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ABSTRACT: The interfacial chemistry between hole-selective con-
tacts (HSCs) and oxide substrates plays a critical role in governing
charge extraction, interfacial recombination, and operational stability
in inverted perovskite solar cells (PSCs). We designed three carba-
zole-based HSCs that share a D-n—A backbone but differ systemati-
cally in anchoring group chemistry and molecular ionicity: a neutral
pyridine (HSC-N), a zwitterionic N-oxide (HSC-O), and an ionic pyr-
idinium salt with a pendant carboxyethyl group and Br~ counterion
(HSC-A), respectively. This molecular design isolates the anchoring-
group effect and correlates it with interfacial energetics, dipole modu-
lation, and device performance. Increasing molecular ionicity greatly
enhances the dipole moment from 3.98 D for HSC-N to 17.11 D for
HSC-A, effectively tuning the NiO_ surface energetics and promoting
directional charge transport. After DMF/DMSO rinsing, HSC-A retained 72% of its initial surface loading, sufficient to deepen the
valence band maximum at the NiO, interface and most effectively suppress non-radiative recombination. Together, these effects yield
champion PCEs of 21.42% and 19.52% for 1.57 eV and 1.68 eV perovskite absorbers, respectively. Under 1000-lux indoor illumina-
tion, HSC-A-based devices achieve an average PCE of 40.47% and retain nearly their initial efficiency after 34 days in ambient air.
These results directly link anchoring-group design to device performance, highlighting ionic pyridinium—carboxylate contacts as an
effective strategy for high-performance inverted PSCs.

KEYWORDS: hole-selective contacts, perovskite solar cells, indoor photovoltaics, donor—acceptor, anchoring group

1. INTRODUCTION providing efficiency comparable to that of the hole transporting
layers formed using conventional materials. Incorporation of
hole-selective contacts (HSCs) enhances the device performance,
primarily by facilitating efficient hole extraction and reducing
non-radiative recombination losses at the perovskite interface.'>~
7 A key factor governing HSCs effectiveness is the rational
design of anchoring groups, which play a pivotal role in determin-
ing interfacial binding strength, energy-level alignment, and long-
term device stability. Robust anchoring not only ensures direct
electronic coupling with the substrate but also suppresses interfa-
cial degradation under operational stress.'® Over the past few
years, the most efficient and widely studied SAMs have been
those based on carbazole conjugate core, due to their excellent

Organic—inorganic hybrid perovskite solar cells (PSCs) have
emerged as a highly promising photovoltaic technology due to
their profound gains in power conversion efficiency (PCE) and
compatibility with low-cost solution processing.' ™ Inverted (p—
i-n) architectures have attracted increasing attention owing to
their negligible hysteresis, improved operational stability, and
compatibility with tandem device configurations.”® Despite
these remarkable advantages, the maximum efliciency of inverted
PSCs is still predominantly constrained by the severe non-
radiative recombination of charge carriers and charge transport
barriers occurring at the device interfaces, which limit the open-
circuit voltage (V) and long-term operational stability of the
devices. In particular, the interface between the hole transport

layer (HTL), such as inorganic nickel oxide (NiO,), and the Received: May 30, 2026 T
perovskite film plays a crucial role in determination of overall Revised:  July 30, 2026 .
device efficiency.”"" Consequently, an effective interfacial treat- Accepted:  July 31, 2026

ment between the HTL and the perovskite layer is essential for Published: August 8,2026

mitigation of the buried interfacial losses.'””'* In recent years,
the materials enabling formation of self-assembled monolayers
(SAMs) have found widespread use as HSCs in inverted PSCs,
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intrinsic hole transport mobility, high thermal stability and eas-
ily chemically modifiable conjugated framework.'**' Despite
these promising properties, the research on carbazole-based
SAMs, particularly on those other than the ones anchored via
phosphonic acid groups, remain limited. Anchoring groups
capable of Lewis base interactions promote strong interfacial
binding to oxide substrates (e.g., ITO or NiO,), which is critical
for efficient hole extraction, interfacial stability, and favorable
energy-level alignment.”>>*

Recently, donor—acceptor (D-m—A) type SAMs have been
shown to be effective HSCs for improving PSC performance
mainly thanks to offering multifunctional sites, high dipole
moment, and tunable optoelectronic and interfacial
properties.”> >’ Based on these properties, we designed and
synthesized a series of carbazole-based D—n—A conjugated skel-
etons, systematically differing in their anchoring group chemis-
try, SAM-based HSCs, featuring asymmetric conjugated
backbones. By strategically modulating the functional moieties
within the molecular framework, we aimed to fine-tune the
interfacial energetic alignment and passivate buried defects
through specific chemical interactions. Specifically, we devel-
oped three interfacial modifiers for the treatment between the
NiO, HTL and the perovskite layer, ie., a neutral pyridine-
anchored molecule (HSC-N), a zwitterionic N-oxide derivative
(HSC-0), and an ionic pyridinium salt bearing a carboxyethyl
anchoring group (HSC-A). The main innovation of this study
is the determination of anchor group effects by systematically
modulating the ionicity in a fixed D-7-A system (Scheme 1).
This structural motif induces large molecular dipole moments
(from 3.98 D for HSC-N to a massive 17.11 D for HSC-A) that
modulate interfacial energetics and promote directional charge
transport. This platform enables a comprehensive investigation
of the influence of anchoring groups on the physicochemical
properties of HSCs and the corresponding PSC performance.
Notably, the ionic HSC-A exhibits the strongest surface bind-
ing, retaining up to 72% of the initial surface loading even after
aggressive solvent rinsing. Furthermore, HSC-A effectively
increases the surface hydrophilicity and passivates deep-level
traps, thereby significantly suppressing non-radiative recombi-
nation and prolonging bulk carrier lifetimes. As a result,
inverted PSCs utilizing HSC-A as the interfacial treatment
achieved an outstanding champion PCE results of 21.42% and
19.52% for perovskite absorbers with a bandgap 1.57-eV and

1.68-eV, respectively. Remarkably, under 1000-lux indoor
WLED illumination, the wide-bandgap HSC-A devices deliv-
ered an average PCE of 40.47%, alongside exceptional long-
term environmental stability.

2. RESULTS AND DISCUSSION

Carbazole, with its rigid structure, facile functionalization, and
excellent hole-selective properties, is a versatile building block
for optoelectronic materials and high-performance HSCs
in inverted PSCs. Here, we designed D—m—A carbazole-
based HSCs comprising a carbazole conjugated linker, bis(4-
methoxyphenyl)amine donor, and pyridine acceptor unit,
denoted as HSC-N in Scheme 1. HSC-N was synthesized via
a palladium-catalyzed Suzuki coupling of boronate ester 1 with
4-bromopyridine. Subsequent N-alkylation of HSC-N with the
corresponding 3-bromopropionic acid afforded HSC-A as a
zwitterionic pyridinium salt bearing a carboxyethyl anchoring
group and a bromide counterion. The zwitterionic derivative
HSC-O, featuring an N-oxide acceptor, was obtained by oxida-
tion of HSC-N with mCPBA. These carbazole-based HSCs
were fully characterized by 'H, '*C NMR spectroscopies, and
high-resolution mass spectrometry. Detailed synthetic proce-
dures and characterization data are provided in the Supporting
Information and Figure S1-S9.

Density functional theory (DFT) calculations at the B3LYP/
6-31G(d,p) level were performed to gain insight into the molec-
ular geometry, energy levels, and orbital distributions of the
HSCs. As illustrated in Figure 1a,b, the HSCs with D-n—A con-
figurations exhibit HOMOs predominantly delocalized over the
arylamine donor units and extending to the carbazole linker. In
contrast, the LUMOSs are mainly distributed over the carbazole
backbone and the pyridine-based acceptor units. The partial
spatial overlap between the HOMO and LUMO indicates pro-
nounced intramolecular charge transfer (ICT) character, which
is beneficial for hole extraction and transport. The calculated
HOMO energy levels of HSC-N, HSC-O, and HSC-A are
—4.62, —4.62, and —4.85 eV, respectively, while the correspond-
ing LUMO levels are —1.20, —1.36, and —2.53 eV (Table 1).
These results are consistent with the trends observed in the
results of electrochemical measurements discussed below.
DFT calculations (Figure 1c and Table 1) indicate that HSC-
N, HSC-O, and HSC-A have dipole moments of 3.98, 7.16,

Scheme 1. Reaction pathways of Target HSCs
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Figure 1. (a—c) DFT-derived frontier molecular orbitals and electrostatic surface potential (ESP) mapping of the HSCs. (d) Absorption and emis-

sion spectra of the HSCs.

Table 1. Photophysical, Electrochemical and Thermal Properties of the HSCs

HSC HOMO“[eV] LUMO[eV]
HSC-N ~4.62 ~1.20
HSC-O ~4.62 ~1.36
HSC-A ~4.85 -2.53

mox;illeri:;%’e[D] HOMO'[eV] LUMO[eV] A’ [V] E, V] T£[°C]
3.98 -4.97 -2.16 387 2.81 353
7.16 ~4.98 -2.30 398 2.68 327
17.11 -5.02 —2.84 513 218 218

“by DFT calculations; “the calculations were carried out using the Gaussian09 software package; ‘by DPV in DCM with ferrocene as an internal ref-
erence at 25 °C; “calculated by (Eyono + Eo_o); “maxima absorption and emission peaks were obtained in chloroform; ‘the value of E, , was deter-
mined from the intersection of absorption and emission spectra; and by TGA.

and 17.11 D, respectively, suggesting that increasing molecular
dipole moments may induce stronger interfacial polarization
and more effectively modulate the electronic properties of the
NiO,/HSC interface, thereby facilitating hole extraction and
charge collection.”®*°

To validate the calculations, the energy levels of the HSCs
were experimentally determined by differential pulse voltamme-
try (DPV), and the optical bandgaps were estimated from the
UV-vis absorption spectra. Representative spectra are shown
in Figure S10, and the corresponding data are summarized in
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Table 1. The HOMO levels of HSC-N, HSC-O, and HSC-A
are —4.97, —4.98, and —5.02 eV, respectively. These values are
higher than the valence band of the perovskite, facilitating effi-
cient hole extraction. In contrast, the LUMO levels are —2.16,
—2.30, and —2.84 eV for HSC-N, HSC-O, and HSC-A, respec-
tively, indicating that the pyridinium—carboxylic acid anchoring
group in HSC-A interacts stronger with the substrate than the
pyridine or pyridine—oxide groups in HSC-N and HSC-O.
The more positive LUMO levels of HSC-N and HSC-O rela-
tive to the perovskite conduction band, suggest that electron
back transfer from the perovskite to the anode is effectively sup-
pressed. The UV—vis absorption spectra of the HSCs were
recorded in dichloromethane at a concentration of 1 X 107°
M and are shown in Figure 1d. The corresponding data are col-
lected in Table 1. The low-energy absorption maxima (A, ) of
the compounds were observed at 387 nm (¢ = 3.67 X 10* M
cm™), 398 nm (e = 4.46 X 10* M~ cm™), 513 nm (e = 3.35 X
10* M™! cm™) for HSC-N, HSC-O and HSC-A. respectively.
These bands are attributed to the intramolecular charge transfer
(ICT) from the arylamine donor group to the pyridine accep-
tor, with delocalized m—t* transition character. It is worth not-
ing that the absorption maximum (), ) recorded for the HSC
anchored through the non-conjugated carboxyethyl moiety is
red-shifted relative to that of the one anchored through a sys-
tem based on pyridinyl and pyridinyl oxide, indicating a stron-
ger intramolecular charge transfer in the former. Thermal
stability is a critical factor for the hole-selective materials in
perovskite solar cells, as the latter are subjected to elevated tem-
peratures under prolonged illumination. To evaluate these
properties, the series of HSC compounds obtained were sub-
jected to thermogravimetric analysis (TGA), and the corre-
sponding curves are shown in Figure S11. All examined

materials exhibited high thermal stability, as their decomposi-
tion temperatures (T,) exceeded 200 °C. Notably, HSC-N
and HSC-O show even higher T values above 300 °C. These
results indicate that the studied compounds possess sufficient
thermal robustness to withstand long-term device operation
without significant degradation.

To better mimic the conditions encountered during perov-
skite deposition, the HSC-modified substrates were rinsed with
a DMF/DMSO mixed solvent to remove loosely bound spe-
cies.>" Surface coverage was then quantified by desorbing the
remaining HSC molecules using aqueous ammonia, followed
by UV—vis analysis of the resulting solution. Molecular loading
was subsequently calculated based on the Beer—Lambert law
(Supporting Information Note 1 and Figure S12), enabling esti-
mation of surface coverage after solvent rinsing. The change in
the surface molecular loading after solvent rinsing depends
strongly on the molecular structure. As shown in Figure 2a,
HSC-A retains a significant portion of the initial loading
(ca. 72%) after rinsing, indicating relatively strong anchoring
to the nickel oxide surface. In contrast, HSC-O shows a more
pronounced reduction in content, retaining only about one-
third of its initial loading, suggesting the removal of a significant
portion of weakly bound molecules upon washing. However, for
HSC-N, the signal after rinsing falls below the detection limit,
which makes it impossible to reliably determine the amount
of material bound to the surface. The obtained results suggest
that HSC-A forms a more robust and densely packed interfacial
layer, while HSC-N, due to the anchoring group of lower polar-
ity, most likely interacts much weaker with the modified surface.
Interestingly, in the case of HSC-N, the surface nickel ions do
not participate in any way in the interactions with the lone pair
of pyridine electrons and formation of the Ni—-N coordination
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Figure 2. (a) Surface molecular loading of unrinsed HSC-modified substrates and after solvent rinsing. (b) UPS spectra. (c) XPS spectra of Ni 2p; ,
for HSC-modified NiO,. (d) Contact angles of HSC-modified NiO, surfaces. (e) PL spectra, (f) TRPL decay curves of perovskite films deposited on

different substrates.
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bond, a well-known fact from nickel chemistry, which suggests
that sorption is determined solely by the possibility of hydrogen
bonds formation.

To probe the interfacial energetics, ultraviolet photoelectron
spectroscopy (UPS) measurements were carried out. The work
function (¢) and valence band maximum (VBM) were deter-
mined from the secondary electron cutoff and onset regions
using the eqs 1 and 2:

@ =Ecyof — 21.22 €V (1)

Eypm = ¢ - Eqnset (2)

As shown in Figure 2b, the VBM values of NiO, modified
with HSC-A, HSC-O, and HSC-N are -5.32, —5.25, and
—5.24 eV, respectively (Table S1). This decreasing trend is con-
sistent with the DFT calculations, which show that HSC-A
exhibits a slightly deeper HOMO level (—4.85 eV) compared
to those of HSC-O and HSC-N (—4.62 eV). The lower VBM
of the HSC-A-modified interface suggests improved energy
level alignment with that of the perovskite absorber, which
is favorable for hole extraction and may help suppress interfa-
cial recombination.

To further elucidate the interfacial interactions between the
HSCs and the NiO, surface, X-ray photoelectron spectroscopy
(XPS) measurements were performed. As shown in Figure 2c
and Table S1, the Ni 2p,,, spectra can be deconvoluted into
three main components. The peak at ~853 eV is assigned to
Ni** species in the Ni~O coordination environment, while
the feature at ~855 eV corresponds to Ni** species associated
with Ni vacancies in oxygen-rich NiO,. A satellite peak at
~860 eV is also observed, characteristic of the NiO, lattice.
The relative Ni>*/Ni?" ratios are estimated to be 2.79, 2.63,
and 2.46 for HSC-A, HSC-O, and HSC-N-modified surfaces,
respectively. The variation in the Ni**/Ni** ratio should be
understood as an interfacial stabilization effect arising from
the distinct anchoring chemistry of the HSCs. HSCs containing
molecules with strong electron-withdrawing or coordinating
groups (like pyridine or carboxylic acids) generally increase
the Ni** concentration. This indicates enhanced oxidation of
Ni** to Ni*H, creating nickel vacancies and boosting the film’s
p-type conductivity.*>** The carboxylic acid anchoring group
in HSC-A can form stronger chemical interactions with surface
Ni sites, while the ionic character induces a more pronounced
interfacial dipole. These effects promote electron redistribution
at the NiO,/HSC interface, resulting in an increased proportion
of surface Ni species exhibiting a Ni**-like electronic state in
the XPS spectra. Since Ni** species are generally associated
with nickel vacancies and enhanced p-type conductivity in
NiO,, the higher apparent Ni**/Ni*" ratio is consistent with
improved hole extraction and the deeper valence-band maxi-
mum observed from UPS measurements. Together with the
stronger interfacial binding, larger molecular dipole, and
improved energy-level alignment, these results explain the supe-
rior interfacial charge transport and photovoltaic performance
of HSC-A. Therefore, the transition from neutral (HSC-N) to
zwitterionic (HSC-O) and finally to ionic (HSC-A) anchoring
groups progressively enhances the coordinate binding strength
and the interfacial electrostatic field. This strong chemical
anchoring and polarization pull electron density from surface
Ni atoms, shifting the Ni oxidation-state distribution toward

47911

Ni**, which successfully induces a more pronounced p-type
character favorable for hole transport.’* Consistent with the
XPS results, the I-V characteristics of ITO/NiO,/HSC/Ag
devices show a similar trend in charge transport behavior
(Figure S13). The slopes of the I-V curves follow the order
of HSC-A > HSC-O > HSC-N, indicating that the HSC-A-
modified interface exhibits improved charge transport capabil-
ity, in agreement with its higher Ni**/Ni** ratio and enhanced
p-type characteristics.

The wettability and surface energy of NiO,/HSC surfaces
were evaluated to probe their macroscopic surface polarity. As
shown in Figure 3d, the water contact angles for HSC-A,
HSC-0, and HSC-N were measured to be 56°, 63° and 62°,
respectively, indicating that HSC-A has a relatively more hydro-
philic surface. Notably, the reduced water contact angle
observed for HSC-A can be attributed to both, the Br~ counter-
ion and the positively charged pyridinium moiety, which
enhances the surface polarity by increasing the density of hydro-
philic ionic species at the NiO, interface. A similar trend is
observed for diiodomethane, with contact angles of 18°, 26°,
and 31° for HSC-A, HSC-O, and HSC-N, respectively. Using
water and dilodomethane as probe liquids, the total surface
energies were calculated using the Wu model (Table S1).*°
The consistently lower contact angles of both polar and nonpo-
lar probe liquids, collectively suggest a higher total surface
energy and enhanced wettability, which are expected to pro-
mote uniform perovskite film coverage and support high-
quality film formation.>®

The morphology of the perovskite films deposited on these
substrates was then examined by the top-view SEM. All perov-
skite films studied exhibit dense and continuous morphologies
without obvious pinholes (Figure S14).

We further investigated the bulk crystallization quality of the
perovskite films using grazing-incidence wide-angle X-ray scat-
tering (GIWAXS, see Supporting Information Note 2 and
Figure S15). A distinct diffraction ring located at g = 1 A~ cor-
responds to the perovskite (100) crystal plane. Compared with
its counterparts, the perovskite film deposited on the HSC-A-
modified surface exhibits stronger scattering intensity and
sharper diffraction features, suggesting enhanced crystallinity
and preferred crystal orientation. In contrast, the HSC-O-based
sample shows a split peak in the corresponding 1D profile,
which is likely associated with interfacial strain or defect-
induced lattice distortion within the perovskite lattice.'”™**
Steady-state photoluminescence (PL) and time-resolved PL
measurements were performed to characterize carrier recombi-
nation and interfacial charge dynamics. As shown in Figure 2e,
the perovskite film deposited on NiO,/HSC-A exhibits the
highest PL intensity, indicating reduced non-radiative recombi-
nation at the NiO,/perovskite interface. This behavior suggests
improved interfacial passivation, consistent with the stronger
anchoring and higher surface coverage observed for HSC-A.
In contrast, the NiO,/HSC-O sample shows a pronounced
PL quenching, which may arise from more efficient interfacial
hole extraction or additional quenching pathways associated
with the polar N-oxide group.** The NiO,/HSC-N sample
exhibits intermediate behavior. The TRPL profiles shown in
Figure 2f were fitted using a bi-exponential function, yielding
two characteristic components (Table S2). The fast component
(t,), associated with interfacial charge transfer, is the shortest
for HSC-O (2.13 ns), followed by HSC-N (2.72 ns) and
HSC-A (3.1S ns), indicating more rapid charge extraction in
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Figure 3. (a) Statistical distribution of photovoltaic parameters, (b) J-V curves of HSC-based 1.57-eV PSCs. (c) EQE spectrum and integrated Jq-
curve of the 1.57-eV PSC. (d) Statistical distribution of photovoltaic parameters of 1.68-eV PSCs based on HSC-A and -O (e) J-V curves of HSC-
based 1.68-eV PSCs. (f) EQE spectrum and integrated Jq curve of the 1.68-eV PSC. (g) Statistical distribution of photovoltaic parameters of indoor
photovoltaic devices. (h) J-V curve, (i) SR spectrum and integrated J;. curve of the indoor photovoltaic device. (j) ISOS-D1 stability of unencap-

sulated devices.

HSC-O. In contrast, the slow component (t,), related to bulk
recombination, is significantly extended for HSC-A (131.04 ns)
compared to HSC-O (87.23 ns) and HSC-N (82.57 ns), sug-
gesting suppressed recombination in the perovskite layer.”’
These results indicate a trade-off between charge extraction
and recombination: although HSC-O facilitates faster interfacial
charge transfer, HSC-A more effectively suppresses non-
radiative recombination.

PSCs were fabricated with the device structure ITO/NiO,/
HSCs/perovskite /PDADI/PCBM/BCP/Ag. In this device archi-
tecture, NiO, serves as the hole transport layer, while the HSCs
function as hole-selective interlayers at the NiO, /perovskite inter-
face. The distinct molecular dipoles and interfacial properties of
these HSCs enable systematic investigation of how anchoring-
group chemistry influences device physics and carrier dynamics,
particularly interfacial energetics, charge extraction, and nonradia-
tive recombination. Both 1.57 eV and 1.68 eV PSCs were
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evaluated, with fabrication details provided in the Experimental
Section. For the 1.57-eV FA(¢Cs,MA, (sPbL, o Br, s perov-
skite the bandgap was estimated from the external quantum effi-
ciency (EQE) spectrum (Figure 3c), and the corresponding
photovoltaic performance is summarized in Figure 3a and
Table S3, with the -V curves shown in Figure 3b. From among
the devices based on the three HSCs studies, those based on
HSC-A deliver the highest performance (champion PCE of
21.42%), with an average PCE of 20.88 + 0.34%, along with
an open-circuit voltage (V) of 1.13 + 0.01 V, a short-circuit
current density (Jg.) of 23.36 + 0.12 mA/cm?, and a fill factor
(FF) of 78.87 + 0.75%. The ] value agrees well with that inte-
grated from the EQE spectrum (Figure 3c). In comparison, the
HSC-O-based devices exhibit a PCE of 19.99 + 0.17%, with a
Voe of 1.05 + 0.01 V and an FF of 81.38 + 0.71%, while the
HSC-N-based devices show a lower PCE of 19.25 + 0.36%, with
a Vo 0f1.02 +0.01 Vand an FF of 81.07 + 0.68%. Notably, the
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average Js values remain nearly identical for all devices, indicat-
ing that the differences in performance originate primarily from
variations in Vo and, to a lesser extent, FF. The significant
increase in Vi, of HSC-A-based devices suggests a reduced
non-radiative recombination at the NiO,/perovskite interface.
This improvement can be attributed to the stronger interfacial
interaction introduced by the carboxyethyl anchoring group in
HSC-A, which enhances interfacial contact and passivation. In
addition, the larger dipole moment of HSC-A is likely to induce
a more favorable interfacial energetics, facilitating hole extrac-
tion and further reducing the recombination losses.

For the 1.68-eV Cs, 4FA, 4, Pb(I,4Bry,); perovskite, the
device performances based on different HSCs are summarized
in Figure 3e and Table S4. Statistical distributions for represen-
tative devices (HSC-A and HSC-O) are shown in Figure 3d.
The HSC-A-based devices exhibit the best average perfor-
mance, delivering an average PCE of 19.01 + 0.28%, with a
Ve of 1.15 + 0.01 V, a Jg of 20.81 + 0.25 mA cm™ 2, and an
FF of 79.57 + 1.03%. The champion device achieves a PCE of
19.52%. The integrated current density obtained from the
EQE is in good agreement with the -V measurements
(Figure 3f), confirming the reliability of the photovoltaic
results. In comparison, the HSC-O-based devices show a signif-
icantly lower PCE of 13.12 + 0.73%, while the HSC-N-based
devices yield a PCE of 14.19 + 0.33. The markedly improved
performance of HSC-A is consistent with its superior interfacial
properties, including stronger anchoring, favorable energetics,
and suppressed recombination.

To further evaluate the applicability of HSC-A under practi-
cal low-light conditions, indoor photovoltaic performance of the
devices based on the 1.68-eV architecture was investigated. As
follows from the statistical data (Figure 3g and Table SS) and
the corresponding J-V curves (Figure 3h), the HSC-A-based
devices measured under WLED illumination at 1000 lux deliver
an average PCE of 40.47 + 1.91%. The current density was fur-
ther evaluated by integrating the spectral response (SR) of the
device with the emission spectrum of the WLED source
(Figure S16), yielding values consistent with the measured
J-V results (Figure 3i). Finally, the stability of the devices was
evaluated following the ISOS-D1 protocol. The unencapsulated
HSC-A-based devices retained nearly their initial efficiency after
34 days of storage under ambient conditions (Figure 3j), indi-
cating good environmental stability.

3. CONCLUSIONS

Three carbazole-based HSCs sharing the same D-n—A back-
bone but differing in anchoring chemistry were employed to
elucidate the influence of interfacial binding strength and
molecular ionicity on photovoltaic performance. Because the
conjugated backbone remains unchanged, the observed differ-
ences can be attributed directly to the nature of the anchoring
groups. Among the three materials studied, HSC-A exhibits
the most favorable characteristics. Its ionic pyridinium—
carboxyethyl functionality forms a robust interfacial layer that
is more resistant to solvent rinsing than the neutral and zwitter-
ionic counterparts. This stronger interfacial binding is accompa-
nied by improved interfacial energetics and more uniform
perovskite film formation. These results highlight the impor-
tance of anchoring group design in NiO,-based inverted
PSCs. The pyridinium-carboxyethyl motif provides an effective
strategy to enhance interfacial stability, regulate energy level
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alignment, and improve film quality. As a result, HSC-A reduces
the recombination losses and improves interfacial contact, lead-
ing to a superior device performance with PCEs of 21.42% and
19.52% for 1.57-eV and 1.68 eV-PSCs, respectively. The appli-
cability of HSC-A was further demonstrated in indoor photo-
voltaic devices based on the wide-bandgap architecture, which
achieved an efliciency of up to 43.23% under WLED illumina-
tion. Overall, this study establishes a clear molecular design
guideline for hole-selective contact materials, showing that
anchoring group engineering plays a key role in governing bur-
ied interface energetics and defect passivation.

4, EXPERIMENTAL SECTION
4.1. Perovskite Thin Film Fabrication

For the 1.57-eV perovskite, the precursor solution was prepared by dis-
solving 228.76 mg of FAI, 677.67 mg of Pbl,, 23.57 mg of CsCl, and
7.84 mg of MABr in a mixed 0.85 mL of DMF and 0.15 mL of
DMSO. The precursor solution was spin-coated onto the substrate at
5000 rpm for 30 s. During the spin-coating process, 0.25 mL of chloro-
benzene was dripped onto the spinning film 15 s before the end of the
coating process. The resulting film was then annealed at 110 °C for
20 min to form the perovskite layer.

For the 1.68-eV perovskite, a 1.0 M precursor solution was prepared
by dissolving 172 mg of FAI, 30 mg of CsCl, 110 mg of PbBr,, and
354 mg Pbl, in a mixed solvent of DMF and DMSO (4:1, v/v). The
precursor solution was deposited via a two-step spin coating process
at 1000 rpm for 10 s, followed by 5000 rpm for 30 s. During the second
step, 0.15 mL of chlorobenzene was dripped onto the spinning film.
The resulting films were annealed at 150 °C for 30 min to form the
perovskite layer.

4.2. Device Fabrication of Perovskite Solar Cells

The perovskite solar cells were fabricated with the architecture of
ITO/NiO,/HSC/perovskite/PDADI/PC, BM/BCP/Ag. The ITO
substrates were first sequentially cleaned by ultrasonication in deter-
gent solution, deionized water, acetone, and isopropanol for 15 min
each. After cleaning, the substrates were dried under a nitrogen flow
and placed in a dry oven. Prior to use, the cleaned ITO substrates were
treated with ultraviolet—ozone for 10 min. The NiO, precursor solution
was prepared by dissolving 55 mg of nickel acetylacetonate in 2.5 mL of
ethanol with 1 vol % HCI as a stabilizing agent. The solution was spin-
coated onto the ITO substrates at S000 rpm for 30 s, followed by anneal-
ing at 250 °C for 30 min and a subsequent annealing step at 300 °C for
6 min in air. Subsequently, the HSC solution in ethanol (1 mg/mL) was
spin-coated at 3000 rpm for 30 s and annealed at 100 °C for 10 min. The
perovskite films were deposited following the same method described in
the Perovskite Thin Film Fabrication section. For surface passivation, a
PDADI solution (0.5 mg/mL in isopropyl alcohol) was spin-coated onto
the perovskite layer at S000 rpm for 30 s, followed by annealing at
100 °C for S min. Next, a PC¢,BM solution (20 mg/mL in chloroben-
zene) was spin-coated at 1500 rpm for 30 s, followed by deposition of
a BCP layer by spin-coating a 0.5 mg/mL solution in isopropyl alcohol
at 6000 rpm for 10 s. Finally, a 100-nm-thick Ag electrode was thermally
evaporated onto the BCP layer. The active device area was 10 mm?,
defined by the overlap of a 5-mm-wide patterned ITO bar and a
2-mm-wide Ag bar deposited via a metal mask.
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