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Self-assembled monolayers (SAMs) based on carbazole derivatives have emerged as highly effective hole-
selective contacts for perovskite solar cells (PSCs), yet their interfacial energetics and long-term stability
remain insufficiently understood, especially in the context of vapor-deposited PSCs. Here, we investigate
the [2-(9H-carbazol-9-yl)ethyl]
phosphonic acid (2PACz)-based SAMs (in particular methoxy, MeO-2PACz, and iodine functionalized, |-

impact of functionalization and controlled self-co-assembly of

2PACz) on the interfacial properties, exciton dynamics, and operational stability of co-evaporated mixed
cation hybrid FA;_ MA,Pbls PSCs. The presence of iodine leads to a deeper interfacial energy level than
the less polar methoxy group, enhancing lattice matching and binding strength to the perovskite surface
at the expense of introducing a large energetic offset that suppresses charge extraction and decreases
device efficiency. Time-resolved photoluminescence reveals that iodine interfaces promote long-lived
charge carriers, which, due to the energetic offset, are poorly extracted leading open-circuit voltage
losses. In contrast, co-assembling 1-2PACz with MeO-2PACz can balance the energetic alignment and
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operational stability under combined illumination and thermal stress. These results establish molecular

DOI: 10.1039/d6el00167] self-co-assembly as a powerful strategy to decouple efficiency and stability in vapor-deposited

rsc.li/EESSolar perovskite photovoltaics.

Broader context

Perovskite based photovoltaic devices are a promising route to increase the amount of renewable energy in the total energy mix. Very high power conversion
efficiency has been obtained with this new class of photovoltaic devices. The remaining hurdles for their large scale deployment are the development of
a suitable production method and improvements in stability. Using two different hole transporting molecules, it is possible to fine-tune the properties of the
charge collecting layers at the semi-transparent electrode. This is achieved by optimizing the ratio of the two hole transporting molecules that self-assemble on
the electrode surface. We demonstrate the benefits of this charge collecting layer by vacuum depositing a 1.55 eV bandgap perovskite absorber film with
thicknesses of 5, 30 and 700 nm. By analyzing the photoluminescence properties of these different perovskite films, we are able to deduce the effect of the charge
collecting layer on the extraction of the photogenerated carriers in the perovskite film. We demonstrate that a trade-off exists between high efficiency and high
stability. By optimizing the interface, it is possible to increase the stability at only a minor loss in the device efficiency.

Introduction

Hybrid organic-inorganic metal halide perovskite solar cells
(PSCs) have become a central focus of photovoltaic research and
industrial development, as they represent a promising pathway
to support the world's transition toward a low-carbon energy
system.'® These materials exhibit unique optoelectronic prop-
erties for photovoltaic applications, including a high light-
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absorption coefficient,* strong defect tolerance,” long charge-
carrier mobility and lifetime,*® and bandgap (E; eV)
tunability via chemical composition.” Owing to these attributes,
perovskite semiconductors have demonstrated exceptional
performance in a wide range of optoelectronic devices besides
photovoltaics.'*** However, further progress toward commer-
cial deployment depends on the availability of scalable, repro-
ducible, and industrially compatible fabrication techniques. In
this context, vapor-based deposition methods have emerged as
a promising approach,'' offering precise control over film
thickness and composition, excellent uniformity over large
areas, straightforward integration with established
vacuum-based manufacturing infrastructure. These advantages

and
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make vapor deposition particularly attractive for large-scale and
high-reliability perovskite device fabrication.*

Despite the rapid progress in power conversion efficiency
(PCE, %), the long-term operational stability of PSCs remains
a major concern. During the PSC's operation, the perovskite's
high ionic concentration can trigger degradation and constrain
the device lifetime. Therefore, ion-mobility to interfaces quan-
tification methods,'”** additive engineering,' and top-bottom
interface passivation strategies are currently of high priority
towards fostering the throughput of this technology.”?**® Top
interface passivation is a strong focus for vacuum-deposited
perovskites, since evaporation of volatile small molecules that
successfully passivate the top of the perovskite is not as
straightforward.”* Furthermore, other researchers tested the
influence of the environment in which the perovskite crystal-
lizes on their performance and stability.>® Lately, bottom
passivation of PSCs using self-assembled monolayers (SAMs)**
that coat the bottom interfaces between transparent conductive
oxide conductors (TCOs) or semiconductors (i.e. nickel oxide or
molybdenum oxide) and the perovskite active layer has emerged
as an effective and widely adopted approach.””?

Interfacial engineering of PSCs with halogenated carbazole-
based SAMs has been demonstrated to improve both effi-
ciency and stability of NiP (regular) and PiN (inverted) PSC
architectures. In the NiP architecture, coating the surface of tin
oxide (SnO,) with an iodine-functionalized trialkoxysilane SAM
(i.e. Si(OCH3)3(CH,);1) has been shown to increase the adhesion
toughness by 50% (G¢, ] m~?) at the bottom interface between
the electron transport layer (ETL) and a spin-coated
CS0.05(FAo.85sMAg 15)0.0sPb(Iy s5Bro.15)3 absorber (1.63 eV); this
treatment boosted the PCE and the operational stability under
illumination.?® In the PiN architecture, the non-halogenated [2-
(9H-carbazol-9-yl)ethyl]phosphonic acid molecule (2PACz) and
its methoxylated counterpart (MeO-2PACz) have become refer-
ence SAM-based hole-selective layers (HSLs) for highly efficient
devices, deposited either by spin-coating® or thermal evapora-
tion.*® Halogen-terminated 2PACz SAMs (such as Br-2PACz or I-
2PACz, where Br and I atoms substitute hydrogens at positions
3 and 6 of 2PACz's carbazole group) have also been shown to be
beneficial for PSCs.*"** For example, I-2PACz was recently
compared to 2PACz for PiN spin-coated PSCs, showing that the
toughness of a Csg o5(FA¢.ssMAg.15)0.05Pb(Io.85Br0.15)3 perovskite
(1.63 eV) spin-coated on I-2PACz was 2.6 times higher than that
of the 2PACz reference; furthermore, the improved perovskite
morphology was also accompanied by a boost in both efficiency
and stability.>® In another instance, Br-2PACz outperformed
both PEDOT:PSS and 2PACz references in a solution-based
narrow-bandgap Cs,5FA¢ 755n05PbysI; PSC  (1.29 eV).*?
Finally, an innovative approach was presented by Torres Merino
et al.,*® who demonstrated the formation of a self-co-assembled
HSL by mixing Br-2PACz and MeO-2PACz in various molar
ratios for fine-tuning the polarity of the perovskite's bottom
interface for different wide-bandgap compositions (1.69, 1.81,
and 2.0 eV) in solution-processed PSCs.*

Despite these achievements, to the best of our knowledge,
there are no reports combining the positive effects of haloge-
nated carbazole-based SAMs with industrially compatible
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vapor-deposited perovskites. The implementation of an
assembled HSL into vacuum-processed PSCs is not a trivial task,
since perovskite growth is strongly dependent on the type and
uniformity of the bottom interface on which it is
deposited.”***** Adding to this complexity, several studies have
reported that incomplete or non-uniform coverage of the
carbazole-based SAM on the TCO surface can result in local
defects and pinholes in the perovskite layer deposited atop,
ultimately triggering ion migration and device degradation.?®

Importantly, the present work goes beyond a straightforward
transfer of previously reported mixed-SAM concepts to vacuum-
processed perovskites. While co-assembled carbazole-based
SAMs have been explored for solution-processed wide-
bandgap perovskites, the combination of MeO-2PACz and I-
2PACz has not been reported previously. More fundamentally,
our study addresses a different scientific question by investi-
gating how iodine-functionalized SAMs influence the nucle-
ation, early-stage growth, and structural quality of vapor-
deposited FA,,MA, ;PbI; films, rather than primarily tuning
interfacial energetics for charge extraction. The nanometric
thickness control enabled by vacuum deposition further allows
systematic investigation of the initial stages of perovskite
formation, which is difficult to achieve with solution process-
ing. Finally, we demonstrate that tailoring the MeO ratio
provides a means to balance record device efficiency with
significantly enhanced operational stability, highlighting
interfacial halogen engineering as a distinct strategy for
industrially compatible vapor-deposited perovskite solar cells.

In this study, we investigate the potential of co-assembling
carbazole-based SAMs to enhance interfacial coverage, which
benefits the perovskite growth and the structural and opera-
tional stability of vacuum-deposited PSCs. Our absorber is a co-
evaporated FA; ,MA,PbI; perovskite, which has been shown to
deliver high current densities and excellent stability under
continuous illumination when using poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA) as the HSL (known to provide
full coverage of the TCO).*"** For this purpose, we fabricated
different HSLs consisting of pure monolayers of I-2PACz or
MeO-2PACz, or mixed molar ratios of both SAMs, here referred
to as (MeO:I)-2PACz. We analyzed different thicknesses of
perovskites (before or after coalescence of the perovskite grains)
grown on (MeO:I)-2PACz to assess their morphology, crystal-
linity, band alignment and charge injection. Additionally,
Density Functional Theory (DFT) simulations corroborate the
structural and charge dynamics findings. Moreover, when
employed in PSCs, we observed two types of ideal concentra-
tions: one with an excess of MeO-2PACz, which led to a record
PCE (23.4%) but limited stability, and the other with an excess
of I-2PACz that led to slightly lower efficiencies but twice as
stable devices. These findings establish co-assembled
carbazole-based SAMs as a viable strategy to balance efficiency
and stability in vapor-deposited perovskite solar cells.

Results and discussion

The sample preparation is summarized in Fig. 1a and described
in the Experimental section. Briefly, indium tin oxide (ITO)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Sketch illustrating the preparation and co-assembly of MeO-2PACz with |-2PACz coating the ITO surface, followed by perovskite co-

evaporation on a sensitized surface.

substrates were spin-coated with SAM solutions of (MeO:I)-
2PACz mixtures at different molar ratios (1:0, 0.85:0.15, 0.5:
0.5, 0.15:0.85, and 0:1), forming self-assembled HSLs. For
clarity, hereafter these compositions are sometimes also
referred to as pure MeO-2PACz, MeO-rich, equimolar, I-rich,
and pure I-2PACz, respectively.

The work functions (WF, eV) of coated ITO substrates were
determined by Kelvin probe (KP) measurements (Fig. S1). As
summarized in Fig. S4, a systematic increase in WF was
observed with increasing iodine content: 4.81 eV for pure MeO-
2PACz, 5.00 eV for MeO-rich (0.85:0.15), 5.06 eV for equimolar
(0.50:0.50), 5.40 eV for I-rich (0.15 : 0.85), and 5.79 eV for pure I-
2PACz. Furthermore, the polarity of the surface was evaluated
by contact angle measurements (Fig. S2), which show a mono-
tonic increase in contact angle with increasing iodine content
(Fig. S4), further indicating systematic changes in surface
polarity. The nearly linear dependence of both WF and contact
angle on composition suggests that neither molecule prefer-
entially adsorbs chemically, indicating that the co-assembled
monolayers preserve the nominal molar concentration from the
precursor solutions. The bonding kinetics of the two SAMs on
ITO are expected to be similar, as both molecules use the same
anchoring group (phosphonic acid). Therefore, we designate
the self-assembled HSLs by the nominal molar ratios of their
precursor solutions.

Then, as depicted in the sketch of Fig. 1, the FA; ,MA,Pbl;
perovskite was co-evaporated on the ITO/SAM samples
following a procedure previously described by our group, which
results in a stoichiometry of X = 0.3; such a composition shows
a bandgap of 1.55 eV, suitable for highly efficient single-
junction PSCs.” In this manner, perovskite films were depos-
ited at a constant rate of 0.82 A s~*, with final thicknesses of 5,
30, and 700 nm, corresponding to the nucleation, coalescence,
and bulk growth regimes, respectively.**™*

© 2026 The Author(s). Published by the Royal Society of Chemistry

Atomic force microscopy (AFM) characterization of ultra-thin
5 nm perovskite grains deposited on pure MeO-2PACz (1:0),
equimolar (0.50:0.50), and pure I-2PACz (0:1) SAMs is pre-
sented in Fig. 2a-c. Among the three cases, the films grown on
pure MeO-2PACz exhibited the highest surface roughness, with
a root-mean-square (RMS) roughness of 5.7 (£0.64) nm
measured in 1 x 1 um? areas. The morphology of this sample,
Fig. 2a, is composed of isolated perovskite grains with signifi-
cant exposure of the underlying ITO nanospheres. In contrast,
for the pure I-2PACz HSL (Fig. 2c), the increased polarity from
the halogenated molecule led to the flattest surface, with an
RMS of 3.4 (+0.2) nm, showing an ITO substrate that is nearly
fully covered in perovskite grains, with minimal substrate
exposure. Finally, the perovskite film grown on the equimolar
(MeO:I)-2PACz exhibited a mixed growth behavior, with
a rougher surface than I-2PACz (RMS = 4.0 £ 0.4 nm) but with
greater surface coverage than MeO-2PACz, Fig. 2b.

These observations indicate that the nucleation behavior of
FA, ;MA, 3PbI; is strongly governed by the chemical function-
ality at the ITO interface. When iodine atoms are present at the
surface, the nucleation mechanism changes substantially, as
the polar I groups from the HSL can interact with Pb*>" ions to
initiate perovskite grain coalescence, promoting lateral, shallow
(in-plane) crystal growth. In contrast, methoxy-terminated
surfaces favor island-like nucleation with predominantly
vertical (out-of-plane) growth.

Furthermore, previous studies demonstrate that the sticki-
ness of organic cations (in this case, formamidinium, FA", and
methylammonium, MA") is influenced by the molecules that
functionalize the ITO surface.* Thereafter, we also consider the
major influence of the reaction of the organic cations with the
addition of I-2PACz to the ITO surface, thus directly influencing
the nucleation and growth of FA,;MA ;Pbl; at the ITO/SAM
interface.

EES Sol.
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Fig.2 Characterization of FAg7MAg 3Pbls thin films with 5 nm (at the nucleation stage) grown on the investigated co-assembled SAMs. (a—c) AFM
scans and (d) normalized ssPL spectrum of a 5 nm thin perovskite layer on pure MeO-2PACz, equimolar co-assembly of (MeO:1)-2PACz, and pure
|1-2PACz, respectively. (e) Initial lattice-matching structures used in the DFT calculations: MeO-2PACz (left) and |-2PACz (right), shown in both

side and top planes.

These differences in growth behavior were also reflected in
steady-state photoluminescence (ssPL) measurements. As
shown in Fig. 2d, the photoemission spectra of 5 nm thick
FA,.7;MA, sPbI; films grown on pure I-2PACz displayed a single
emission peak centered at 769 nm (1.61 eV). In contrast, films
grown on pure MeO-2PACz exhibited a shifted main peak at
781 nm (1.59 eV) and additional emission peaks at 531 nm and
698 nm, which are attributed to the presence of small, isolated
rough grains; this observation is consistent with previous
studies on FAPbI; photoemission, which associated the peak
near 531 nm with a quasi-2D perovskite phase,*® while emis-
sions in the 650-800 nm range have been reported as signatures
of quantum confinement effects in nanometric o-FAPbI;
islands during the formation of the stable o-FAPbI; phase.*
Thin perovskite films deposited on equimolar (MeO:1)-2PACz
display intermediate emission behavior, showing a main
emission peak around 775 nm (1.60 eV) and additional bands in
the 500-800 nm range, though with lower relative intensity than
those observed on pure MeO-2PACz. Overall, the distinct ssPL
signatures corroborate the morphological differences observed
by AFM, confirming that the interfacial chemistry modulates
the initial nucleation and growth of the perovskite grains before
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reaching coalescence. These distinct emission features can be
rationalized by considering the differential incorporation
behavior of the two organic cations, methylammonium (MA)
and formamidinium (FA), during the initial stages of perovskite
growth. The mixed SAM surface (MeO-2PACz + I-2PACz) likely
alters the interfacial crystallization thermodynamics, tran-
siently favoring surface-confined, pseudo-2D layered complexes
before full conversion to the bulk 3D phase. This process would
begin with Pbl, adsorption onto the mixed SAM, forming
partially coordinated domains.*® The subsequent incorporation
of MA and FA into these domains is uneven: FA is bulkier and
less volatile, limiting its integration into the perovskite struc-
ture during the first deposited layers, whereas the smaller MA
cation has previously been reported to form transient quasi-2D
phases under similar conditions. This differential incorpora-
tion would account for the additional emission bands observed
at shorter wavelengths, before the eventual stabilization of a 3D
cubic phase that overlays and conforms to the bulk of the
perovskite absorber.*

Additionally, we performed Density Functional Theory (DFT)
simulations, Fig. 2e, to corroborate these observations.
According to the DFT results, the electron-rich peripheral

© 2026 The Author(s). Published by the Royal Society of Chemistry
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functional groups of the SAMs can bind to the perovskite
surface in multiple configurations; however, they will prefer-
entially coordinate to the positively charged Pb>" atoms. We
therefore modelled a Pb-rich (100) surface for interaction with
the SAM. To identify the most favorable templating interfacial
interaction, the “lattice-match” criterion was employed, relating
the distances between the functional groups of the SAM mole-
cules to the nearest-neighbor distances between Pb atoms at the
perovskite surface. For simplicity, the lattice parameter of
FAPDI; (instead of FA, ;MA, ;Pbl;) was adopted, with a value of
6.36 A in its cubic phase at room temperature. The distances
between functional groups in I-2PACz and MeO-2PACz were
9.02 A and 7.85 A, respectively, as described in Fig. $6b. In both
cases, the optimal lattice match corresponded to second-
nearest neighbors, as illustrated in Fig. Séc, ie., along the
diagonal face of the perovskite unit cell. This resulted in
a lattice match of approximately 99% for I-2PACz and 87% for
MeO-2PACz with FAPDbI;, providing evidence of superior
geometric compatibility between the perovskite lattice and I-
2PACz (Fig. S6).

As the FA, ;MA, ;PbI; thickness increases to 30 nm, further
changes in the film properties are observed. The AFM images,
Fig. 3a—c, show full perovskite coverage on the surface of SAM-
functionalized ITO for all samples. Even though some shallow
voids with depths of approximately 5-10 nm are observed
between perovskite grains, the perovskite crystals completely
hide the typical ITO nanospheres underneath. Moreover, the
grains at the surface of the co-evaporated FA, ;MA, ;Pbl; layers
are morphologically similar regardless of the HSL employed.
Consequently, the RMS roughness values summarized in Fig. 3
are practically identical for all samples (i.e. ~4.8 nm). Alto-
gether, at this thickness, the perovskite layer is under a crystal
coalescence growth regime, beyond the initial nucleation
stages.**

Consistent with these observations, the X-ray diffraction
patterns, shown in Fig. 3d, revealed that all the 30 nm thick
FA, 7MA, ;Pbl; films grown on MeO-2PACz, I-2PACz, and the co-
assembled SAMs exhibit the characteristic diffraction peaks of
the o-phase perovskite structure. The dominant diffraction
peak located at 260 = 14.1° can be ascribed to the overlapping
(100)/(110) planes of the tetragonal perovskite lattice, indicating
preferential out-of-plane crystal orientation typical for vacuum-
deposited FA,;MA, ;Pbl; films. Additional reflections at 20 =
28.4° and = 31.9°, corresponding to the (200)/(220) and (210)/
(211) lattice planes, respectively, were observed for all
samples, confirming comparable crystallographic phase
formation independent of the SAM chemistry. A small diffrac-
tion peak at 26 = 12.0°, attributed to residual Pbl,, is present in
all spectra, indicating a minor and comparable excess of PbI,
across the different interfaces. While the peak positions remain
unchanged, slight variations in relative peak intensities suggest
subtle differences in preferred orientation and film thickness
induced by the underlying SAM without altering the bulk
perovskite phase.

The ssPL photoemission spectra shown in Fig. S5b display
fully overlapping emission peaks centered at ~795 nm (1.56 eV)
for the 30 nm thick FA,,MA,;Pbl; films, regardless of the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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underlying HSL. Compared to the 765-780 nm emission
maxima observed for 5 nm films, Fig. S5a, the emission from
the 30 nm perovskite is redshifted but remains below the
795 nm expected for the bulk FA, ;MA, ;Pbl; bandgap (1.56 eV).
These facts support that the perovskite layer has not yet fully
transitioned into vertical bulk film growth, with some extent of
crystal coalescence still taking place. Moreover, the identical
photoemission peak positions and energies observed across the
different HSLs further confirm that the SAMs do not affect the
intrinsic bulk properties of the perovskite layer once coales-
cence has been reached.

Next, time-resolved photoluminescence (TRPL) measure-
ments were performed to assess potential interface-driven
differences in carrier recombination dynamics and hole
extraction behavior. In Fig. 3g and in Table S1, the decay profiles
of the three investigated samples are well described by bi-
exponential fitting, yielding a fast (t;) and a slow (t,) recombi-
nation component. For MeO-2PACz, a dominant fast decay
component was observed (t; = 0.4 ns, B; = 60%), with a short
slow component (t, = 1.6 ns, B, = 40%), resulting in a short
average lifetime (7,y = 0.9 ns). This rapid PL quenching indi-
cates efficient interfacial charge extraction, consistent with
favorable energy alignment and minimal carrier accumulation
at the perovskite/HSL interface. In contrast, equimolar (MeO:I)-
2PACz exhibited a significantly enhanced slow decay contribu-
tion (t, = 8.0 ns, B, = 64%), leading to an increased average
lifetime (tavy = 5.3 ns). This behavior suggests reduced charge
extraction efficiency and the onset of trap-assisted or delayed
recombination processes, likely associated with increased
interfacial disorder. The effect is most pronounced for I-2PACz,
which showed a strongly suppressed fast component (z; = 3.0
ns, B; = 20%) and a dominant, long-lived slow component (z, =
42.2 ns, B, = 80%), yielding an exceptionally long average life-
time (7avg = 34.4 ns). Despite the prolonged carrier lifetime, this
behavior does not indicate improved optoelectronic quality;
instead, it reflects inefficient interfacial charge extraction and
enhanced trap-mediated recombination, resulting in long-lived
residual carriers that do not contribute to photocurrent
generation.

Therefore, whereas ssPL revealed identical bulk optical
properties, the distinct TRPL decay dynamics indicate that the
SAMs predominantly affect interfacial energetics rather than
the perovskite bulk. Based on this premise, we further investi-
gated the energetic landscape by performing air photoemission
spectroscopy (APS) on these 30 nm thick FA, ;MA, ;Pbl; layers,
Fig. S3a—e. When growing the perovskite on pure MeO-2PACz,
(0.85:0.15), (0.5:0.5), (0.15:0.85), and pure I-2PACz SAMs,
three distinct situations were observed, as illustrated in Fig. S3f:
(i) the perovskite grown on pure MeO-2PACz presented the
shallowest ionization energy of 5.1 eV; (ii) all co-assembled
(MeO:I)-2PACz SAMs yielded intermediate IEs of 5.3-5.4 €V;
and (iii) the perovskite grown on pure I-2PACz exhibited the
deepest IE of 5.5 eV. This trend demonstrates that, despite the
morphological and crystallographic similarities observed for
thicker layers, the polarity modulation at the SAM/perovskite
interface can still directly influence the energetic alignment of
the overlying perovskite. Therefore, an impact in charge

EES Sol.
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Fig. 3 Characterization of FAg7MAq 3Pbls thin films with 30 nm (after crystal coalescence) grown on the investigated co-assembled SAMs. (a—c)
AFM scans and (d) X-ray diffraction (XRD) patterns of a 30 nm-thick perovskite layer on pure MeO-2PACz, equimolar co-assembly of (MeO:l)-
2PACz, and pure |-2PACz, respectively. (e) Topology of the crystal orbital corresponding to the top of the valence band (VB) maximum, plotted
with an isovalue of 0.01 A=%, and (f) hole density distribution plotted with an isovalue of 0.01 A=3. Red indicates regions of electronic charge
depletion, while green denotes charge accumulation, for MeO-2PACz and I-2PACz interfaces, and (g) time-resolved photoluminescence (TRPL)
spectra obtained from 30 nm thin perovskite grown on MeO-2PACz, equimolar co-assembled (MeO:1)-2PACz, and |-2PACz, respectively.

extraction through band misalignment between the perovskite
and ITO/SAM is expected, accentuated by the systematic deep-
ening of the ITO/SAM work function with increasing I-2PACz
content observed by KP and APS measurements (Fig. S1 and
S3): (i) based on the combined KP and IE values, the perovskite
interface with ITO modified by pure I-2PACz is expected to be
the most adversely affected, as the ITO's WF exceeds the
perovskite's IE by 0.3 eV, imparting a hole-blocking character;
(ii) in contrast, MeO-2PACz is the most favorable configuration,
with the ITO's WF lying 0.3 eV below the perovskite's IE,
resulting in efficient hole extraction; (iii) co-assembled SAMs

EES Sol.

exhibit intermediate energetic alignment with improved TCO
coverage, yielding effective charge extraction dynamics plus
robust perovskite crystallization.

Advancing on the TRPL measurements, using time-resolved
fluorescence lifetime imaging microscopy (TR-FLIM),**** we
investigated FA,,;MA,;Pbl; films grown directly on ITO
samples coated with pure MeO-2PACz, equimolar co-assembly
(0.5:0.5), or pure I-2PACz. The TR-FLIM maps acquired over
areas of approximately 1 mm? (Fig. S7) exhibit a uniform color
distribution across the entire film, indicative of homogeneous
perovskite growth on all substrates. Indirectly, this macroscopic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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characterization describes spatially uniform lifetimes, which
also suggest homogeneous molecular distribution of both MeO-
2PACz and I-2PACz within the co-assembled SAMs underneath
the perovskite, with no evidence of preferential phase-
segregated domains (or at least at the microscopic scale
probed).

Lastly, DFT simulations also shed some light on the struc-
tural and electronic features of these interfaces. For theoretical
calculations, a thin perovskite slab was constructed, and each
SAM molecule was placed beneath it such that its functional
groups bind to Pb atoms according to the lattice-matching
criterion described in Fig. 2e. Then, a full crystal structure
optimization was conducted to relax the geometry at the inter-
face. To prove the electronic stabilization provided by the
molecule, the binding energy AE was calculated as AE = Ej, —
E.p, where Ey, is the energy of the system while the molecule is
bonded to the perovskite, and E,, is the energy of the system
with the molecule not bonded to the perovskite. The DFT
calculations predict a binding energy for the interfacial inter-
action between MeO-2PACz and the perovskite of 1.14 eV,
characteristic of a covalent/ionic bond. In contrast, a value of
1.20 eV is calculated for I-2PACz, indicating a slightly stronger
interaction with the perovskite. While strong SAM/perovskite
interactions can promote better interfacial contact and elec-
tronic coupling, they may also over-constrain the soft perovskite
lattice if the bonding is too rigid or poorly accommodated. In
contrast, moderately strong and dynamically adaptable inter-
actions can preserve interfacial coupling while allowing
molecular reorganization and strain relaxation during crystal-
lization. It is important to improve the balance between strong
bonding and flexibility.**® For the sample investigated,
however, the combination between MeO-2PACz and I-2PACz
could combine strong interfacial bonding and flexibility with
favorable lattice matching to the perovskite, providing a robust
interface that also serves as an effective template for perovskite
growth, as evidenced by the previously observed TCO's coverage
improvement.

To evaluate hole extraction at the SAM/perovskite interface,
the VBM electronic density and the relaxed electronic depletion
(or hole density) after charge removal were analyzed. The VBM
distribution probes the ground-state electronic coupling
between the perovskite and the SAM, while the hole density
reveals where the extracted hole is preferentially stabilized.
Together, these descriptors distinguish interfacial hybridiza-
tion from actual hole-transfer behavior, allowing a more
complete assessment of the hole-selective role of each SAM. The
electronic structure of the SAM-perovskite composite was
analyzed by examining the nature of the valence band states, as
shown in Fig. 3e, and the hole density distribution, as shown in
Fig. 3f.

The crystal orbital corresponding to the valence band
maximum (VBM) reveals, in a qualitative manner, that for MeO-
2PACz the electronic states are predominantly localized at the
molecule, with a small participation of the perovskite. This
confirms that MeO-2PACz acts as an effective hole acceptor and
that hole transfer from the perovskite is energetically favorable.
In contrast, a more pronounced contribution of the perovskite
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at the interface is observed in the VBM for I-2PACz, which
spreads further to the bulk, assisted by the iodine p-orbitals.
This interfacial delocalization is regarded as beneficial, as it
points to a stronger electronic coupling between the two device
components, thus facilitating hole transfer. Thus it is regarded
as more beneficial than that of MeO-2PACz, as it points to
a stronger electronic coupling between the two device
components.

Furthermore, the spatial distribution of hole carriers, Fig. 3f,
was analyzed (see the Experimental section for further infor-
mation). For I-2PACz, a large region of electronic charge
depletion is predicted at the perovskite surface, whereas such
regions are minimal in the case of MeO-2PACz. This can again
be interpreted as a stronger interaction between I-2PACz and
the perovskite at the interface, thus supporting the view that
iodine-based SAMs are good charge-carrier acceptors. Despite
the positive results from theoretical DFT simulations, the large
energetic offset between the FA, ;MA, ;Pbl; VBM and the work
function of ITO functionalized with I-2PACz-rich HSLs could
lead to charge trapping at the interface. This limits its injection
into the electrode and most likely constrains its power genera-
tion. On the other hand, the hole accumulation is higher and
more centered on MeO-2PACz, compared to I-2PACz, so this
means that MeO-2PACz provides better hole stabilization and
probably better hole extraction. To double-check this, a ground-
state calculation on isolated molecules was performed to get the
HOMO energies. The shallower (—5.27 eV) HOMO energy of
MeO-2PACz indicates that it is more easily oxidized than I-
2PACz (—5.97 eV) and is therefore intrinsically more favorable
for hole extraction/stabilization. Overall, DFT calculations
suggest that the two SAMs could play complementary roles:
MeO-2PACz favors hole stabilization/passivation, while I-2PACz
improves electronic coupling across the interface.

Next, 700 nm thick FA,;MA, ;Pbl; layers were deposited,
corresponding to the absorber thickness used in our PSC
devices. Following the observed results from the 30 nm films
(Fig. S5b), the photoemission of 700 nm samples (Fig. S8a)
exhibits overlapping emission peaks centered at 800 nm irre-
spective of the underlying HSL. The emission energy matches
the one expected for the bulk FA,,;MA,;Pbl; bandgap (1.55
eV).*>* In contrast to the TRPL of 30 nm films from Fig. 3g,
however, the TRPL decays of the thicker layers cannot be
adequately described by bi-exponential models over the full
timespan, particularly at long delay times, and instead require
a triple-exponential fitting function (photoemission parameters
summarized in Table S2). This reflects the intrinsic heteroge-
neity of metal-halide perovskite bulky films and their inter-
faces, where multiple recombination pathways coexist.>
Specifically, the three decay components can be associated with:
(i) ultrafast surface or shallow-trap-assisted recombination (t,);
(ii) intermediate trap-mediated and early interfacial recombi-
nation processes (t,); (iii) long-lived residual carriers arising
from deep trapping, spatial charge separation, or inefficient
interfacial extraction (7). The goodness-of-fit values (chi®> =
1.1-1.3) across all samples confirm that the triple-exponential
model provides a physically meaningful and self-consistent
description of the carrier dynamics.>”
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(a) Full device schematic layer-by-layer grown on rigid glass substrates already coated with ITO of ~140 nm thickness, (b) current

density—voltage (J-V) curves under AM 1.5 G irradiance, (c) external quantum efficiency (EQE, %) and integrated short-circuit current density
(Jse, mA cm™2), (d—q) statistical distribution of the common perovskite solar cells' efficiency parameters of (d) short-circuit current density
(Jsc, mA cm™2), (e) open-circuit voltage (Voc, V), (f) fill factor (FF, %), and (g) power conversion efficiency (PCE, %), (h) theoretically calculated
QFLS (eV) obtained from the PLQY (%) of half-stack devices fabricated using HSLs based on SAM compositions of (1: 0), (0.85:0.15), (0.5:0.5),
(0.15:0.85), and (0:1), and (i) TRPL of 700 nm thick perovskite layers on pure MeO-2PACz, (0.85:0.15), (0.15:0.85), and pure |-2PACz.

From the exponential decay fittings, the slowest recombi-
nation component (t;) dominates the carrier dynamics in
iodine-rich HSLs. Pure I-2PACz exhibited an exceptionally long
73 (216.5 ns) with a high amplitude contribution (B; = 92%),
resulting in a large average lifetime (ta, =~ 199 ns). This
behavior indicates inefficient interfacial charge extraction and
enhanced trap-mediated recombination, leading to the accu-
mulation of long-lived residual carriers rather than radiative
recombination. In contrast, the addition of MeO-2PACz to the
co-assembled HSL reduces the 73 contributions and leads to
shorter average lifetimes, reflecting improved interfacial ener-
getics and more efficient carrier extraction.>®

Next, we fabricated solar cells in the structure depicted in
Fig. 4a. For this purpose, the perovskite layer was top-passivated
with an ultrathin ethylenediammonium diiodide (EDAI,) top
passivation layer,* and the device was finished with an ETL
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formed of Ceo/SnO, and copper (Cu) as the metal electrode.
Their performance statistics are summarized in Fig. 4d-g,
extracted from their current density-voltage (/-V) curves under
AM 1.5 G irradiance presented in Fig. 4b. The external quantum
efficiency (EQE) spectra and maximum power point (MPP, 600 s)
tracking are illustrated in Fig. 4c and 5a. A summary of their
performance is also provided in Table 1, while their light and
dark J-V curves are depicted together in Fig. S9a and b in the SI.

Self-co-assembled compositions pure or rich in MeO-2PACz
(1:0 or 0.85:0.15) resulted in the devices with the highest
performance, reaching similar average power conversion effi-
ciencies (PCE) of around 22.5%, with particularly high open-
circuit potentials (Voc, V) of around 1.109 V, high short circuit
current densities (Jsc, mA cm™?) of 25.8 mA cm >, and fill
factors (FF, %) in the 79 to 80% range. The highest performance
was achieved for a device employing a MeO-2PACz-rich HSL

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Stabilized PCE of solar cells during maximum power point
tracking (MPPt) over 600 seconds under one sun illumination, and (b)
normalized PCE at MPPt from champion cells with pure MeO-2PACz,
(0.85:0.15), (0.15: 0.85), and pure |-2PACz as HSLs under the ISOS-L2
stress test.®°

(0.85:0.15), with a champion PCE of 23.4%. Remarkably, to the
best of our knowledge, this is the highest PCE ever reported for
PSCs employing co-evaporated perovskites of any bandgaps or
compositions. However, as the I-2PACz fraction in the co-
assembled HSL increases, a progressive decrease in device
performance is observed, with concurrent losses in Vg, FF, and
Jsc. In the extreme case of pure I-2PACz, the best-performing
solar cell reaches a PCE of only 17.6%, with an average of
13.2%. Nevertheless, devices employing a 0.15:0.85 composi-
tion still achieve average PCEs of 21.0%, corresponding to more
than 90% of the efficiency obtained for MeO-2PACz-rich HSLs.

We proceeded to calculate the theoretical quasi-Fermi level
splitting (QFLS, eV) from photoluminescence quantum yield
(PLQY, %) measurements of unfinished device stacks with only
ITO, (MeO:I)-2PACz and 700 nm perovskite, and compared it to
the obtained Voc. As summarized in Fig. 4h and Table 1,
although improvements in V¢ are observed for certain MeO-
2PACzrich compositions, the measured Vo values remain
significantly below the theoretical limits inferred from the
QFLS. Considering the observed spread, the employed perov-
skite absorber appears to suffer from trap-state recombination
centers from bulk-related limitations that constrain device
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efficiency through enhanced non-radiative recombination,
effects that are nonetheless independent of the HSLs. Similar
remarks were observed by Dreessen et al. in co-evaporated
perovskite films independently of the HSL or passivation
mechanism.®* Setting aside these bulk-related recombination
losses, clear trends associated with the HSL composition can
also be identified. For co-assembled HSLs containing MeO-
2PACz, the differences in Vo are relatively modest, consistent
with TRPL results discussed above, indicating suppressed long-
lived carrier populations, reduced non-radiative recombination,
and more efficient interfacial charge extraction. In contrast,
towards higher I-2PACz concentrations of the HSL, the
discrepancy between the calculated quasi-Fermi level splitting
and the measured Vo becomes particularly pronounced. From
steady state photoluminescence, the calculated QFLS of (0.15:
0.85) and (0:1) HSLs predict 1.16 eV and 1.18 eV, far from the
obtained Vo of 1.088 V and even lower, 1.060 V, respectively.
Moreover, in the case of (0.15: 0.85), the TRPL quenches faster
than the reference pure MeO-2PACz, as depicted in Fig. 41 (TRPL
triple exponential fitting parameters in Table S2). Nonetheless,
due to the charge-extraction energy barrier in the (0.15:0.85)
case, charges are likely to recombine because of trapping at the
bottom interface. Additionally, the TRPL results from pure I-
2PACz suggest an accumulation of residual carriers caused by
inefficient hole extraction, which, under operating conditions,
may amplify non-radiative recombination via deep interfacial
trap states, thereby increasing quasi-Fermi level splitting losses
and reducing Voc.

Looking at the integrated current density derived from the
EQE spectra in Fig. 4c, the Jsc values derived from EQE are
much lower than those obtained from the J-V scans. Thus, solar
cells with co-assembled (0.15 : 0.85) HSLs were fabricated with
pixels of 0.1 and 1.0 cm?, depicted in Fig. S17a and b. This way,
it ensures that the monochromated beam of the EQE setup fully
fits the large 1.0 cm” pixel, compared to the small 0.1 cm? pixels
used for statistics in this work. As illustrated in the EQE and Jg¢c
of Fig. S17¢ and d, there is no mismatch for the large 1.0 cm®
pixel, while for the small 0.1 cm? pixels there is a +2 mA cm >
mismatch. This discrepancy is well documented in the perov-
skite literature, even for certified devices with reported positive
deltas of almost 2.0 mA cm ™ 2,52

The stabilized maximum power point tracked for 300 s are
depicted in Fig. 5a; Fig. 5b showed efficiencies like the statis-
tical average values in Fig. 4g. However, as shown in Fig. S8a,
(0.15:0.85) and pure I-2PACz based devices show high hyster-
esis between forward and reverse J-V scans, which translates

Table 1 Average parameters of PSCs employing self-co-assembled (MeO:l)-2PACz HSLs with different molar ratios

(MeO:1)-2PACz

molar ratios Avg. Jsc (mA cm™?) Avg. Voc (V) Avg. FF (%) Avg. PCE (%) Champ. PCE (%)
1:0 25.6 + 0.5 1.094 + 0.009 79.8 £ 1.2 22.4 + 0.5 22.9
0.85:0.15 25.8 £ 0.2 1.109 +£ 0.007 79.2 £ 1.1 22.5 £ 0.4 23.4
0.50:0.50 25.6 = 0.2 1.095 + 0.004 78.9 £ 0.8 22.1 £ 0.5 22.7
0.15:0.85 24.8 £ 0.3 1.089 +£ 0.005 78.0 £ 0.8 21.0 £ 0.5 21.6
0:1 19.5 £ 1.1 1.060 + 0.013 63.7 + 3.3 13.2 £ 1.6 17.6
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into decreased performance under stabilized MPPt compared to
the statistical average.

The normalized PCE during maximum power point tracking
(MPPt) under the ISOS-L2 stress test (constant AM 1.5 G irra-
diation and heating at 65 °C) of champion cells is depicted in
Fig. 5b. Despite exhibiting inferior photovoltaic performance
due to slower interfacial charge extractions, devices incorpo-
rating I-2PACz-rich self-co-assembled HSLs display markedly
enhanced operational stability, retaining ~80% of their initial
PCE after approximately 500 h of continuous testing. Notably,
the AFM characterization of a 5 nm thin FA,;MA, ;Pbl; layer
grown on each HSL is shown in Fig. 2a-c. It is possible to
observe the presence of voids on the FA, ;MA, ;Pbl; layer grown
on MeO-2PACz, which could be a trigger for degradation. Thus,
we compared the stability under the ISOS-L2 test, this time at
85 °C, for 0.1 and 1.0 cm? solar cells presenting as HSL : MeO-
2PACz, (0.15:0.85) and (0.85:0.15), respectively. The results
of Fig. S16a-c show a similar trend to those at 65 °C, with
remarkable stability for (0.15:0.85) compared to its methoxy-
rich HSL counterparts.

This apparent performance-stability trade-off can be ratio-
nalized by considering the role of interfacial charge flux, electric
field distribution, and chemical robustness at the perovskite/
HSL interface. Indeed, reliable studies in the field have
directly linked ion migration to operational stability, showing
that SAM-based interfacial engineering improves stability
through energy-level alignment, carrier transfer dynamics, and
suppression of ion migration. This body of work supports our
proposed degradation mechanism, in which ionic imbalance at
the bottom interface, in the absence of I-2PACz, drives the
observed instability.** Despite the theoretical DFT calculations
showing that I-2PACz present good charge transfer, the devices
based on these SAM ratios of (0.15:0.85) and (0:1) present
a strong hysteresis. These devices also show lower values in
comparison to the values derived from the j-V curves. The large
energetic offset with the perovskite's VBM translates into TRPL
results showing that I-2PACz-rich HSLs promote the formation
of long-lived carrier populations, inefficient charge extraction
and partial carrier confinement near the interface. Under
operational conditions, this reduced interfacial carrier flux
suppresses the accumulation of high local current densities and
mitigates electric-field-driven ion migration, thereby limiting
the formation of interfacial defects and non-radiative recom-
bination centers during prolonged illumination and thermal
stress. >

In contrast, the highly extracting MeO-2PACz interface
facilitates rapid hole transfer, resulting in strong interfacial
quasi-Fermi level gradients and enhanced carrier injection into
the transport layer. While beneficial for initial power conversion
efficiency, such conditions can accelerate interfacial redox
reactions, promote halide and A-site ion redistribution, and
induce structural or chemical degradation of both the perov-
skite surface and the self-assembled monolayer under elevated
temperature and illumination. The increased chemical activity
at this interface is further accentuated by repeated carrier
accumulation and release at localized interfacial sites, which
can act as nucleation points for defect generation and
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irreversible performance loss. In summary, these results high-
light the need to balance charge extraction efficiency with
interfacial stability when designing molecular hole-selective
contacts for durable perovskite solar cells.®”*

Conclusion

In this work, we systematically investigated the role of molec-
ular engineering of carbazole-based self-assembled monolayers
(SAMs) on the interfacial energetics, charge-transfer dynamics
and device performance of co-evaporated FA, ;MA, 3PbI; PSCs.
By substituting the methoxy functionality of the benchmark
MeO-2PACz with an iodine group to form I-2PACz, and by
further exploiting controlled self-co-assembly of the two mole-
cules, we establish a comprehensive structure-property-device
relationship governing perovskite/HSL interfaces.

Kelvin probe and ionization energy measurements reveal
that the iodine functionalization induces a substantial deep-
ening of the energy levels, leading to a pronounced energetic
offset between the perovskite valence band and the HSL. While
this shift does not alter the perovskite bandgap, it strongly
impacts charge extraction, resulting in suppressed photovoltaic
performance for devices employing pure I-2PACz. Morpholog-
ical studies on ultrathin perovskite layers demonstrate that
iodine-containing and co-assembled SAMs significantly modify
early-stage perovskite nucleation. This leads to a smoother
growth of the perovskite when deposited on I-2PACz or co-
assembled SAMs than when grown on MeO-2PACz, with more
continuous initial growth. Density functional theory calcula-
tions further show that I-2PACz exhibits superior lattice
matching and markedly stronger interfacial binding to the
perovskite surface, giving rise to enhanced interfacial electronic
coupling but reduced extraction efficiency due to the excessive
energetic offset.

Time-resolved photoluminescence measurements reveal
that these interfacial modifications profoundly affect carrier
recombination pathways. While MeO-2PACz promotes rapid PL
quenching indicative of efficient hole extraction, iodine-rich
SAMs give rise to dominant long-lived recombination compo-
nents associated with interfacial carrier confinement and trap-
mediated recombination. Importantly, the magnitude and
amplitude of the slowest decay component are found to corre-
late inversely with the open-circuit voltage, demonstrating that
extended carrier lifetimes in this system originate from ineffi-
cient extraction and enhanced non-radiative recombination
rather than improved optoelectronic quality.

By leveraging self-co-assembly, we demonstrate that this
unfavorable trade-off can be mitigated. Optimized (0.85:0.15)
compositions achieve an optimal balance between energetic
alignment, interfacial passivation, and charge-transfer kinetics,
enabling devices with power conversion efficiencies up to
23.37% and open-circuit voltages exceeding 1.10 V. Notably,
despite their slightly inferior initial performance, iodine-rich
(0.15:0.85) and I-2PACz exhibit enhanced operational stability
under combined light and thermal stress. This behavior is
attributed to reduced interfacial charge flux, suppressed
electric-field-driven ion migration, and enhanced chemical

© 2026 The Author(s). Published by the Royal Society of Chemistry
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robustness arising from stronger intermolecular interactions
and improved surface coverage.

Overall, this study reveals that maximizing charge extraction
efficiency alone is insufficient for achieving durable perovskite
solar cells. Instead, long-term operational stability requires
deliberate moderation of interfacial charge-transfer kinetics
and careful control of interfacial chemistry and electrostatics.
The insights presented here establish self-co-assembled
molecular HSLs as a powerful platform for decoupling effi-
ciency and stability constraints and provide clear design rules
for next-generation, long-lived perovskite photovoltaic
interfaces.

Experimental section
Materials

All materials were used as received without further purification.
Photolithographically patterned ITO-coated glass substrates
were purchased from Naranjo Substrates. Methylammonium
iodide (MAI, >99.0%) was purchased from Luminescence
Technology Corp. Fullerene Cg (>99.95%) was purchased from
Creaphys GmbH. Lead(u) iodide (PbI,, 99.999%, trace metals
basis) in the form of beads was purchased from Alfa Aesar. The
(2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl)phosphonic acid
(MeO-2PACz) molecule was purchased from Luminescence
Technology Corp. (2-(3,6-Diiodo-9H-carbazol-9-yl)ethyl)
phosphonic acid (I-2PACz) was synthesized according to the 3-
step synthesis procedure provided below. Chemicals required
for the synthesis were purchased from Sigma-Aldrich and TCI
Europe and used as received without further purification.
Solvents were purchased from EuroChemicals and distilled
before use.

Co-assembled HSL preparation

The preparation of self-co-assembled HSLs based on mixing
MeO-2PACz and I-2PACz is described in Fig. 1a in an intuitive
way. The film's concentration of each molecule is directly
related to the molarity ratios of MeO-2PACz and I-2PACz present
in the stock solutions before coating. In this manner, referred to
as MeO-2PACz: [-22PACz (mol%/mol%), we prepared ethanol
solutions with a total SAM concentration of 1.0 mM at ratios of
(0.85:0.15), (0.5:0.5), and (0.15:0.85) in ethanol and spin-
coated at 4000 rpm for 30 seconds, followed by 10 minutes of
annealing on a hot plate at 150 °C without further washing.

Device fabrication

ITO-coated glass substrates were subsequently cleaned with
soap, Milli-Q water, and isopropanol in an ultrasonic bath,
followed by a 15 minute UV-ozone treatment. The substrates
were covered with a solution containing the SAM-forming
molecules at 1 mM concentration under ambient conditions.
After leaving the solution on the substrates for 1 min, they were
spun at 4000 rpm for 30 seconds, followed by 10 minutes of
annealing on a hot plate at 150 °C without further washing. The
ITO-coated samples were introduced into a vacuum chamber
integrated in a nitrogen-filled glovebox and evacuated to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a pressure of 1 x 10~ ° mbar for the charge extraction layers'
deposition. The FA, ;MA, ;Pbl; films (~700 nm) were deposited
on these substrates by co-evaporation of the formamidinium
iodide, methylammonium iodide, and lead iodide precursors in
a dedicated vacuum chamber. The sublimation sources have
individual QCM sensors and an additional one at the substrate
level for the overall deposition rate measurement. All sources
were individually calibrated for their respective materials, and
no cross-reading between different materials is ensured by the
position of the sources, shutters, and sensors. During the
FA,_,MA,PbI3 perovskite deposition, the individual QCM
deposition rates were 0.6 A s™* for Pbl,, 0.75 A s™* for FAI, and
0.81 A s for MAI according to the QCM at the substrate level,
and the pressure of the chamber was below 5 x 10~° mbar, and
the substrates were kept at room temperature. All the above-
mentioned processes were adapted from previous work by
Lidon Gil-Escrig.*? Following the perovskite layer, a thin layer
(10 nm) of C¢, was deposited using a sublimation rate of 0.35 A
s~'. The SnO, layer (20 nm) was deposited via atomic layer
deposition (ALD) at room temperature using Arradiance's
GEMStar XT Thermal ALD system integrated into an N,-filled
glovebox, following the procedure already published by us
elsewhere.” For SnO, deposition, the ALD chamber was heated
to 60 °C, the bottle containing the Sn precursor tetra-
kis(dimethylamino)tin (TDAT) was heated to 60 °C, and the
bottle of water (oxidizer) was not heated. The precursor mani-
folds were heated to 115 and 140 °C, respectively. The SnO,
deposition process consists of a series of purges of TDAT for 550
ms and water vapor for 200 ms, each of them followed by N,
purges to clear off the precursors from the ALD chamber. The
copper (Cu) electrode (100 nm) was deposited in a second
vacuum chamber using aluminium boats as sources, by
applying currents ranging from 2.0 to 3.0 A.

Computational details

Density functional theory (DFT) calculations were performed
using the Fritz Haber Institute ab initio molecular simulations
(FHI-aims) software package. The Perdew-Burke-Ernzerhof
functional optimized for solids (PBEsol) was employed,
including van der Waals corrections. The Brillouin zone was
sampled using a 2 x 2 x 1 Monkhorst-Pack k-point grid.

Surface models were constructed using cubic FAPI slabs
consisting of 3 x 3 x 2 unit cells. The slabs were terminated
with Pb-I layers on the bottom surface along the (001) direction
and FA-I layers on the top surface. A vacuum region exceeding
30 A was introduced above and below the slab to avoid spurious
interactions between periodic images.

Geometric optimization was performed while keeping the
lattice angles and the ¢ lattice parameter fixed to preserve the
vacuum spacing. Structural relaxation continued until the
interatomic forces converged below 0.01 eV A~

Binding energies were estimated by calculating the energy
difference between a single-point calculation of the molecule
adsorbed on the surface and a reference configuration in which
the molecule was displaced by 20 A from the surface to elimi-
nate interfacial interactions.
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The electronic distribution of the highest occupied molec-
ular orbital (HOMO) was obtained using the built-in function-
ality of the software. The hole density distribution was
calculated by extracting the electronic charge densities of the
neutral system and the positively charged system and subse-
quently subtracting them.

All visualizations were generated using VESTA v3.

Characterization methods

Static contact angle measurements were performed using
a ramé-hart Model 200 goniometer (Model 200 U4 Series
Upgrade Kit, original S/N 806041; upgraded from S/N 201235)
equipped with DROPimage Pro software (ramé-hart Instrument
Co., Succasunna, NJ, USA). Measurements were carried out at
room temperature under ambient laboratory conditions. A
controlled-volume droplet of deionized water was deposited
onto the sample surface using a calibrated microsyringe. The
droplet profile was recorded immediately after deposition, and
the contact angle was determined by fitting the drop shape
using the Young-Laplace method implemented in the software.
For each sample, measurements were performed at multiple
positions to ensure reproducibility, and the reported values
represent the average + standard deviation.

Thicknesses were measured with an Ambios XP1 mechanical
profilometer. X-ray diffraction was measured with a Panalytical
Empyrean diffractometer equipped with a Cu Ko anode oper-
ated at 45 kV and 30 mA and a Pixel 1D detector in scanning line
mode; single scans were acquired in the 26 = 5°-50° range in
Bragg-Brentano geometry in air. AFM of sample surfaces was
obtained using a Bruker ICON Dimension microscope in
tapping mode. Work function measurements were obtained by
using a KP Technology Air Photoemission and Kelvin Probe
system.

For measuring the external quantum efficiency (EQE),
a quartz-tungsten-halogen lamp (Newport Apex 2-QTH) source,
a monochromator (Newport CS130-USB-3-MC), a chopper (at
279 Hz) and a focusing lens have been used. The external
quantum efficiency (EQE) was estimated using the cell response
at different wavelengths (measured with a white light halogen
lamp in combination with band-pass filters). A possible solar
spectrum mismatch was checked with a calibrated silicon
reference cell (MiniSun simulator by ECN, from the Nether-
lands) by means of the correction methodology published by
NREL. The J-V curves for the solar cells were recorded using
a Keithley 2612A SourceMeter in the —0.2 to 1.2 V voltage range
with 0.01 V steps and integrating the signal for 20 ms after a 10
ms delay, corresponding to a speed of about 0.3 V s . The
devices were illuminated under a Wavelabs Sinus 70 AAA LED
solar simulator for about 2 minutes until the cell's V¢ stabi-
lized. This light soaking protocol is a standardized practice
when working with SAMs.” The device current was measured as
a function of energy using a lock-in amplifier (Stanford
Research Systems SR830) and recorded using a custom Lab-
VIEW program. The light intensity was calibrated before every
measurement using a calibrated Si reference diode equipped
with an infrared cutoff filter (KG-3, Schott). For all devices, we
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compared the calculated Jsc from integrating the EQE with that
obtained from j-V analysis of cells illuminated with the AAA
LED solar simulator. During experiments, the encapsulated
devices with a top Al,O; layer were exposed to air, and the
temperature was kept constant at 298 K using a cooling system
controlled by a Peltier element.

MPP tracking for stability testing

Indoor (ISOS-L2) measurements were carried out using a Kel-
wood Parker 3 series lamp (Model par3-100-750-110, LED
source: Philips Lumileds 3030) as the light source and a Stuart
SD160 digital hotplate as the heat source. The hotplate was
equipped with a stainless-steel device holder, allowing the
devices to be positioned and secured during testing.

Calibration of the light source was performed using both a Si
reference cell with a KG5 filter (RR-239-KG5) and a freshly
fabricated perovskite device. For calibration, the current output
of both reference devices was first measured under 1 sun illu-
mination using an AA solar simulator (Newport LSH-7320
series). Subsequently, the current output was measured under
the indoor light source at the same height as the hotplate. The
light intensity was then adjusted until the measured currents
matched those obtained under the solar simulator.

To ensure that the hotplate temperature was 65 °C, two
independent procedures were employed. First, the hotplate
setpoint was adjusted to 65 °C to ensure that the desired surface
temperature was achieved. Second, the device temperature was
periodically monitored using an RS 206-3722 sensor. The ther-
mocouple tip was encapsulated following the same protocol
used for the devices, with the exception that the UV-curable
resin was dyed black to replicate the optical properties of
a photovoltaic device. Temperature measurements were per-
formed by placing the encapsulated sensor on the hotplate
holder and maintaining it in position for 2 hours.

Additionally, to sense changes both in temperature and
irradiance, two sensors were placed at the same position in the
stainless-steel device holder at the same distance as the devices
from the light source. To keep track of the irradiance, a refer-
ence Si cell (KXOB2505X3F) was used, and a K-type digital
thermocouple was used to sense changes in the temperature.

Maximum power point tracking was conducted using a 24-
channel uMPP tracking system (Model: MP0210M24) acquired
from the University of Ljubljana. Measurements were recorded
every 10 min. The J-V curves at 65 °C were measured using
a Keithley 2401 Source Measure Unit (SMU).
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