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ABSTRACT: Over a relatively short period of time, the power conversion efficiency of perovskite solar
cells (PSCs) has increased from 3.8 to 27%. Despite this rapid progress, stability issues still remain a
major challenge for widespread commercial application, thus motivating extensive research on perovskite
surface defect passivation that would improve the longevity of PSCs. Although many reported
passivation strategies are demonstrated under specific deposition conditions and device architectures, the
reasons behind their effectiveness are not fully understood. In this study, we systematically examine
quaternary ammonium and thiouronium organic salts as surface-passivating agents for triple-cation PSCs
and compare their behavior with that of the commercially available sulfonium-based salt DMPESI. By
combining photoluminescence (PL), time-resolved photoluminescence (trPL), X-ray photoelectron
spectroscopy (XPS), liquid-state nuclear magnetic resonance (NMR), and device measurements, we
show that different characterization techniques probe different features of organic—perovskite
interactions. Although some treatments improve radiative recombination, as indicated by PL and
trPL data, these results do not directly relate to the photovoltaic performance. Only the iodide-
containing ammonium salt CzEAI shows device improvement consistent with XPS analysis. This work
reveals the complex nature of defect passivation in PSCs.
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1. INTRODUCTION

Nowadays, record-breaking perovskite solar cells (PSCs)
typically use perovskite surface passivation layers, which
seem to lack reliable references despite being presented as
crucial for achieving high efficiency and long-term stability.'
The concept of surface defect passivation in PSCs came from
silicon solar cells (SSCs), where a thin layer of material—often

generally attributed to the interaction between the passivating
molecule and uncoordinated lead ions.”"*~"*

Organic surface-passivating molecules have been extensively
studied to improve the quality of perovskite films and the
performance of devices. Many studies have reported that the
effectiveness of passivation can be assessed using optical
techniques, such as photoluminescence (PL) and time-
resolved photoluminescence (trPL), solution-phase measure-
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aluminum oxide (Al,O5) and silicon nitride (SiN,)—was used
to reduce the surface recombination of p-doped and n-doped
silicon, respectively. However, since PSCs and SSCs differ in
stability, energy levels, carrier mobility, etc., the same materials
cannot be applied for passivation.* The closest material to
becoming a standard for surface defect passivation in PSCs is
phenethylammonium iodide (PEAI),” with some studies using
it as a reference for their proposed new passivating
molecules.””® Record-breaking PSCs use a variety of molecules
and strategies to passivate surface defects.” However, recently
published works on surface passivation do not use a reference
passivation layer for comparison.'’”'> Furthermore, the
materials used for passivation have different deposition
conditions, e.g., annealing temperature,?”m‘%’14 time of
;1nnealing,3’l4’15 perovskite composition, concentra-
tion,””"* and perovskite preconditioning,”*'* It is not always
clear why certain conditions were used or what effect they had
on the end result. Nevertheless, surface defect passivation is
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ments, such as nuclear magnetic resonance (NMR), or surface
chemistry analytical techniques such as X-ray photoelectron
spectroscopy (XPS). However, it is unclear to what extent
these methods reflect the role of passivators during film
formation and device operation. In this study, we synthesized
and examined carbazole-based thiouronium and quaternary
ammonium salts with different halogen counterions (Figure 1)
to identify the most effective carbazole-based triple-cation
perovskite surface passivator. Additionally, we tested the
commercially available sulfonium-based salt DMPESI, given
its recent success as a surface-passivating material in
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Figure 1. Structures of investigated molecules for perovskite surface
passivation.

formamidinium lead iodide (FAPI)-based perovskite solar cells
(PSCs).”> While PL and trPL measurements indicated the most
promising candidates, applying them in PSCs did not clearly
correlate with the photocurrent efficiency (PCE). Further
analysis using XPS and NMR also revealed a poor correlation
between the optical response and the observed chemical

interactions. Our results show that commonly used screening
methods may not provide reliable results when evaluating
passivating molecules. This highlights the need to combine
optical, interfacial, and device data to better understand the
interactions between passivating molecules and perovskite
films.

2. RESULTS AND DISCUSSION

To investigate the passivation effect of organic quaternary
ammonium, thiouronium, and sulfonium salts on the perov-
skite surface, PL and trPL measurements were employed to
probe near-surface defect states and their influence on charge-
carrier recombination dynamics. This approach is based on the
concept that defects, such as unreacted Pb*, promote
nonradiative recombination and can reduce the PL intensity
and carrier lifetime. Therefore, changes in PL intensity and/or
carrier lifetime are commonly used as indicators of defect
passivation when investigating the interactions between
organic salts and lead-based perovskites."”'>'® However,
perovskites used in optoelectronics apg)lications are known to
exhibit significant batch-to-batch'’ ™ and even sample-to-
sample variations.”' To minimize sample-to-sample variability,
PL and trPL measurements were performed on films prepared
from the same perovskite samples. For the concentration-
dependent studies, perovskite-coated glass substrates were
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Figure 2. (a) Normalized PL intensity (represented by bars) and average PL lifetimes obtained from trPL (symbols) before and after treatment
with the optimal concentration of investigated compounds and with pure solvents; (b) PCEs of p-i-n devices; (c) PCEs of n-i-p devices; (d) J-V
curves of champion p-i-n devices; and (e) J—V curves of champion n-i-p devices.
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Figure 3. Normalized PL intensity (represented by bars) and average PL lifetimes obtained from trPL (symbols) of treated perovskite samples

annealed and without annealing.

divided into multiple pieces, which were subsequently treated
with different concentrations of the investigated passivating
molecules, meanwhile one piece from each substrate was kept
as an untreated reference sample (Figure S1).

The highest PL intensities and trPL lifetimes for the films
treated with DMPESI (deposited from chloroform) and
CzETU (deposited from ethanol) were obtained at concen-
trations of 3 mg/mL, while for CzEAI (deposited from
isopropanol), the strongest PL intensity was at 1 mg/mL. Due
to the limited solubility in IPA, the quaternary ammonium salts
CzEACI and CzEABr were applied at a concentration of 1 mg/
mL. Figure 2a summarizes the integrated PL intensities and
average trPL lifetimes of pristine perovskite films and films
treated with passivating materials at their optimal concen-
trations, as well as with pure solvents. Among the investigated
compounds, the thiouronium salt CzETU shows a clear
improvement in PL intensity and carrier lifetime compared to
the pristine perovskite film; however, this effect is concen-
tration dependent, with the most pronounced response
observed at 3 mg/mL. In contrast, the perovskite treatment
with the quaternary ammonium salts CzZEACI and CzEABr, as
well as with the sulfonium salt DMPES], results in reduced PL
intensity and carrier lifetime, compared to the untreated films.

To verify that the observed changes in PL and trPL originate
from the passivating materials rather than from the solvents
used for their deposition, the PL and trPL of perovskite films
were also performed on perovskite films treated with pure
CHCI,, IPA, and EtOH (see Figures 2a and S2). As shown in
Figures 2a and S2, treatment of the perovskite surface with
each of these solvents results in a reduction in both PL
intensity and charge-carrier lifetime. This behavior is indicative
of increased nonradiative recombination at the perovskite
surface. These observations suggest that even solvent treatment
alone can modify the surface defect states of perovskite films,
independent of the passivating molecules used, which is
consistent with previous reports.22

The solvent-induced changes observed in PL and trPL
motivated further investigation of the effect of post-treatment
annealing. This investigation was prompted by previous
literature reports indicating that, contrary to common practice,
surface-passivated perovskite films are rather often charac-
terized without an additional annealing step.””® The
investigated materials were applied at concentrations corre-
sponding to the best PL and trPL responses identified
previously: 3 mg/mL for DMPESI and CzETU, and 1 mg/
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mL for CzEAI, CzEABr, and CzEACIL. It is also worth noting
that DMPESI was deposited from chloroform and CzETU
from EtOH, while the remaining materials were from IPA.
Figures 3 and S3 show that with few exceptions, nonannealed
films exhibit higher PL intensities and longer charge-carrier
lifetimes than annealed films.

The most pronounced annealing-induced changes in PL and
trPL were observed for films treated with DMPESI and pure
CHCI,. Noticeable effects were also observed for carbazole-
based derivatives (CzEAI, CzEACI) and alcohol (EtOH, IPA)-
treated films. These changes are most likely related to solvent—
perovskite interactions during the post-treatment process,
which can modify surface defect states or induce surface
rearrangements.””** Though PL and trPL mainly provide
information about radiative recombination processes of defect
states located at the surface, the changes in PL intensity or
carrier lifetime do not necessarily correlate with photovoltaic
performance, which is strongly influenced by interfaces with
charge-selective layers, as discussed below.

To determine whether the changes observed in PL and trPL
correlate with device operation, p-i-n PSCs with the
architecture ITO/MeO2 Pacz/perovskite (with or without a
passivator) /PCBM/BCP/Ag were fabricated. Devices labeled
EtOH, IPA, and CHCl; were prepared by treating the
perovskite layer with the corresponding pure solvents under
the same conditions as those used for solutions containing
passivating molecules, allowing to independently access the
solvent effect on the device performance. Comparison of pure
solvent-treated PCSs with the reference devices reveals that the
most notable change is observed for perovskite samples treated
with EtOH (Figure S4). This resulted in a reduced average V.
and a large spread in FF and ], values. This behavior is
consistent with previous literature reports attributing ethanol
treatment to partial loss of organic cations from the perovskite
surface.””

The influence of the investigated passivating compounds on
the photovoltaic performance of p-i-n devices varies signifi-
cantly (Figure SS and 2b). Devices treated with DMPESI
exhibit reduced photovoltaic parameters, particularly J,, which
may be associated with an interfacial energy-level mismatch
between the modified perovskite surface and PCBM layer.
While treatment with CzZETU results in a slight increase in V,
and a reduced V. spread, it negatively affects the short-circuit
current by decreasing it, similarly to DMPESI. Among the
investigated carbazole-based salts, only CzEAI yields a slight
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improvement in device performance, associated with a minor
increase in the average V. In contrast, CZEACI] and CzEABr
negatively impact device performance, mainly due to
reductions in V. and ], respectively.

As many surface passivation studies reported in the literature
are conducted using n-i-p device architectures, the passivating
effect of DMPESI and the investigated carbazole-based
thiouronium and quaternary ammonium salts were further
evaluated in n-i-p perovskite solar cells with the architecture
ITO/SnO,/perovskite/passivator (with or without passiva-
tor)/Spiro-OMeTAD/Ag (Figure S6 and 2c). In this
configuration, perovskite treatment with DMPESI results in
an increased V,, which is consistent with defect passivation at
the perovskite surface. However, this improvement is
accompanied by evident reduction of other photovoltaic
parameters, suggesting hindered charge-carrier extraction at
the perovskite/hole transport layer interface, expectedly due to
the modulation in energy levels of the treated perovskite
surface. Meanwhile, CzZETU has a significant negative impact
on device performance, leading to a decrease in all photo-
voltaic parameters. This behavior is inconsistent with increased
PL intensity and trPL lifetime values observed for CzETU-
treated perovskite films, as well as with the increased V.
measured in p-i-n devices. As discussed above, surface
passivation does not necessarily correlate between improved
photovoltaic performance and optical properties, and the effect
of surface treatments is expectedly dependent on device
architecture and energy-level alignment at the interface.”

To further evaluate whether the reduced performance in n-i-
p devices originates from the excess of passivator on the
perovskite surface, additional devices were fabricated using a
lower CzETU concentration of 1 mg/mL (Figure S7).
Although lowering the concentration improved the perform-
ance of the devices compared to PSCs treated with 3 mg/mL
of CzETU, no improvement related to the reference device was
observed. Furthermore, the photovoltaic parameters of PSCs
treated with 1 mg/mL of CzETU resemble those of the
reference devices, suggesting that the material has little effect
on device performance at low concentrations. In the case of
PSCs treated with other carbazole-based ionic salts, CzEAI-
treated devices exhibit a modest improvement in photovoltaic
performance, characterized by a reduced V,. spread. In
contrast, treatment of perovskite devices with CzEACI and
CzEABr led to decreases in V. and FF, respectively.

To exclude morphology-related effects, scanning electron
microscopy (SEM) was performed on pristine and passivated
perovskite films. As shown in Figure S8, no significant changes
in grain size or surface coverage were observed after treatment
with carbazole-based salts, indicating that the differences in
optoelectronic properties and device performance are unlikely
to originate from morphological variations in these com-
pounds. On the other hand, perovskite surface-treated with
DMPESI forms larger grains that should improve the
performance of PSCs;*° although, the opposite is observed.
Furthermore, a notable visual change occurs after treating the
perovskite sample with a DMPESI solution (Figure S9).
However, the color change disappears after annealing the
sample. We hypothesize that DMPESI causes recrystallization
of the entire perovskite layer, causing energy levels to change
hindering effective charge transport and in turn reducing the
photovoltaic performance of PSCs.

To further investigate whether the treatment-induced
luminescence and device performance variations are associated
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with structural modifications of the perovskite films, XRD was
performed on pristine and passivated perovskite films. XRD
measurements performed on films treated with the investigated
materials at various concentrations are shown in Figure S10.
While Figure 4 presents XRD diffractograms of perovskite
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Figure 4. Normalized grazing angle XRD of perovskite samples
treated with optimal concentrations of each investigated material
(CzEAL, CzEAC|, and CzEABr were deposited from IPA, while
CzETU and DMPESI were deposited from EtOH and chloroform,
respectively).

films treated with the investigated materials at their optimal
concentrations. The XRD patterns revealed no significant
differences between the samples, suggesting that the crystalline
structure of the perovskite remains unchanged. Additionally,
grazing angle XRD measurements were performed on samples
treated only with pure solvents (Figure S11). While films
treated with CHCI; showed no significant changes, samples
treated with IPA and EtOH exhibited additional peaks at
12.66°, attributed to unreacted PbL,.”* These findings could
explain the difference in performance between PSCs treated
with pure solvents; however, they do not explain the
discrepancies among PL, trPL, and device performance when
passivating materials are used.

Lastly, we used XRD to determine whether annealing the
passivated samples altered the crystalline structure of the
perovskites (Figure S12). As with previous XRD measure-
ments, practically no annealing-induced changes were
observed. It is likely that the interactions between the solvent
and the perovskite that cause the difference in the PL and trPL
between the samples before and after annealing are disrupted
when the sample is annealed. Therefore, annealing does not
affect the performance of the devices, as the deposition of
other layers removes the attached solvent molecules during
spin coating or inside the vacuum chamber under reduced
pressure. However, it is important to note that if perovskite
thin films are not annealed after the deposition of passivating
materials, this could distort the PL and trPL data, which could
misdirect further investigation.

To gain more insight into the chemical interactions
occurring at the perovskite/passivating molecule interface,
XPS was used to measure the difference in binding energies
(BE) of elements between the pristine perovskite film and films
treated with the sulfonium salt DMPESI and carbazole-based
salts containing either thiouronium or quaternary ammonium
groups with different counterions. The most pronounced
changes were observed in the Pb 4f;, region (Figure 5), while
analysis of N 1s core level proves that carbazole derivatives
remain on the surface of perovskite during measurements at
ultrahigh vacuum (Figure S13).
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Figure 5. XPS data of the Pb 4f;/, core level of pristine and treated
perovskite thin films.

The changes in BE indicate alterations in the local chemical
environment of the atom—a shift toward higher BE indicates
reduced electron density (deshielding), whereas the shift
toward lower BE indicates increased electron density and
enhanced shielding of the atom. From this perspective, the
partial passivation of undercoordinated Pb** site is expected to
manifest itself as a downshift of the Pb 4f, , peak position.”” As
shown in Figure 5, treatment with CzEAI results in a downshift
of the Pb 4f,,, core level, indicating an increased electron
density around Pb atoms, which suggests possible chemical
interaction with Pb-related surface defects.

In contrast, perovskite treatment with DMPESI and CzETU
causes deshielding of the Pb 4f;, core level, which is
accompanied by reduced device performance, whereas CzEACI
and CzEABr had no effect on the peak position. Furthermore,
deposition of the thiouronium salt CzZETU and quaternary
ammonium salt with chlorine counterion CzZEACI, resulted in
the formation of Pb(0) species, which are commonly
associated with reduced long-term stability of perovskites
films.**

To further investigate these interactions, liquid-state NMR
was employed. NMR spectra were recorded for each
passivating molecule, both without any additives and in the
presence of Pbl,, to observe if any chemical shifts are
noticeable in the presence of Pbl,, which in turn would
demonstrate the interaction between Pbl, and the investigated
material. Prior to conducting the measurements, however, it
was necessary to determine whether the concentration of Pbl,
affects the chemical shifts between the samples. To this end,
CzETU solutions in DMSO were prepared with Pbl,
concentrations of 0.1, 0.5, and 1 M. The measurements
revealed only negligible differences in chemical shifts across the
different concentrations (see Supporting Information (SI)
NMR shifts); therefore, a 0.1 M lead iodide was used for
further study. We note that the shifts observed in our "*C
NMR data are rather small; however, they are similar in
magnitude to those reported in the work of Chen et al. and
therefore are unlikely to originate from experimental noise."”

Initial measurements in DMSO showed that CzETU and
CzEACI exhibit significant hydrogen chemical shifts in the 'H
NMR spectra of singlets representing the NH** functional
groups. This indicates an interaction with Pbl, through ionic
ammonium groups. Furthermore, CzETU and CzEACI
demonstrated notable shifts in the carbon signals of the *C
NMR spectra corresponding to carbons directly bonded to the
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ionic group (Figure 6). Since DMSO is known to interact with
lead salts,” additional NMR measurements were performed in

a) b)
CzETU+Pbl,(DMSO) CzETU+Pbl,(DMSO)
El el
s | o~ el N
> >
5 CzETU (DMSO) 5 CzETU (DMSO)
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85 84 83 81 80 7.9 380 378 376 374 372 370
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Figure 6. NMR spectra shifts of CzETU (top) and CzEACI (bottom)
in DMSO-dg.

DMF to determine if the interaction was solvent-specific (see
Figures S14 and S15). Chemical shifts due to interaction were
still noticeable for CZETU and CzEACI in DMF, although they
were of a magnitude smaller than that in DMSO. Interestingly,
the CzEABr molecule, which showed a negligible chemical
shift in the 'H spectrum in DMSO, exhibited clear 'H and BC
chemical shifts in DMF. This demonstrates that solvents can
influence the interaction between Pbl, and the investigated
compound.

Surprisingly, our NMR measurements showed no interaction
between the quaternary ammonium salt, CzEAI, or the
sulfonium salt, DMPESI, and lead iodide (Figures S14 and
S15), despite previous reports of their excellent performance in
FAPI- and CsFAPI-based solar cells, respectively.”” Additional
NMR measurements were conducted to investigate this
discrepancy more deeply. These measurements were con-
ducted between DMPESI and each individual precursor used
to prepare the perovskite solution; however, no chemical shifts
were observed. These findings suggest two possible explan-
ations. First, different perovskites require distinct passivating
molecules to effectively passivate their defects due to their
different surface chemistry. Second, while observable NMR
chemical shifts in solution demonstrate a material’s potential to
bind to lead defects, they might not accurately represent the
interaction happening at the liquid—solid interface during spin
coating and annealing. Overall, these results suggest that
solution-based investigations may not fully capture the
complexity of the perovskite—molecule interactions during
film formation.

3. CONCLUSIONS

Our results demonstrate that different characterization
techniques probe distinct aspects of perovskite surface
interactions with organic molecules. In particular, improved
radiative recombination, as observed from PL and trPL
measurements, does not necessarily correlate with enhanced
photovoltaic performance, which is strongly influenced by the
interfacial energy-level alignment as well as by device-
architecture-dependent charge-carrier extraction. The com-
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monly used methods such as PL, trPL, NMR, XRD, and XPS
therefore provide complementary but not identical information
about passivation processes. Optical measurements are
primarily sensitive to surface recombination but do not directly
reveal the chemical nature of the molecular interactions
between perovskite and passivating molecules. In contrast,
liquid-state NMR could reflect potential interactions between
lead ions and other molecules in solution but cannot accurately
predict interactions between passivators and the perovskite
surface due to spatial constraints for bonding in the solid state.
Structural techniques such as XRD lack the sensitivity to detect
surface changes in perovskite because they probe the bulk of
the perovskite layer. In contrast, XPS offers direct insight into
chemical changes at the surface, providing more direct
information related to defect passivation.

Device measurements demonstrated the importance of
negatively charged halogen ions in carbazole-based salts.
Among the investigated materials, only devices treated with
ammonium salt CzEAI containing iodine, as the counterion
showed improvement in photovoltaic characteristics, which
correlated with the XPS data. Moreover, noticeable differences
in performance were observed between p-i-n and n-i-p PSC
devices treated with DMPESI and CzETU, highlighting that
the effectiveness of perovskite surface passivation is also
strongly architecture dependent.

Overall, our results reveal that the apparent discrepancies
between different characterization techniques do not reflect
inconsistencies but rather suggest the complex nature of defect
passivation and charge-carrier extraction in PSCs. Instead of
identifying a single universal passivating molecule, this work
demonstrates the need to understand why the improvements
observed in one or another characterization method do not
necessarily translate into an improvement of the device
performance on different architectures.

4. EXPERIMENTAL SECTION

4.1. Materials

ITO-patterned substrates 20 X 15 mm were purchased from Ossila.
MeO-2PACz, lead(II) Bromide (>98.0%), and lead(II) iodide
(>98.0%) were purchased from TCI. Formamidinium iodide (FAI)
(>99.99%) and methylammonium bromide (>99.99%) were
purchased from Greatcell Solar Materials. Cesium iodide (CsI)
(>99.999%), PCBM (99.5%), BCP (>99.99%), N,N-dimethylforma-
mide (DMF, anhydrous 99.8%), dimethyl sulfoxide (anhydrous
DMSO, >99.9%), and chlorobenzene (CB, 99.8%) were purchased
from Sigma-Aldrich. Tin(IV) oxide (SnO,, 15% in H,O colloidal
dispersion) was purchased from Alfa Aesar. Silver pellets (99.99%) for
evaporation were purchased from Kurt J. Lesker, fast-drying
conductive silver ACHESON 1415 was purchased from PLANO
GmbH, and DMPESI was purchased from Dyenamo. Chemicals for
the synthesis were purchased from Sigma-Aldrich and TCI Europe
and used as received without further purification. Solvents used for
deposition of the investigated materials and BCP were purchased
from Eurochemicals and further purified by removing oxygen and
water by previously known procedures using molecular sieves,
sodium, and benzophenone. The course of the reactions was
monitored by TLC (thin layer chromatography) on ALUGRAM
SIL G/UV254 plates and developed with UV light. Silica gel (grade
9385, 230—400 mesh, 60 A, Aldrich) was used for column
chromatography. 'H and '*C NMR spectra were taken on a Bruker
Avance III 400 (400 MHz) spectrometer at room temperature.
Chemical shifts, expressed in § (ppm), are relative to a (CHj;),Si
(TMS, 0 ppm) internal standard. Elemental analysis was performed
with an Exeter Analytical CE-440 elemental analyzer, Model 440 C/
H/N/.
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4.2. PL and trPL Measurements

Fluorescence spectra and decay kinetics were measured using an
Edinburgh Instruments F900 time-correlated single-photon counting
fluorescence spectrometer. The picosecond pulsed diode laser EPL-
470, emitting 72 ps pulses at 470 nm with a repetition rate of S0 MHz
(100 ns), was used for sample excitation. The time resolution of the
setup was several hundred picoseconds after application of apparatus
function deconvolution.

4.3. XRD Measurements

XRD patterns of the perovskite thin films were measured using an X-
ray diffractometer SmartLab (Rigaku) equipped with a 9 kW rotating
Cu anode X-ray tube. Grazing-incidence XRD (GIXRD) method was
used in a 26 range of 5—75° with a step size of 0.02° (in 26 scale) and
counting time of 1 s per step. An angle between the parallel beam of
X-rays and a specimen surface (w angle) was adjusted to 0.5° degrees.
Phase identification was performed using the PDXL software package
(Rigaku) and ICDD powder diffraction database PDF-4+ (2024
release).

4.4. XPS Measurements

X-ray photoelectron spectroscopy (XPS) measurements were
performed by using a Kratos Axis Supra instrument equipped with
a monochromatic Al Ka radiation source (15 kV, 25 mA). XPS
enables the identification of all elements except hydrogen and helium
and provides surface-sensitive analysis with a probing depth of
approximately S—7 nm. Calibration of the spectrometer’s work
function was done using the Au 4f,/, peak of metallic gold, set at a
binding energy (BE) of 83.96 eV. Additionally, the energy scale was
adjusted to align the Cu 2p;/, peak of metallic copper to 932.62 eV.
To compensate for surface charging, all measurements utilized the
Kratos charge neutralization system. The survey spectra were
collected over a 300 X 700 wum’ analysis area at a pass energy of
160 eV, while high-resolution spectra were acquired by using the same
area but at a reduced pass energy of 20 eV. All BEs were corrected by
referencing the main C 1s peak of adventitious carbon to 284.8 eV.
Data analysis was conducted using the CasaXPS software package
(version 2.3.26PR1.0).

4.5. Device Fabrication

4.5.1. Substrate Preparation. The ITO substrates were cleaned
sequentially for 10 min with a 0.5% Hellmanex solution in distilled
water, acetone, and isopropyl alcohol in an ultrasonic bath. After that,
directly before HTM or ETM deposition, the substrates were treated
in a UV—ozone cleaner for 15 min. All except SnO, layers were
deposited in a nitrogen-filled glovebox (MBRAUN).

4.5.2. Perovskite Solution Preparation. CsI (0.08 M), FAI
(1.10 M), Pbl, (1.15 M), MABr (0.2 M), and PbBr, (0.2 M) were
dissolved in anhydrous DMF/DMSO (4:1 in volume). The precursor
solution was heated at 70 °C for 1.5 h and then filtered with a 0.45
um poly(tetrafluoroethylene) (PTFE) filter prior to use.

4.5.3. SAM Layer Preparation for p-i-n Solar Cells. 0.5 mg of
MeO-2PACz (0.5 mg) was added to 1 mL of anhydrous 2-propanol
and then sonicated for 10 min in an ultrasonic bath. Before spin-
coating, the solution was filtered through a 0.45 ym PTFE, and a few
drops of anhydrous DMF were added. 100 uL of the solution was
spin-coated at 3000 rpm for 30 s onto cleaned ITO substrates and
subsequently annealed at 100 °C for 10 min.

4.5.4. SnO, Layer Preparation for n-i-p Solar Cells. SnO,,
15% in H,O colloidal dispersion, was diluted with distilled water in a
ratio of 1:4 and then sonicated for 30 min in an ultrasonic bath.
Afterward, 100 L of the solution was spin-coated at 3000 rpm for 30
s onto cleaned ITO substrates that had Kapton tape at the short edges
in order to secure conductive contacts for further device measure-
ments. Then, the samples were annealed on a hot plate for 30 min at
150 °C. Subsequently, the samples were ozonated for 30 min in a
UV—ozone cleaner.

4.5.5. Preparation of Solutions of Investigated Material.
DMPESI was dissolved in anhydrous chloroform at various
concentrations. For concentrations above 1 mg/mL, the vial needed
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to be heated at 70—100 °C for a few min in order to fully dissolve the
investigated compound.

CzETU and CzEAI were dissolved at various concentrations in
EtOH and IPA, respectively.

Due to the relatively poor solubility, 1 mg of CzEACI or CzEABr
was added to 1 mL of IPA and sonicated for 10 min at 30 °C.
Afterward, the remaining material that did not dissolve was filtered off
through a 0.45 ym PTEE filter.

For every experiment or new batch, the solutions were made fresh.

Reference devices did not contain this layer.

4.5.6. p-i-n Solar Cells. Perovskite film was formed by spin-
coating 100 uL of perovskite precursor solution onto the SAM-coated
ITO surface using a two-step deposition program: the first step at
1000 rpm for 10 s, followed by the second step at 6000 rpm for 30 s.
Ten seconds before the end of the second step, 180 uL of CB was
dropped onto the spinning substrate. Subsequently, the perovskite
layer was annealed at 100 °C for 30 min. In an attempt to passivate
the surface of perovskite films, 120 uL of either investigated material
was spin-coated dynamically on top of the perovskite layer at a speed
of 4000 rpm for 20 s and annealed for 10 min at 100 °C. A layer of
PCBM was formed on top of perovskite from a 20 mg/mL solution in
anhydrous CB at a speed of 3000 rpm for 30 s, followed by annealing
at 100 °C for S min. Afterward, a 0.5 mg/mL solution of BCP in
anhydrous EtOH was deposited at 4,000 rpm for 35 s (ramp 500
rpm), followed by annealing at 100 °C for S min. Finally, a 100 nm
thick Ag electrode was thermally deposited under vacuum to
complete the devices.

4.5.7. n-i-p Solar Cells. Perovskite film was formed by spin-
coating 100 uL of perovskite precursor solution onto the SnO,-coated
ITO surface using a two-step deposition program: the first step at
1,000 rpm for 10 s, followed by the second step for 6000 rpm for 30 s.
Ten seconds before the end of the second step, 180 uL of CB was
dropped onto the spinning substrate. Subsequently, the perovskite
layer was annealed at 100 °C for 30 min. In an attempt to passivate
the surface of perovskite films, 120 uL of either investigated material
was spin-coated dynamically on top of the perovskite layer at a speed
of 4000 rpm for 20 s and annealed for 10 min at 100 °C. Spiro-
OMeTAD layer was deposited on top of the perovskite layer by
dynamically spin-coating at 4000 rpm for 20 s from a solution of 100
mg Spiro-OMeTAD in 1 mL of CB. This solution was doped with 20
UL of LiTFSI stock solution (516 mg/mL in anhydrous acetonitrile),
8 uL of FK-209 stock solution (376 mg/mL in anhydrous
acetonitrile), and 36 uL of 4-tBP prior to spin-coating. Afterward,
the samples are moved from the glovebox to the desiccator and kept
overnight. The following day, 100 nm of Ag is evaporated on top, and
the devices are moved back to the desiccator for 4 more hours before
being measured.

4.6. Solar Cell Characterization

The photovoltaic devices were characterized in ambient conditions
with the room temperature around 20—24 °C and ~35% relative
humidity under AM1.5G simulated sunlight using a Sinus-70 Solar
simulator. The measurement parameters for p-i-n devices were as
follows: intensity of 100 mW/cm?, flash time of 10,000 ms, trigger
delay of 30 ms, 1000 measurement steps, a minimum voltage of —0.05
V, and a maximum voltage of 1.2 V. n-i-p device measurement differed
from p-i-n by the number of measurement steps, which was 300
instead of 1000, and by the addition of a 28 ms delay between voltage
sweep steps. On each substrate, there were 8 devices with an area of
0.0256 cm® The areas were defined by using Ossila stainless-steel
shadow masks placed in direct contact with the glass side of the
substrates within enclosed sample holders.
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