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ABSTRACT: Perovskite solar cells are amongst the most exciting photovoltaic systems as they
combine low recombination losses, ease of fabrication and high spectral tunability. The Achilles heel of
this technology is the device stability due to the ionic nature of the perovskite crystal, rendering it
highly hygroscopic, and the extensive diffusion of ions especially at elevated temperatures. Herein, we
demonstrate the application of a simple solution-processed perfluorinated self-assembled monolayer (p-
SAM) that not only passivates the perovskite surface but also drastically improves the stability of the
perovskite absorber and in turn the solar cell under elevated temperature or humid conditions. p-i-n-
type perovskite devices employing these SAMs exhibited power conversion efficiencies surpassing 21%.
Notably, the best performing devices are stable under standardized maximum-power point (MPP)
operation at 85°C in inert atmosphere (ISOS-L-2) for more than 250 h, and exhibit superior humidity
resilience, maintaining ~95% device performance even if stored in humid air in the ambient over
months (~3000h, ISOS-D-1). Our work, therefore, demonstrates a novel strategy towards efficient and
stable perovskite solar cells with easily deposited functional interlayers.



Introduction

The last years have witnessed a huge improvement in the efficiency and stability of solar cells based on
metal halide perovskites. Systematic improvements of the perovskite composition and morphology,
combined with the development of new charge transporting materials led to certified power conversion
efficiencies (PCEs) of up to 25.2 %." In parallel, various strategies have been developed to improve the
stability of the perovskite itself and the entire device and good-to-excellent stabilities in light, air or
electrical load stress tests have been demonstrated.>> Many of these approaches however required rather
complicated and thus expensive encapsulation schemes, such as deposition of inorganic layers by ALD
(atomic-layer-deposition) or sputtering.*> A few early attempts include the use of long-alkyl chain
halide molecules for surface modifications, other moisture repelling molecules® or the crosslinking agent
ABPA’. Likewise, Lewis-base passivation protocols®® have shown to improve the performance and
stability, and recently composites incorporating 2D perovskites were shown to exhibit substantially
improved resilience to environmental stress*® . Notably, most of the recent achievements towards high
efficiencies and/or stability employed n-i-p architecture, where the active perovskite is coated on a
(commonly-used) n-type transparent metal oxide and the cell is completed with a fairly thick (and often
doped) p-type organic semiconductor. To the best of our knowledge, the most stable (encapsulated) n-i-
p devices were reported by Grancini & Roldan-Carmona et al.” (initial PCE: 12%, sealed and measured in
ambient, 10.000h at Jsc at 55°C without loss), by Christians et al.'# (initial PCE: 12.2%, measured in
ambient (10-20%RH) for >1000h close to MPP at 30°C, retaining >88% efficiency), by Saliba et al.”
(initial PCE: 17%, MPP-tracking in nitrogen for sooh at 85°C, retaining 95% efficiency) and by Jeon et
al.’® (initial PCE: 20.8%, encapsulated and measured in ambient at 25°C for 300h, retaining 92%
efficiency). On the other hand, p-i-n cells are particularly attractive due to their very simple device
architecture, often comprising very thin charge-transporting layers with the perovskite active layer
occupying over 9o% of the cell volume. These cells often use undoped organic charge transport layers
and are processed at temperatures below 100°C. Chemical doping has been identified as one major
source for device degradation”’. Probably most importantly, p-i-n is the preferred architecture for
tandem applications on p-type silicon such as “PERC” cells (which currently exhibit a market share of
over 9o% of all industrial solar cells). Therefore, and perhaps not surprisingly, all recently published
record monolithic Si/perovskite tandem cells employed a p-i-n type cell on top of a p-type silicon cell®

20, Unfortunately, the efficiency and stability of p-i-n type cells lack behind those of the more commonly
employed n-i-p architectures. In this context, it has been acknowledged that non-radiative
recombination of photogenerated charges at the interface between the perovskite and the electron-
transporting layer (ETL) is a major loss channel, especially in p-i-n devices. Various strategies (such as
compositional engineering® or addition of interlayers**>*) have been demonstrated to reduce these
losses, resulting in reproducible efficiencies of up to 20.9% for small devices and 19.8% on 1 cm? pixels.
On the other hand, very few publications report long-term stabilities of p-i-n type cells under relevant
storage or illumination conditions. For example Zheng et al. showed moderate stability of an
unencapsulated cell under ambient MPP tracking for 25 h with high efficiencies®>, and we previously
reported a stability of 168 h on a non-encapsulated cell with a PCE of 16% under MPP tracking at 25°C in
inert gas*®. A successful approach to improve the stability of p-i-n-type perovskite solar cells it to protect
the active perovskite by combining an ALD-deposited transparent metal oxide layer in combination with
e.g. sputtered top contacts or AZO-NPs, and these devices showed exceptional lifetimes (e.g. a T80 of
100 h during MPP at 100°C in ambient atmosphere for <16% PCE devices*”*® or 1000 h in ambient MPP
with an initial PCE of 13%%°) Other approaches to increase the stabilities of such cells include silane
molecules® or the use of quaternary ammonium halides to passivate the perovskite or multiple ALD
layers®. With the above-mentioned exceptions, p-i-n devices are usually not subjected to simultaneous
thermal-light-bias stress and no highly efficient (>20%) devices have been shown to rival the stability of
the n-i-p structured devices.

In this report, we introduce a simple yet effective functionalization of a triple cation lead halide
perovskite with a self-assembled monolayer (SAM) made of 6 to 12 carbon atoms perfluorinated
aliphatic molecules terminated with an iodine or bromine-anchoring group. p-i-n cells comprising these
layers exhibit efficiencies above 21% while being processed at temperatures no higher than 100°C. The
layer significantly improves the resilience of the whole solar cell to heat, light or moisture. If operated at
the maximum power point, the cells maintain 99% of their initial efficiency even after 250 h of
continuous illumination at 85°C (ISOS-L-2 conditions). This is remarkable given that the chosen p-i-n
structure is fully processed at low temperatures, doesn’t require chemical dopants or any other
encapsulation.3*



© -

FoF
G4 erc,
FF

n=5-11

perovskite
n-Bu
PEN

p-TPD S e

perfluorinated chain length

v

reference IPFCy, IPFC,,

Figure 1. A) Schematics of the p-i-n-type device architecture showing the position of the individual layers, as well
as the chemical structure of the molecules used for the SAM preparation and the transport layers. B) Density
functional theory (DFT) simulations of the coupling between an I-PFCi2 molecule and a perovskite (I-terminated)
surface together with the positive (yellow) and negative (turquoise) charge redistribution responsible for the
halogen-type bonding. C) Contact angle measurements of 2-propanol on perovskite|[PFCx-SAM-samples with
different n= o, 8§, 10, 12.

Results

Device Performance

Figure 1 displays our standard p-i-n solar cell architecture with the structure
ITO|HTL|Cslo.05[FAo.85MAo.15Pb(lo.85Broas)3]o.05| SAM |Ceo|BCP|Cu. Such cells exhibit power conversion
efficiencies of roughly 19% with an average open-circuit voltage of <1.1V, 77% fill -factor (FF) and a short-
circuit current density (Jsc) of 2.3 mA/cm?. The embedment of the p-SAMs directly influences all
photovoltaic parameters, depending on the nature of the anchoring group (iodine or bromine) and the
length of the perfluorinated carboxylic tail (Figure 2A). We deposit the SAMs by submerging the
annealed perovskite for ~20 min. in a dilute solution of the respective molecules (1omM), which we
found to be the optimum concentration in initial tests (Figure Sz). Notably, the iodine-terminated
molecules improve the photovoltaic performance, predominately through the improvement of Voc to an
average above 115V while other metrics remain practically unchanged. The current density of 22.5
mAcm™ is confirmed by the integrated EQEpv spectrum in Figure S1. Employing a Br-terminated SAMs
increases the Voc above 1.10V but causes a continuous drop of the fill-factor (FF) with the increasing
length of the perfluorinated tail, resulting in an overall reduction of the PCE. Given the fact that the
nature of the binding moiety affects mainly the FF, we speculate that the drop in efficiency upon
inserting the Br-terminated SAM is related to the efficiency of charge extraction. This point will be
addressed later. The optimal performance in this series is obtained with I-PFCio - perfluorodecyl iodide,
where we achieve a Voc of 118 V at a thermodynamic limit of 1.32 V. This is amongst the highest open-
circuit voltage reported for p-i-n type perovskite solar cells - beaten only by a very recent approach
using a secondary perovskite phase at the perovskite/ETL interface* or with very specific processing
conditions and unstable transient behavior (i.e. strong light soaking required):®. The corresponding
non-radiative loss in potential is only ~150 mV, which is amongst the lowest losses for the given bandgap
of the absorber - irrespective of the architecture. As a result, inserting I-PFCio causes an average
improvement of the PCE by absolute 1.5%, with a record efficiency of 21.3% (average 20.5%). We note



that the devices do not exhibit pronounced hysteric effects, irrespective of scan speed or direction and
the obtained efficiencies coincide with the stabilized MPP output (Figure 2(B, C) and Figure S3).

22
20 "
G 18 i i i
el !
16
| | | |
90
80 - m
o\o
=70 (] i ]
n " .
60 -
50 — f f f f f f f
TS S S S & S TS S S S & S
= O O 5 O O
S o & o o % & S & & a & % &
(] L L L = 0 0 o L = ='_ — | |
B m m a) - - C m m m - -
10 - 1
- == === O o= O i PO
5 ! S
< 5 / O 5120
£ I 0 O I
=-10 — 4 MPP: 25°CinN, | &
-15 b 119
] -0~ I-PFCy,
20 L : : ; : 4./" | | | | —O- reference |
0.0 0.4 0.8 1.2 0 5 10 15 20
voltage [V] time [min.]

Figure 2. A) Average statistics of the photovoltaic parameters PCE, Voc, FF and Jsc over several batches including
the standard deviation of each parameter. B) JV-curve of the best performing device with an I-PFCio SAM in
forward and backward scan direction (100 mV/s), yielding a PCE of 21.3%. C) Representative maximum power point
(MPP) tracking over the course of 20 minutes of one of the highest performing I-PFCi0 and reference devices.

SAM bond formation and layer characteristics

It has been proposed that halogenated organic compounds bind to undercoordinated halide anions at
the perovskite surface by the formation of noncovalent halogen bonds.” The binding and SAM
properties of I-terminated perfluorocarbons on different model interfaces has been studied recently>®.
For I-PFCi2 on silicon nitride, density functional theory (DFT)3® revealed non-covalent halogen bond
formation, where approximately o.5 electrons were transferred from the nucleophilic nitrogen surface
atom to the electrophilic iodine atom, going along with large binding energy of 128 kJ/mol. Halogen
bond formation was confirmed by ssNMR on self-assembled monolayer adsorbed to SiNx nanoparticles.
The study of a SAM on a flat SiNx with X-ray reflectometry and contact angle measurements revealed the
formation of a dense molecular with a critical surface energy of only 2.6 Nm.

DFT calculations were performed to explore the potential interaction of our SAM molecules to the
perovskite surface. Since we were interested specifically in nature and strength of a possible binding of
the SAM molecules to the halide anions, we restricted our simulations to the case that molecules adsorb
on an I-terminated (111) perovskite surface (calculation details are given in the Supplementary Note 1). In
Scheme S1, we show the side views of I-PFCi2 molecules assembled on a perovskite surface.

Albeit these are simplifications - for example, the perovskite surface may expose different facets® - this
DFT model is useful to elucidate the electron distribution at the hybrid interface and with that the
strength and nature of a formed I-I bond. Similar to the case of I-PFCi2 on silicon, silicon nitride or
silicon oxide surface, the interaction between I-PFCi2 and the perovskite surface is primarily



electrostatic in nature, although second order contributions such as polarization, dispersion, and charge
transfer are present.*° Figure 1B shows the iso-surface plot of the induced charge density, defined as
An(r) =g — [Mgg + Neeel, i.e. the difference between the charge density of the adsorption system and
the sum of the isolated I-PFCiz molecule and the perovskite surface. The Lowdin atomic charge
analysis# of such molecule-substrate system reveals that up to 0.3 electrons to be transferred from the
nucleophilic iodine surface to the electrophilic iodine atom of the molecule with respect to its neutral
valence charge. The computed binding energy is 183 kJ/mol, higher than the binding energy between I-
PFC12 on silicon nitride surface (128 kJ/mol).4>4>-45

To confirm the existence of a SAM on our perovskite samples, we carried out photoemission (X-ray
photoemission spectroscopy; Figure S4) and Fourier-transformed Infrared spectroscopy (FTIR, Figure
S5) studies on neat and SAM-modified perovskite samples. The Fis core-level XPS spectra reveal the
presence of fluorinated species on the surface of the perovskite concurrent with a shift in workfunction
as obtained from Kelvin probe measurements (both Figure S4). Unfortunately, we were not able to
deduce specific information on the type of binding from these XPS spectra. It is known that X-ray
illumination and substrate-induced photochemical reactions may remove iodine from the molecules.
FTIR spectra shown in Figure S5 consolidate the presence of the molecules on-top of the perovskite, as
indicated by the appearance of additional modes at 150-1300cm™ - absent in the unmodified perovskite.
Interestingly, we observed a small blue shift of the prominent molecular bands of the SAM (Figure S5C)
at ~1200 and n50cm?, when deposited on the perovskite. This may indicate a larger degree of disorder
in the surface-bound molecular layer compared to the pristine I-PFCi2. One reason for this may be the
strong binding of the I-terminated molecule to the perovskite, as suggested by the above DFT
calculations. Strong surface binding is known to inhibit the formation of dense molecular packing by
reducing the mobility of the molecules along the surface. In fact, comparing the strength of the I3d5/2
signal of the pristine perovskite and a samples modified with a I-PFCi0 revealed an average thickness of
the I-terminated SAM of only 2.6 A. This value may be considered as a lower limit due to the instability
of the I-binding under X-ray exposure. Notably, the estimated average thickness of the Br-terminated
SAM (in this case BrPFCg) is larger, ca. 4.7A. Also, the comparison of the FTIR spectra of the surface-
bound molecules and the dense molecular film revealed identical peak positions, indicative of a higher
molecular ordered in the Br-terminated SAM. This may be due to a smaller strength of the formed
halogen bond+%47, rendering the Br-terminated molecules more mobile. The formation of a denser and
thicker SAM from the Br-terminated perfluorocarbons may be the reason for the significant lowering of
the FF with increasing molecular length and concentration as noted above3®4849,

Proof for a dense coverage of the perovskite surface with perfluorinated carbon chains (even in case of I-
termination) comes from the measurements of contact angle. Figure 1C shows photographs of contact
angle measurements with 2-propanol (IPA) on the perovskite with and without the iodated SAMs. The
sample without any treatment shows a contact angle <5° which steadily rises when employ ying SAMs
with longer tails, reaching 88° in the case of [-PFCi2.

Loss in Potential and Improvement of the Voc

The significant increase of the Voc upon insertion of the SAMs requires special attention. It has
previously been shown that any improvement in Voc is related to an increase in bandgap or a reduction
of recombination, either in the perovskite bulk, at the perovskites’ surface or the interface with an
adjacent layer.»>°>* In previous publications, we have identified interfacial recombination as the
primary source for a reduced photovoltage of p-i-n-type perovskite solar cells*>**. Mitigating these losses
often comes at the expense of a loss in fill-factor*5 5. However, the exact origin of the Voc
improvements will depend largely on the system of interest, and it is yet not clear whether additives or
interlayers improve Voc by reducing recombination in the bulk (and grain boundaries) or at the
interfaces with the adjacent transport layers>®,

It has been proposed that the binding of organohalides to a perovskite surface reduces the density of
surface traps3. To investigate whether our SAMs improve the Voc predominantly via trap passivation or
through the suppression of interfacial recombination, we determined the quasi-Fermi-level splitting
(QFLS) in the perovskite through the measurement of the absolute PL on the neat perovskite, multilayer
stacks or on full devices through>:

QFLS = kpT % In(PLQY % J¢/Tyraq + 1) (1)



Here, PLQY is the external quantum efficiency of photoluminescence, and Jc/q and Jorad/q is the photon
flux of solar and black body radiation, respectively, which is absorbed/emitted by the active layer. Note
that Equation (1) is only correct in absence of exciton effects, meaning that every absorbed photon
generates an electron-hole pair and that all PL stems from direct free carrier recombination. As the
QFLS in the absorber limits the Voc of the solar cell, information on the QLFS and how it is affected by
the placement of the SAM and the addition of the charge-transporting layers is of crucial importance for
the understanding of the Voc improvement.

For the pure absorber or the absorber in contact with additional layers under the condition of no
electrical contact any charges generated in the device must recombine within this stack. In the ideal
case, all absorbed photons are simply reemitted - called photoluminescence. In addition to photon
emission, the electrons and holes can also lose their energy through non-radiative electron-phonon
coupling® resulting in the dissipation of heat, which would reduce PLQY, reducing the QFLS.® Thus,
measuring the rate of emitted photons versus generated carriers is a measure of how energy is lost
through these unwanted processes. We performed several pulsed and steady-state measurements to
unambiguously show the processes that limit the solar cells’ Voc’s at varying carrier densities. In Figure
3A, we show the EQEpv spectra of the perovskite solar cells measured under short circuit conditions. All
devices exhibit a very similar spectral shape with a bandgap of 1.61 eV (half-maximum) and Urbach
energies of ~ 15 meV. The deduced generation (Jo=Jsc= [®sun-EQEpv dE) and minimal recombination
current at 300 °K (Jorad= [®ss-EQEpv dE) are ~22 mA cm™ (see Figure S1) and ~3 x 10 mA cm?
respectively. Here, we also assume that all photogenerated charge carriers reach the electrodes under
short circuit conditions, which is a reasonable assumption given that perovskite solar cells with
comparable bandgap show flat internal quantum efficiency spectra with close to 100% efficiency. This
results in a radiative limit of 1.34 eV for the obtainable QFLS and thus Voc (details on the calculations
are in Supplementary Note 2)5>*%. As the devices’ Voc’s are substantially lower than that, we obviously
suffer from substantial additional recombination currents. In order to decouple the losses, we measured
the luminescent efficiency of samples that are made from the individual layers (always with perovskite)
of the solar cell stack or of the whole solar cells. Figure 3B and Figure S3 show the obtained PL spectra of
four samples at 1-sun equivalent illumination conditions. The pristine perovskite has an external PLQY
of just below 1%, which allows for a maximum QFLS of 1.23 eV (see Supplementary Note 2).Adding the
SAMs to the neat perovskite film has no effect on the PL emission properties (Figure S6), irrespective of
the nature of the anchoring group used herein. Therefore we can rule out surface passivation of device-
relevant traps as the main source for the significant improvement of the device performance. On the
other hand, the perovskite in direct contact with Ceo only emits 1 photon for every ~105 incoming
photons (Figure 3B). Upon introduction of the perfluorinated SAMs this reduction is mitigated by
almost two orders of magnitude rendering PLQYs of ~0.5% This implies, that the non-radiative losses at
w*
13
the device Voc of ~ 9o mV (105 mV in the best case). These experiments were complemented by the
investigation of the carrier dynamics after photogeneration by performing time-resolved
photoluminescence (tr-PL) measurements at low excitation intensities. This allows deducing mean
carrier lifetimes free of capacitive effects,®> which in turn yield the average carrier densities under
steady-state illumination in the limit of predominant first-order recombination from which VOC can be
estimated (see Supplementary Note 2)°. The pure perovskite has PL decay times (1/e) of ~600-800 ns.
Plugging this into Equations S5 and S6 results in a QFLS of up to 1.23eV, consistent with the previous
PLQY measurements. We note again that this is to be expected, only, if the transient PL decay is
dominated by a first-order recombination loss, e.g. recombination via traps in the bulk or by interfacial
recombination, while free carrier recombination is insignificant®®. Importantly, as shown in Figure 3b,
the functionalization of the perovskite with the SAMs (but without the presence of Ceo) did not change
the monoexponential tr-PL lifetime, again ruling out trap passivation as the source of the improvement
in VOC, which is also evident from the absolute PL measurements on pristine vs. modified perovskite as
noted above In contrast, depositing Cso on the perovskite reduces the lifetime dramatically. Albeit it has
been suggested that fullerenes passivate traps in the perovskite or rather at the grain boundaries®”®, we
observe a drastic reduction of carrier lifetime, which is consistent with the large decrease in QFLS as
noted above. The carrier lifetime can be however partially recuperated by interjecting SAMs. The
lifetimes rise from ~25 ns (Ceo only) up to ~150 ns, which allow us to calculate obtainable QFLS’s of 1.080
eV and 1173 eV, respectively, in excellent agreement to the measured Voc’s. Finally, we combined
measurements of the EQEpv and of the external quantum efficiency of electroluminescence, EQEEL, on

this interface are reduced by up to kzT - In ( ) a 120mel’, comparable to the average improvement in



full devices to deduce values of Voc with Rau’s reciprocity relation. In contrast to the methods described
above, Rau’s reciprocity explicitly considers the exchange of charges between the perovskite absorber to
the contacts. It has been pointed out before that errors between the predicted and measured Voc may
arise from insufficient collection and/or injection of charges.®® Figure 3D summarizes the results from all
three techniques on multiple samples. We supported these findings by measuring the surface-
photovoltage (SPV) on half-cells comprising ITO|HTL|perovskite alone, or capped with Cso, the SAMs or
SAMs and Ceo. The spectrally dependent voltage build-up (photovoltage) of the devices (Figure S7C)
without Ceo exhibits no appreciable difference between pristine or modified perovskites, indicating that
the electronic structure of the perovskite at the surface is not changed. Yet, with the Ceo present (Figure
S7B), the situation differs, as the samples are now able to separate charges (i.e. generate voltage due to
electron accumulation in the Ceo layer. We find that this voltage increases in the order:perovskite <
perovskite|Ceo < perovskite| SAM |Ceo, corroborating that the incorporation of the SAM improves charge
separation at the n-interface, and that the effect due to the SAM is only seen if also Ceo is present.
Therefore the main difference between the studied cells is non-radiative recombination at the
perovskite/Cso interface, which is reduced progressively with increasing length of the SAMs.

We are able to draw the following conclusions: 1. All four techniques (PLQY, EQEgL, TRPL and SPV) are
mutually in excellent agreement. 2. The QFLS in the perovskite layer determines the Voc in the devices.
Therefore, all changes in Voc (from the addition of the charge-transporting layers and the SAM)
originate from differences in the QFLS of the absorber and must, therefore, be related to the charge
recombination dynamics. Notably, the perovskite layers on glass or on the HTL both allow a Voc > 1.2V,
which also means that non-radiative recombination at the interface between the perovskite and the HTL
(poly-TPD) is comparably slow.
3. The perovskite/Ceo interface is the bottleneck for a high photovoltage output, as it reduces the
obtainable Voc (QFLS) to a maximum of 1.08 V (eV) on average (1.1 V max). 4. Given that the deposition
of the SAMs on the neat perovskite layer does not affect the luminescent properties or the magnitude of
the SPV signal, we can rule out passivation of the perovskite surface as main reason for the shown
improvement. We can, therefore, assign the improved QFLS and lifetime of the cells to suppressed
across-interface recombination.

Lastly, we note that a recent similar’® approach reports on a red-shift of the perovskite absorption onset
by annealing the samples after the deposition of a similar molecule in vastly higher concentrations;
while we observe essentially no change in the bandgap energy or tail-slope; see Figure S8.
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Figure 3. A) EQEpv and Jwd./q for of the solar cells with the different interlayers. B) PL photon flux under

a ~1-sun-equivalent 445 nm illumination of the neat perovskite reference, the perovskite covered with Ceo,
and with the two longest molecule chain SAMs in between. C) Normalized TRPL decays of perovskite
(black dots) with the different SAMs (green and blue lines), compared to the corresponding devices with
an additional Ceo layer, with (green and blue dots) or without the SAMs (dark red dots). All
measurements were performed with excitation at 47onm and ~40nJ/cm? (no~10%cm3). D) Deduced QFLS
or qVoc as determined from the absolute PL (red), tr-PL (green), jV scan (yellow) or the
electroluminescence efficiency (black) for several samples each.

Device Stability

Many of the state-of-the-art perovskite solar cells - irrespective of p-i-n or n-i-p architecture - show
excellent performance. At the same time, the number of reports concerning enhanced stability has
increased following this rapid rise in efficiency>>. The general belief is that the perovskite is the weakest
link in the multilayer devices. In particular the organic cations - foremost methylammonium - are
blamed as the culprit due to their volatile nature. Various approaches have been employed to reduce or
mitigate these losses through (partial) cation exchange with bigger molecules such as FA or GA,
encapsulation, blocking layer deposition or passivation.?”>%77¢ While most approaches concern either
rigid hard encapsulation through e.g. ALD layers or additive engineering, fewer have adopted ways to
improve the interfaces as a simple post-process. We sought to test the impact on stability for the best
performing devices in our SAM series. We anticipated that the binding between the p-SAMs and the
perovskite and the strong entanglement of the perfluorinated tail of the molecules reduces the
permeability for small molecules and ions at the perovskite|Ceo interface in either direction. As ingress
of water and evolution of MA* are considered the Achilles heel of perovskite solar cells, preventing the
latter two seems to be the natural approach. As a proof of principle, we also provide photographs of
perovskite layers with a water droplet, revealing a drastic suppression of perovskite decomposition upon
SAM deposition. While in the case of the untreated perovskite a yellow spot is visible shortly after
dropping the water, indicating the irreversible formation of Pbl., this irreversible decomposition is
drastically slowed down in the case of I-PFCi2 (both in Figure Sg), where this decomposition takes



minutes to occur. This effect is likewise visible when comparing absorption spectra of a similar
perovskite (slightly higher Br/I ratio) as a function of storage time in ambient conditions. In the case of a
sample without functionalization, the perovskite decomposes as evident from the rise in Pbl2 absorption
signal (Figure S10). We rationalize this slowdown of decomposition by measuring XRD diffractograms of
perovskite films with and without I-PFCi0 or Br-PFCg after exposure to humid air (~50%RH) overnight
(Figure S10D). We find that the interlayers effectively retard the ingress of water, evident from the
absence of perovskite-hydrates? at ~11° in contrast to the unmodified perovskite (Figure SioD). This
slowdown will, in turn, slow down water-induced degradation. Finally, we measured full solar cells over
the course of 4 months (~3000h) both “encapsulated” in an inert atmosphere and under ambient
conditions without encapsulation, with weak light exposure - i.e. shelf storage. Figure 4A shows that
when stored in the inert atmosphere, both reference and modified types devices are essentially stable,
while when stored in the ambient the devices without SAMs lose up to 30% of their initial (already
lower) efficiency. In contrast, the devices with a modified interface retain >95% of their initial efficiency
under ISOS-D-1 conditions. We conclude that surface modification effectively reduces the ingress of
moisture, which we consider to be the main reason for the device degradation. The alternative to
diffusion into or within the cell is the diffusion of organic cations out of the cell; especially MA+ may be
lost due to this process, which potentially induces an irreversible degradation. As diffusion is a thermally
activated motion, we tested the thermal stability of the individual volatile components in the perovskite.
To this end, we performed differential scanning calorimetry measurements (DSC) on MAI, I-PFCi0 and a
combined powder (MAI + I-PFC10), as seen in Figure 4B. The melting point of pure I-PFCio is visible at
~70°C, while MAI shows a peak at ~150°C which is associated to a phase transition of MAI from the solid
crystalline phase to a pre-melting state called ionic plastic phase, as reported in literature’®7’. In
contrast, the mixed powder completely lacks the spike at 70°C and shows the same thermal transition of
MAI, but is shifted by ~ 15°C to higher temperatures, indicating the stabilizing effect of I-PFCi0 on MAI.
These observations lead to the hypothesis, that the [-PFCx modified solar cells will be more thermally
stable than the reference counterparts. We tested this hypothesis by measuring some of the most
efficient devices at various relevant temperatures (Figure 4C), where we were able to extract thermal
efficiency loss coefficients of -0.106%/°C and -0.122%/°C for the I-PFCio and the reference device,
indicating a small improvement in the modified cells. We note that these numbers are comparable to
previous reports’®, albeit a bit lower. Finally, we subjected these cells to an intensive coupled heat-light-
load stress test, by measuring the power output of the devices held at MPP at 85°C with an equivalent of
~1 sun illumination in a nitrogen atmosphere (Figure 4D), consistent with the ISOS-L-2 protocol. Much
of the recent reports show normalized efficiencies, especially when performing aging tests. While we
believe that in many cases this may help to visualize the improvement, we want to stress that
performing standardized stress tests on the highest performing devices is essential and often omitted.
Also, we explicitly did not encapsulate the devices so as to show the full potential of the SAMs.7 Initially
the cells are at room temperature and then heated within a few minutes to 85°C causing a rapid initial
drop of ~ 6% absolute due to a higher thermal recombination current (Jrad.) of the device at 85°C
compared to 25°C, which in turn reduces Voc and Vmrer and thus PCE. After this, the best reference
device still degraded rapidly to <5% within ~30 h. In stark contrast, the modified device recovered from
the initial drop within a few hours and stabilized at 16%. This device kept this efficiency over the next
250 h without any additional loss, unprecedented in this device architecture without elaborate
encapsulation strategies®”**°, The high stability is highly encouraging, given the simplicity of the
approach but also that the perovskite is only capped by another <40 nm of small organic molecules (C60
and BCP) and a metal cathode. We also observe a mild improvement in Vmpp over time (Figure SuA),
which we believe is due to a light-induced modification/relaxation of the perovskite® 3, enhancing the
PLQY, which we could likewise observe for the mixed-halide/mixed-cation perovskite in a reference
experiment (Figure SuB).
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Figure 4. A) Stability of perovskite solar cells stored in nitrogen or ambient air over the course of 4 months. B)
DSC measurements on MAI, I-PFCi0 and a mixture of the latter, that show the interaction of the I-terminated group
to iodine in MAI enhancing the latter's thermal stability. C) Temperature-dependent PCE with linear fitting renders
efficiency loss coefficients of ~ 0.1%/°C. D) Maximum power point tracking at elevated temperature (85°C) in a
nitrogen-filled glovebox for the reference (red) and modified device (blue). Both devices show a quick initial drop

due to the increase in temperature.

Conclusion

In summary, we present a facile method to modify the perovskite absorber in highly efficient p-i-n-type
solar cells through the use of perfluorinated halogenated self-assembled molecules. Functionalization of
the perovskite surface with I-terminated fluorocarbons comes with a significant increase of the open-
circuit voltage up to 118 V while leaving the other photovoltaic parameters nearly unchanged. Such
SAM-functionalized perovskite devices exhibited power conversion efficiencies surpassing 21%. XPS,
UPS and FTIR suggest that the SAMs interact with the perovskite surface mainly through mild
electrostatic interactions. Using absolute PL, tr-PL electroluminescence and SPV measurements, we
show that the deposition of the SAM has no effect on the recombination properties of the perovskite
itself, ruling out trap passivation as the main reason for the performance increase. Instead, we show that
the functionalization of the perovskite top surface with the fluorocarbon molecules improves charge
separation and suppresses non-radiative recombination at the perovskite/C6o interface. Due to the
sufficiently strong adhesion to the surface and its fluorinated water-repelling backbone, cells comprising
the SAM molecules withstand harsh stress tests such as 250 h MPP-tracking at elevated temperatures
(85°C) or long-term exposure to ambient air without appreciable efficiency loss under standardized
harsh testing conditions (ISOS-D-1 and ISOS-L-2). This work demonstrates advancement in the quest to
improve the stability and efficiency of perovskite solar cells towards industrial standards using a simple
solution-based approach, without the need for elaborate and complicated processing schemes,
compatible with conformal growth methods, even on rough or textured surfaces®¥%+ % Combining



these dual benefits of stability and reduced interfacial recombination with surface passivation layers will
be the next step towards highly efficient even more stable devices pushing this technology to the verge
of commercialization.
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