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The fine-tuning of the interfacial properties between the hole transport layer (HTL) and the active perovskite
layer is important to achieve high efficiency in inverted perovskite solar cells (PSCs). Interfacial layers are crucial
in aligning energy levels and mitigating defect-induced losses, thereby facilitating charge transfer and device
stability. This study introduces an advanced interfacial engineering technique via utilization of an asymmetric
monobromo-substituted carbazole-based molecular modifier, [4-(3-bromo-9H-carbazol-9-yl)butyllphosphonic
acid (3Br-Cz-4PA), to improve the compatibility between the underlying HTL of poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA) and the perovskite layer of methylammonium lead iodide (MAPbI3). Through
the integrated density functional theory calculations and empirical studies, it is revealed that 3Br-Cz-4PA not
only passivates undercoordinated Pb defects but also facilitates hole extraction by suppressing non-radiative
recombination. Moreover, this approach yields a notable improvement in the grain growth and crystallinity of
perovskite films. Consequently, PSCs enhanced with 3Br-Cz-4PA demonstrate a remarkable power conversion
efficiency of 19.3 %, minimal hysteresis, and superior shelf-life stability, positioning this methodology as a
substantial leap forward photovoltaic technology.

1. Introduction

Organic-inorganic halide perovskite solar cells (PSCs) have achieved
impressive power conversion efficiencies (PCEs), reaching 26.7 %,
which closely rivals that of crystalline silicon (Si) solar cells at 27.1 %
[1]. The rapid advancement in PSC efficiency, along with their
cost-effective fabrication and versatile design options, position them as
leading contenders in the next-generation photovoltaic technologies.
Notably, the inverted (p-i-n) configuration has gained commercial

prominence due to its enhanced operational reliability, scalability, and
compatibility with various tandem device architecture [2-7]. Despite
historically lagging behind the performance of standard (n-i-p) config-
urations, recent breakthroughs have propelled p-i-n PSCs exceed the
25 % efficiency mark [8-10]. Recently, the PCE of p-i-n PSCs surpassed
the record performance of n-i-p devices [11,12]. Significant improve-
ments have been driven by advancements in the hole transport layer
(HTL) and strategies aimed at reducing energy losses at the HTL/per-
ovskite interface [13-17]. Selecting appropriate HTL materials is crucial
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for optimizing the performance of p-i-n PSCs, influencing key aspects
such as charge carrier extraction, recombination rates, and overall de-
vice stability. Various materials, including poly(3,
4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS),
self-assembled monolayers (SAMs), inorganic p-type metal oxides like
NiO,, and poly[bis(4-phenyl)-(2,4,6,-trimethylphenyl)amine] (PTAA),
have demonstrated effectiveness as HTLs [18-21]. PTAA, in particular,
is noted for its superior electrical properties and structural advantages
[21-23]. However, the hydrophobic nature of PTAA, while boosting
device stability [24,25], reduces the wettability of the perovskite solu-
tion, leading to poorer quality films and energy losses due to inadequate
interfacial contact [26,27].

Addressing this challenge, interface engineering has emerged as a
pivotal strategy for optimizing the interaction between PTAA and
perovskite layers [28-34]. This approach focuses on tailoring properties
such as hole transport, surface energy, and contact affinity at the PTAA
interface to improve charge extraction and minimize charge carrier loss.
Effective interface engineering not only enhances the HTL properties but
also benefits the perovskite layer by improving crystallinity and
passivating defects. Innovations in materials and modifiers for interface
engineering adjust HTL surface properties to facilitate charge transport.
SAM molecules, for example, are widely used for HTL modification,
effectively fine-tuning interfacial properties [35-39]. These molecules
typically consist of a substrate-anchoring head group, an alkyl tail, and a
functional end group, each playing a unique role in the assembly and
substrate interaction [40]. The design of SAMs is customizable, allowing
for precise adjustments of interfacial characteristics between the HTL
and perovskite layers [41]. The properties of the functional end group,
particularly its chemical nature and electronic characteristics, are vital
for forming ultrathin, charge-selective contacts in PSCs [36,42,43]. For
instance, Wang et al. [36] demonstrated that 4-bromobenzoic acid SAMs
on NiO, HTL significantly enhanced both photovoltaic performance and
stability. Thus, the molecular design of SAMs is crucial in optimizing
energy levels and surface properties, suppressing defect formation and
recombination losses, thereby enhancing overall PSC performance and
stability. Studies have shown that halogen-substituted SAM molecules
markedly improve hole extraction [44-47]. By varying the chemical
substitutions in SAMs, key properties such as wettability, dipole mo-
ments, and surface potential can be tuned, influencing overall device
performance [46-49].

Inspired by these insights, our study introduces a novel monobromo-
carbazole-based SAM molecule, specifically (4-(3-bromo-9H-carbazol-9-
yDbutyl)phosphonic acid (3Br-Cz-4PA), for use in p-i-n PSCs. We suc-
cessfully incorporated 3Br-Cz-4PA at the PTAA/perovskite interface,
significantly enhancing perovskite grain growth through tailored sur-
face properties of PTAA, while also effectively passivating under-
coordinated Pb?t defects at the PTAA/perovskite heterointerface to
complete the octahedral coordination of PbX¢. Density functional theory
(DFT) calculations further confirmed the effectiveness of this approach
in passivating undercoordinated surface Pb cations and establishing
robust chemical interactions between 3Br-Cz-4PA and the perovskite.
This modification not only promoted efficient hole transfer but also
reduced non-radiative recombination due to favorable energy level
alignment at the interface. Consequently, methylammonium lead iodide
(MAPDI3)-based PSCs incorporating 3Br-Cz-4PA achieved a PCE of
19.3 %. Remarkably, these devices retained over 95 % of their initial
efficiency even after 30 days of exposure to ambient conditions without
encapsulation. This underscores the potential of the asymmetric
monobromo-SAM material to significantly enhance both the efficiency
and stability of PSCs.

2. Material and methods
2.1. Materials

Methylammonium iodide (MAIL, >99.99 %) was sourced from
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Greatcell Solar Materials. Lead(Il) iodide (Pbls, 99.99 %, trace metal
basis) and bathocuproine (BCP, 98 %) were procured from TCI and Alfa
Aesar, respectively. Poly(triaryl amine) (PTAA, >99.9 %, trace metal
basis) was obtained from 1-Materials Inc. [6,6]-phenyl-C61-butyric acid
methyl ester (PC1BM, >99.5 %) was supplied by Brillant Materials.
Anhydrous solvents including ethyl alcohol (EtOH, anhydrous,
>99.5 %), chlorobenzene (CB, anhydrous, 99.8 %), toluene (anhydrous,
99.8 %), isopropyl alcohol (IPA, anhydrous, 99.5 %), N,N-
dimethylformamide (DMF, anhydrous, 99.8 %), dimethyl sulfoxide
(DMSO, anhydrous, >99.9 %), and ethyl acetate (EA, anhydrous,
99.8 %), were purchased from Sigma-Aldrich. Acetone, EtOH, and IPA
used for substrate cleaning were supplied by Daejung Chemicals &
Metals Co., Ltd.

2.2. Solar cell fabrication

PSCs were constructed with a p-i-n structure: ITO/PTAA/MAPDI3/
PCg1BM/BCP/Ag. Indium tin oxide (ITO) coated glass substrates (150
nm-thick, ~9 Q/sq., dimensions 24.5 mm x 24.5 mm) were sequentially
cleaned in an ultrasonic bath with acetone, EtOH, and IPA for 10 min
each. Then, substrates were dried under a stream of nitrogen and stored
in a dry oven. Prior to fabrication, ITO substrates were subjected to UV-
ozone treatment for 20 min and moved to a Ny-filled glove box. A
toluene solution of PTAA (1.5 mg mL ™) was spin-coated on the ITO at
2000 rpm for 40 s (acceleration 1000 rpm s™1) and annealed at 100 °C for
10 min. For the control group, PTAA films were subjected to a DMF
prewash at 4000 rpm for 30 s. For the experimental group, 3Br-Cz-4PA
dissolved in ethanol was spin-coated onto PTAA films at 3000 rpm for 30
s, annealed 100 °C for 10 min, followed by an ethanol wash. The
perovskite precursor (MAIL Pbl,, DMSO in DMF) was stirred overnight,
filtered through a 0.45 pm PTFE filter, and 100 pL was spin-coated onto
the prepared PTAA films at 8000 rpm for 20 s. Just prior to the end of
this process, 70 pL of EA was dropped onto the spinning substrates as an
anti-solvent. The resultant films were annealed at 65 °C for 1 min, then
100 °C for 10 min. A CB solution of PC¢;BM (20 mg mL ™) was spin-
coated over the perovskite at 2000 rpm for 30 s and annealed at 100
°C for 10 min. Subsequently, an IPA solution of BCP (1.5 mg mL™!) was
deposited on the PCgBM layer at 4000 rpm for 40 s. The cell assembly
was completed with the thermal evaporation of a 100 nm-thick Ag
electrode at 2 A s, with a shadow mask defining the active area of 0.09

CII12.

2.3. Characterization of films and devices

Current density-voltage (j—V) characteristics were measured under
AM 1.5G illumination (100 mW cm™2) using a class AAA solar simulator
(YSS-50A, Yamashita Denso) equipped with a 180 W Xe lamp and a
Keithley 2400 source meter. Intensity calibration was performed using a
Si reference cell, calibrated by the National Renewable Energy Labora-
tory (NREL), fitted with a KG-5 filter (PV Measurements, Inc.). j—V
curves were recorded in both backward and forward scan modes with a
100 ms delay between data points. External quantum efficiencies (EQEs)
were determined with a Quantum Efficiency Measurement Solution
(QuantX-300, Newport) using intensity-calibrated monochromated light
from a Xe arc lamp. A patented Newport Si/Ge detector measured the
EQE spectra. Field-emission scanning electron microscopy (FE-SEM,
Inspect F, FEI) at 10 keV visualized surface morphology, while a 7 keV
setting imaged device cross-sections. The topography of PTAA films was
assessed with atomic force microscopy (AFM, XE-100, Park Systems). X-
ray diffraction (XRD, Rigaku Dmax2500/PC) with Cu Ka radiation (A =
1.5406 A) scanned perovskite films in grazing incidence mode at 2°/
min. Optical properties were probed with a Lambda 365 ultraviolet-
visible (UV-Vis) spectrophotometer (PerkinElmer), and steady-state
photoluminescence (PL) spectra came from a FP-8500 spectrofluorom-
eter (JASCO) at 530 nm excitation. X-ray photoemission spectroscopy
(XPS, Thermo Scientific Nexsa system) utilized a microfocus
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monochromated Al Ka source, and ultraviolet photoemission spectros-
copy (UPS) measurements were conducted with a He I discharge lamp
(hv = 21.22 eV), with pass energies of 1.0 eV for work function and 5.0
eV for valence band measurements. Contact angle (CA) measurements
were performed using a PCA-1 contact angle meter (Kyowa Interface
Science) and documented using FAMAS software (V 3.2.2) under
ambient conditions.

2.4. Synthesis of 3Br-Cz-4PA

All chemicals and solvents were purchased from Sigma-Aldrich and
used as received without purification. 3-bromo-9-(4-bromobutyl)-9H-
carbazole (1), diethyl(4-(3-bromo-9H-carbazol-9-yl)butyl)phosphate
(2), [4-(3-bromo-9H-carbazol-9-yl)butyl]phosphonic acid (3) were
synthesized according to the scheme shown in Scheme S1. The 'H and
13C nuclear magnetic resonance (NMR) spectra, along with the high-
resolution electrospray ionization mass spectrometry (ESI-HRMS)
spectrum of the final product, are provided in Figs. S1 and S2.

3-bromo-9-(4-bromobutyl)-9H-carbazole (1): 3-bromo-9H-carbazole
(2 g, 8.13 mmol) and powdered anhydrous potassium carbonate (5.53
g, 40.05 mmol) were dissolved in anhydrous acetonitrile (32 mL). 1,4-
dibromobutane (9.70 mL, 81.26 mmol) was then added. The reaction
vessel was flushed with N, maintaining this atmosphere throughout the
reaction. The mixture was stirred and refluxed in an oil bath at 95 °C for
48 h. After cooling, the mixture was filtered, and the solvent evaporated
to yield a solid. This solid was recrystallized from petroleum ether,
producing 2.26 g (73 %) of compound 1. 'H NMR (300 MHz, CDCl3) &:
8.18 (s, 1H), 8.03 (d, J = 15 Hz, 1H), 7.50 (m, 2H), 7.38 (d, J = 9 Hz,
1H), 7.24 (t, J = 6 Hz, 2H), 4.30 (m, 2H), 3.36 (t, J = 4 Hz, 2H),
2.07-1.83 ppm (m, 4H).

Diethyl(4-(3-bromo-9H-carbazol-9-yD)butyDphosphonate (2): Com-
pound 1 (1 g, 2.62 mmol) was dissolved in triethylphosphite (9.45 mL).
The mixture was refluxed at 165 °C for 20 h, and then the solvent was
removed under reduced pressure. The crude product underwent column
chromatography, starting with n-hexane and gradually shifting to an
acetone/hexane mixture (1/4, v/v). This process yielded 1.15 g (100 %)
of a clear liquid that crystallized into compound 2. 'H NMR (300 MHz,
CDClg) &: 8.10 (d, J = 1.9 Hz, 2H), 8.03 (d, J = 15 Hz, 1H), 7.56 (dd, J =
8.7, 1.8 Hz, 2H), 7.30 (d, J = 8.7 Hz, 2H), 4.60-4.48 (m, 2H), 4.03 (q, J
= 7.3 Hz, 4H), 2.29-2.17 (m, 2H), 1.23 ppm (t, J = 7.1 Hz, 6H)

(4-(3-bromo-9H-carbazol-9-yDbutyl)phosphonic acid, 3Br-Cz-4PA (3):
Compound 2 (1.2 g, 2.74 mmol) was dissolved in dry 1,4-dioxane (26
mL) under an Ny atmosphere. Bromotrimethysilane (3.80 mL) was
added dropwise. The reaction proceeded for 24 h at 25 °C under Nj.
Methanol (24 mL) was then introduced, and the solvent reduced under
pressure until a minimal volume remained. Distilled water was added
dropwise to precipitate the product. The resultant solid was filtered and
washed with water, yielding 0.74 g (71 %) of 3Br-Cz-4PA as a white
solid. 'H NMR (600 MHz, MeOD) 5: 8.16 (d, J = 2 Hz, 1H), 8.02 (d, J =6
Hz, 1H), 7.49-7.42 (m, 3H), 7.39 (d, J = 6 Hz, 1H) 7.18 (t, J = 6 Hz,
1H), 4.31 (t, J = 6 Hz, 2H), 1.95-1.90 (m, 2H), 1.71-1.60 ppm (m, 4H);
13C NMR (151 MHz, MeOD) &: 140.66, 138.95, 127.83, 126.13, 124.44,
122.36,121.60, 119.99, 118.91, 111.05, 110.21, 108.80, 48.02, 47.88,
47.73, 47.59, 47.45, 47.31, 47.17, 42.05, 29.52, 29.41, 26.85, 25.93,
20.32, 20.28. (ESI-HRMS) Calcd for C16H16BrNOsP [M-H]™ 380.0051,
Found: 380.0052.

2.5. Density functional theory (DFT) calculations

Computational analyses of SAM molecules were conducted using the
Gaussian 09 program [50]. For DFT calculations, geometry optimiza-
tions were carried out with the B3LYP functional and the 6-31G(d,p)
basis set. All optimized structures were verified as local minima on their
respective potential energy surfaces, confirmed by the absence of
imaginary frequencies in their vibrational frequencies. To account for
solvation effects and improve the accuracy of solvation energy
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predictions the solvation model density (SMD) was employed [51]. After
optimization, dipole moment vectors were calculated to evaluate the
direction and magnitude of intrinsic polarity in a molecule. The elec-
trostatic potential (ESP) maps were generated to visualize the surface
charge distribution of each molecule.

To further explore the interaction between the perovskite and PTAA
(or 3Br-Cz-4PA) layers, computational analyses were executed utilizing
the projector-augmented-wave method [52] combined with the Per-
dew-Burke-Ernzerhof generalized gradient approximation [53], as
implemented in the Vienna Ab initio Simulation Program (VASP) code
[54]. The following valence electron configurations were used: H (1s),
C/N/O (2s, 2p), P (3s, 3p), Br (4s, 4p), I (5s, 5p), and Pb (6s, 6p). A
plane-wave basis set with a cut-off energy of 700 eV was chosen for these
calculations. The MAPbI3 (110) surface was modeled using a slab
supercell model with a 30 A vacuum gap along the c-axis to prevent
interaction between periodic images. Bulk calculations utilized a 4 x 4 x
3 k-point mesh, while surface interactions were analyzed usinga 1 x 1 x
1 k-point mesh. Structural optimization continued until the Hell-
mann-Feynman forces were reduced to 0.05 eV A~?. For slab relaxation,
the top layer was allowed to relax, while the bottom layer was fixed to
simulate the bulk-like conditions. Adsorption energies (E,gs) were
calculated using the relationship:

Eadgs. = Esub.—ads. — Esub. — Emol.

where Egyp._ads. i total energy of the substrate with the adsorbed
molecule, Egyp,, is the energy of the clean substrate, and Ey,. is the en-
ergy of the isolated adsorbate molecule. Charge density differences were
calculated by subtracting the charge densities of the pristine surface and
the isolated molecule from the charge density of the surface with the
adsorbed molecule. Crystal structure visualizations and charge density
maps were generated using the VESTA software [55].

3. Results and discussion

To optimize the PTAA/perovskite interface, we synthesized a novel
molecular modifier, 3Br-Cz-4PA, which is a monobromo-carbazole
linked to a phosphonic acid group via a butyl chain (Fig. 1a). Conven-
tional carbazole-based SAMs typically exhibit a symmetrical configu-
ration, which often results in a weak dipole and less effective n-n
stacking interactions [56,57]. We strategically designed 3Br-Cz-4PA
with a single bromine atom positioned asymmetrically on the carba-
zole core and synthesized it to form an interfacial layer on the HTL. This
asymmetry was intended to balance steric hindrance and n-n stacking
interactions during SAM formation. Supporting computational analyses
(Fig. S3) provide that the asymmetrical structure of 3Br-Cz-4PA exhibits
a distinct dipole moment vector and a localized electrostatic potential,
making it a unique and highly effective interfacial modifier. We inte-
grated 3Br-Cz-4PA by spin-coating it onto the PTAA substrate, followed
by a solvent wash to remove unadsorbed overlayers, creating a modified
layer termed PTAA-3Br. Fig. 1b schematically represents the planar p-i-n
device structure, consisting of sequential layers: ITO/PTAA/3Br-Cz-4-
PA/MAPDI3/PCg1BM/BCP/Ag. The modification of PTAA surfaces with
3Br-Cz-4PA was confirmed by X-ray photoelectron spectroscopy (XPS).
XPS analyses showed the expected C 1s and N 1s peaks corresponding to
PTAA component (Fig. S4), with the additional Br 3d peak at around 71
eV in PTAA-3Br films, indicating the presence of 3Br-Cz-4PA molecules
(Fig. 1c). SEM and AFM images (Fig. S5) showed no significant
morphological changes before and after 3Br-Cz-4PA deposition, likely
due to the ultra-thin nature of the 3Br-Cz-4PA layer. This inference is
supported by UV-Vis transmittance spectra (Fig. 1d), which indicate
that the transmittance of PTAA films on ITO substrates remains above
90 % across the 450-900 nm wavelength range, irrespective of the
treatment. This observation implies an absence of parasitic loss from the
3Br-Cz-4PA layer, suggesting that it likely form an ultra-thin coverage
on PTAA. Furthermore, elemental distribution, ascertained through
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Fig. 1. (a) Molecular structure of 3Br-Cz-4PA. (b) Device structure of the inverted PSC with PTAA-3Br as the HTL interface. (c) Br 3d XPS spectra of pristine PTAA
and PTAA-3Br films on ITO substrates. (d) UV-Vis transmittance spectra of ITO/PTAA and ITO/PTAA-3Br films. (e) Water contact angle measurement of ITO/PTAA
and ITO/PTAA-3Br with different concentrations of 3Br-Cz-4PA. The standard deviation was obtained from three individual measurements for each sample. (f)
Schematic diagram illustrating the chemical interactions between PTAA and 3Br-Cz-4PA (blue square) and between 3Br-Cz-4PA and MAPbDI; (orange square).

energy dispersive X-ray spectroscopy (EDX) (Fig. S6), confirmed a uni-
form coverage of Br, validating the high-quality molecular layer for-
mation. The surface chemistry and orientation of 3Br-Cz-4PA molecules
on PTAA were also investigated using water contact angle (CA) mea-
surements (Fig. le). An initial decrease in hydrophobicity at 0.5 mM
concentration of 3Br-Cz-4PA suggests a vertical orientation facilitated
by chemical bonding between PTAA and 3Br-Cz-4PA, while an increase
in hydrophobicity at higher concentrations is due to the increased
presence of hydrophobic Br moieties [58]. Based on this observation,

Fig. 1fillustrates the proposed chemical interaction of 3Br-Cz-4PA at the
buried interface. The acid-base interaction likely occurs between the
—-P-OH group of 3Br-Cz-4PA and the nitrogen in the PTAA backbone
during the molecular layer formation. According to previous research,
the -P-OH group within the -PO3H; moiety of 3Br-Cz-4PA, possessing
acidic properties, is presumed to form an acid-base interaction with the
nitrogen in the PTAA backbone, which has lone pair electrons, resulting
in a P-O~...*H-N- bond [38]. Additionally, the electron-rich Br~ sub-
stituents are hypothesized to electrostatically interact with Pb" in

a b PTAA-3Br PTAA (Control)
3y,
Cc
ITO/PTAA-3Br ITO/PTAA

a Bottom ===-Top —— Bottom === Top

[3]

>

=

[72]

c

3

£

af 55 af 72
146 144 142 140 138 136 146 144 142 140 138 136146 144 142 140 138 136

Binding Energy / eV

Binding Energy / eV

Binding Energy / eV

Fig. 2. (a) Schematic diagram of peeling off the buried interface of the device to investigate the bottom surface of MAPbI; film. (b) SEM images of MAPbI; bottom
surface peeled off from PTAA-3Br and PTAA (control). (c) Pb 4f XPS spectra of MAPbI; films on PTAA-3Br (red) and PTAA (blue): bottom (straight line) and top

(dotted line).



U. Lee et al.

MAPDI3, as Br can donate lone pair electrons to the empty 6p orbital of
Pb2* ions [59].

To verify our hypothesis, we investigated the buried surface of
perovskite film peeled off from ITO/PTAA(or PTAA-3Br) substrates
(Fig. 2a). To peel off the perovskite film, UV-curable epoxy resin
(LOCTITE SI 5240) was applied on top of the devices, which were then
covered with a cover glass. After UV exposure, the perovskite film was
mechanically peeled off from the ITO/HTL substrate (Fig. S7). SEM
images of the buried surface of MAPbI; exhibited well-defined grains
without any degradation or HTL residue (Fig. 2b). Treatment with 3Br-
Cz-4PA resulted in a smoother surface with larger perovskite crystal
grains compared to the control sample. The chemical interaction be-
tween the perovskite and 3Br-Cz-4PA was validated by XPS measure-
ment. The N 1s XPS signal associated with MA™ in MAPbI; (402.3 eV)
was well resolved (Fig. S8a) and showed a shift in the buried surface of
MAPDI3 grown on PTAA-3Br compared to pristine PTAA, suggesting an
electronic interaction between the perovskite and the introduced mo-
lecular modifier at the buried interface. Fig. 2c compares the Pb 4f XPS
spectra for MAPbI3 grown on both pristine and modified HTLs. A shift to
lower binding energy was observed in the Pb 4f XPS signals for MAPbI3
deposited on PTAA-3Br: from 138.3 and 143.2 eV to 138.1 and 143.0 eV
for Pb 4f;,» and 4fs/o, respectively. This suggests a reduction in the
cationic charge of Pb>" ions, likely due to coordination bonding between
Br and Pb?* [60-63]. This indicates that 3Br-Cz-4PA can passivate the
undercoordinated Pb?* jons, which in turn suppress the formation of
metallic Pb. Importantly, the similarity in the Pb 4f signals for both the
top and buried (bottom) surfaces of MAPbI3 on PTAA-3Br, in contrast to
the variation seen with pristine PTAA, signifies the role of 3Br-Cz-4PA in
minimizing undercoordinated Pb2* defects during perovskite crystalli-
zation. Likewise, after modification with 3Br-Cz-4PA, as shown in
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Fig. S8b, the binding energy of I 3d peaks exhibited a slight downward
shift from 619.3 and 630.8 eV to 619.1 and 630.6 eV. This indicates that
3Br-Cz-4PA could simultaneously passivate the cationic defects such as
undercoordinated Pb?* and halide vacancies at the buried interface. In
summary, based on XPS results, 3Br-Cz-4PA promotes complete PbXg
octahedral coordination and contributes to a more robust buried inter-
face by passivating interfacial defects, especially at buried interface.
This confirms that the 3Br-Cz-4PA modification can correct the stoi-
chiometry of perovskite materials and suppress interfacial losses.

DFT calculations further substantiate our hypothesis that 3Br-Cz-4PA
acts as a chemical bridge between the PTAA and MAPDI3 layers, as
shown in Fig. 1f. These calculations focused on the Pbl,-terminated
(110) surface of MAPDI3, evaluating the passivation effect of the 3Br-Cz-
4PA molecule on undercoordinated surface Pb cations. Calculated
adsorption energies (Eags) (Fig. 3a and Table S1) reveal that MAPbI3
forms a stronger binding with 3Br-Cz-4PA (E,gs, = —3.93 eV) compared
to PTAA (E,qs, = —3.82 eV), indicating a preference for the 3Br-Cz-PA
molecule at the interface. Additionally, as depicted in Fig. 3b, the dis-
tance between the surface Pb and the nearest N atom of the PTAA
molecule is approximately 4.71 A, which is significantly larger than the
typical Pb-I bond length of around 3.2 A. In comparison, as illustrated in
Fig. 3c, the bond length from the surface Pb to the nearest Br atom of the
3Br-Cz-4PA molecule is much shorter at 3.45 A. This optimal proximity
supports the formation of stable Pb-Br bonds, facilitating the completion
of the octahedral coordination within the PbXg framework (X being I or
Br) and is crucial for reducing the deep-level defect states that negatively
impact PSC performance. Charge density difference analyses, shown in
Fig. 3b—c, underscore a more pronounced charge transfer from MAPDI;3
to 3Br-Cz-4PA than to PTAA, indicating a stronger chemical interaction
at the 3Br-Cz-4PA-modified interface. The two-dimensional mapping of
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Fig. 3. Calculated adsorption energies, charge density differences, and the electronic structures of PTAA/MAPbI; and 3Br-Cz-4PA/MAPbI;. (a) Comparison of the
adsorption energies between PTAA/MAPDI; and 3Br-Cz-4PA/MAPDI;. Detailed information on the total energies is provided in Table S1. (b-c) Charge density
differences (right panel) and planar-averaged charge density differences (left panel) of (b) PTAA/MAPDI; and (c¢) 3Br-Cz-4PA/MAPDI;. The yellow and blue surfaces
represent positive and negative isosurfaces, respectively. The inset shows the local structure around the surface Pb atom serving as an adsorption site. (d) Two-
dimensional plots of the electron localization function for PTAA/MAPbI; (upper panel) and 3Br-Cz-4PA/MAPDI; (lower panel). (e-f) Electronic band structures
and the density of states (DOS) for the (e) PTAA/MAPDI; and (f) 3Br-Cz-4PA/MAPbDI;. The projected DOSs for the surface Pb atom and the nearest atom of the

adsorbed molecules are provided in Fig. S9.
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the electron localization function (Fig. 3d) also supports the stronger
chemical interaction between the surface Pb cation and the Br anion of
the 3Br-Cz-4PA. The electronic structure implications of this interaction
are evident in Fig. 3e and f. The highest occupied molecular orbital
(HOMO) of PTAA does not exhibit significant hybridization with the
valence band of MAPDI3, resulting in deep-level defect states. In
contrast, the HOMO of 3Br-Cz-4PA shows pronounced hybridization
with the valence band edge of MAPbI3. Such chemical bonding, indi-
cated by the formation of Pb-Br bonds, is likely a substantial factor
behind the improved reproducibility of device performance in our study.

To evaluate the influence of our interface engineering on perovskite
film formation, we compared the grain size and crystal structure of the
films on ITO/PTAA-3Br with those on a control HTL. This comparative
study employed SEM and X-ray diffraction (XRD), with a PTAA layer
pre-wetted with dimethylformamide (PTAA-DMF) serving as the control
due to the low reproducibility of devices with pristine PTAA (Fig. S10).
The DMF treatment was previously reported to reduce pinhole presence
in perovskite films [29,30]. SEM analysis reveals a stark contrast be-
tween the two HTLs (Fig. 4a). The PTAA-DMF HTLs resulted in perov-
skite films characterized by smaller grains, averaging 180 + 50 nm, with
numerous grain boundaries visible in cross-section. In comparison, the
perovskite films deposited on PTAA-3Br HTLs exhibited significantly
larger and more uniform grains, averaging 260 + 80 nm, with a notable
absence of pinholes, indicative of superior grain growth facilitated by
the interface engineering strategy. These morphological improvements
correlate with the XRD patterns (Fig. 4b), where the MAPbI;3 films on
PTAA-3Br display a sharper and more pronounced (002)/(110) peak at
14.1°, suggesting enhanced crystallization over those on PTAA-DMF. We
also explored the interfacial tension between the solid HTL surface and
the perovskite precursor solution through CA measurements (Fig. 4c). It
is theorized that reducing the wettability of the HTLs to perovskite
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consequently increasing the critical free energy barrier. This change
discourages the formation of dense nuclei and promotes grain boundary
migration, culminating in the growth of larger perovskite grains [64,
65]. Our results confirm this hypothesis; treatment with 3Br-Cz-4PA
increased the hydrophobicity of the PTAA surface, as demonstrated by
the CA measurements. This hydrophobic modification promotes grain
growth, as supported by the SEM images and XRD results presented. We
anticipate that the improved crystallization and reduced grain bound-
aries will have a beneficial impact on device performance and stability,
which we will explore in further sections of this discussion.

To investigate the defect passivation efficacy of 3Br-Cz-4PA at buried
interface, we characterized the optoelectronic properties of the perov-
skite film and device stacks. First, we executed space-charge limited
current (SCLC) measurement to characterize the presence of defects
within the perovskite crystal structures. The SCLC curves of the hole-
only devices, configured as ITO/PTAA-DMF or PTAA-3Br/MAPbI3/
PTAA/Ag, are showcased in Fig. 5a. From these curves, we derived the
trap-filled limit voltage (V1g.) and estimated the density of trap states
(Ng) using the relation Ng = 2¢eeoVrr/eL?, where ¢ is the relative
dielectric constant of the perovskite layer, &g is the vacuum permittivity,
e represents the elementary charge, and L denotes the thickness of the
perovskite layer. Adopting a dielectric constant of 32, as characteristic of
single-crystal MAPbI; [66], we discerned a Vg, of 0.616 V and an Ny of
8.72 x 10 cm™3 for PTAA-DMF/perovskite, which decreased to 0.504
V and 7.14 x 10 cm™ for PTAA-3Br/perovskite configuration,
evidencing a significant reduction in defect density due to the imple-
mentation of the 3Br-Cz-4PA interlayer. Furthermore, to identify the
suppression of non-radiative recombination through effective reduction
in trap defects, the ideality factor (n) was deduced from light
intensity-dependent open-circuit voltage (Voc) measurements in full
device stacks (Fig. 5b). The slope in Vo vs. light intensity plots, nkgT/q —

precursor solutions may suppress heterogeneous nucleation, where kg is the Boltzmann constant, T is the temperature, and q is the
a - A » ’ : 50
MARbI; on P’TAA-DQTF AIE‘RPbT;on-H!A-?’Br A PTAA-DMEF
- - . B 1 +
N - ‘ a0 (180E30)nm  praa 3p,
‘g’ 30 (260 + 80) nm
O
O 20
10
0
100 200 300 400 500
Grain size / nm
b (002)/(110) g = PTAA-3Br c
54000 g g R 29.9°
—_ S = = -
S 36000 3 g g 5 § g
© (=3 = —_ =2 = = o
— 18000{ <& § I8 ) K S an
> S A AX S8 AES
2 o " 'PTAA-DMF
5 54000 3
£ 36000
18000 J
0 L A A
MAPbl, (JCPDS No. 01-085-5508)
ITO (JCPDS No. 01-089-4597)
| IR 0 N O
10 15 20 25 30 35 40 45
2 Theta / Degree
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images of the perovskite solution on ITO/PTAA-DMF and ITO/PTAA-3Br.
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band bending.

elementary charge — indicating a drop in n from 1.80 for the control to
1.56 for the PTAA-3Br device. A lower n suggests reduced non-radiative
recombination at interfaces [38,67,68].

The steady-state photoluminescence (PL) measurement of perovskite
films prepared on treated and control PTAA HTL was conducted to
further probe the interface recombination and charge transfer. The PL
spectra, presented in Fig. 5c, indicate a diminished PL intensity for
perovskite films on PTAA-3Br in comparison to PTAA-DMF, implying a
more efficient hole extraction to the PTAA-3Br layer and a concurrent
decrease in interfacial recombination. Energy level alignment assess-
ments were also executed to confirm the facilitated charge transfer in
devices based on PTAA-3Br. Energy levels of ITO, PTAA-DMF, and
PTAA-3Br were measured through ultraviolet photoelectron spectros-
copy (UPS) measurements (Fig. S11), and the energy level of MAPbI3
was referenced from literature [69]. Depicted in Fig. S12 are energy
level diagrams under initial contact and short-circuit conditions. The
lowest unoccupied molecular orbital (LUMO) of PTAA was estimated
from its optical bandgap (Eg, 2.9 eV), derived from the UV-Vis absorp-
tion spectrum (Fig. S13). Under short-circuit conditions, even though
thermodynamics would suggest a more advantageous charge transfer at
the PTAA-DMF/perovskite interface owing to a closer HOMO alignment,
it is the kinetic factors that are revealed by the band bending at the
PTAA-3Br/perovskite junction which bolster effective charge transfer.
This junction’s band bending (App of 0.21 eV), as shown in Fig. 5d,
surpasses the PTAA-DMF/perovskite junction’s (Ap, of 0.16 eV),
providing a more potent electric field for hole extraction. Additionally, a
reduction in the hole-injection barrier (@) from 0.06 eV to 0.04 eV is
noted with the 3Br-Cz-4PA modification. These UPS findings indicated
that kinetic considerations, such as band bending, play a significant role
in charge transfer processes, outweighing thermodynamic alignment
limitations. Collectively, 3Br-Cz-4PA mediated interface engineering not
only refines the contact quality between the HTL and perovskite layers
but also enhances hole extraction efficiency and diminishes interface
recombination. These improvements can translate into more efficient

and stable perovskite solar cells.

We fabricated devices and investigated the photovoltaic perfor-
mance of the PSCs with different buried interfaces using MAPbI3-basd
perovskite. Prior to demonstrating the effects of 3Br-Cz-4PA interface
engineering on device performance, the optimal concentration of the
3Br-Cz-4PA was determined. We systematically evaluated device per-
formance across a spectrum of concentrations and referenced statistical
photovoltaic parameters detailed in Fig. S14. Despite the consistency in
device performance across these concentrations, a focused examination
highlighted in Fig. S15 suggested a nuanced relationship between the
3Br-Cz-4PA concentration and the morphological quality of perovskite
films. At a concentration of 0.5 mM, limited perovskite grain growth was
observed, likely due to the surface’s relative wettability to the precursor
solution (Fig. S15a). Conversely, at a higher concentration of 5 mM, we
noted a significant deterioration in grain quality, particularly at the
interface (as highlighted by a yellow circle in Fig. S15c). This observa-
tion suggests that elevated concentrations of 3Br-Cz-4PA may adversely
affect grain structure. Consequently, we identified an optimal concen-
tration of 1.0 mM, balancing substantial grain development while pre-
venting the adverse effects associated with higher concentrations. This
optimized concentration was thus selected for all subsequent device
fabrications to ensure a controlled exploration of interface engineering
impacts on PSC performance.

In pursuing advanced p-i-n PSC performance, we fabricated devices
using both PTAA-DMF and PTAA-3Br HTLs and subsequently evaluated
their photovoltaic responses. As shown in Fig. 6a, representative devices
incorporating the 3Br-Cz-4PA SAM displayed superior performance
compared to the PTAA-DMF control, achieving an enhanced average
PCE of 17.9 %, relative to 16.4 % for the latter, which was mainly
ascribed to the increase of short-circuit current density (jsc) from 20.3 to
21.2 mA cm2 and fill-factor (FF) from 77.2 to 80.5 %. The external
quantum efficiency (EQE) spectra and the corresponding integrated
current density values, represented in Fig. 6b, validate the jsc values
derived from the j—V curves (Fig. 6a). The improved jsc in devices
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Fig. 6. (a-b) Representative device performance: (a) j—V curves of representative devices with PTAA-DMF and PTAA-3Br layers and (b) corresponding EQE spectra.
(c—d) Champion device performance: (c) j-V curve (inset: j—V curves of reversed and forward scans) and (d) steady-state PCE as a function of time measured at the
fixed maximum-power-point (MPP) voltage (Viyax = 0.897 V). (e) Statistical box charts for the photovoltaic parameters of Voc, jsc, FF, and PCE of 37 and 75 devices

with PTAA-DMF and PTAA-3Br layers, respectively.

treated with 3Br-Cz-4PA is attributable to the improved film crystallinity
and increased grain size, as supported by our SEM and XRD results
(Fig. 4). Moreover, the incorporation of Br in the 3Br-Cz-4PA compound
is thought to contribute to passivation of undercoordinated Pb?* defects
at the HTL/perovskite interface, as inferred from our XPS findings and
DFT calculation. Fig. 6¢c show photovoltaic performance of best devices
with PTAA-DMF and PTAA-3Br. Notably, the best-performing device
with PTAA-3Br HTL exhibited a PCE of 19.3 %, with a Voc of 1.07 V, ajsc
of 22.6 mA crn‘z, and a FF of 80.2 %. This device also showed minimal
hysteresis, confirmed by the close matching of the forward and back-
ward scans in the j-V characterization depicted in inset of Fig. 6¢. The
steady-state PCE measurements at the maximum-power-point (MPP)
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voltage for these devices are presented in Fig. 6d. To demonstrate the
impact of the 3Br-Cz-4PA interfacial layer, MAPbI3-based perovskite
was selected as a representative system. The obtained efficiency of
19.3 % aligns well with similar MAPbIs-based devices as shown in
Table S2.

In our systematic effort to ascertain the reproducibility of our
inverted PSCs, we fabricated and characterized in excess of 30 devices
across multiple production batches. The photovoltaic parameters were
thoroughly recorded to assess the consistency of device performance.
Fig. 6e presents the statistical distribution of these parameters, clearly
demonstrating the enhanced performance and reliability of devices with
the PTAA-3Br HTL. A particularly noteworthy aspect of the data is the
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Fig. 7. Evolution of device parameters for PSCs with PTAA-DMF and PTAA-3Br as HTLs, measured in ambient air without encapsulation over 1 month: normalized
(@) Voc, (b) jsc, (c) FF, and (d) PCE). The data points represent the average values from four independently fabricated devices, with error bars indicating stan-

dard deviations.
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more concentrated distribution of the FF for the PTAA-3Br devices,
suggesting greater uniformity and dependability in performance relative
to their PTAA-DMF counterparts. An increment in the FF for PTAA-3Br
devices is also discernible, achieving an average FF of (79.0 + 1.2)%,
which is an improvement over the (77.4 + 2.8)% observed for PTAA-
DMF devices. This elevation in FF highlights not just the successful
application of the 3Br-Cz-4PA interfacial modification but also suggests
a refined electronic synergy within the cell architecture. Furthermore,
the histograms depicting the V¢ and jsc corroborate these observations,
with PTAA-3Br devices displaying more defined distributions and
pointing to enhanced uniformity in device fabrication. The observed
consistency and enhanced performance in devices incorporating PTAA-
3Br affirm the role of the 3Br-Cz-4PA SAM in precisely modulating
interfacial characteristics, thereby contributing to the progression of
PSC technology.

Moving beyond immediate performance metrics, we also investi-
gated the stability of PSCs under ambient air storage without encapsu-
lation (Fig. 7). The cell with PTAA-DMF HTL retained merely 61.3 % of
its initial PCE after one month, whereas the PTAA-3Br HTL device pre-
served 95.0 % of its initial efficiency over the same period. A closer
inspection of the normalized Vgc, jsc, and FF over time reveals the
critical role that Vo stability play in the enhanced durability of the
PSCs. Given that the degradation of interfacial layers and trap-assisted
recombination notably affect Voc within PSCs [70], the marked
improvement in device stability with the PTAA-3Br can be largely
ascribed to the robust interface between the HTL and perovskite layer,
improved film crystallinity, and a reduced defect density. Furthermore,
as shown in Fig. S16, photographs of the completed devices taken nearly
3 months after their fabrication clearly demonstrate the superior sta-
bility of the PTAA-3Br HTL device. In contrast, the PTAA-DMF device
exhibits a pronounced color change in the perovskite film, transitioning
from dark brown to yellow, indicative of severe material degradation.
This observation is further supported by the cross-sectional SEM images
(Fig. S17), which reveal substantial structural damage and void forma-
tion at the buried interface of the PTAA-DMF device. Conversely, the
PTAA-3Br device maintains a more intact and uniform interface,
underscoring the robustness of the PTAA-3Br HTL in preserving device
integrity over extended periods.

4. Conclusions

In summary, our study has introduced a sophisticated approach to
molecular interface engineering through the deployment of a
monobromo-carbazole-based SAM, 3Br-Cz-4PA, which significantly re-
inforces the interface between PTAA HTLs and MAPbI; perovskites. The
judicious integration of 3Br-Cz-4PA acts as an effective intermediary at
the PTAA/perovskite junction, leading to noteworthy improvements in
the performance, reproducibility, and durability of perovskite solar
cells. This interfacial modification has pronouncedly enhanced the
quality of perovskite films, evident in the increased grain size,
augmented crystallinity, and successful passivation of interfacial Pb?*
defects. It has also propelled an improvement in hole extraction effi-
ciency and reduced non-radiative recombination, contributing to a
remarkable PCE of 19.3 %. Notably, the solar cells with the PTAA-3Br
interface have maintained 95 % of their initial efficiency after pro-
longed exposure to ambient air, circumventing the need for encapsula-
tion. These breakthroughs highlight the transformative impact of
interface engineering on advancing PSC technology and lay the
groundwork for subsequent innovations in this rapidly evolving domain.
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