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Abstract: The impact on device stability of the bulky cation-modified interfaces in halide 15 
perovskite solar cells is not well-understood. We demonstrate the thermal instability of the bulky 
cation interface layers used in some of the highest performing solar cells to date. X-ray 
photoelectron spectroscopy and synchrotron-based grazing incidence X-ray scattering 
measurements reveal significant changes under thermal stress in the chemical composition and 
structure at the surface of these films. The changes impact charge carrier dynamics and device 20 
operation, as shown in transient photoluminescence, excitation correlation spectroscopy, and solar 
cells. The type of cation used for passivation affects the extent of these changes, where long carbon 
chains provide more stable interfaces and thus longer durability (more than 1000 hrs at 55ºC). 
Such findings highlight that annealing the treated interfaces before characterization is critical to 
enable reliable reporting of performances and to drive the selection between different cations.  25 

 
One-Sentence Summary: We reveal the instability of interfaces treated with bulky cations, and 
propose long carbon chains to prevent diffusion and improve durability. 
 
Main Text:  30 
Bulky organic cations - too big to form a lead halide perovskite lattice - are widely used to reduce 
non-radiative recombination at interfaces in high-performance metal halide perovskite 
photovoltaics. Despite numerous reports of performance enhancement, only a few studies have 
investigated the actual structure and stability of the interface treated with bulky cations. (1–4) 
Bulky organic salts, generally halides, have been reported to interact with point defects at the 35 
perovskite surfaces and to introduce a tunneling junction with the charge extraction layers, 
decreasing non-radiative recombination. (1) Such salts have been used to enable power conversion 
efficiencies (PCE) up to 25.5 % in solar cells based on halide perovskite films. (5) Bulky organic 
cations are frequently embedded at the perovskite and charge-transport-layer interface by 
deposition on already formed perovskite films, to create a uniform layer thin enough to avoid 40 
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transport losses. Depending on the size, the deposition of bulky cations can lead to a reconstruction 
of the perovskite structure of lower structural dimensionality. (6)  
While the passivation approach has been used widely, it is still unclear when the rearrangement of 
the interface occurs, if it is beneficial, or if it should be prevented, with different groups reporting 
contrasting results. (1, 4, 7, 8) The reconstruction of the treated interface during device operation, 5 
particularly in combination with thermal stress, could consequently result in PCE loss and 
shortened solar cell lifetimes, which have been neglected. In this contribution we look at the 
evolution in the chemical and structural composition of the interface layer when exposed to 
thermal stress, to understand its stability and impact on device performance. We combine 
synchrotron-based X-ray grazing incidence wide-angle X-ray scattering (GIWAXS), 10 
photoelectron spectroscopy (XPS), and scanning electron microscopy (SEM), with optical 
spectroscopy measurements such as transient photoluminescence (trPL) and excitation correlation 
spectroscopy, to understand how the evolution in chemical composition, structure, and 
microstructure of the interface induced by thermal stress impacts recombination dynamics in 
perovskite solar cells. Our findings demonstrate that the passivation molecules deposited at the 15 
interface slowly permeate the perovskite film under thermal stress, leading to increased non-
radiative recombination. Solar cells show a correlation between the annealing of bulky cation-
treated perovskite films and lower PCE. The same drop in PCE is found when devices are exposed 
to long-term stability testing under 1 Sun equivalent illumination at 55 °C, a temperature of interest 
for photovoltaics operation easily reached by solar panels during the day. We note that no abrupt 20 
performance decay is observed when devices are kept at room temperature during aging, which 
underlines the importance of testing at high temperature the solar cells comprising passivated 
perovskite films. The fast changes demonstrated by some of the most promising cations at the 
perovskite crystal surface show that these molecular surface modifiers do not provide long-term 
device operation and highlight the need for new passivation molecules able to passivate the defects 25 
at the perovskite surface without diffusing and reconstructing the perovskite bulk. 
 
Results and Discussion 
Structure of the interface: XPS, SEM, GIWAXS 
To understand how bulky organic salts commonly used as passivation agents impact the 30 
optoelectronic properties and stability of halide perovskite films, we deposited triple cation lead 
mixed halide layers, of approximate composition in solution Cs0.06MA0.16FA0.79PbI2.52Br0.49 (here 
referred to as CsMAFA, where MA is methylammonium and FA is formamidinium). We modified 
the top surface of these films with organic salts containing the same number of carbons and based 
on a phenyl group or a linear chain, such as phenethylammonium iodide (PEAI), octylammonium 35 
iodide (OAI), and octylammonium bromide (OABr), which have been used for defect passivation 
in high-performance perovskite optoelectronics. (7, 9–11) The passivated samples were then 
thermally annealed at 100 °C for different time durations (0, 10, 40 min). A schematics of the 
experiment is reported in Fig. 1A. The XPS elemental scans for N1s and Pb4f of the untreated 
film, labeled Ref,  and of the perovskite treated with PEAI and OABr are presented in Fig. 1B-E. 40 
The elemental scans for OAI-treated films, as well as the surveys and elemental scans for C1s, I3d, 
Br3d, Cs3d, O1s are presented in Fig. S1,2 in the supplementary material. Table S1 summarizes 
the approximate surface composition of the different films as extracted by the peak fits of the 
elemental scans. Comparison of the N1s peak area of FA and MA in Fig. 1B for the reference film 
- C=N at 400.6 eV (FA) and C-N at 402.4 eV (MA) - reveals an excess of FA and a deficiency in 45 
MA at the surface with respect to the starting solution composition (Table S1). (12) Further 
comparison with the Pb4f Pb-X peak where X is a halide, at 138.5 eV, shows the presence of an 
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excess of organics at the surface, in agreement with previous reports detailing the tendency of FAI 
to accumulate at the exposed perovskite interface (Table S1). (13, 14) 

 

Fig. 1. Compositional evolution under thermal stress of the CsMAFA with the addition of a 
bulky cation layer. (A) Schematics of the experiment. XPS of N1s (B and C) and Pb4f (D and E) 5 
signals for metal halide perovskite films passivated with PEAI (B and D) or OABr (C and E). The 
pristine CsMAFA film spectrum is reported in black. The 0 and 40 after the cation name in the 
legend are the annealing times in minutes, at 100 °C. (F) Molecular structures of the cations shown 
in the XPS spectra. 
 10 
The signatures of the organic cations dominate the XPS of the surface of the perovskite films 
treated with PEAI and OABr before annealing (labeled PEAI 0, OABr 0). The C-N peak intensity 
is enhanced significantly, which is attributed to the amine group of the passivant molecules, along 
with a reduction in the C=N peak of FAI (Fig. 1B, D). The C-C 1s and C-N 1s peaks intensity also 
increase with respect to the untreated perovskite film, and a broad π- π* satellite characteristic of 15 
aromatic compounds appears at 292 eV in the case of PEAI (Fig. S1). (15) At the same time, the 
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intensity of the Pb-X peak - used as a marker for the presence of a metal halide Ruddlesden-Popper 
(RP) phase at the top surface - gets suppressed, highlighting a top interface composed mostly of 
organic molecules (Fig. 1C, E). As for Pb, signals from FA and Cs appear strongly reduced, yet 
still visible, which could be ascribed to incomplete coverage of the PEAI or OABr layer or an X-
ray penetration depth larger than the organic layer thickness (Fig. S1). Alternatively, the Pb signal 5 
could be due to a RP layer beginning to form by the exchange of cations with the bottom perovskite 
film.  
To test the stability of the interface treated with PEAI and OABr, we annealed the films at 100 °C, 
to favor the transition of the interface layer towards its most thermodynamically stable 
configuration. The XPS spectra of freshly deposited PEAI and OABr were compared with those 10 
that were annealed for 40 min (here referred to as PEAI 40, OABr 40, respectively). The thermal 
stress leads to a decrease in the C-N peak intensity associated with the PEA and OA cations and to 
an increase in the C=N FA signal (Fig. 1A, B). Concurrently, the intensity of the Pb-X signal 
increases, hinting at the conversion of the top interface to a RP structure or back to the original 
perovskite phase. The transition to this intermixed state happens relatively fast and is almost 15 
complete within the first 10 min of annealing in the case of PEAI (Fig. S2). Extending the 
annealing from 10 to 40 min produced only minor changes. The PEA (N-C) / Pb ratio decreases 
of only 10 %, in contrast to the 74 % reduction observed within the first 10 min of annealing (Table 
S1). For the OABr treated films a peak appears in the Pb4f elemental scan at 136.6 eV, attributed 
to the formation of Pb0. The peak becomes more intense after annealing and might be related to 20 
the degradation in vacuum reported for RP phases. (16)  An oxygen peak is visible in the O1s 
elemental scan of the CsMAFA reference (533 eV, C-O bond), which disappears in all treated 
films, in agreement with previous reports on the water barrier effect exerted by bulky-cation treated 
interfaces. (17, 18) 
To explain if the changes in surface stoichiometry observed by XPS before and after the thermal 25 
treatment are associated with microstructural changes and with the formation of an RP structure, 
we performed SEM and synchrotron-based GIWAXS measurements on the deposited films (Fig. 
2). The introduction of the passivation layers leaves the domain size of the perovskite film almost 
unchanged, with grains having about 200 nm diameter (Fig. 2, Fig. S3). Films passivated with no 
post-annealing were difficult to image in the SEM, particularly when OA cations are used, possibly 30 
related to the presence of a thin amorphous/insulating organic layer on the treated surface (Fig. 
2E, Fig. S3). After 40 minutes of annealing, the images become more crisp, which could be 
associated with the diffusion of the bulky cations and crystallization of RP phases (Fig. 2C, Fig. 
S3). In contrast, focus in the SEM images is difficult to achieve in the OABr film even after the 
annealing (Fig. 2G). GIWAXS of the films treated with PEAI shows a crystalline phase even 35 
before annealing, with diffraction at q = 0.28, 0.56, 0.84, 1.13 Å-1 (Fig. 2B, Fig. S4, Fig. S5), which 
is absent in the bare CsMAFA film (Fig. 2J). We attribute those peaks to a RP phase of the type 
(PEA)2(A)n-1PbnI3n+1 with n = 2, where A could be Cs, FA, MA.(19, 20) All peak maxima 
belonging to the (00h) family of planes (h=1,2,3,4) are distributed along qz with regular spacing, 
indicative of diffraction planes oriented parallel to the sample surface, which is normally the case 40 
for RP metal halides. Annealing of the PEAI treated films leads to a structural rearrangement of 
the interface. Within the first 10 min at 100 °C we observe a spread in the orientation of the RP 
phase without loss in the overall peak intensity (Fig. S4). As the annealing time increases to 40 
min, loss in crystallinity of the n = 2 phase is observed. At the same time, new peaks at larger q 
values of 0.30, 0.61, 0.93 Å-1 increase in intensity, being visible already in the 10 min film 45 
diffraction (Fig. 2D, Fig. S4, Fig. S5). The shift of the peak positions towards larger q is indicative 
of a reduction in the interplanar spacing, however, the shift appears too small to be attributed to a 
pure transition to a Ruddlesden-Popper phase with n = 1, and too large to be merely attributed to 
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a change in halide or A site composition of the n=2 phase. (20–23) Based on our XPS results 
showing an increased amount of FA at the surface we hypothesize that the new peaks might be 
generated by partial substitution of PEA with FA in (PEA)2(A)1Pb2I7.  

 

Fig. 2. Microstructure and crystal structure evolution of bulky-cation treated interfaces. 5 
SEM and GIWAXS images of: PEAI treated perovskite films before (A, B) and after 40 min 
annealing (C, D); OABr treated films before (E, F) and after annealing (G, H); reference CsMAFA 
film (I, J). Scale bar for the SEM images is 1 µm. (K) Schematics of the evolution of the interface 
treated with bulky-cations upon annealing. 
 10 
In OA treated films no crystalline features are visible before applying thermal stress, supporting 
the hypothesis of the amorphous nature of the treated interface before annealing (Fig. 2F). After 
annealing for 40 min at 100 °C a weak signal appears in both OABr and OAI treated films, with 
planes at q = 0.25, 0.49, 0.73 Å-1 oriented along qz (Fig. 2H, Fig. S4, Fig. S5). Such diffractions 
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can be all related to the formation of a n=2 Ruddlesden-Popper phase analogously to the case of 
PEAI.(24, 25) These diffractions are more intense for the OAI-treated film than the OABr-treated 
samples (Fig. 2H, Fig. S4, Fig. S5). For the films treated with OA no secondary phase formation 
is observed, with the exception of an OABr film showing low intensity peaks and at q of 0.52 and 
0.78 Å-1 in the sector average around qz (-20 < χ < 20), which suggest an evolution towards 5 
structures with smaller interplanar spacing also for this cation, but over significant longer 
timescales than PEAI (Fig. S5). We note that the RP crystallinity in un-annealed films can vary 
from batch to batch, but evolves towards the same quasi-steady-state after 40 min of annealing. 
We observed both increases and decreases in the intensity of the RP diffraction signal within the 
first 10 min at 100 °C (Fig. S4, Fig. S6). Such variability underlines the highly unstable nature of 10 
interfaces treated with bulky cations before annealing and the importance of heating the substrates 
after the deposition of the organic salts to stabilize these structures. 
Combining the XPS, SEM, and GIWAXS findings we can identify (1) a correlation between the 
type of bulky cation used and the stability of the treated interface, (2) evolution stages of the treated 
interface independent from the type of cation used. Three main transformation steps can be 15 
identified, which are depicted in Fig. 2K. (i) The formation of an organic overlayer: the bulky 
cations form an overlayer on top of the perovskite bulk, and only the very interface undergoes 
conversion. (ii) Bulky cation diffusion and RP phase formation: as heat is provided, the cations 
diffuse in the perovskite layer, inducing interface reconstruction into RP phases. This step proceeds 
at room temperature for PEAI. (iii) RP reconstruction and crystallinity loss: after the diffusion 20 
step, the composition of the interface layer stabilizes but the structural change continues. New low 
dimensional phases with smaller interplanar spacing are formed, and an overall loss in crystallinity 
is observed, which in PEAI is also accompanied by a loss of orientation. All the data acquired from 
the three techniques highlight higher thermal stability of the OABr and OAI treated interfaces with 
respect to PEAI.  25 
 
Interface-mediated optoelectronic properties 
Time-resolved photoluminescence (trPL) and excitation correlation photoluminescence (ECPL) 
Having understood the evolution in composition and structure of the treated interface, we 
investigated how the addition of bulky cations affects the stability of the optoelectronic properties 30 
of perovskite films and devices. Looking at the trPL decays of CsMAFA films treated with organic 
salts, before and after annealing we can correlate the physical changes of the interface with changes 
in charge-carrier recombination dynamics. As can be seen in Fig. 3A, B the annealing process and 
the solvent used for the deposition of the organics do not affect the photoluminescence (PL) 
dynamics in the film, with the film washed with isopropanol (IPA) and annealed even showing a 35 
slower PL decay. However, differences are observed once the bulky organic cations are deposited 
on the top perovskite surface (Fig. 3C, D), with annealing of the treated films resulting in faster 
PL decays. The change in carrier dynamics could be ascribed to either increased non-radiative 
recombination due to the formation of deep traps at the interface or to the extraction of the charge 
carriers into the newly formed RP phases. We note batch-to-batch variations in the relative 40 
difference in lifetimes between the reference CsMAFA film without passivation and the passivated 
films (Fig. S7). However, we observe consistent lifetime trends, with the trPL traces of films 
treated with the organic salts and annealed for 40 min always showing the faster radiative 
recombination dynamics (Fig. 3, Fig. S7, Fig. S8). This trend implies that the reconstruction of the 



 

7 
 

perovskite interface promoted by annealing after bulky cation treatment is detrimental to the 
quality of the film and will cause PCE loss as is demonstrated above. 
 

 

Fig. 3. Impact of bulky-cations on PL radiative lifetimes. trPL of: (A) CsMAFA reference films; 5 
(B) CsMAFA films washed with IPA to decouple the impact of bulky-cations and solvents; 
CsMAFA films treated with PEAI (C) or OABr (D). All films were measured before and after an 
annealing step at 100°C for 40 min. 
 
We further study the effect that the bulky cation treatment and annealing have on the defect 10 
population via excitation correlation photoluminescence (ECPL). We use ECPL to investigate 
PEAI treated films, which show the largest differences in the composition and structure of the 
interface before and after the annealing process at 100°C for 40 min. As it has been described 
previously, the ECPL technique consists in exciting the sample with two pulses, each modulated 
at a distinct frequency (Ω1, Ω2). Then, from the integrated photoluminescence the nonlinear 15 
contribution can be separated from the linear component by demodulating at the sum of the 
frequencies (Ω1 + Ω2 ) and at the fundamental frequencies respectively. (26–28) A time delay 
between the two pulses allows exploring the charge carrier population's evolution in time. The 
nonlinear contributions to photoluminescence, under the Shockley-Read-Hall model, are mainly 
caused by nonradiative recombination due to defect-assisted recombination or Auger 20 
recombination processes. (26, 27) Defect assisted nonradiative recombination produces a positive 
ECPL signal, wheres auger processes would introduce a negative ECPL component. (26, 27) The 
ECPL signals of the three films in Figure 4A-C, undergo a positive shift as the excitation density 
increases, which can be attributed to nonradiative recombination dominating the carrier dynamics 
at those excitation densities. The temporal evolution of the nonlinear carriers with and without 25 
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interface modification and annealing is in the subnanosecond time scale for all cases, which is an 
indication of fast trapping processes previously assigned to shallow traps. (26, 29) The fast 
trapping shows that shallow traps are dominant at the excitation densities probed since deep traps 
in lead halide perovskites show slower recombination ranging from nanoseconds to microseconds 
and would display very slow ECPL dynamics. This does not mean that there are no deep traps in 5 
the perovskite, it implies that at the excitation density range used, the deep traps are filled and the 
shallow traps dominate the nonlinear recombination.  Negative values of ECPL response observed 
at high excitation density in lead halide perovskites have been assigned to Auger processes, to the 
𝛾𝛾𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑛𝑛2𝑝𝑝 term in particular, assuming the electron is the carrier being trapped. (26, 27) However, 
negative values at low excitation density (1017 cm-3) have not been fully interpreted, we 10 
hypothesize this contribution being related to the 𝛾𝛾𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑛𝑛𝑝𝑝2.  

 
Fig 4. Effect of PEAI treatment on shallow traps density. ECPL dynamics and excitation 
density dependence of the ECPL at time zero of: (A, D) CsMAFA film, (B, E) CsMAFA film 
treated with a PEAI solution and (C, F) CsMAFA film treated with a PEAI solution annealed for 15 
40 min.  
Comparing the ECPL response at t = 0 of the CsMAFA reference film with the PEAI solution 
treated film (Fig. 4D, E, respectively) it can be seen that the ECPL signal saturates at an excitation 
density of approximately 5 x 1018 cm-3 in the CsMAFA film,  while the saturation point of the 
PEAI treated sample is not reached in the excitation density range probed. This change in the 20 
saturation threshold implies an increase in the density of shallow traps in the film after the 
treatment with the PEAI solution. Although treatment with iodine has been used to passivate 
defects related to iodine deficiency, recent works suggest shallow defects are caused by excess 
iodine in the surface of lead halide perovskite films. (11, 30) We attribute to this latter effect the 
increase in shallow traps observed in our measurement, which is also in agreement with the 25 
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increase in the surface halides (I+Br)/Pb ratio observed after the treatment with PEAI in XPS, from 
4.04 to to 7.65 (Table S1). If the film treated with PEAI is further annealed, the initial scenario of 
shallow traps is recovered, as shown in Fig. 4F. This recovery in the ECPL response behavior is 
also accompanied by a decrease in the (I+Br)/Pb surface ratio, which moves from 7.65 to 5.07. We 
hypothesize the decrease in halides at the surface to be associated with their incorporation in the 5 
interphase layers formed upon annealing. Note that although there is a decrease in the shallow 
traps caused by the thermal annealing, the trPL results indicate that annealing increases 
nonradiative recombination by forming deep traps which are not observed whithin the excitation 
density range observed in the ECPL experiment.  
 10 
Device performance analysis 
To understand how the evolution of the interface impacts the performance of a complete solar cell, 
we fabricated devices based on the architecture Glass | FTO | TiO2-c | TiO2-mp | CsMAFA | spiro-
OMeTAD | Au (Fig. 4A), where FTO is Fluorine-doped Tin Oxide, TiO2-c a compact layer of 
titanium dioxide, TiO2-mp a thin film of TiO2 nanoparticles, spiro-OMeTAD 2,2′,7,7′-15 
tetrakis(N,N-di-p-methoxyphenyl-amine)9,9′-spirobifluorene. We focused on the study of the 
PEAI and OABr molecules only, given the similar behavior of OABr and OAI salts. When 
included, the organics were deposited on top of the CsMAFA layer, before spiro-OMeTAD. The 
results reported here are from devices measured three days after deposition of the Au electrode, as 
all solar cells - the CsMAFA non-passivated reference in particular - show enhancements in open-20 
circuit voltage (Voc) and short-circuit current (Jsc) within this timeframe (Fig. S9). The reverse 
current-voltage scans (J-V) of the champion devices for each variation are reported in Fig. S10. 
The distributions of Voc, Jsc, and stabilized PCE of the devices are reported in Fig. 4B-D. The 
medians and standard deviations of the photovoltaic parameters are summarized in Table 1. As 
can be seen in Fig. 4D, the introduction of a bulky organic salt at the CsMAFA interface leads to 25 
a small increase in the average stabilized PCE if the films are not exposed to thermal stress, mostly 
benefiting from a reduced hysteresis with respect to the reference. The PCEs decrease when the 
bulky-cation layers are annealed, with the largest drop suffered by the devices that include PEAI. 
The decrease in PCE is induced by a simultaneous loss in the median Voc, fill factor (FF), and Jsc 
values when the organic-treated films are annealed (Fig. 4B, C, Fig. S9B). We hypothesize two 30 
different processes inducing such losses: (i) an increased thickness of the passivation layer induced 
by the diffusion of the organic cation and by the conversion of the perovskite interface to low 
dimensional phases; (ii) the formation of electronic traps at the treated interface as a consequence 
of annealing. Process (ii) in particular could originate the simultaneous drop in the Voc, FF, Jsc of 
annealed devices, whereas an increase in series resistance (i) would only impact FF and Jsc. Both 35 
effects appear to be present in PEAI devices, as evidenced by the increase in series resistance in 
dark J-V scans (Fig. S13) and by the trPL trends shown in Fig. 3. Both (i) and (ii) keep progressing 
after the first 10 min of annealing (Fig. S8, Fig. S12), raising concerns on the long-term operational 
stability of  
 40 

 



 

10 
 

 

Fig. 5. Solar cell structure, photovoltaics parameters, stability. (A) Solar cell stack used in this 
work. (B), (C) Voc and Jsc distributions as extracted from the reverse J-V scan. (D) PCE value after 
maximum power point tracking for > 1 min. More than 36 independent solar cells were fabricated 
for each variable to produce the boxplots in (B-D). (E) Maximum power point tracking under 5 
equivalent 1 sun illumination in N2 atmosphere, 55 °C of the untreated CsMAFA film versus the 
layer treated with PEAI or OABr without any further annealing. 
 
perovskite devices treated with these cations. In OABr treated films no evident contribution from 
the series resistance is visible (Fig. S13), suggesting a performance decay mostly dominated by 10 
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(ii). The Voc drop observed in both films could be induced by the excess halide introduced with the 
deposition of the organic salts, resulting in the formation of Ii-mediated trap centers. (11) As can 
be seen in Fig. 4B, the highest Vocs are reached by films including organic cations and annealed 
for 40 min, despite the drop in the median Voc values (Table 1), reaching a maximum of 1.19 V for 
the OABr samples and of 1.17 V for the PEAI, against the 1.15 V of the reference. This apparently 5 
contradictory result can be explained by noting that a Voc enhancement is observed also in the 
CsMAFA reference exposed to 40 min extra of annealing (Fig. S9B). Disuniformities in the 
coverage of the organic layer might thus result in a dominance of the Voc enhancement effect of 
annealing and explain the presence of outliers. 

Table 1. Photovoltaic parameters in numbers. Median and standard deviations of photovoltaic 10 
parameters extracted from J-V scans in reverse (Rv, bias changing from positive to negative value) 
and in forward direction (Fw, bias changing from negative to positive value). The stabilized PCE 
distribution after >1 min maximum power point tracking is reported in the rightmost column. In 
bold the PCE of the champion devices for each variation. 
 15 

  
Voc (V) Jsc (mA cm-2) FF (%) PCE (%) Stabilized PCE (%) 

OABr 0 

Rv 1.13 (±0.02) 22.0 (±0.3) 75.4 (±5.4) 18.8 (±1.5) 

18.4 (±1.5) 20.0 
Fw 1.09 (±0.03) 21.9 (±0.4) 70.3 (±3.9) 16.8 (±1.3) 

OABr 40 

Rv 1.12 (±0.03) 21.4 (±0.8) 69.3 (±3.8) 16.7 (±1.5) 

16.0 (±1.8) 19.4 
Fw 1.08 (±0.03) 21.3 (±0.9) 67.5 (±3.2) 15.3 (±1.4) 

PEAI 0 

Rv 1.13 (±0.02) 22.2 (±0.3) 72.9 (±5.2) 18.1 (±1.4) 

17.9 (±1.4) 19.6 
Fw 1.09 (±0.02) 22.0 (±0.3) 67.7 (±3.8) 16.3 (±1.0) 

PEAI 40 

Rv 1.11 (±0.02) 19.8 (±0.9) 62.8 (±3.8) 14.0 (±1.2) 

14.2 (±0.7) 15.1 
Fw 1.07 (±0.02) 19.0 (±0.9) 62.8 (±1.5) 12.9 (±0.6) 

Ref 

Rv 1.13 (±0.01) 22.2 (±0.5) 75.2 (±6.2) 18.7 (±1.7) 

17.4 (±1.7) 20.2 
Fw 1.07 (±0.02) 22.0 (±0.6) 65.9 (±5.9) 15.5 (±1.6) 

 
We investigated further if the changes observed upon annealing in the structure, chemical 
composition, and electronic performances, of interface-modified perovskite films are also present 
in conditions of relevance for solar cell operation. We thus exposed the solar cells to 1 Sun 
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equivalent illumination, at 55 °C in an inert atmosphere, and used a maximum power point (MPP) 
tracking algorithm to monitor the decay in their PCE. Every 12 h we performed a J-V scan to 
retrieve the evolution in Jsc, FF, Voc during aging. Fig. 4F presents a comparison of the stability of 
the untreated device versus solar cells including a PEAI or OABr layer. Fig. S14 reports the results 
in the photovoltaic parameters extracted from the J-V scans. Fig. S15 includes a comparison of the 5 
stability of treated devices aged at 25 °C versus 55 °C. Similar to what was observed for the 
annealing at 100 °C, the organic-treated perovskite cells aged at 55 °C show decays in PCE faster 
than the reference untreated layer, mediated by simultaneous drops in Voc, Jsc, and FF (Fig. S14). 
While the decay in Voc observed in this instance might be related to the IPA treatment of the 
surface, the reductions in Jsc and FF are solely related to the introduction of the bulky cations (Fig. 10 
S14). Importantly, the decay of the photovoltaic parameters significantly slows after the first 200 
h of light exposure, suggesting the possibility to stabilize the device interfaces with an initial 
annealing step. If interface-treated devices are kept at 25 °C during the stability measurement no 
drop in performance is observed. Dynamics of relevance for photovoltaic operation might thus be 
screened if the stability testing is performed at room temperature. Such observations stress the 15 
need for a more thorough analysis of the dynamics of bulky-cation interface layers under thermal 
stress, and the need to test devices at temperatures ≥ 55 °C to ensure reporting performances and 
stability relevant for photovoltaic operation.  
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