, due he higher sheet resistance of the former (50 ohms sq™) compared to the latter (5

ohms s erefore, achieving a record PCE of ~12% after incurring higher power losses compared

to other st notable. Achieving the highest efficiency record for R2R processed inverted

M

current perovskite formulation represents substantial progress in lab-to-fab

perovs

translation of PSCs.

Author

This article is protected by copyright. All rights reserved.
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Figure tic illustration of the device stack demonstrating the modified PEDOT:PSS PSC

device, J-V curves of the best performing devices on: b) Reference PEDOT:PSS, c) Modified
PEDOT:PSS!id) Maximum power point (Mpp) tracking measured for both the reference and modified

PEDOT:PSS devices, Scatter plots comparing the distribution of various photovoltaic parameters of

reference ified PEDOT:PSS based-devices: e) Vo, f) Js¢, g) FF and h) PCE. All J-V data are

measured under 1000 W m™ (AM1.5G). Scatter plot data are based on 9 randomly selected cells

measured I reverse scan direction at a scan rate of 20 mV s™.

-

The distribution s the device performance was further acsertained by measuring 9 devices
fabricated rando from printed reference and modified PEDOT:PSS PSC segments (Figure 2(e-h)).

This article is protected by copyright. All rights reserved.
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Modified PEDOT:PSS devices show improved mean values of all the parameters. FF showed the most

increase in value, implying reduced transport series resistance at the perovskite and modified

PEDOT:W&[“’] Most notably, the mean PCE of modified PEDOT:PSS devices was 11.4%,
which is si ly superior to the previously reported highest mean value of 10.2% on half the
device are andard deviation of <5% is achieved indicating high reproducibility.
B E— - . .
Table 1. GhRampion PV parameters and hysteresis index of the inverted PSCs in different scan
directions ndard 1 Sun illumination (100 mW cm™)
Q VOC VOCmeana) JSC JS(:meana] FF FFmeana] PCE PCEmeana) HVStereSiS

direction  [V] [mMAcm-2]  [mAcm-2]  [%] %) %] index” (HI)
Device m V] (%)

Reverss 093 0914 21.7 21.67 49 50.9 101 10.07 25.90
Referenc * * * *
e ! 0.012 0.27 1.97 0.48
PEDOT:

0.94 21.1 43 7.48
0.96 0.94 22 21.78 57 53.0 119  11.39 15.10

Modified * * * *
PEDOT: L 0.01 0.26 2.28 0.35

Forward 0.95 22.34 46 10.1
D The vaHntheses are the average from 9 devices with the standard deviation.
b) HI = PCEreverse—iEforward

erse

A
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11



WILEY-VCH

We further translated all four solution-based functional layers, namely, modified PEDOT:PSS,

perovskite , and PEIE, through R2R process and achieved a maximum PCE of 11.95% with

optimizatiq E coating condition (Supplementary Figure S6). The PCE value is same as in

devices in W BM and PEIE are spin-coated as described earlier, which suggest that PCBM and

H I
PEIE coatir!quality achieved from spin-coating can be attained in R2R slot-die coating.

The perovskite s in the reference PEDOT:PSS devices started to show obvious degradation by

turning in ell@wish color shortly after fabrication when left in air (Supplementary Figure S7).

$C

This yello s to take place from the edge of the print width where there is no ITO but only

U

PEDOT:PSS, su ting this perovskite composition has poor adhesion to PEDOT:PSS/PET. In
contrast, t ified PEDOT:PSS/perovskite films maintained the black perovskite color with no

signs of d dation, suggesting the GAI doping into PEDOT:PSS leads to better interfacial contact

A

between p and PEDOT:PSS and PEDOT:PSS/PET.

(O

To understan nhanced PV performance induced by GAI doping into PEDOT:PSS, we examined

the po inning morphological, structural, photophysical and electronic reasons driving

V]

this improvement for the perovskite films and devices. Scanning Electron Microscope (SEM) was

used to investigate the effect of the GAI additive in PEDOT:PSS on the morphology of the

overlying hot-deposited perovskite films (slot-die coated). As shown in Figure 3a and b, the

)

reference film displays a polycrystalline pin-hole free morphology with large grain clusters of

!

about 600 — 700 um, while the modified film demonstrates a significant enlargement in the

1

grain clusters with average sizes of 800 um — 1 mm. Such large clusters have been previously

only reported with spin-coated devices at higher temperatures of 190 °C to 200 °c.B However,

such a high temperature cannot be applied for R2R fabrication on low-cost flexible PET

|

substrates due to PET’s thermal tolerance limit of 140 °C. Thus, we moved our fabrication to a

humidity-controlled laboratory and devices were R2R fabricated in an environment with a

This article is protected by copyright. All rights reserved.
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relative humidity between 25-35% and temperature of 23-25 °C. This led to significant
improvement in the cluster size reaching up-to 1 mm at a hot-deposition temperature of 140 °C

compared to those fabricated under an uncontrolled environment with relative humidity of 40-
——

50% with clusters rarely larger over 200 um observed. Larger clusters mean fewer grain
[ 4 A

boudaries, which is beneficial for charge transport in devices.”” We also note that the clusters

are fused tegethemwithout any gaps between them. The gap between clusters is a recurring defect
in hot—depMerovskite films which can short devices. The addition of a small amount of

surfactant ®s this defect.??

X-ray diffracién D) measurements were performed to analyze the phases and crystallinity of the

perovskite zl ms ﬁure 3c and d). The samples were from the same batch as those examined by
SEM. Pero ms on modified PEDOT:PSS and reference PEDOT:PSS exhibit the typical 001, 011,

111 and 0@2 perovskite peaks corresponding to the metrically cubic phase of mixed-cation mixed-

halide co (due to the nominally irrational stoichiometry, the structure cannot have a cubic
space group). addition, the reference film shows stronger intensities for diffraction peaks
associated ‘Wi e yellow photo-inactive 6-FAPbl; and Pbl, phases at 11.6° and 12.6°

respectively, in comparison to the perovskite film on modified PEDOT:PSS, which indicates a

f

[72]

reduction in these contaminant phases upon PEDOT:PSS modification. The presence of

\

impurities such as MFAI or DMFAI could cause the slight left shift in 6-FAPbI; from the expected
11.72° to 11.6° V3. Overall, the XRD result suggests that GAIl doping into PEDOT:PSS may

participate in the control of the perovskite crystallization process reducing impurity phases. In

addition, the full-width at half-maximum (FWHM) values of the 001 perovskite peak were 0.16°

and 0.10° for the perovskite films on reference and modified PEDOT:PSS, respectively,

suggesting that GAl additive enhances the crystallinity of the perovskite crystal (Figure 3d).

Autl
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Figure ; ;;; micrographs of the perovskite films on: a) Reference PEDOT:PSS, b) Modified

PEDOT:PSS, c) XRD patterns of the reference and modified PEDOT:PSS perovskite films and d) FWHM

[

of the of t rovskite peak at 14.1° for the reference and modified films.

To charac crystallinity and domain orientation of the perovskite films slot-die coated on

no

control ed PEDOT:PSS/PET substrates, grazing incidence wide-angle X-ray scattering

[

(GIWAX ucted with an incident angle of 0.1°, for which the 2D scattering patterns are

shown in a and b, respectively. The discrete large spots appearing in both samples are

1

associated e background scattering from the uncovered PET substrate.”” The sharp

concentri ring rings are attributed to the reflections by the randomly oriented crystallites

A

This article is protected by copyright. All rights reserved.
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within the 3D perovskite films, which is consistent with literature reports.”™ To quantitatively
evaluate the influence of PEDOT:PSS modification on the crystallinity of the printed perovskite films,
sector W along the in-plane (horizontal) and out-of-plane (vertical) directions were
performed, the diffraction intensity profiles as shown in Figures 4c and d. The broad
diffraction&l.m A (in-plane plots) and g=1.84 A (out-of-plane plots) correspond to the
scatterimg fnommmREd. The peaks at qg=1.00 A, 1.43 A, 2.01 A, and 2.25 A obtained from both the
in-plane aMf—plane diffraction profiles of the pervoskite films on reference and modified
PEDOT:PSS#an ssigned to the 001, 112, 002, and 114 diffraction peaks of the mixed cations and
halides pewphases (Csp.07FAg70MAg 14Pb(lo.83Brg.17)3), respectively.m] There is a significant
increase inmaction intensity for the perovskite film on modified PEDOT:PSS compared to the
perovskite
originatingme unreacted Pbl, (q=0.92 A™) observed in the control film disappear in the
W1 \ntermediate solvate phases (MAI.Pbl,.DMSO) signals at gq= 0.5 and 0.47 A*

reference PEDOT:PSS suggesting preferential orientation. The diffraction peaks

modified s
observed is::e perovskite film on reference PEDOT:PSS are not present in the perovskite film on

modified P , suggesting GAl promotes the perovskite crystallization formation through rapid

[77-79]

removal ired solvent complexes. These results further support the distinct

enhanceme rovskite crystallinity upon the modification of PEDOT:PSS hole transporting layer.

=
G
=
-
<C
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Figure 4. 2D GIWAXS scattering patterns: a) Reference, b) Modified printed perovskite films on

PEDOT: PS strates, The corresponding sector integrated diffraction intensity profiles along

the c) in- pIO out-of-plane directions.
UItraV|£JV Vis) absorption spectroscopy was used to study the band gap of the films

(Figure bandgap of the perovskite films is essentially independent of PEDOT:PSS
modlflcat| an absorption onset at 844 nm (1.47 eV). Notably, this is a reduction in the
bandgap v monly reported for the same mixed-cation mixed-halide perovskite formulation

made |< environment, which is tentatively attributed to the different crystallization
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dynamics at ambient conditions.®®? The perovskite film on the modified PEDOT:PSS shows a slight
dip in absorption in the longer wavelength region between 600-725 nm, the origin of which is
unknowwectra of the two different PEDOT:PSS layers perfectly overlap, ruling out the
possibility sitic absorption of PEDOT:PSS modification with GAl is responsible for the dip in
the absormementary Figure S8). Thus, the dip is likely associated with the different
quality of tinempemewskite film formed on the modified PEDOT:PSS film. Despite this dip, the Jsc of the
perovskitemme modified PEDOT:PSS is enhanced compared to the film on the reference

PEDOT:PSSg8ug ing negligible deleterious effect of the reduced absorption on the perovskite on
modified P

Photolumiw(PL) spectra and decay curves were investigated to study the charge-carrier
dynamics i rovskite films. As demonstrated in Figures 5b and 5c, the PL intensity and PL
the

lifetime of vskite film on a modified PEDOT:PSS is strongly quenched compared to the

perovskite fi eference PEDOT:PSS, implying enhanced rate of hole extraction by the modified

PEDOT:PSSW.The PL decay curves were fitted using a bi-exponential decay function®*®:

m I(t) = Ajexp (_T/‘l,’l) + A exp(TT /)
To a first appr ation, the decay kinetics of the faster decaying component (t;) is influenced

te of hole-transfer from the perovskite film to the PEDOT:PSS layer, while at the low

excitation used in this work the slower component (t,) is assighed to trap-mediated
recombination In the bulk perovskite film. The best-fit parameter values for the decay curves in
Figure 5c ie given in Supplementary Table S2. The best-fit values for 7, values for the reference

and modifi :PSS hole-transport layers are 113 ns and 46 ns, respectively, which is consistent

with enhaof hole-transfer for the later.

Photolumin microscopy was used to investigate the opto-electronic quality of the perovskite
films on t! different PEDOT:PSS and the presence of any spatial inhomogeneities. The PL images
shown in FRigure and e are taken at the edge of the ITO. Thus, half of the PL image is with the

half of the image i§ without ITO (PET/modified or reference PEDOT:PSS/perovskite) as indicated on

the ima&atic illustration is provided in Figure 5f to guide the location of the imaged area.

This article is protected by copyright. All rights reserved.
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Figure 5d shows PL images for the PEDOT:PSS and perovskite interface through PET/ITO. Perovskite
films on ITO with both modified and reference PEDOT:PSS are quenched as evident in reduced PL
intensitWon on ITO compared to their respective region without ITO. The PL image of the
perovskite fi ITO/reference PEDOT:PSS shows some inhomogeneity evident as dark spots,
while the &ilm shows greater inhomogeneity in regions without the ITO with faded
cluster poumdaniesiand the presence of high PL intensity speckles (Figure 5d). In contrast, the PL

image of film on modified PEDOT:PSS shows similar homogenity in regions with and

without IT

CFE

Figure 5e shows the PL images captured from perovskite/air inteface. Two observations can be
made. Firmperovskite film on reference PEDOT:PSS shows homogenous PL unlike the
opposite i hown in Figure 5d, which suggests poor adhesion of the perovskite on reference

PEDOT:PSS_is responsibile for the defects and inhomogeneities observed at the opposite

perovskiteﬁss interface. The PL image supports the observation pertaining to film quality
jon

and degra from edges previously discussed in relation to Supplementary Figure S7. Secondly,
there is no between ITO and non ITO regions in the perovskite on reference PEDOT:PSS,
suggestingm‘e transfer from the top perovskite surface. On the other hand, the perovskite

DOT:PSS show similar homogeneity and contrast in ITO vesus non-ITO regions

film on ifi
compared to pposite interface discussed in Figure 5d, suggesting improved charge transfer
across ickness. Thus, the PL image results further supports the findings from the steady-

state PL and TRPL data where modified PEDOT:PSS was found to enable improved hole transfer.

. -
O
L
r—
-
<
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Figure 5. onic properties of the perovskite films (sample structure: PET/ITO/Ref. Or Mod.

PEDOT:PSS/Perovskite): a) UV-Vis absorption spectra, b) PL emission spectra (ex 466 nm), c) PL decay
curves (ex!66 nm, em 770 nm), PL imaging for the films at different interfaces: d) PET side, e) Air

side and f) Schemaiic respresenting the PL imaging mechanism.
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To investigate the origin of the improved hole transfer for perovskite films on modified PEDOT:PSS,
the electronic structure of the films was assessed by ionization potential measurements using photo-
eIectroery—in—air (PESA). From the fitted PESA data, the valence band maxima (VBM) was
evaluated mvskite, reference and modified PEDOT:PSS films to be 5.25, 4.94 and 4.74 eV,

respectivel (a-c)). These findings confirm that GAI doping results in a decrease of the

energy ipandmeffset between the perovskite and ref. PEDOT:PSS VBMs by 200 meV, which led to

reduced VM thus yielding better interfacial energy alignment for holes extraction.® It is

widely repgfted ®hat smaller band offsets facilitate charge carriers extraction and suppress surface

recombina es.®#92 Given the calculated perovskite band gap from UV-Vis absorption and

VBM from m conduction band minima (CBM) was determined to be 3.78 eV. The final energy
amforiéhe

level diagr device is shown in Figure 6d.

We further condjed morphological characteristics of the PEDOT:PSS with and without GAI doping
to underst causes the the improvements observed in overlying perovskite film and its opto-
electronics€eharacteristics with the doping of GAl in the underlying PEDOT:PSS layer. SEM, atomic
force micrg FM) images, and contact angle measurements were conducted on R2R slot-die
coated PE with and without GAI (Supplementary Figure 9). SEM showed no signficant
differe the morphology of PEDOT:PSS with and without GAI doping. AFM images further

confirmed n e difference in the surface characteristics of PEDOT:PSS with and without GAI

doping ge surface roughness of 0.63 nm and 0.78 nm, respectively. Additionally, contact
angle measurement of perovskite precursor solution on R2R printed HTL were similar with a value of
10.91° for ®ef. PEDOT:PSS and 10.55° for Mod. PEDOT:PSS. Thus, the improvements in adhesion,

cluster size, and electronic properties observed in perovskite film with underlying GAI Mod.

PEDOT:PSS o result from chemical interactions. As noted earlier, the amino group in GA is

the hydrogen-bond formation between the metal halide framework and the

This article is protected by copyright. All rights reserved.
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In summary, we have demonstrated the successful translation of a mixed-cation mixed-halide
perovskite formulation (Csgo7;FAq7sMAg1aPb(l g3 Broi7);) from the laboratory to an industrially-
relevantwation method under an ambient environment through a facile hot-deposition
process. W urther shown a novel passivation strategy for charge transport layers through the
doping of @ith the GAI additive to deliver improved photovoltaic performance of R2R air-
processer misRS@sm\With an optimized GAl concentration (8 mg mL'), we achieved significant
enhancemmc and FF values from 0.93 to 0.95 V and 49 % to 57 %, respectively, leading to the

realization @P a ilized power of ~12% on an active area of 0.2 cm?, in a p-i-n architecture. This
represents CE record for slot-die coated R2R processed mixed-cation mixed-halide f-PSCs
fabricated nt conditions. In-depth structural, morphological, and optoelectronic analyses

have yielded®&@th®fough understanding of the origins of these improvements in device performance.

Futhermore, tEejighly reproducible device performance metrics represent an important step

forward o al towards developing stable and scalable coating protocols for f-PSCs. This work

provides aSew avenue towards scalable low-cost and efficient f-PSC technology. Further studies

targeting ortant aspect of upscaling such as scalability and impact of solution aging are

crucial for mhe efficiency limits and practical deployment of these solar cells.
4, EXEBI Section

idinium iodide (FAI), methylammonium bromide (MABr) and guanidinium iodide

gurc
were purc om Alfa Aesar, cesium iodide (Csl), anhydrous dimethylformamide (DMF),
anhydrousgmethylsuIphoxide (DMSO), anhydrous chlorobenzene (CBZ) and anhydrous iso-propanol
(IPA) wereFurch#d from Sigma-Aldrich. PEDOT:PSS (Baytron P Al 4083) was purchased from HC
Starck andﬁene sulfonate (MW ~70,000) was purchased from Sigma-Aldrich. PC¢,BM (99%)

(GAl) were ed from Greatcell Solar Materials, lead iodide (Pbl,) and lead bromide (PbBr,)

was purchased fg@m Ossila. Polyethyleneimine ethoxylated (PEIE) was purchased from Sigma

Aldrich.
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Solution preparation. Reference PEDOT:PSS solution was prepared by mixing 1 mL PEDOT:PSS
(Baytron , 60 mg sodium polystyrene sulfonate (molecular weight ~70,000, Sigma-Aldrich),
and 5mL m water followed by stirring overnight. Before use, the solution was filtered

through a 0. egenerated cellulose syringe filter. The modified PEDOT:PSS was prepared using

the exa:c mcedure for the reference except with the addition of 10 uL from a solution of 8
mg mL*! G%ed in IPA after filtering the PEDOT:PSS solution. The 3D perovskite precursor
solution w@ed in a N,-filled glovebox by mixing 1.12M Pbl,, 1.1M FAIl, 0.19M MABr and 0.2M
PbBr powders in. 1mL of anhydrous N,N-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO)
(4:1 v/v) MI concentration of 1.4M. The solution contains 3 mol % excess Pbl,. 34 pL of Csl
dissolved i (1.5 M) was then added to the precursor solution. The perovskite precursor
solution was left :swr overnight until fully dissolved. Before use, 20 ppm of L-a-phosphatidylcholine
surfactant f mg/ml stock solution in DMF was added to improve the film wettability. For the

electron tr ort layer solution, 12 mg of PCs;BM was dissolved in 1mL of CBZ. For PEIE, 30 uL of

the squtiomted in 10 mL anhydrous IPA followed by sonication for 30 seconds.

Roll-to-roll ion on PET flexible substrates. All the roll-to-roll experiments were conducted

under ironment conditions with film deposition carried out using slot-die coating to
produce the PEDOT:PSS and perovskite films, respectively. The PEDOT:PSS precursor solutions were

slot-die coSed at a flow rate of 25 pL min™ and web speed of 0.35 m min™ at a coating bed

temperature o£.70 °C. The coated films were further dried by passing under hot air oven at 120 °C
followed b @ late mounted in the R2R line at 140 °C. The coated films turn a dark bluish color
upon these drying steps. The substrate was then rewound to the starting point for perovskite
coating. Fok perovskite film deposition, the substrate was preheated at 140 °C at slot-die coating
parametergof 25 gl min™ flow rate and 0.2 m min™ web speed followed by further annealing at 100

°C for ~ 2 seconds per substrate. Then the films were cut to spin-coat PCs;BM and PEIE on top of the
perovskite films. s pL of PCs:BM was spin-coated using a 3 step program, first step was 3000 rpm

with a ramping speed of 10,000 rpm for 30 seconds, second step was 0 rpm with a ramping speed of

This article is protected by copyright. All rights reserved.
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10,000 rpm for 5 seconds and at this step 50 uL of PEIE was spin-coated followed by a final step of
5000 rpm with a ramping speed of 10,000 rpm for 20 seconds. Finally, the device fabrication was

completMsiting 80 nm thin layer of gold (Au) electrode using thermal evaporation. For all
R2R proces ices, PCBM was slot-die coated at a temperature of 70 C with 30 pL min™ flow
rateand O.Qb speed. PEIE coating condition was optimised as shown in Figure S6.

|

]
Materials @ization.

UV-Vis absorptagace: The transmittance (T) and reflectance (R) spectra were measured using a
Lambda 1mophotometer equipped with a 150 mm InGaAs integrating sphere (PerkinElmer,

Glen Wav alia). With these two measurements, the absorptance (A) was calculated as as A

=1 — T(%) — R(%J. All samples were fabricated using roll-to-roll slot-die coating on flexible PET

5kV. Imag & acquired using an In-lens detector and a working distance of 5 mm. Prior to

substrates
SEM: TakegZeiss Merlin field emission SEM (FE-SEM) operated at an accelerating voltage of

imaging, a aWer of Ir was sputter-coated.
Optical micro images: Acquired in bright field mode using an Olympus BX61 microscope.
XRD: A dvance A25 X-ray Diffractometer operating under CuKa radiation (40kV, 40mA)

equipped with a Lynx Eye XE-T detector was employed to obtain the X-ray diffractograms. The
samples wL«ed over the 20 range 10° to 30° with a step size of 0.02° and a count time of 0.8

second ped were spun at 15 RPM during data collection. Variable divergence slits (VDS)
loyed to

were emp ensure low background at low angle, programmed to illuminate 20mm of the

sample ho . anti-scatter slit was fixed at 1 mm above the sample surface.

GIWAXS: ;azing—'cidence Wide-Angle X-ray Scattering (GIWAXS) measurements of the Reference
and Modifi rovskite films on PEDOT:PSS/PET substrates were performed at the Australian

Synchrotron usingJthe SAXS/WAXS beamline with a photon energy fixed at 15 keV and an in-vacuum

<C
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(< 1 x 10-5 mbar) Pilatus 2M CCD as the detector. The incidence light angle was 0.1° and the sample

to detector distance was set as 600 mm.

PL measu*men!s: PL emission spectra and decay were recorded using a luminescence

spectrome @ burgh Instruments, FLSP920) with a pulsed diode laser as the excitation
. ~ - H ~ -2 H H

sourceil6moo kHz, ~100 ps pulse-width, ~0.1 nJ cm™. Sample excitation and PL

emission dgtection was from the coated side of the samples.

i

C

PL imaginmlly resolved photoluminescence (PL) imaging of films of the Reference and
Modified p 3 films on PEDOT:PSS/PET substrates were measured using a confocal microscope
(Olympus, 00) equipped with a fluorescence spectrometer. The 500 nm excitation beam
generated per-continuum laser was focused on the front surface of films through a 10x

objective Iéns. The PL emission collected by the same objective lens was filtered by a 610 nm high-

pass filter the scattered laser light.

PESA measure : Performed using a Riken Kekei AC-2 spectrometer. For all samples a power
intensit as used. The data is plotted as energy vs the cube root of the electron count, as
defined by a number of 0.33.

Contac surement: Contact angle emasurment were conducted using Pheonix-Smart M

instrument by Surface Electro Optics. Water cannot be used on PEDOT:PSS films. So, perovsktie

precursor hvas chosen with a drop volume was 2.5 pl.

AFM imag ker FastScan atomic force microscope with Icon scanning head and NanoScope
9.4 software was used to measure surface topography. Ultrasharp silicon nitride tips were used to

image und@r ambient conditions. The tips have a typical force constant of 0.4 N m-1 and a resonant

frequency af 70 kW. Scan size of 1 um were carried out at 0.7 Hz and 512 data points per scan line.
All images Were Erocessed and linescans obtained using NanoScope Analysis 1.9 software.

<C
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EQE: Collected using bespoke equipment in an ambient atmosphere. The light source (Oriel 150 W

Xe lamp) was chopped at 27 Hz and the electrical signal was collected under short circuit conditions

using a urrent pre-amplifier (SR570, Stanford Research Systems) and lock-in amplifier

{

(SR830 DSP, rd Research Systems). A standard, filtered Si cell from Peccell Limited, which was
cross-calib standard reference cell traceable to the NREL, was used as the reference.

rip

PV propertj€s: ) easurements were performed at 1000 W m > AM 1.5G illumination conditions

G

using a 1 i® solar simulator as the light source in conjunction with a Keithley 2400 source
measurem For accurate measurement, the light intensity was calibrated using a reference
silicon sola I Measurements Inc.) certified by the National Renewable Energy Laboratory. The
solar simulator was in a glovebox. Devices were scanned in reverse and forward directions from 1.00

to-0.02V, mV steps.
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