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and Michael Gritzel*

Surface passivation has been widely employed to suppress non-radiative
charge recombination and prevent interfacial charge accumulation in
perovskite photovoltaics. In this report, carbazole modified with ammonium
iodide connected via alkyl chains of different lengths (i.e., ethyl, butyl, and
hexyl chains) is used to form passivation layers on formamidinium lead
triiodide FAPbI,-based perovskite films to improve operational stability.
Owing to the strong hydrophobicity of the carbazole moiety, it is observed that
the perovskite films with a carbazole passivation layer retain their initial
properties even after direct contact with a water droplet for 100 s. In addition,
carbazole treatment reduces the rate of trap-assisted recombination at the
surface and grain boundaries of the perovskite layer. Furthermore, it
accelerates interfacial hole transfer from the perovskite to the charge
transport layer. As a result, devices treated with carbazole hexylammonium
iodide achieve a power conversion efficiency (PCE) of up to 24.3% during
quasi-steady-state (QSS) measurements with extraordinary long-term

1. Introduction

Formamidinium lead iodide (FAPbI,)
perovskite has been widely investigated
for the preparation of high-efficiency
solar cells as its bandgap is close to the
Shockley-Queisser (SQ) limit, and it
has a longer carrier lifetime and higher
phase stability compared to methylam-
monium A-cation based lead halide
perovskites.'™*l  State-of-the-art  per-
ovskite solar cells (PSCs) exceeding 25%
power conversion efficiency (PCE) have
employed FAPbI,-based perovskite mate-
rials as the absorber layer.[''*l However,
FAPDI; perovskite suffers from defects
inducing or accelerating the degradation
of its crystal structure at the interface
between the perovskite and charge trans-

operational stability under conditions of the ISOS-L-1 protocol, maintaining

95% of their initial efficiency after 1000 h.

port layers or at grain boundaries (GBs)
of the light absorber, inhibiting device
performances from approaching their
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theoretical limit.[%!>1%] To overcome this drawback, surface pas-
sivation has been widely considered as one of the most effective
strategies for suppressing interfacial defects and trap-assisted re-
combination in treated perovskite films leading to an improve-
ment of the PCE.[""1] A further advantage of molecular passiva-
tors is that they may enhance device stability by preventing the
perovskite layer from getting into contact with components from
the adjacent hole transport layer (HTM) and moisture or oxygen
from the ambient air.[2%2!]

Since the first report of surface treatment with phenylethylam-
monium iodide by Jiang,'”! a wide range of organic ammonium
salts containing different backbones have been investigated and
employed either in the form of an additive to the perovskite pre-
cursor solution or as an interlayer between the perovskite and
HTM.[172223] Tp date, octylammonium iodide (OAI) and bromide
(OABr) have become widely used to enhance the performance of
PSCs.I2*2] Recently, Tan and co-workers reported that counter-
anion engineering with tosylate further improves the stability of
FA-based PSCs by decreasing its work function.l?*! Additionally,
Pitaro et al. employed carbazole derivatives as an amphiphile at
the interface between the perovskite and organic HTL layers in
an inverted device structures.?”?8] Moreover, different kinds of
passivating agents leading to improved photovoltaic performance
and enhanced stability have been studied by varying either the or-
ganic cation or the counter-anion.[?*-32]

Although these passivators can achieve high efficiencies and
improve device stability under different aging conditions, the
identification of molecules that can protect a perovskite film from
moisture in humid air remains a challenge.’>3* In our previ-
ous study, PSCs treated with OAI achieved a 25.4% certified ef-
ficiency, however, their long-term operational stability was only
moderate, highlighting the fact that FAPDI, is sensitive to the ex-
ternal stress imposed during operation.[!3]

In this work, we present a series of carbazole derivatives mod-
ified with ammonium iodide connected via alkyl chains of dif-
ferent length (i.e., ethyl, butyl, and hexyl chains termed CEAI,
CBALI, and CHALI, respectively) as surface passivators for FAPbI,
and assess the effect of the alkyl chain length on the efficiency
and stability of the PSCs. We find that the carbazole-treated per-
ovskite layers present strongly hydrophobic properties thus re-
taining their PV performance when exposed to ambient mois-
ture. The hydrophilic ammonium moiety of the carbazole deriva-
tive replaces formamidinium on A-cation surface sites forming a
self-assembled monolayer, directing the carbazole moiety to the
interface where it forms a stable contact with the hydrophobic
HTM mitigating the formation of interfacial defects. As a result,
we obtained a PCE of 24.3% in quasi-steady state I-V measure-
ments, with >83% FF and a high operational stability. Remark-
ably, an unencapsulated cell retained 95% of its initial efficiency
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after 1000 h under maximum power point tracking as specified
by the ISOS-L-1 test protocol.l]

2. Results and Discussion

In order to fabricate black a-phase FAPbI; perovskite film
with large grain size, we employed a precursor solution con-
taining black FAPbI, powder and methylammonium chloride
(MACI).[3¢] CEAI, CBAI, and CHAI were coated on top of the
perovskite film (Figure 1a, details of their synthesis are pro-
vided in the Supplementary Material). The aromatic structure
of carbazole helps with charge delocalization augmenting its
hydrophobicity.[*”! The ammonium group tethered via the alkyl
chain serves to anchor the carbazole to the perovskite surface,
with the length of the alkyl chain allowing the packing and hy-
drophobicity of the passivator to be fine-tuned.

To investigate the effect of the passivation layer, scanning elec-
tron microscopy (SEM, Figures S2 and S3, Supporting Infor-
mation) and UV-vis spectroscopy (Figure S4, Supporting In-
formation) measurements were carried out on stacks of bare
glass/perovskite/passivation layer. A uniform and pinhole-free
crystalline film morphology was observed for both the pristine
film, hereafter denoted control, and carbazole-treated perovskite
films and the absorption threshold was identical for all films.
These results imply that interaction between FAPbI; and ammo-
nium alkyl iodide has no effect on the absorption spectrum of the
perovskite. The energy level diagrams of perovskite films, both
with and without a passivation layer, were characterized using ul-
traviolet photoelectron spectroscopy (UPS), as shown in Figures
S5 and S6 (Supporting Information). The valence band offset be-
tween CHAI and perovskite (—5.39 eV) creates a driving force
of 30 meV for hole transfer from perovskite to CHAI. This re-
sults in a favorable band alignment with the perovskite, poten-
tially minimizing the voltage loss in the resulting device. Next,
the contact angles of water droplets deposited onto control and
films passivated with CEAI, CBAI, and CHAI were measured.
Figure 1b shows that the contact angles dramatically increase up
to 81.5° (54.3° for control) for carbazole-treated perovskite films,
indicative of a strongly hydrophobic layer on the perovskite sur-
face. These values are superior to those of the widely used ammo-
nium salts, such as OAI (66.15°) and PEAI (62°), showing that the
carbazole-containing agents may be apt to inhibit phase degra-
dation in a humid atmosphere.?] To verify the formation of
monolayers by carbazole derivatives, we measured the contact an-
gles formed at the perovskite surface with a Spiro-OMeTAD solu-
tion in chlorobenzene: Data are shown in Figure S7 (Supporting
Information). Notably, there was no difference in contact angles
between films prepared using spin-coating and dip-coating meth-
ods. This consistency indicates that the carbazole layer is indeed
forming a monolayer.3%]

The stability of the passivated perovskite films toward mois-
ture was tested under continuously controlled aging conditions,
in which a closed box filled with air was used with a relative
humidity (RH) of 99%. Degradation of the perovskite films was
monitored by taking photos over time (Figure S8, Supporting In-
formation). Control and OAl-treated perovskite films started to
degrade after only 2 days of aging whereas the carbazole-treated
perovskite films retained their initial appearance for 30 days. In
addition, the structural stability of the passivated perovskite films
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Figure 1. a) Structures of the carbazole alkyl ammonium iodide compounds. b) Contact angle of control and perovskite films treated with CEAI, CBAI,

and CHAI, respectively.

was tested by dynamically applying 100 uL of deionized water dur-
ing spin-coating to determine the extent to which the carbazole-
treated perovskite films retained their hydrophobic properties
under centrifugal force. Interestingly, Figure 2a shows that the
control and reference (OAI) films completely transform into yel-
low Pbl,. In contrast, the film treated with CHAI preserved
its black phase a-FAPDI; structure during spin-coating. X-ray
diffraction (XRD) measurements confirmed these observations.
As shown in Figure 2b, there was no significant difference re-

00:00:05;02

00:00:15;18

00:00:05;19 00:00:11;18

garding the position of the XRD peaks for the carbazole-treated
films before and after water dripping under centripetal force.
Encouraged by these results, a water droplet was deposited on
top of different perovskite films. Figure 2c shows that both the
control and OAl-treated film were destroyed within only 5 s,
whereas the film with CHAI maintained a black a-FAPbI; per-
ovskite layer for ~90 s. Consequently, the strongly hydrophobic
surfaces generated with our carbazole amphiphiles effectively at-
tenuate moisture-induced degradation.

b
) e: a-FAPbl, V:Pbl, #:TiO, *: FTO
. ® & x
3
B
2
0
| =
)
£
l l = Control

5 10 15 20 25 30 35 40
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Figure 2. a) Photographs of the control film and films with OAI (reference film) and CHAI passivation layers after dynamically applying a 100 pl drop
of deionized water during spin-coating. b) Corresponding XRD diffraction spectra before and after treatment with water. c) Photographs of the control
film and films with OAI (reference film) CEAI, CBAI, and CHAI passivation layers recorded at the given time point after statically applying a 100 pl drop
of deionized water, marking the onset of visible film degradation.
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Figure 3. Molecular stacking of carbazole-treated surfaces. a—c) correspond to the randomly self-assembled surfaces, whereas d—f) refer to the ordered
ones. The z-axis is defined as perpendicular to the perovskite surface. Parts (b) and (e) show histograms of the inclination angle of the longitudinal axis
of the carbazole compounds (red vector in Figure S10, Supporting Information) away from the z-axis, whereas parts (c) and (f) show histograms of the
angle formed between the planes of the rings of neighboring carbazole compounds (blue vector in Figure S10, Supporting Information) corresponding

to their mutual orientation during self-assembly.

2.1. Molecular Mechanism of Carbazole Passivation

The stability and structure of the absorbed layer are largely influ-
enced by the binding energy of the carbazole alkyl ammonium
chain to the surface. A larger binding energy leads to a more sta-
ble passivation layer and a higher probability for uniform cover-
age of the surface. The binding energies of PEA*, OA*, and the
different carbazoles additives, with respect to the binding energy
of FA, were computed at the quantum mechanical level (see Sup-
plementary Materials). The ordering of individual cations from
the weakest binding to the strongest is as follows: FA+ < OA+
< PEA+ < CEA+ < CBA+ < CHA+. The relative energies to-
gether with the discussion of different approaches for comput-
ing binding energies are present in the Supplementary Materials.
All investigated additives exhibit stronger binding energies than
FA+, suggesting stable binding of the additives to the perovskite
surface and preferred surface substitution of FA+ favoring uni-
form coverage of the surface. Moreover, the binding strength in-
creases with increasing length of the alkyl chain leading to the
most stable surfaces being formed by CHAI. The weaker adsorp-
tion of PEA+ with respect to carbazoles is also in line with the
higher stability of carbazole additives. The increase in binding
energy with longer alkyl chain length can be related to the grow-
ing amount of dispersion interaction which accounts for >50% of
the binding energy difference from FA+ (see Supplementary Ma-
terials). Stronger binding reduces the probability of defect forma-
tion, which is in line with the experimental results, where the best
surface protection was observed for CHAI. The larger binding
energy of the CHA+ with respect to FA+ also leads to strong sta-
bilization of the surface. This results in passivated surface, which
is more stable than the FAPDI3 bulk. In fact, the surface energy

Adv. Energy Mater. 2024, 2401965 2401965 (4 O‘FQ)

for the optimized structures of the CHAI passivated surface is
EsurfCHA = —0.26 eV nm? whereas for the pure FA-terminated
surface it is significantly larger EsurfFA = 1.69 eV nm? (negative
values represent surface stabilization while positive ones imply
an energetically less favorable surface than the bulk). The calcu-
lated surface stabilization by CHAI corresponds to the perfectly
ordered, periodic, and non-defective system.

One of the most crucial factors influencing the effect of the
carbazole additives is the structure of the adsorbed layer. In the
absence of atomically resolved structures, we investigated two
different scenarios involving a disordered and an ordered mono-
layer, respectively. Both systems comprised a 16 x 16 X 4 FAPDI,
supercell and a total of 256 carbazole compounds for perfect
monomolecular coverage. The first (disordered) set was created
by self-assembly of the carbazole molecules initially scattered
randomly above the FAPDI; surface utilizing classical Molec-
ular Dynamics (MD) simulations (Figure 3a). The second set
corresponded to a perfectly ordered stacking of the carbazole
molecules along the surface (Figure 3d). The initial conformation
of the carbazole molecules for the ordered surfaces was obtained
from structural analysis of the randomly self-assembled surfaces,
where smaller areas of highly ordered adsorbed molecules were
observed. All the surfaces were carefully equilibrated first by sim-
ulated annealing at 400 K and subsequently cooling to 300 K for
10 ns. For the uniform monolayer coverage of the surface, both
ordered, and randomly assembled surfaces show an upright ori-
entation of the adsorbed carbazole molecules with respect to the
perovskite surface (Figure S9, Supporting Information). With in-
creasing length of the alkyl chain, tilting of the carbazole ring sys-
tem toward the surface, defined by the vertical inclination of the
shorter symmetry axis of the carbazole head group (Figure S10,
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Table 1. Summary of the most important structural parameters obtained from the molecular simulations of the surfaces treated with different carbazole
compounds. Water penetration is defined as the fraction of water molecules found inside the perovskite layer.

Random Ordered
CEA* CBA* CHA* CEA* CBA* CHA*
Water penetration 10.3% 6.4% 6.0% 4.0% 3.5% 0.0%
Contact angle [deg] 57.2+038 67.8+0.8 720+ 0.7 77.4+0.7 79.2+£0.7 81.1+0.6

Supporting Information), increased from 18° for CEA™, to 48°
for CHA* (Figure 3b,d). For the tilted molecules, the carbazole
heads come into close contact thereby providing enhanced sur-
face coverage (88% for the ordered layer of CHAI" against 72%
for its random counterpart, Figure S11, Supporting Information).
Furthermore, the mutual intermolecular orientation of the car-
bazole molecules on the surface is significantly different between
ordered and randomly oriented surface layers (Figure 3c,d). For
the randomly assembled case we observed almost no preferen-
tial ordering of the carbazole compounds except for CEA* where
larger ordered areas were observed. On the other hand, the or-
dered structures remained close to the initial conformations even
atroom temperature. This is because the bulky carbazole head re-
strains the free rotation of single molecules due to steric interac-
tions with neighboring molecules. Therefore, only collective mo-
tions involving several carbazole molecules on the surface would
lead to considerable conformational changes within the ordered
layers.

The stability of the ordered and randomly self-assembled sur-
faces was compared for the optimized structures of the CHAI
treated systems at the classical (force field) level. The ordered
structure is energetically more favorable by 1.2 kcal per surface
unit cell.

Hydrophobicity and associated protection against humidity
were investigated by adding a water droplet of 4.5 nm diame-
ter (1590 water molecules) on top of the equilibrated carbazole-
treated surfaces, as well as on the untreated perovskite surface
(control). For all treated surfaces, MD simulations revealed in-
creased hydrophobicity and significant protection against water
penetration compared to the untreated control surface (Figure
S12, Supporting Information). For the untreated surface, wa-
ter readily spreads out over the surface leading to fast degrada-
tion of the perovskite. Interestingly, the average calculated con-
tact angles differ largely when comparing random to ordered
stacking arrangements with the ordered packing yielding values
in remarkable agreement with our experiments (Table 1; Figure
S13, Supporting Information) strongly suggesting that all three
carbazole derivatives indeed form highly ordered self-assembled
monolayers. In parallel, the simulations show that the amount of
water penetrating through the organic layer into the perovskite
decreases with the level of carbazole surface organization and
the length of the carbazole alkyl chain dropping from 10.3%
water penetration for the random CEAI layer to a striking 0%
for the ordered CHAI layer (Table 1). Compared to the simu-
lation of the OAl-treated surface, exhibiting 51.3% water pene-
tration, all studied carbazole surfaces provided exceptional pro-
tection against moisture. PEAI provides much better protection
against moisture than OAI, however, with 13.1% of water pen-
etration to the surface, its performance is still worse than all

Adv. Energy Mater. 2024, 2401965 2401965 (5 0f9)

studied carbazole-based additives. The low water protection abil-
ity of OAI was associated with its highly mobile alkyl chain,!*!
which offers more space for water incursion toward the surface
compared to the bulkier and less flexible carbazole heads. Simi-
larly, PEALI, for which the phenyl group is still smaller than the
carbazole head group, leaves more surface exposed to the wa-
ter molecules. On the other hand, the phenylethyl tail mobil-
ity is significantly reduced compared to the alkyl chain of OAI,
leading to somewhat enhanced surface protection. Apart from
the more pronounced hydrophobic character, enhanced mois-
ture protection is attributed to the molecular tilting of our car-
bazole additives leading to a maximum of 88% surface coverage
for the ordered CHAI layer (Figure 3; Figure S11, Supporting
Information). In general, the ordered surfaces provide far bet-
ter protection than the randomly assembled ones (Table 1 and
Figure 4) which can be explained by the restricted motion of
the individual carbazole heads and the persistent close packing
yielding an efficient surface screening against moisture. On the
other hand, in the randomly assembled surfaces thermal fluc-
tuations can dynamically create small openings in the adsorbed
layer, allowing water molecules to penetrate the perovskite. In
line with the water penetration results, the randomly assembled
surfaces showed smaller contact angles and therefore lower hy-
drophobicity compared to the ordered ones (Figure S13, Sup-
porting Information). As an extra point of comparison, we cal-
culated the water diffusion coefficient, D, in all three directions
for a system comprising a 1.5 nm thick water layer on top of
the perfectly ordered carbazole-treated surfaces. The diffusivity
of water in the z-direction, i.e., normal to the treated surface,
is hampered by the presence of the carbazole layer. Interest-
ingly, the reduction of water diffusivity normal to the surface is
more pronounced for the CHAI-treated surface further validating
the water-repelling character imparted to the perovskite surface
through CHALI treatment (Figure S14, Supporting Information).
Correspondingly, the diffusion coefficients in the in-plane direc-
tions, x and y, show a subtle enhancement with increasing alkyl
chain length because of the stronger repulsion in the out-of-plane
z-direction (Figure S14 and Table S3, Supporting Information).
From the set of computationally investigated carbazole com-
pounds, CHA™* shows the best protection ability in terms of bind-
ing energy, water penetration, wetting contact angle and ham-
pered water diffusion, which agrees well with the experimental
observations.

In addition to the simulations of complete monolayer cov-
erage of the perovskite surface by carbazole molecules, we
performed simulations considering carbazole compounds in
excess and in deficit. However, neither of these scenarios yielded
stable water droplets on the treated surface (Figure S15, Sup-
porting Information). Hence, we conclude that all investigated
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Figure 4. Probability distributions for observing water molecules at a certain height off the perovskite surface for the randomly assembled and ordered
surfaces treated with different carbazole molecules. For each distribution the shape of the water droplet extracted from the MD simulation of the ordered
surface is included. The origin of the z coordinate is aligned with the top Pb layer of the perovskite.

carbazole additives are likely adsorbed on the surface as uniform
monolayers.

2.2. Photovoltaic Performance of the PSCs

The photovoltaic performance of the PSCs containing the control
and passivated perovskite films was explored with a configu-
ration comprising FTO/c-TiO,/Sn0O, /perovskite/passivation
layer/Spiro-OMeTAD/Au as shown in Figure 5a. Quasi-steady-
state current-voltage (QSS-IV) measurements were also em-
ployed for device characterization to determine accurate device
efficiencies with detailed parameters given in Table S1 and
Figure S16 (Supporting Information). The device without pas-
sivation had a PCE of 21.8% and the device with OAI reached
a PCE of 25.2%, with a short-circuit current (Jic) of 26.01

mAcm~2, an open-circuit voltage (V) of 1.19, and a fill fac-

tor (FF) of 81.41%, consistent with our previous report.t’]
Compared with the non-passivated cell, the devices passivated
with CEAI, CBAI, and CHAI reached improved PCEs of up to
22.9, 23.7, and 24.8%, respectively. Statistical analysis across
10 devices shows that the improvement compared to the con-
trol mainly stems from an increase in V. and FF (Figure
S17, Supporting Information). External quantum efficiency
(EQE) measurements were performed to verify the Jq. values
(Figure 5b). The EQE spectra shows that the integrated Jq.
values are well matched with the respective results from the
QSS-1V measurements. The device with OAI reached a slightly
higher integrated current density of 25.6 mAcm™ compared
to 25.2 mAcm =2 for CHAL A stabilized PCE of a CHAI-treated
PSC of 24.3% was measured under maximum power point
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Figure 5. a) I-V characteristic of PSCs without and with OAI, CEAI, CBAI and CHAI passivation layers. b) EQE of the PSCs (integrated current densities

for the control: 24.45 mAcm~2, OAI: 25.7 mAcm~2, CEAI: 25.1 mAcm™2, CBAI: 25.2 mAcm™2, CHAI: 25.2 mAcm~2). c) The stabilized PCE output of

the CHAI-treated champion PSC. d) Absolute photoluminescence intensity and PLQY of perovskite devices and e) stabilized V¢ and quasi-fermi level
splitting AE/q for the layer structure of glass/FTO/SnO, @c-TiO, /perovskite/interface layer/HTL. f) EQE, results of the PSCs.
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(MPP) tracking over a period of 250 s (Figure 5c; Figure S18,
Supporting Information). Apart from improved hydropho-
bic protection provided by the interlayer, the devices treated
with the carbazoles showed competitive device performances
compared to OAl-treated devices, implying that the carbazole
interlayer not only improves resistance against moisture, but
also effectively reduces the rate of non-radiative recombination
losses.

To determine the origin of the enhanced efficiencies of the
PSCs treated with carbazoles, the time-resolved photolumines-
cence (TRPL) decays and steady-state PL quantum yields (PLQY)
of the films were studied. As shown in Figure S19 (Supporting In-
formation), the perovskite film treated with CHAI presented the
slowest PL decay compared to the other films, indicating the low-
est density of trap states and largely suppressed non-radiative re-
combination as a consequence of carbazole treatment.l'%*1] Con-
sistent with the TRPL data, a pronounced increase of the PL in-
tensity was observed at a wavelength ~805 nm. The PLQY val-
ues on the glass substrates increase from 10.7% for the con-
trol to 22.8% for the CHAI treated perovskite films, underlin-
ing the strong effect of defect elimination by surface treatment
(Figure S20, Supporting Information). In addition, the devices
treated with CHAI exhibited a PLQY of 4.8%, which is more
than ten times higher than that of the control cell, confirming
that CHAI suppresses non-radiative charge carrier recombina-
tion losses. (Figure 5d) The quasi-Fermi level splitting (A E) was
calculated using the equation: A E; = gV, + kTIn (PLQY),
where Vi, is the radiative limit of V.. AE;/q for the films
without and with interface layer, data is shown in Figure Se and
Table S2 (Supporting Information). Compared to the control film,
the OAl-treated film showed the highest AE, increase of 66 mV
while that of CEAI, CBAI and CHAI-treated films increased by 3,
22, and 54 mV, respectively, confirming that passivation prevents
interfacial charge carrier recombination. Furthermore, electro-
luminescence EQE (EQE, ) measurements were carried out on
the control and CHAI-treated devices.[*?! Figure 5e shows an
EQEg, of 9.7% for the CHAI-treated device whereas the control
device had an EQE; of 1.9% at an injection current density of
26 mAcm~2, corresponding to - under 1-sun irradiation. There-
fore, there is about a fivefold improvement, suggesting a sig-
nificant reduction of non-radiative recombination losses. TRPL,
PLQY, and EQE; measurements all indicate substantial passiva-
tion of the defects on the perovskite surface following carbazole
post-treatment.

To explore possible interference effects between the passiva-
tor and the hole transporter, we performed ab-initio molecu-
lar dynamics (AIMD) simulations to probe the interactions be-
tween the CHAI-passivated surface and Spiro-OMeTAD (Sup-
porting Movie S1, Supporting Information). The AIMD re-
vealed only weak noncovalent van der Waals interactions be-
tween the CHAI layer and Spiro-OMeTAD, and no specific
preferred interaction was found. The noncovalent character
of the interactions was evidenced by the distribution of the
electron density and its gradient as visualized by the NCI-
PLOT in Figure S21a,b and Movies S2 and S3 (Supporting
Information).*}] Notably, the presence of Spiro-OMeTAD at the
interface does not affect the ordering and surface coverage
of the carbazole passivating layer (Figure S21c,d, Supporting
Information).
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2.3. Storage and Operational Stability of PSCs

To evaluate the influence of the carbazole interlayers on photo-
voltaic stability, the PSC shelf life based on the ISOS-D-1 pro-
tocol was determined by storing the unencapsulated devices in
the dark at 25 °C with 30-60% RH. Figure 6b shows that the
PCE of the control cell decreased by ~#40% after aging for 1200 h,
whereas the device passivated with CHAI retained an impressive
92% of its initial efficiency after 2000 h, indicating that CHAI-
treated devices are more resistant to moisture and oxygen com-
pared to devices without a passivation layer. This finding is in
line with the increased surface hydrophobicity of CHAI-treated
devices compared to control cells (vide supra). We further mon-
itored the operational stability of a set of PSCs at 25 °C under
ISOS-L-1 protocol conditions by aging the unencapsulated de-
vices in a nitrogen-filled environment using MPP tracking at con-
stant 1-sun illumination. As shown in Figure 6a the PCE of the
control device dropped to #80% compared to its initial value after
490 h of aging. In contrast, the CHAI-passivated device retained
95% of its original PCE after 1000 h. More details can be found
in Figure S22 (Supporting Information). From these results, we
infer that the use of CHALI as spacer layer between the perovskite
and the HTM improves the performance of PSCs by passivating
defects acting as charge carrier recombination centers.

To better understand the mechanism behind this improved
stability, fresh and aged devices were compared after illumina-
tion. It is known that both iodide migration into the HTM and
lithium-ion migration into the perovskite lead to a decline in fill
factor under operational conditions.[*! Time-of-flight secondary
ion mass spectrometry (TOF-SIMS) depth profiles of fresh and
aged devices treated with OAI and CHAI were recorded to deter-
mine the ion distributions across the interface between the HTM
and perovskite layers as shown in Figure 6¢. In the case of OAI,
the aged device had a higher Li* ions intensity across the entire
FAPDI, perovskite film as well as an elevated I~ intensity around
the interface compared to the fresh device. In contrast, the aged
device with CHAI had a similar I~ distribution as the fresh de-
vice and a substantially lower Li* intensity compared to the aged
device treated with OAL. This difference indicates that CHAI in-
hibits the migration of Li* ions by forming a compact and con-
tiguous monolayer at the interface between the hole conductor
and the perovskite, effectively reducing interfacial ion migration.

3. Conclusion

We have demonstrated the role of carbazole passivation agents in
improving moisture resistance and long-term stability of FAPDI;-
based PSCs. Superior performances were obtained as the length
of the alkyl chain linking the hydrophobic carbazole moiety to
the ammonium group (which anchors the compound to the per-
ovskite surface) increased, with CHAI-treated films displaying
an impressive stability when a water droplet is placed directly
onto the film during spin coating. Molecular dynamics simula-
tions showed that the improved moisture resistance can be at-
tributed to the fact that the carbazole derivatives form a highly or-
dered uniform waterproof monolayer with CHAI exhibiting the
most pronounced effect. As a result, carbazole-treated PSCs not
only achieved excellent PCEs of up to 24.3% in QSS-IV measure-
ments, but also retained over 95% of their initial efficiency after

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 6. a) Operational stability tests of PSCs at 25 °C under a N, atmosphere according to the ISOS-L-1 protocol. b) Shelf-life test (ISOS-D-1) of PSCs
in the dark with 30-60% RH. c) TOF-SIMS depth profiles of the fresh and aged devices treated with OAl and CHAI passivation layers, respectively.

aging for 1000 h using MPP tracking under continuous 1-sun
irradiation.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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