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Since the first demonstrations of solid-state photovoltaic (PV) devices based on organic-inorganic halide
perovskite absorbers, these materials have attracted tremendous attention and intrigued many
researchers by their ability to effortlessly surpass the efficiency of competing state-of-the-art
technologies right from their introduction.™™ After a mere few years of successive leaps in fundamental
understanding and experimental insight, perovskites have become a front runner of the photovoltaic
research scene, and represent the fastest developing solar technology in history. The current record
power energy conversion efficiency (PCE) is at 22.1%, on par with CdTe and closely approaching the
champion efficiency of silicon, the industry flagship material.”! As a consequence, the prospect of their

large-scale application has become virtually undeniable, even though several key challenges must be

[6, 7]

addressed including mitigating the environmental impact of Pb- and Sn-based perovskites, proving

long term operational stability, and producing reliable and efficient manufacturing techniques for large-
area deposition. Beyond PV, the beneficial optical and charge transport properties of perovskites have

enabled their successful deployment in other optoelectronic applications, including light emitting diodes,

photodiodes and lasers, which further highlight their potential to disruptively impact these markets.*%

As the field of perovskite optoelectronics developed, a plethora of strategies has arisen to control their
electronic and morphological characteristics for the purpose of producing high efficiency devices. A

number of deposition methods have been proposed, the most prominent ones including one step

2] [11, 12] 1
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coatmg,[ several varieties of sequential deposition, anti-solvent quenchlng,[ vapour assisted

[15] 6]

deposition,ml thermal evaporation,” ™ vacuum assisted solvent drying,[1 and variations on these."” On

the other hand, much efforts have been invested in altering the precursor composition to induce better

film quality, for example by using different solvents,™ *® ) the addition of acid(s)[zo'zz] or other

[23, 24]

additives, or the use of sacrificial components that assist in film formation during a subsequent

annealing step.[z’ 25 26] Unfortunately, despite the wealth of deposition approaches, the community
experiences a great deal of irreproducibility between different laboratories and preparation methods.?”

Another remarkable point is that the viability of most —if not all- of the aforementioned film



enhancement strategies through deposition and precursor engineering have been established by
demonstrating the successful operation of one particular perovskite composition and device
architecture. Exchanging anions or cations in the perovskite matrix, or switching the device
configuration, typically produces inferior results with the same parameter window, and a rigorous
optimization cycle is required each time to eventually realize the full potential of a particular newly
developed perovskite composition in or device design.lzg] This has prompted the investigation of many
creative (post-)treatments to enhance the film morphology, again specific to a certain type of perovskite.
For instance, halide exchange has been employed to transfer the beneficial morphology of one type of
perovskite to a variety of halide compositions.[29’ 37 Also the possibility has been shown to dissolve and
recrystallize a rough methylammonium lead triiode (MAPbI;) film by exposure to methylamine gas, and a
cation exchange with formamidinium (FA) can be made in an extension of this method using
formamidine gas.[gl’ 32 Even hot pressing, a method inherited from metallurgy, has been explored for
film smoothening.[33] While the effectiveness of these and related techniques is convincing, they are
indirect routes and significant effort is required to adapt them for the fabrication of new perovskite
compositions. Likewise, perovskite formation appears to often be sensitive to small changes in local
conditions, which has contributed to widespread issues of irreproducibility between laboratories. Thus, it
has become apparent that there is a pressing need for a universal and uncomplicated deposition strategy
that is applicable for many compositions of perovskite and is insensitive to minor changes in deposition
conditions. Aiming to address this issue, we present in this Communication a simple deposition method
based on gas quenching that yields smooth films for very different perovskite compositions, ranging
from the widely investigated MAPbDI; to triple cation perovskites, and produces planar heterojunction
devices with competitive efficiencies.

Huang et al. reported a gas quenching method for the first time, where a gas flow is directed towards
the sample during spin coating of a dimethylformamide (DMF)-based precursor, resulting in a smooth

layer of MAPbI; and corresponding average efficiencies of around 16%.2%

Despite this early
demonstration, an extension has only recently been made to FAPbIls;, but therein the addition of
hydroiodic acid was essential for achieving efficiencies above 3%.5% Gas quenching has also been
reported as an additional crystallization accelerator together with anti-solvent quenching to produce
ultra-smooth MAPbDI; films, but no improvement in efficiency was observed in comparison.Bs] We show
here that this still relatively unexplored method of gas quenching can in fact be exploited as a general

with salt-DMSO
complexes

D g

= =

Ag
spiro-OMeTAD  gcp
PCBM
perovskite —__

~

Cﬁﬂ
Sn0, PpolyTPD:F4-TCNQ,
— FT0 —

=
]

Fig. 1: (a) Schematic of the different steps of the complex-assisted gas quenching technique; (b) device architecture for the n-i-p devices (left) and p-i-n
devices (right).



tool to produce smooth pinhole-free perovskite films regardless of composition, based on spin coating
(and is likely transferable to upscalable techniques)[37], with no need for sacrificial components,
antisolvents or additional post-treatments (that is, apart from the usual annealing step). As will be
demonstrated, the key to the generality of the technique is the addition of dimethylsulfoxide (DMSO) to
a DMF-based precursor solution. This is based on the rationale that complexes form between the former
and the precursor salts, which subsequently develop into intermediate crystalline entities upon
evaporation of the parent solvent DMF, thereby retarding the otherwise fast reaction between the
ingredients.[ls’ 3846 The exploitation of this DMSO-PbX, complexation phenomenon has been introduced
in the context of solvent quenching, where the intermediate phase is obtained by "freezing" the
precursor compounds upon quenching a wet film with an antisolvent to quickly wash off the parent
solvent."® We show here that the removal of the parent solvent is achieved equally effectively and more
robustly by using gas quenching, rather than liquid rinsing. Fig. 1a shows a simple schematic of this
technique. After a few seconds into the spin coating process, the timing of which depends on spin speed
and precursor concentration, a stream of nitrogen is directed towards the still wet film. This drastically
expedites the evaporation of the parent solvent and thereby creates a two-fold crystallization-retarding
effect which (i) induces the formation of complexes, and (ii) drives the system to a state of
supersaturation at a rate quicker than the kinetics of heterogeneous nucleation, thereby preventing the
growth of irregular or dendritic structures that would otherwise result in an uneven film containing
many holes.”! The procedure then ends with the freshly quenched substrate being placed on a hot plate
and annealed as usual. To demonstrate the generality of this complex-assisted gas quenching (CAGQ)
method, we applied it to deposit a selection of both well-studied and state-of-the-art perovskites as
reported in recent literature.['3 2% 4850 Thjg comprises perovskites with different single, double or triple
A-site cations (methylammonium (MA), formamidinium (FA), Cs), and single or double X-site anions (I,
Br), with corresponding varied band gaps. Obviously, many different stoichiometries are available within
such a selection of single and composite cation perovskites, and we have chosen the ones deemed most
relevant to the community.

Fig. 2 shows an overview of top-view Scanning Electron Microscopy (SEM) images of the films with
different perovskite composition, formed on a fluorine-doped SnO, (FTO)/Sn0,/Cg, substrate to mimic
the conditions for the corresponding solar cells, as will be discussed later. First of all, to validate the
relevance of gas quenching, the morphology of layers of MAPbI;, FAggsMAg15Pb(lgoBro1)s,
FAp.85CS0.15Pb(lp.95Broos)s, and (FApgsMAg.17)0.95CS0.0sPb(lo.9Bro.1)s made without (Fig. 2a-d) and with
quenching (Fig. 2e-f) is shown. The first figures are divided in a low and a high magnification panel for an
adequate representation of both the larger features and their substructure. It can be easily noticed that
there is a dramatic difference in morphology between the two cases. Without gas quenching, uneven
structures more commonly arise, with either acicular shaped crystallites (Fig. 2al) or interconnected
bowl-like shapes (Fig. 2b1-c1-d1). The magnitude of this effect is slightly damped by the presence of
DMSO, but there is still a conspicuous signature of quick heterogeneous nucleation.”” " The surface
coverage is still acceptable for MAPbI; (Fig. 2al), with only a few pinholes, whereas the mixed
perovskites show micron-sized craters. This is also reflected in the corresponding optical absorption
spectra of these films (see Fig. S1). Comparing now with gas quenched layers made from the same
precursors, it is immediately obvious that these are smoother and completely pinhole-free. The

morphology is very comparable to what is reported for solvent quenched films, as is the grain size of a



few hundred nanometers.™ Corresponding X-ray Diffraction (XRD) data can be found in Fig. S2 and
reveal that, in the case of mixed cations, more unreacted Pbl, is present for gas-quenched films. The
reason for this difference is unclear, but its presence is expected from the excess Pbl, which we
purposefully added in all the precursor solution. (521

Interestingly, large crystallites on the order of 2um are observed for a pure FAPbI; film while maintaining
the smoothness and the absence of pinholes (Fig. 2i). Given that the fabrication of FAPbI; films of decent

53 . .
! our observation truly underlines the robustness

morphological quality has been proven challenging,m’
of CAGQ. Also higher band gap perovskites, with higher Cs and Br content, benefit from CAGQ. We
fabricated FA( gCsgPb(lgg5Bross)s and FAg 75Csg 25Pb(lg.70Bro.30)3 perovskites with band gaps of 1.73 eV and

! and, inspired by those,

1.76 eV, respectively, as recently suggested for tandem applications[‘”3
(FA0.83MAG 17)0.80CS0.20Pb(lg.65Bross)s, a triple cation perovskite of 1.77 eV that has not been previously
reported, in Fig. 2j, k and |, respectively. In all cases, a very similar morphology is found as for the lower
band gap perovskites, with only a difference in grain size.

All of these perovskite layers have been implemented in solar cell stacks as depicted in Fig. 1b, first in an
n-i-p configuration, that uses SnO, passivated with Cgq as the electron conductor, and spiro-OMeTAD as
hole transporter material. To further demonstrate the universal viability of CAGQ, inverted devices for
three different perovskites compositions were fabricated using poly[N,N’-bis(4-butylphenyl)-N,N’-
bis(phenyl)benzidine] (polyTPD) doped with  2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-
TCNQ) as the hole transporter and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) as the electron
transporter. Table 1 provides a complete overview of the corresponding photovoltaic characterization.”
Non-quenched layers in devices 2-4 deliver unsatisfactory performance in all aspects, which one would
expected based on their incomplete coverage (Fig. 2b-d). It is noteworthy that the unquenched MAPbI;
(device 1) in fact exhibits only a minor concentration of pinholes, but delivers an equally substandard
performance. This suggests that the charge recombination at the interface between the hole and
electron transporters is not the root cause of the poor performance for the unquenched layers. Instead,
we propose the lack of intimate contact between the perovskite and its scaffold is a more likely culprit.
B
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Fig. 2: SEM images of a selection of perovskite layers fabricated on from DMF precursors with added DMSO for complex formation. (a)-(d): as
spun; (e)-(1): gas quenched. Black scale bars: 10um, white scale bars: 2um.



In comparison, the corresponding solar cells with gas-quenched layers perform much better. Very decent
efficiencies were obtained, where the stabilized power output (SPO) was close to or even higher than
the backward current density-voltage (JV) scan. An SPO of up to 17.7% was achieved for MAPbI;
(device 5), which is among the higher end of reported values for this material. In comparison, we show
that devices made in the absence of DMSO (device 6) exhibit a larger spread in results and a markedly
decreased fill factor (corresponding with the presence of pinholes, as seen in Fig. S4), which clearly
proves the effectiveness of complexes in the precursor. Also for neat FAPbl; (device 7), and

the increasingly popular composite-cation FA/MA and FA/Cs families (devices 8 and 9),
competitive efficiencies between 15 and 17% were obtained. An average efficiency of 18% and a
maximum of 18.9% were even achieved for a triple cation perovskite (device 10), which is the first
report of high efficiency planar cells of this type after the seminal paper by Saliba et al. using the
mesoporous TiO, architecture, and confirms their observations in terms of efficiency regarding the
addition of 5% Cs in a FA/MA cation mixture.” Fig. 3a shows the forward and reverse JV
characteristics of the best triple cation device, where a noticeable degree of hysteresis is present.
Although the unfortunate pervasiveness of hysteresis in perovskite solar cells is often found to have a
negative influence on the SPO, we observe SPOs close to, or sometimes even higher than the efficiency
from reverse JV scans, resulting in a maximum obtained SPO of 18.5% in this case (see Fig. 3b). The
gravity of the presence of hysteresis in our devices is further moderated by the current consensus that
the presence of hysteresis itself would not be detrimental for long-term stability.[54] A cross-sectional
SEM image of the champion device is depicted in Fig. 3c, confirming the high quality perovskite
layer with crystallites that extend vertically in the order of the layer thickness.

Also our large band gap CAGQ deposited perovskites (around 1.75 eV) perform very well. The average
SPO values of these mixed cation devices (device 11-13) are on par with the recent work by McMeekin et
al., at about 12%."% For completeness, we also demonstrate the possibility of triple cation cells
with higher Cs and Br content to deliver a larger band gap (device 13). Unfortunately they perform
slightly less than their large band gap double cation counterparts (devices 11 and 12), especially in terms
of SPO, which fits within the observation by Saliba et al. that excessive Cs content negatively
impacts the performance of an otherwise FA/MA based perovskite.mg]

It also should be mentioned that the time window for the start of the gas quenching is quite flexible, as

illustrated in Fig. S10, which again bodes well for the robustness of the technique.
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Table 1: List of perovskites fabricated in this work, their band gap as determined from steady state photoluminescence measurements (see

Fig. $3), and their photovoltaic performance in n-i-p or p-i-n device configuration. Js, Vo, FF and PCE values are averages with standard deviations,
extracted from backward JV-scans of at least 16 devices (4 devices for SPO). The value at the bottom of each cell in the table is the maximum
obtained value. SPO curves of the best devices can be found in Fig. $6-S9.
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Fig. 3: Forward and backward JV characteristics (a), SPO curve (b) (inset: EQE spectrum), and a cross-sectional colour-enhanced SEM
image (c) of the champion (FA¢s3MAg.17)0.95CS0.0sPb(l09Bro.1)3 solar cell in planar n-i-p configuration. (d) JV characteristics of the best
(FA0.83MAg 17)0.95CS0.0sPb(lo.9Bro1)s cell in p-i-n configuration.

A great deal of the progress made in perovskite research is based on the inverted device architecture (p-
i-n).[ss] We now further emphasize the universality of CAGQ deposition by applying it to fabricate MAPbI;
and triple cation (FApg3MAg.17)0.95CS0.05Pb(lo.9Bro.1)s, and large band gap FAqgCspPb(lpesBross)s layers in
inverted device stacks of the form FTO/polyTPD/perovskite/PCBM/BCP/Ag (devices 14-19). Non-
guenched layers perform even more inadequately in p-i-n configuration (devices 14-16), whereas using
CAGQ (devices 17-19, JV characteristics to be found in Fig. S11), efficiencies of +16% are obtained for
MAPbI; and the triple cation perovskite, and competitive values of around 12% for the 1.76 eV
FA(gCso,Pb(loesBroas)s perovskite, all comparable to their n-i-p versions and thereby clearly

substantiating the viability of the CAGQ in a broader context.



With this we are also the first to report an inverted triple cation perovskite solar cell. Fig. 3d shows the
forward and reverse JV characteristics of the best (FApg3sMAg.17)0.95CS0.05Pb(lg.gBro1)s device. In contrast
with the n-i-p case, in the p-i-n configuration the triple cation variant is (despite its higher Js.) overall not
more efficient than MAPbI3;, mainly due to an average deficiency of 90 mV in V,. compared to the latter,
so this does leave room for improvement. The underlying reason could be related to interface
energetics, but resolving this issue is beyond the scope of the current work. Generally, the obtained
photocurrents of our p-i-n devices are somewhat lower than for their n-i-p counterparts, yet we are
confident this is not related to the deposition method as this is a general observation in p-i-n devices
that can be attributed to charge carrier recombination at the interface of the perovskite and sub-optimal
hole acceptor Iayers.[ss’ > Finally, we find very high fill factors of up to over 80%, among the highest
reported for the inverted architecture.

In a recent work, different composition-dependent morphologies were reported for a wide
compositional space of FA;MA,,Pb(l,Bri.,); perovskites, also using DMF-based precursors containing
DMSO/salt complexes (as in the current work), but deposited by the anti-solvent quenching method.®
It was found that the morphological appearance was not always a valid proxy for device performance.
While this extensive work delivers valuable information on the shifting physical mechanisms as a
function of perovskite composition, it also clearly supports our claim that CAGQ is a more widely
applicable deposition method, as it consistently delivers high efficiencies for different perovskite
varieties, within and outside the FA,MA; ,Pb(l,Br;. )3 family.

We now turn our attention to a high-angle annular dark field scanning transmission electron microscopy
(HAADF-STEM) study to examine the quality of CAGQ deposited films and their interaction with adjacent
layers more thoroughly. To this end, a cross-sectional sample of a complete MAPbI; solar cell was
prepared using the focused ion beam (FIB) method (as described in a previous work[SS]), shown in Fig. 4a.
The perovskite crystalline domains of a few hundred nanometers in size are easily recognizable and
corroborate the result from SEM in Fig. 2e. At higher magnification (Fig. 4b), lattice fringes are observed,
delineating crystalline areas of sizes down to 5-10 nm, much smaller than the domains themselves. Thin
dashed red lines are added in Fig. 4b as a guide to the eye, clearly indicating lattice planes with different
orientation, and suggesting a polycrystalline character. Fig. S12 shows additional images where also
larger crystalline areas are observed, up to more than 50 nm. Together with an estimated grain size of
about 100 nm obtained from Debye-Scherrer analysis of the corresponding diffractogram in Fig. S2, it is
safe to conclude that the perovskite film consists of a mixture of both larger and smaller grains, but
definitely smaller than the domain size as seen from SEM (Fig. 2e). A selected area diffraction (SAED)
pattern from a 400 nm grain (see Fig. 4c) indeed further confirms that it comprises different crystallites
(more ring-like diffraction pattern). This contradicts some prior reports where perovskite crystallites in
high efficiency devices were found to be actual single crystals (sharp diffraction pattern).[34’ >
Interestingly, the fact that our perovskite layers —thus compromised in this aspect— still deliver
efficiencies on par with or higher than those earlier reports could suggest that single crystalline
properties are not a fundamental requirement for highly performing perovskite solar cells. This is
particularly intriguing in the light of very recent findings of metallic rather than semiconducting
behaviour of perovskite single crystals under illumination at room temperature.[eo]

We identify the 2-5 nm white structures in the perovskite, clearly observed in Fig. 4d, as Pbl,, based on

our previous experience with STEM measurements on this material.*® From this prior work, we rule out



any possibility for in situ degradation due to electron beam damage, so the observed Pbl, is the
intentional excess added to the precursors, which has been shown to improve device performance.[SZ]

An interesting observation is the discernible discontinuity of the Cgq layer: discrete lumps are sitting on
the SnO, instead of forming an actual film. This is even clearer in Fig. 4d where a higher magnification of
the Sn0,/Cgq layers is shown. Electron Energy Loss Spectroscopy (EELS) mapping (Fig. 4e) was performed
to rule out any suspicion of these darker structures just being voids, and thereby an indication of local
film delamination. From the Sn M, s, O K, and In M, s edge maps, it can be seen that the position of the
ITO and SnO, layers is pinpointed very precisely and the flat character of the SnO, is confirmed.
Considering the C signal, is it obvious that a more carbonaceous but discontinuous region is present at
the interface between the perovskite and the SnO,. This is conclusive evidence that Cgq is partially
redissolved upon the deposition of the perovskite from (mainly) DMF, as proposed before.[*% &2 Notably,
where these earlier reports suggested the unattainability of decent device performance due to this
effect, our devices are still highly efficient despite the defective fullerene layer. This discrepancy in
observations can however be explained. First of all, revisiting Fig. 4d in more detail, the SnO, layer
appears nanoporous rather than compact. Secondly, upon closer inspection of the C signal in Fig. 4e, it
can be noticed that there is a very faint enrichment of carbon in the region that corresponds to the SnO,.
These findings imply that the fullerene has infiltrated into the SnO, matrix (as aggregates and/or just as a
physisorbed monolayer), and thus prevents the SnO, from being directly contacted by the perovskite. As
a monolayer of fullerene suffices to passivate the metal oxide, it is more than conceivable that such

Sn0,/Ceo composite can adequately fulfil the same function of a planar stacked SnOz/CGO.[Ge" o4l



(a) ..

Perovskite

Fig. 4: (a) HAADF-STEM cross sectional image of a CAGQ deposited MAPbI; solar cell. A Au top contact is used here to facilitate the FIB
preparation. (b) High resolution detail of the center of a perovskite grain where lattice plains can be observed. (c) SAED diffraction
pattern of a large grain of the perovskite film, showing its polycrystalline character. (d) Detail of the ITO/Sn02/Ceso/perovskite interface
regions. (e) EELS mapping of the complete layer stack using the M5, CK, N K, In M, 5, Sn M, 5 and O K edges, together with the
corresponding simultaneously acquired ADF signal.

Conclusions

In this work, we have reported a DMSO-PbX, complex assisted gas quenching (CAGQ) solution deposition
method, to fabricate pinhole-free perovskite layers. It is demonstrated that the method is generally
applicable for many different compositional varieties relevant for solar cells. The perovskite crystallites in
highly performing solar cells were found to be polycrystalline, though it is still under investigation
whether this is necessarily a handicap towards performance. The proposed method represents a
considerable step towards better reproducibility among laboratories by offering a reliable strategy for

the deposition of numerous existing perovskites and can serve as a convenient tool for the screening of



novel perovskite compositions as well. Considering its simplicity and robustness, it can undoubtedly be
implemented in large-area coating procedures such as blade coating, and therefore offers a compelling

advantage in the road towards scaling up the solution processed perovskite photovoltaic technology.

Experimental

Preparation of solutions

0.2M SnCl, (Alfa Aesar) was dissolved in ethanol. 10mg/ml Cg, was dissolved in 1,2-dichlorobenzene and
stirred overnight. Perovskite precursor solutions were prepared by dissolving the desired combinations
of MAI (Dyesol), FAI (Dyesol), Pbl, (Sigma), PbBr, (Sigma) and Csl (Alfa Aesar) in typical concentrations of
1-1.35 M in DMF. For use in the n-i-p structure, 2.5% excess Pbl,/Pb Br, was added. An amount of
DMSO was then added, in slight excess of stoichiometric equality with the Pb ions, which is equivalent to
an approximate 9:1 DMF:DMSO ratio for a 1.35M precursor. The solutions were sonicated for
15 minutes, and filtered before use. Spiro-OMeTAD was dissolved in chlorobenzene (72.3mg/ml) with

the addition of 28.8ul 4-butylpyridine and 17.5ul of a 520mg/ml stock solution of Li-TFSI in acetonitrile.

Fabrication of n-i-p solar cells

FTO glass (TEC7, Hartford) was patterned with zinc powder and 2M HCI solution, and subsequently
ultrasonically cleaned with Hellmanex soap solution, water, acetone and 2-propanol. Right before the
deposition of the SnCl, solution, the samples were treated with oxygen plasma for 5 minutes. The SnCl,
films were then heated at 185°C in air for at least one hour to form SnO,. C¢q was spin coated on the
Sn0O, at 3500rpm. The samples were then transferred to a nitrogen-filled glovebox. The perovskite
precursor was spin coated and a strong nitrogen flow was directed towards the sample from a distance
of a few inches, after a certain time, depending on the concentration and spin speed. Typically, a spin
speed of 3000 rpm was used for a 1.35M precursor, and the N, stream was applied 10 seconds into the
spin coating process. The N, stream was sustained between 5 to 8 seconds. Equivalently, for a number of
precursor compositions, a colour change from very pale yellow to orange or brown can be observed
upon quenching, and the N, stream can be terminated once the colour change has happened. The
method allows for a comfortable deposition window (see Fig. S10). Films made with increased DMSO
content required postponed quenching times but yielded the same efficiency. The pressure on the
nitrogen line was about 6 bar, but equally high quality films could be obtained at slightly lower pressures
by restricting the flow. The samples were then heated for 30 minutes at 150°C (for pure FA and FA-Cs
based films) or 60 minutes at 100°C (all others, except only 10 minutes for MAPbl3). Spiro-OMeTAD was
spin coated on top at 3000 rpm, after which the samples were stored in a desiccator overnight. Finally, a

Ag top contact (~100nm) was evaporated under high vacuum (~6x10°® Torr).

Fabrication of p-i-n solar cells

Patterning and cleaning of FTO was carried out in the same manner described in the previous section but
with TEC15 FTO (Hartford). The TEC15 FTO substrates were further cleaned with piranha solution at
room temperature for at least 90 minutes, followed by rinsing in water, DI water, ethanol, and drying
with N,. The hole transport layer was prepared on the piranha-treated FTO by spin coating a hot solution

(110°C) containing 1 mg/mL poly-TPD (1-Material) and 0.2 mg/mL F4-TCNQ (Sigma) in toluene at 2krpm



for 30s, followed by annealing in ambient at 110°C for 10 minutes.’® Once cooled to room temperature,
the substrates were transferred into a nitrogen atmosphere for spin coating the remaining layers.
Perovskite solutions were prepared and deposited in a similar manner to the n-i-p devices.

MAPDbI; was spun from a 1.0 M solution at 4000 rpm, (FA.83MAg.17)0.95CS0.05Pb(lg.9Bro.1)3 was spun from a
1.2 M solution at 5000 rpm, and (FAg.g0CSo.20)Pb(lg.65Bro.3s)3s was spun from a 1.1 M solution at 4000 rpm.
The N, stream was applied at 12 seconds into the process and sustained for 8 seconds. Afterwards, the
perovskite films were immediately placed on a hot plate and annealed as for the n-i-p cells. PCBM (20
mg/mL in chlorobenzene) was spin coated at 1.8krpm for 30s, followed by a short annealing at 100°C for
10 minutes prior to the deposition of BCP (0.5 mg/mL in IPA) at 4krpm for 20s. The devices were finished

by the evaporation of a Ag contact (100nm)

Characterization

Current density-voltage (JV) characteristics were recorded in ambient environment by a Keithley 2400
source meter under AM1.5G simulated sunlight at 100 mW cm™ (Abet Class AAB Sun 2000 Simulator),
with calibrated intensity by means of an NREL calibrated KG5-filtered Si reference cell (mismatch factor
<1%). The solar cells were masked with a black metal mask, exposing a device area of 0.092cm’. JV scans
were measured by scanning from forward bias to short circuit (backward scan) and from short circuit to
forward bias (forward scan) at a rate of 0.38 V/s. The stabilized power output was measured by
measuring the current while holding the voltage at the maximum power point from the backward scan.
EQE was measured on a home-built setup fitted with a Newport 6257 xenon lamp (100 W), a Newport
Cornerstone 130 monochromator (with sorting filters) and a Stanford Research Systems SR830 lock-in
amplifier. The light beam was mechanically chopped at 21 Hz. Calibration was done with an FDS-100
calibrated silicon photodiode. A Hitachi S-4300 field emission scanning electron microscope was used for
morphological characterization. Steady-state PL measurements were carried out with a Fluo Time 300
Fluorescence Lifetime Spectrometer (PicoQuant FmbH). Perovskite films were excited using a 507 nm
laser pulsed at frequencies between 1 MHz and 10 MHz. X-ray diffraction spectra were obtained from
perovskite films on FTO/Sn0O,/C60, using a Panalytical X’Pert Pro X-ray diffractometer. Absorption
spectra were measured on a Varian Cary 300 UV-Vis spectrometer.

For the preparation of FIB lamellae, solar cells were first transferred inside the glove box into a
Kammrath&Weiss Gmbh transfer module together with the Focused lon Beam (FIB) copper support grid
and then transferred to the FIB (FEI Helios 650). In this case, we used ITO as transparent electrode
because of its lower roughness compared to FTO, in order to minimize interface blurring in the EELS
analysis as a consequence of the finite FIB lamella thickness. We are confident this is representative as
the device performance on ITO and FTO are identical. After the FIB lamella was prepared, the transfer
module was then opened again inside the glove box and the FIB sample was transferred into a Gatan
double-tilt vacuum transfer holder for TEM investigation. The vacuum transfer holder was then inserted
inside a FEI Titan 60-300 microscope equipped with an X-FEG high brightness electron source, a probe Cs
corrector, a Super-X 4-quadrant EDX detector and a Gatan GIF Enfinium electron energy loss (EEL)
spectrometer. The microscope was operated at 120 kV in Scanning TEM mode with a low electron dose
to avoid electron-induced damage to the perovskite. Imaging was performed with a 21 mrad

convergence angle and collection of all electrons in the range 46—160 mrad for high angle annular dark



field (HAADF). EDX and monochromated core-loss and low-loss EELS measurements were performed

with a beam current of =50 pA.
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