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Elucidating the mechanism of perovskite surface passivation with
organic molecules: the impact of n-conjugation length

Daichi Koseki,2c Chathuranganie A. M. Senevirathne,? Dai Senba,?d Yuki Fujita,2® Jun Lin,2d Mengde
Zhai, 2% Juan Shang,® Telugu Bhim Raju,® Shintaro Ida,’® Motonori Watanabe,?*¥ Aleksandar
Staykov,2%8 Hiroshi Segawa,*" Zhanglin Guo,?% Toshinori Matsushima*abds

To further enhance the performance of perovskite solar cells (PSCs), a more comprehensive analysis of the mechanisms
through which organic molecules induce defect passivation and enhance hole extraction is essential. In this study, we employ
several organic molecules with varying m-conjugation lengths to examine how factors such as their molecular desorption,
energy levels, and radical-cation stability affect defect passivation, hole extraction, and the overall PSC performance. Our
results show that passivation molecules with extended m-conjugation suppress molecular desorption from the perovskite
surfaces during overlayer spin-coating and improve energy-level alignment at interfaces, thereby enhancing PSC efficiency
through improved defect passivation and hole extraction. Additionally, extended m-conjugation improves radical-cation
stability, contributing to greater device durability. Among the defect passivation materials studied, 2-(3-
ethlylamine)benzothieno([3,2-b]benzothiophene, hydroiodide (BTBTAI) can provide the most significant improvements in
these factors, increasing the initial efficiency from 22.7% to 24.6% and raising the efficiency retention from 61% to 85% after
1,000 hours of continuous light illumination at 25 °C in formamidinium lead iodide-based PSCs. Reports on defect passivation
from the perspectives of molecular desorption and cation stability are extremely limited. Therefore, these findings deepen
the understanding of PSC operating mechanisms and offer valuable insights for developing design guidelines for future

defect passivation materials with even higher device performance.

1 Introduction

Over the past decade, halide perovskite solar cells (PSCs) have
made remarkable strides in power conversion efficiency (PCE).
Recently, certified PCEs for single-junction PSCs have exceeded
27%,' achieving performance levels comparable to silicon-
based technology. These PCE improvements are largely
attributed to advancements in defect passivation techniques,
control over crystal growth and phase distribution in the
perovskite layers, and the development of excellent charge
carrier transport materials.”’ In addition to the efficiency
improvements, significant efforts have focused on improving
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PSC durability for practical applications, particularly under
challenging conditions such as prolonged illumination, thermal
cycling, and damp heat.810 Attaining such exceptional PSC
efficiency and durability necessitates efficient charge extraction
and the minimization of non-radiative recombination at the
interfaces between the perovskite layer and the adjoining
charge-transport layers. 67,1112

Various defects, including antisites, interstitials, vacancies,
impurities, and dangling bonds, exist at perovskite surfaces and
grain boundaries.’31* These defects promote non-radiative
charge carrier recombination, which reduces quasi-Fermi level
splitting and increases voltage loss.1>'¢ Passivating these
defects, especially at the interface between the perovskite layer
and the hole transport layer (HTL) in n-i-p PSC architectures, is
crucial for mitigating recombination, improving durability, and
enhancing resistance to moisture and thermal
stress.#671112,17,18 Effective passivation materials are Lewis
acids and Lewis bases, and they often feature anchoring groups,
such as amines, phosphonic acid, sulfonic acid, carboxylic acid,
and so on.1t17.19-24 \idely used amine-based passivation
materials are 2-phenylethylamine hydroiodide (PEAI) and n-
octylammonium iodide (OAl), which help compensate for ion
vacancies.”1124-27 However, these and other reported
passivation materials often behave as insulating layers with
poor hole extraction capabilities due to unfavorable energy
level alignment, which negatively impacts overall device
performance.?831 To overcome this challenge, research has
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shifted toward developing defect passivation materials with
appropriate energy levels or molecular dipoles to enhance hole
extraction.*32734 Additionally, the desorption of passivation
molecules from perovskite surfaces during overlayer coating
from solution remains problematic because it makes obtaining
the original defect passivation effects difficult.3>37 Thus, it is
urgently necessary to understand and develop defect
passivation materials that offer better energy level alignment
and resistance to the molecular desorption.

Under solar illumination, holes generated in the perovskite
layer are extracted to the HTL through the defect passivation
molecules, resulting in the continuous formation of radical
cations in these passivation molecules. Organic radicals are
highly reactive species that often participate in single-electron
redox processes.3¥4! As key intermediates, they play crucial
roles in various organic reactions, such as radical polymerization
and organic photocatalysis.*>™** Consequently, the stability of
the radical cations formed from the passivation molecules is
believed to be essential for the operational durability of PSCs,
as these radicals can potentially interact or react with
neighboring materials. Generally, organic radicals can be
stabilized by extending m-conjugation because of the radical to
delocalize across the molecule,3®4>47 which is expected to
improve PSC durability. However, the stability of radical cations
in defect passivation molecules used in PSCs has not been
explored in detail.

In this study, we investigate how the PCE and operational
durability of PSCs are influenced by the molecular desorption
from perovskite surfaces, hole transport energy levels, and
radical-cation stability of several defect passivation materials,
all sharing the same amine-based anchoring group. For this, we
compare four defect passivation materials: 2-
phenylethylammonium iodide (PEAI), 1-naphthylmethylamine
hydroiodide (NMAI), 9-anthrylmethylamine hydroiodide
(AMAL), and 2-(3-ethlylamine)benzothieno[3,2-
b]benzothiophene, hydroiodide (BTBTAI) (see Fig. 1a for their
molecular structures). PEAI has been widely used for defect
passivation in PSCs,11:2426:4849 \while NMAI has primarily
functioned as a large cation for forming two-dimensional
perovskite films,>® in addition to being used for defect
passivation.”® AMAI and its analogues have not yet been applied
to perovskite-based devices for defect passivation. In the course
of determining the molecular structure, we attempted to
synthesize a material with a more m-conjugated tetracene core.
However, due to its extremely low solubility, we were unable to
obtain the tetracene-based material in high purity. As an
alternative, we developed a BTBTAI material using BTBT as the
core structure. An analogue of BTBTAI, with the different
number of carbons between the BTBT core and the amino group
(three carbons in a previous report compared to two carbons in
this study), has been used to create two-dimensional
perovskites and fabricate inverted-architecture PSCs;>2>*
however, its role in defect passivation needs to be examined in
greater detail, as is done in this study. The BTBT core is known
to have efficient hole transport as demonstrated in organic thin-
film transistor research.>>°6 These defect passivation materials,

2| J. Name., 2012, 00, 1-3

with varying m-conjugation lengths, exhibit systematically
different molecular desorption, energy-level alignment, and
radical-cation stability, making them well-suited for evaluating
their impact on device performance.

Here we show that increasing the m-conjugation lengths—
progressing from PEAI to NMAI, AMAI, and BTBTAl—improves
device performance. As mn-conjugation lengths increase,
solubility in organic solvents decreases and intermolecular m—mn
stacking is enhanced, suppressing the desorption of defect
passivation molecules from perovskite surfaces during the spin-
coating of the chemically doped 2,2',7,7'-tetrakis-(N,N-di-4-
methoxyphenylamino)-9,9'-spirobifluorene (spiro-OMeTAD)
HTL, thereby preserving the original defect passivation ability.
Defect passivation molecules with extended rt-conjugation have
shallower hole transport energy levels, promoting hole
extraction by reducing energy-level mismatches at interfaces.
This enhancement in both defect passivation and hole
extraction leads to improved PCE of PSCs. Moreover, a
correlation between nt-conjugation and operational durability is
likely, with defect passivation molecules featuring extended -
conjugation demonstrating greater durability. This is in part
because the radical cations of passivation molecules with longer
m-conjugation lengths are more stable. Overall, the highest
device performance is achieved with BTBTAI-based defect
passivation because of suppressed molecular desorption, better
energy level alignment, and higher radical-cation stability. This
leads to an increase in initial PCE from 17.6% to 20.2% and an
improvement in efficiency retention from 49% to 80% after
1,000 hours of continuous light illumination at 25°C for mixed
cation perovskite-based PSCs. Furthermore, with BTBTAI
treatment, a PCE increase from 22.7% to 24.6% and a retention
improvement from 61% to 85% under the same durability
measurement condition are achieved in formamidinium lead
iodide (FAPbI3)-based PSCs. Systematic investigations into the
relationship between molecular characteristics—particularly
molecular desorption and radical-cation stability—, and defect
passivation, and charge extraction, and their collective impact
on PSC performance have been limited to date, making this
study a valuable contribution to advancing the understanding
of device physics and guiding the development of defect
passivation strategies in PSC research.

2 Experimental
2.1 Materials

SnO, colloidal dispersion [15% tin(IV) oxide in water] and NiO,
powder were purchased from Alfa Aesar and Advanced Electronic
Technology,  respectively. Formamidinium  iodide  (FAl),
methylammonium bromide (MABr), methylammonium chloride
(MACI), cesium iodide (Csl), lead iodide (Pbl,), lead bromide (PbBr;),
phenethylammonium iodide (PEAI), 1-naphthylmethylamine (NMA),
hydroiodic acid (HI), and 4-(3,6-dimethyl-9H-carbazol-9-
yl)butyl]phosphonic acid (Me-4PACZ) were obtained from Tokyo
Chemical Industry. Spiro-OMeTAD, 2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline (BCP), fullerene (Cg), chlorobenzene (CB), N,N-
dimethylformamide (DMF), dimethyl sulfoxide (DMSO), ethanol

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 18



Page 3 of 18

(EtOH), anisole, potassium  hydroxide  (KOH), lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), tris(2-(1H-pyrazol-1-yl)-
4-tert-butylpyridine)cobalt(lll) tris(bis(trifluoromethylsulfonyl)imide
(FK-209), 4-tert-butylpyridine (4-tBP), and 2,7-
dioctyl[1]benzothieno[3,2-b][1];2,7-dioctyl[1]benzothienol3,2-
b][1]benzothiophene (C8-BTBT) were purchased from Sigma-Aldrich.
MoO; was sourced from Mitsuwa Chemical. Isopropanol (IPA) and
acetonitrile (ACN) were purchased from Wako Pure Chemical. All the
materials were used as received without further purification. NMAI
was synthesized through a simple reaction between NMA and HI. For
this synthesis, NMA and Hl were mixed in a 1:1 molar ratio in toluene
under nitrogen, and stirred for 90 minutes to complete the reaction.
The resulting white powder was filtered under reduced pressure and
purified twice by recrystallization. AMA in the non-iodide form was
synthesized according to the synthetic routes provided in the
Supporting Information (Fig. S1-S4 T ). Then, AMAI was obtained
from AMA in the same way used for the NMAI synthesis. BTBTAI was
synthesized according to the synthetic routes provided in the
Supporting Information (Fig. S5-S13 T ).

2.2 Substrate cleaning

Glass substrates coated with a pre-patterned indium tin oxide (ITO)
layer (150 nm thick with a sheet resistance of ~10 Q sq7%, or ~100
nm thick with a sheet resistance of ~15 Q sq!, Atsugi Micro) or fused
silica substrates were sequentially cleaned by ultrasonication. The
cleaning process involved ultrasonication in detergent, pure water,
acetone, and isopropanol, each for 15 minutes. Following this, the
substrates were subjected to UV—ozone treatment for 15 minutes.

2.3 Preparation of precursor solution

In this paper, the composition Csg os5(FAg.85MAg.15)0.95Pb(lo.85Brg.15)3 is
referred to as “mixed cation”. For the mixed cation-based perovskite
fabrication, the precursor solution was prepared by mixing 1.10 M
FAI, 0.20 M MABr, 1.15 M Pbl,, and 0.20 M PbBr; in an anhydrous
DMF/DMSO mixture (at a 9:1 volume ratio). Additionally, 0.08 M Csl
solution in DMSO was added to this solution. The resulting solution
was stirred at 70°C for 1 hour, then filtered using a 0.2 um
polytetrafluoroethylene (PTFE) filter prior to use. For the FAPbIs-
based perovskite fabrication, 691 mg of Pbl, was dissolved in 1 mL of
an anhydrous DMF/DMSO mixture (at a 9:1 volume ratio). The mixed
organic salt precursor solution was prepared by dissolving 90 mg of
FAl and 12 mg of MACI in 1 mL of IPA. These two solutions were
stirred at 25°C for 12 hours. For the spiro-OMeTAD HTL fabrication,
36.5 mg of spiro-OMeTAD was dissolved in 0.5 mL of CB. This solution
was then mixed with 9 uL of LiTFSI stock solution (520 mg mL™ in
ACN), 14.5 pL of FK-209 stock solution (300 mg mL™t in ACN), and 15
uL of 4-tBP. The spiro-OMeTAD solution was also filtered using a 0.2
um PTFE filter before use. The defect passivation solution was
prepared by dissolving PEAI, NMAI, AMAI, or BTBTAI in EtOH at a
predetermined concentration, typically 1 mM unless otherwise
specified.

2.4 Sample fabrication

This journal is © The Royal Society of Chemistry 20xx
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The PSC architecture fabricated in this study was glass substrate/ITO
(~¥150 nm) electrode/SnO, electron transport layer (ETL; ~30
nm)/mixed cation (650 nm) or FAPbl; (~750 nm)-based perovskite
light absorber/chemically doped spiro-OMeTAD HTL (~150 nm)/Au
electrode (~80 nm) (Fig. 1b). The values in the parentheses in these
device architectures indicate the thicknesses of each layer. The SnO,
ETL was prepared by spin-coating a SnO, colloidal dispersion (diluted
1:3 with pure water) at 3,000 rpm for 30 s, followed by annealing at
150°C for 30 minutes and UV—-ozone treatment for 15 minutes. To
further enhance performance for mixed cation-based PSCs, the SnO,
surface was treated by spin-coating a 1 mM KOH aqueous solution at
3,000 rpm for 30 s, followed by annealing at 100°C for 10 minutes.>’
For the mixed cation-based perovskite fabrication, the perovskite
precursor layer was deposited on the KOH-treated ITO surface by
spin-coating at 1,000 rpm for 10 s, then at 6,000 rpm for 30 s. Ten
seconds before the end of this process, 120 uL of CB was dropped
onto the spinning substrate. The perovskite precursor layer was then
annealed at 100°C for 30 minutes to complete its conversion to the
mixed cation-based perovskite. In separate experiments, the FAPbIs-
based perovskite layer was prepared using a two-step deposition
method. First, the Pbl, layer was spin-coated from the Pbl, solution
at 1,500 rpm for 30 seconds and annealed at 70°C for 1 minute. Next,
the mixed FAI:MACI layer was spin-coated at 1,800 rpm for 30
seconds onto the Pbl, layer, followed by annealing at 150°C for 15
minutes under an ambient air condition (20-30% relative humidity)
for its conversion to the FAPbIz-based perovskite. The surfaces of the
mixed cation- and FAPbls-based perovskite layers were treated by
spin-coating with a PEAI, NMAI, AMAI, or BTBTAI solution at 4,000
rpm for 30 seconds. The chemically doped spiro-OMeTAD HTL was
subsequently fabricated on the perovskite layers by spin-coating at
4,000 rpm for 30 seconds. The SnO, ETL fabrication and KOH
treatment were performed in dry air, whereas the other layers were
prepared in a nitrogen environment, except for the annealing of the
FAPbI; layers, which was carried out in the humidity-controlled air.
Finally, an Au electrode was thermally deposited under vacuum
(base pressure ~10™* Pa) at a deposition rate of ~0.1 nm s™'. The
inverted PSCs with the architecture glass substrate/ITO/NiO,/Me-
4PACz/CsgosFAgsMAg 15Pbl, 55Brg 75  perovskite/Ceo/BCP/Ag  were
fabricated under exactly the same conditions as those reported in
the literature.>® The fabricated PSCs were encapsulated using a glass
lid, UV-curing sealant, and a desiccant sheet, all without exposure to
air.

2.5 Sample characterization

Current density—voltage (/-V) measurements were performed on
PSCs using a computer-controlled Keysight B2901A source/measure
unit under simulated solar illumination (AM1.5G, 100 mW cm™?)
provided by a Xe lamp-based solar simulator (HAL-320, Asahi
Spectra). The active area of the PSCs was defined as 0.095 cm? using
a black shadow mask, while the original device area, defined by the
overlap of the ITO and Au electrodes, was 0.12 cm?. Prior to J-V
measurements, the lamp power was calibrated to 100 mW cm™2
using a crystalline silicon reference cell with an amorphous Si optical
filter (Bunkokeiki), certified by the National Institute of Advanced
Industrial Science and Technology. Maximum power point tracking
(MPPT) to evaluate stabilized PCE was conducted using the same

J. Name., 2013, 00, 1-3 | 3
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Fig. 1 (a) Chemical structures of PEAI, NMAI, AMAI, and BTBTAI. (b) Schematic PSC architecture. (c) Representative illuminated J-V curves
and plots of (d) Jsc, (e) Voc, (f) FF, and (g) PCE for mixed cation-based PSCs treated by spin-coating with BTBTAI solutions at different

concentrations.

setup. Incident-photon-to-current efficiency (IPCE) curves of PSCs
were obtained with the Keysight B2901A source/measure unit and a
constant-energy monochromatic light source (PVL-5000, Asahi
Spectra). To calculate IPCE, the monochromatic light energy was
measured using a power meter (843-R, Newport) and an optical
power detector (818-UV/DB, Newport). For transient photovoltage
(TPV) and photocurrent (TPC) measurements, the PSCs were
connected to a digital oscilloscope (DS-5110B, Iwatsu Electronic)
using a BNC cable. A square-shaped illumination from a high-speed
white LED (FOLS-10, Sawaki), driven by a pulse generator unit (PGU-
100k, Sawaki), was used with an illumination intensity of 100 mW
cm~2 and a pulse width of 50 ms. The oscilloscope’s input impedance
was set to 100 kQ for TPV decays and 50 Q for TPC decays. Cross-
sectional scanning electron microscope (SEM) images of the PSCs,
prepared by breaking the substrates into small pieces, were obtained
using Hitachi JSM-7900F. The operational durability of the
encapsulated PSCs was evaluated under 100 mW cm=2 illumination
from 3000 K white LEDs with the MPPT at 25 °C (PAS-100, System
Engineers).

Steady-state photoluminescence (PL) spectra and time-resolved
transient PL decays of the perovskite, PEAI, NMAI, AMAI, and BTBTAI
films were measured using a steady-state PL spectrometer (FP-8300,
JASCO) and a PL lifetime spectrometer (Quantaurus-Tau, Hamamatsu
Photonics),
characterization of the perovskite films were performed using a SEM
(JSM-7900F, JEOL) and an X-ray diffractometer (XRD; SmartLab 9kW
AMK, Rigaku) with the standard two theta/theta technique [A = 1.54
A (CuKa)], respectively. Grazing incidence XRD (GIXRD) was also
performed on the perovskite films using the same equipment, with

respectively. Surface morphology and structural

anincidence angle of 1°. UV-VIS absorption spectra of the perovskite,

4| J. Name., 2012, 00, 1-3

PEAI, NMAI, AMAI, and BTBTAI films were recorded using an
absorption spectrometer (V-730, JASCO). Photoelectron vyield
spectroscopy (PYS; AC-2, Rikenkeiki) was employed to measure the
hole transport energy levels of the materials, including the highest
occupied molecular orbital (HOMO) energy levels for organics and
the valence band edge energy levels for inorganics. To prevent
surface charge accumulation during PYS measurements, the sample
films were prepared on ITO-coated glass substrates. The electronic
states of untreated and surface-treated perovskite films were
characterized by X-ray photoelectron spectroscopy (XPS; PHI5000,
VersaProbe Il) using a monochromatic Al Ka source (1486.6 eV).
Binding energies were calibrated using the Au 4f;,, peak (84.0 eV)
measured from a vacuum-deposited Au sample.

The optimized structures of the defect passivation molecules
were calculated using Gaussian 16, Revision C.01. Geometry
optimizations were carried out with the B3LYP functional and 6-
31+G(d) basis set, and no imaginary frequencies were observed,
confirming that the structures correspond to energy minima. The
HOMO orbitals were visualized using GaussView 6.1.1 with an
isovalue of 0.02. The molecular assembly states and corresponding
binding energies on the FAPbI; perovskite surface were calculated
under the reported conditions.3”

2.6 Hole-only device fabrication and characterization

To investigate the stability of the organic radical-cation states, hole-
only devices (HODs) were fabricated with the following architecture:
glass substrate/ITO (100 nm)/MoO, (10 nm)/PEAI, NMAI, AMAI, or
BTBTAI (200 nm)/MoO, (10 nm)/Au (80 nm). The values in the
parentheses in the HOD architectures indicate the thicknesses of

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 (a) Representative illuminated J-V curves, plots of (b) Jsc, (c) Voc, (d) FF, and (e) PCE, (f) TPV and (g) TPC decays, and (h) PCE
evolution under the continuous illumination with MPPT at 25 °C for mixed cation-based PSCs treated by spin-coating with 1 mM PEAI,

NMAI, AMAI, or BTBTAI solutions.

each layer. All the layers were vacuum-deposited onto the ITO
surface at a pressure of ~10~* Pa, with deposition rates of ~0.05 nm
s7! for MoO, and ~0.1 nm s for the organics and Au. While the
original source material was MoOs, the vacuum-deposited films
contained numerous oxygen vacancies, yielding MoO,, where x is
lower than 3.5° The device area, defined by the overlap between the
ITO and Au, was 4 mm?2, Voltage evolution of the encapsulated HODs
was monitored over time under constant current density operation
at 25 mA cm=2 using a DC voltage current source/monitor meter
(6241C, ADCMT).

3 Results and discussion

3.1 Optimization of BTBTAI solution concentration
The concentrations of BTBTAI
passivation were first optimized to achieve maximum PSC
device performance. For this, PSCs with the mixed cation-based
perovskite layer treated by spin-coating BTBTAI solutions of
varying concentrations (0, 0.01, 0.05, 0.1, 0.5, 1, 1.5, or 2 mM)
were fabricated and evaluated. Fig. 1c shows the representative
J-V curves of mixed cation-based PSCs measured under the
simulated one-sun condition (AM1.5G, 100 mW cm™?) in a
reverse bias scan from 1.2 to 0 V. Short-circuit current densities
(Jsc), open-circuit voltages (Voc), fill factors (FF), and PCEs are
plotted as a function of BTBTAI solution concentration in Fig.
1d—g and summarized in Table S1 T . The solar cell parameter
values discussed in this paper represent the mean values from
multiple devices fabricated across the same or different
batches.

solutions used for defect

This journal is © The Royal Society of Chemistry 20xx

As the BTBTAI solution concentration increased from O to 1
mM, Jsc rose from 23.9 to 24.8 mA cm™2, V¢ increased from 1.04
to 1.10 V, and FF improved from 0.68 to 0.75, leading to an
increase in PCE from 17.6% to 20.2%. The improved device
performance can be attributed to enhanced defect passivation
and more efficient hole extraction, probably resulting from
increased coverage of the perovskite layer by BTBTAI. However,
at higher BTBTAI concentrations (1.5 and 2.0 mM), Jsc showed a
rapid and unexpected increase. The Jsc value at 2.0 mM reached
26.9 mA cm™2, which appears to be overestimated.

In PSCs treated with the 2.0 mM BTBTAI solution, a circular-
shaped structure was observed (Fig. S14 T ), likely indicating
that thick BTBTAI precipitated during spin-coating, as the 2 mM
solution was near saturation (Fig. S15 T ). We attempted to
measure the thickness of the BTBTAI precipitate using atomic
force microscopy and laser microscopy. However, the
measurements were unsuccessful, possibly because the
precipitate was too thin. Alternatively, the BTBTAI layer may not
be uniformly flat, which could also hinder accurate thickness
measurement. Since the structured BTBTAI was slightly cloudy
upon visual inspection, it may cause solar light scattering,
artificially increasing the effective illumination area and
potentially leading to the overestimated Jsc. More specifically,
itis assumed that a portion of the solar light that passes through
the perovskite layer without being absorbed is scattered by the
crystalline BTBTAI precipitate into regions outside the shadow
mask opening. If this scattered light is subsequently absorbed
by the perovskite in those regions, it could lead to an
overestimation of the Jsc. Indeed, the IPCE was observed to be
slightly higher—particularly in the longer wavelength region,
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Fig. 3 (a) Steady-state PL spectra of untreated and surface-treated mixed cation-based perovskite films before CB rinsing. Steady-state
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where light absorption by the perovskite weakens due to
decreased absorbance—when a 2 mM BTBTAI solution was
used, compared to the case with 1 mM (Fig. S16at). This higher
Jsc is likely attributable to the scattering effect. Furthermore,
the thick BTBTAI structure may hinder hole extraction, resulting
in the reduced FF. Based on these, the optimal BTBTAI solution
concentration is believed to be 1 mM, providing a high PCE
without significant Jsc overestimation or FF reduction.

Fig. S17 T shows the J~V curves of mixed cation-based PSCs
treated with the 1 mM BTBTAI solution, measured in
consecutive forward and reverse scans under the simulated
one-sun illumination. The PCEs were slightly higher in the
reverse scan (from 1.2 V to 0 V) at 19.9% compared to the
forward scan (from 0 V to 1.2 V) at 19.3%. Therefore, the
reverse scan was used for evaluating all the PSCs discussed
throughout this work. MPPT was performed on mixed cation-
based PSCs treated with the 1 mM BTBTAI solution to assess PCE

6 | J. Name., 2012, 00, 1-3

stabilization (Fig. S18 T ). The PCE stabilized within a few
seconds after the simulated one-sun illumination commenced,
reaching a value of 20.0%, which aligns well with the PCE from
the J-V measurements. The Jsc value calculated from the IPCE
curve for mixed cation-based PSCs treated with the 1 mM
BTBTAI solution (Fig. S16b T ) was 23.2 mA cm2, nearly
matching the value estimated from the J-V curves (24.7 mA
cm~2). The bandgap calculated from the IPCE onset (Fig. S16c T )
was approximately 1.58 eV, consistent with the reported
bandgap for perovskites of similar composition®%6! as well as
the optical bandgap of 1.62 eV (Fig. S19 T ).

3.2 Comparison of surface treatment materials

Based on the previous considerations, the concentration of 1
mM was determined to be optimal for BTBTAI-treated PSCs.
Using this concentration, mixed cation-based PSCs treated with
PEAI, NMAI, and AMAI were fabricated, and their photovoltaic

This journal is © The Royal Society of Chemistry 20xx
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characteristics were compared with BTBTAI-treated devices.
The reference devices refer to PSCs without any treatment. As
shown in Fig. 2a—e and Table S2 T , all device parameters
improved with treatment in the following order: reference
devices < PEAI-treated devices < NMAI-treated devices < AMAI-
treated devices < BTBTAI-treated devices, with the reasons for
these improvements to be discussed later. Specifically, the PCE
was 17.6% for reference devices, 18.2% for PEAIl-treated
devices, 19.2% for NMAI-treated devices, 19.9% for AMAI-
treated devices, and 20.2% for BTBTAIl-treated devices. For
PEAI, widely used for defect passivation in PSCs, the reported
solution concentrations range from 2 to 20 mM.7:11.25.26:48 which
are higher than the concentration used in this study (1 mM). In
our case, the highest PCE was obtained at PEAI concentrations
of 2 and 3 mM (18.4%) and was not significantly different from
that of PSCs treated with the 1 mM PEAI concentration (18.2%)
(Table S3 T).

To gain further insight into the improved performance, TPV
decays of the mixed cation-based PSCs were measured. This
was done using square-shaped photoexcitation from a white
LED, with an oscilloscope measuring the voltage across a 100 kQ
resistor. The intensity and duration of the photoexcitation were
100 mW cm~2 and 50 ms, respectively. With the high resistance
(100 kQ), the PSCs operate near open-circuit conditions (no
current flow), so the TPV signals contain information about
electron and hole recombination in the PSCs. Longer TPV
lifetimes indicate reduced charge-carrier recombination in the
PSCs. As shown in Fig. 2f, the TPV decays were slower for higher-
performance devices, suggesting that defect passivation is a
likely cause of the improved performance due to the
suppression of charge recombination. In general, reducing
charge recombination through defect passivation can increase
the quasi-Fermi level splitting, leading to a higher V1>
Indeed, the V¢ increased with the perovskite surface treatment
as shown in Fig. 2c.

To explore another mechanism of the improved PSC
performance, TPC measurements were performed on the same
PSCs, using the same setup but with a lower resistance of 50 Q.
With this low resistance, the PSCs operate close to short-circuit
conditions. Shorter TPC decays are preferable for solar cell
operation, as they indicate more efficient charge-carrier
extraction. PSCs with higher performance exhibited faster TPC
decays (Fig. 2g), which points to improved hole extraction at the
perovskite/spiro-OMeTAD interface. In our PSCs, the increases
in Jsc and FF were observed (Fig. 2b and 2d), likely resulting from
this improved hole extraction.

To clarify how different surface treatment materials affect
PSC degradation, the operational durability of the mixed cation-
based PSCs was evaluated at 25°C under continuous
illumination from a 3,000 K white LED with an intensity of 100
mW cm~2. The operation condition was MPPT. As shown in Fig.
2h, the untreated reference devices exhibited the poorest
durability, while those with surface treatments, which provided
higher PCE, led to significantly improved durability. The best
durability was achieved in the BTBTAIl-treated PSCs. The

This journal is © The Royal Society of Chemistry 20xx
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efficiency retention percentages after 1,000 hours of the
continuous illumination were 49% for untreated devices, 59%
for PEAI-treated devices, 67% for NMAI-treated devices, 74%
for AMAI-treated devices, and 80% for BTBTAI-treated devices.

The operational durability of PSCs remains a challenging
issue for the commercialization of this photovoltaic technology.
PSC degradation is partly caused by external environmental
factors, such as oxygen and moisture in the air.6-%’ However,
the oxygen- and water-induced degradation is unlikely, as our
devices are encapsulated. Our encapsulation, which uses a glass
lid, UV-curing sealant, and a desiccant sheet, is highly reliable
and can protect devices from oxygen and moisture in the air for
at least 3,000 hours at 85% relative humidity and a temperature
of 85°C.68

PSC degradation can occur even in the absence of water and
oxygen. Due to the soft ionic nature of perovskite materials,
positively or negatively charged defects, such as vacancies and
interstitials, are mobile within PSCs under internal and external
electric fields.®®79 As a result, ion migration easily proceeds in
the form of mobile charged defects. The movement of these
defects is strongly accelerated by light illumination and elevated
temperatures.”>’?2 For example, corrosion of the perovskite
layer, organic HTL, and Ag electrode by migrated reactive
species, such as iodine, occurs in PSCs during operation’%73,
Additionally, perovskite degradation is especially severe at high
temperatures due to volatilization and loss of various organic
and iodine species.”®7> Migration and penetration of Au into the
perovskite layer from the electrode also induces PSC
performance degradation.87¢ Although some of these reported
degradation pathways may exist in our PSCs, they cannot
explain the durability differences shown in Fig. 2h because the
only variation in device architecture is the choice of surface
treatment material. Numerous studies have shown that
passivating perovskite defects enhances both efficiency and
durability.#1217.18 Therefore, as demonstrated in this study,
using surface treatment materials with extended nt-conjugation
provides more effective defect passivation and enhanced
durability.

3.3 Defect passivation

To further investigate the defect passivation behavior in more
detail, steady-state PL measurements were employed. PL
measurements on mixed cation-based perovskite films
fabricated on fused silica substrates revealed that PL intensities
increased after surface treatment with PEAI, NMAI, AMAI, and
BTBTAI (Fig. 3a). However, the PL intensities of the treated
samples were very similar to one another, despite being higher
than those of the untreated films. This observation seems
contrary to the fact that the Voc and TPV decays systematically
varied depending on the surface treatment materials. We
hypothesize that this occurs because part of the treatment
molecules desorbs from the perovskite surface during the spin-
coating of the spiro-OMeTAD HTL.

To test this hypothesis, PL spectra of mixed cation-based
perovskite films were measured both before and after being
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rinsed by spin-coating with pure CB, the solvent used for spiro-
OMeTAD HTL fabrication. While untreated perovskite films
showed no changes in their PL spectra before and after CB
rinsing (Fig. 3b), the PL intensities of PEAIl-treated films
decreased after CB rinsing (Fig. 3c), likely due to the partial
desorption of PEAI from the perovskite surface. In contrast, the
reduction in PL intensity following CB rinsing was less
pronounced for the other treated perovskite films (Fig. 3d—f).
Notably, the BTBTAI-treated films exhibited almost no decrease
in PL intensity even after CB rinsing (Fig. 3f), suggesting that
BTBTAl's defect passivation effect remains intact even after
rinsing. These results highlight that the desorption of surface
treatment materials from perovskite layers poses a significant
challenge to PSC performance, yet it has been a rarely explored
area of research.35-37

The surface treatment molecules can interact with and
anchor to the perovskite surfaces through the amino group to
passivate defects. Since all the surface treatment materials
investigated in this study have the same amino group, the
anchoring strength shows little variation across all the materials
as discussed later. In this context, the solubility of the surface
treatment materials in organic solvents plays an additional role
in their desorption behavior. We were unable to measure the
solubility of the surface treatment materials in CB using the
method of Fig. S15 T due to their extremely low solubility in CB.

8 | J. Name., 2012, 00, 1-3

However, the solubility in CB is expected to decrease as the -
conjugation length increases, making them more resistant to
desorption during the spin-coating of the spiro-OMeTAD HTL.
Therefore, the PL data from the CB-rinsed perovskite films
would reflect the more actual conditions in the PSCs. Indeed,
the PL intensities of the CB-rinsed films exhibited a trend
consistent with the PSC performance (Fig. 3g). Additionally,
time-resolved transient PL decays were slower for the rinsed
samples with higher steady-state PL intensities (Fig. 520 T ). The
Voc values of the PSCs correlated well with the PL intensities of
the rinsed samples, whereas no such correlation was observed
before rinsing (Fig. 3h).

Experimentally observing surface treatment molecules
anchored on the perovskite surface and their desorption
behavior during CB rinsing is extremely challenging. Instead,
thin films of PEAI, NMAI, AMAI, and BTBTAI were spin-coated
from 1 mM solutions onto fused silica substrates, and their
absorption spectra were measured before and after rinsing with
CB. Although these molecules are not anchored to the fused
silica substrate surfaces, making this system different from
actual devices, we tentatively used this method to investigate
molecular desorption behavior. Materials with shorter -
conjugation showed a greater reduction in absorbance after CB
rinsing (Fig. 3i—k), while almost no reduction was observed for
BTBTAI (Fig. 3l). This indirectly indicates that the surface

This journal is © The Royal Society of Chemistry 20xx
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treatment molecules with more extended m-conjugation are
less prone to desorption during the spin-coating of the HTL.
Since the CB used in HTL spin-coating actually contains spiro-
OMeTAD and dopants, it is important to note that the
desorption behavior of surface treatment molecules is likely to
differ from that observed with pure CB. These findings highlight
the importance of selecting surface treatment materials with
lower solubility in CB to maintain the original defect passivation
effect, despite the challenges that lower solubility may pose
when preparing high-concentration solutions for defect
passivation.

It is possible that the lone pair of the sulfur atom in the
BTBTAI molecule contributes to defect passivation by
interacting with positively charged defects. However, when
using BTBTAI, it is difficult to distinguish whether the observed
defect passivation originates from the ammonium iodide group
or from the sulfur atom's lone pair. To investigate this, a 0.5 nm-
thick layer of C8-BTBT—sharing the same BTBT backbone as
BTBTAI but lacking the ammonium iodide group—was vacuum-
deposited onto the surface of a perovskite layer, and steady-
state PL spectra were measured. An increase in PL intensity was
observed after C8-BTBT deposition (Figure S21t), indicating that
defect passivation by the sulfur atom’s lone pair also occurs in
the case of BTBTAI, thereby contributing to the improved PSC
performance.

3.4 Perovskite film quality

To assess whether the surface treatment affects mixed cation-
based perovskite film quality, their SEM images were taken.
Tightly packed perovskite grains with diameters of hundreds of
nanometers were observed, and the surface morphologies
remained unchanged for all samples (Fig. S22 T ). XRD patterns
of untreated and treated perovskite films were also measured,
showing almost no differences between samples (Figure S23 T
). The peaks in the XRD patterns correspond to the three-
dimensional perovskite structure and are consistent with
previously reported data.2’778 Additionally, the UV-VIS
absorption spectra showed no dependence on surface
treatments (Figure S24 T ). Overall, the surface treatments did
not have a detectable impact on perovskite film quality, serving
primarily to passivate defects and enhance hole extraction.

3.5 Hole extraction behavior

The PL measurements also provide important insights into the
hole extraction behavior at the perovskite/spiro-OMeTAD
interface. After a mixed cation-based perovskite film was
fabricated on a fused silica substrate and then surface-treated
with PEAI, NMAI, AMAI, or BTBTAI, a chemically doped spiro-
OMEeTAD film was spin-coated on top of the perovskite film. PL
spectra of the perovskite films covered with spiro-OMeTAD
were then measured. In contrast to perovskite films without
spiro-OMeTAD, lower PL intensities in the perovskite/spiro-
OMeTAD stack samples indicate hole extraction from the
perovskite film to the spiro-OMeTAD film. As shown in Fig. 4a,
the surface treatments that led to higher PSC performance
reduced PL intensities, indicating improved hole extraction. In
these samples, the enhanced hole extraction, which reduces PL

This journal is © The Royal Society of Chemistry 20xx

Journal ofcMaterials Chemistry A

intensity, is believed to outweigh the effect of defect
passivation, which would increase PL intensity. BTBTAI was
found to be the most effective in improving hole extraction.

Perovskites’ defects act as charge carrier recombination and
trap centers, making it difficult for holes generated in the
perovskite layer to cross the defective perovskite/spiro-
OMeTAD interface due to hole trapping by the defects.3:14
Surface treatments with PEAI, NMAI, AMAI, and BTBTAI can
passivate these defects, thereby enhancing hole extraction.
Another possible explanation for the improved hole extraction
is the relative positions of energy levels in each surface
treatment layer of the PSCs.

To evaluate the energy levels, PYS was performed on drop-
cast films of PEAI, NMAI, AMAI, and BTBTALI. The hole transport
energy levels measured using PYS were -5.79 eV for PEAI, -5.72
eV for NMAI, -5.65 eV for AMAI, and -5.49 eV for BTBTAI (Fig.
4b). The valence band edge energy level of the perovskite film
and the hole transport energy level of the chemically doped
spiro-OMeTAD film were also measured using PYS, yielding
values of -5.36 eV and -5.31 eV, respectively (Figure S25a,b T ).

An energy level diagram based on these values, measured
using PYS, is shown in Fig. 4c. This diagram represents the case
where each layer is not in contact; however, in reality, energy
levels may shift due to interactions between the layers.”®-81
Although this concern exists, the diagram suggests that surface
treatment materials with extended m-conjugation tend to
exhibit shallower hole transport energy levels. PEAI, with its
deepest energy level, hinders hole extraction from the
perovskite layer to the spiro-OMeTAD layer, acting as an
insulator for hole extraction in PSCs due to energy-level
mismatching with the adjacent perovskite and spiro-OMeTAD
layers. As surface treatment materials with shallower hole
transport energy levels are used, energy-level mismatching is
reduced, improving hole extraction through the treatment
molecules and enhancing PSC performance. As discussed
earlier, some surface treatment materials, such as PEAI and
NMAI, desorb during the spin-coating of the spiro-OMeTAD
HTL. This may result in direct hole extraction from the spiro-
OMeTAD layer to the perovskite layer in areas where PEAI or
NMAI, with deeper energy levels, desorbs. BTBTAI having the
shallowest hole transport energy level and the lowest solubility
delivers the best PSC performance by improving hole extraction
and minimizing molecular desorption from the perovskite
surface. However, the energy level of BTBTAI is deeper than
those of perovskite and spiro-OMeTAD, meaning that the
energy-level mismatch is not entirely eliminated. Using a
surface treatment molecule with an even deeper energy level
could potentially improve hole extraction further.

3.6 Interaction between BTBTAI molecules and the perovskite
surface

The surface treatment materials investigated in this study can
passivate defects by interacting to the perovskite surface
through amino groups. To prove this, XPS analysis was
performed, revealing that the Pb 4f and | 3d peaks shifted to

J. Name., 2013, 00, 1-3 | 9



Journal of-Materials.Chemistry A

Single PEAI Single BTBTAI
(a) -1.04 eV (b) -1.05 eV
| | .
3 |
: %
3 - o [
o°| <
(f)
TITTTIr T[T e [ errrprrrrreees
-=-PEAI NMAI
o — Before operation -
4E == NMAI E _ h
——AMAI After operation

==BTBTAI

Voltage (V)
PL intensity (a. u.)

—a L 2 aaaals a1l
00 500 1000 200 250 300 350 400 450 500
Time (h) Wavelength (nm)

Multiple PEAI
-1.81eV

Multiple BTBTAI
-2.58 eV

d

(c) (d)

T T T T T T
. BTBTAI
AMAL - Before OPEffﬂlon 1 —Before operation
- ——After operation =} — After operation -}
= - 3
g s
2T N 2
@ 2 -
= c
3 - 5]
E E
- - -
o o -
T ATTTT PP T PP L
350 400 450 500 550 600 650 300 350 400 450 500 550 600

Wavelength (nm) Wavelength (nm)

Fig. 5. Simulated molecular binding configurations and energies for (a) a single PEAI molecule, (b) a single BTBTAI molecule, (c) multiple
PEAI molecules, and (d) multiple BTBTAI molecules on the FAPbI; perovskite surface. The binding energy values in (a—d) are given per
molecule of PEAI and BTBTAI. (e) Voltage evolution of PEAI, NMAI, AMAI, and BTBTAI-based HODs under continuous operation at 25
mA cm2, Steady-state PL spectra of (f) NMAI, (g) AMAI, and (h) BTBTAI films before and after 1,000 hours of the HOD operation at 25

higher binding energies in BTBTAI-treated perovskite films
compared with untreated films (Fig. 4d,e), indicating a change
in the chemical environment of Pb2* cations and I~ anions within
the perovskite octahedral framework due to BTBTAI anchoring,
consistent with literature reports.8283 Additionally, XPS peaks
associated with metallic lead (possibly formed from Pb2*
cations) were observed in untreated perovskite samples. While
the formation of Pb® due to X-ray photolysis is possible,® no
metallic lead was detected in BTBTAI-treated films. There is a
similar report of the Pb°® peak disappearing due to defect
passivation.8%8> This suggests that BTBTAI molecules not only
passivate perovskite defects but also suppress the formation of
Pb°, which is known to act as carrier recombination centers in
PSCs.8%87 Cross-sectional SEM analysis confirmed that the PSCs
exhibited a well-structured multilayer architecture, with BTBTAI
not clearly visible due to its very thin layer (Fig. 4f).

To investigate the binding interaction between the surface
treatment molecules and the perovskite surface, density
functional theory calculations were performed using the Vienna
Ab initio Simulation Package. The Perdew—Burke—Ernzerhof
exchange—correlation the
gradient approximation was used, along with a 3x3x1 k-point
mesh and a plane-wave energy cutoff of 520 eV for the models
shown in Figure 5a—d. All atomic positions were fully relaxed.

functional within generalized

The supercell was constructed using a 2x2x2 array of primitive
FAPbl; perovskite unit cells, with a 1.5 nm vacuum layer to
prevent spurious interactions due to periodic boundary

conditions. To preserve charge neutrality, the molecules were

10 | J. Name., 2012, 00, 1-3

adsorbed on surfaces terminated with iodide anions. The cutoff
energy and k-point sampling were confirmed to converge within
an energy tolerance of 0.001 eV.

When a single PEAI or BTBTAI molecule was placed on the
FAPbI; perovskite surface (Figure 5a and 5b), the calculated
binding energies were —1.04 eV and —1.05 eV, respectively,
indicating no significant difference. This similarity is attributed
to the fact that both molecules share the same ammonium
iodide anchoring group. However, when multiple molecules
were placed on the perovskite surface and one of them was
removed (Figure 5c and 5d), the calculated binding energies
were —1.81 eV for PEAI and —2.58 eV for BTBTAI. These more
negative values suggest stronger overall binding, likely due to
additional stabilization from n—m interactions between adjacent
molecules. The significantly stronger binding observed for
BTBTAI is attributed to its enhanced m—mt stacking capability
resulting from its larger m-conjugated core. In combination with
its lower solubility, these strong intermolecular interactions
likely contribute to the reduced desorption of BTBTAI molecules
during the subsequent HTL spin-coating.

Recently, 2D perovskite layers have been applied to the
surfaces of 3D perovskite light-absorbing layers to achieve
defect passivation and better energy level alignment, resulting
in improved PSC performance.?8-30888% However, it has also
been reported that PSC performance decreases when a thick
layer of 2D perovskite, with low bulk hole transport capability,
is formed.87.8° Thus, the formation of 2D perovskite layers on 3D

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 (a) Representative illuminated J-V curves, (b) PCE stabilization behavior, (c) IPCE curve, and (d) PCE evolution under the
continuous illumination with MPPT at 25 °C, (e) TPV and (f) TPC decays (measured before and after the operational durability test), and
(g) PCE evolution under the continuous illumination with MPPT at 85 °C for FAPbls-based PSCs with and without BTBTAI treatment. (h)
Representative illuminated J-V curves of CsgsFAgsMAg 15Pbl, 25Brg 75-based inverted PSCs with and without BTBTAI treatment.

perovskite layers can have both positive and negative impacts
on PSC performance. In the standard XRD measurement results
shown in Fig. S23 T, no peaks associated with the BTBTAI-based
lower-dimensional perovskite phase were observed. GIXRD,
which is used to determine the crystalline structures of surfaces
or thin films, also did not detect the lower-dimensional
perovskite phase in BTBTAI-treated 3D perovskite films (Fig. S26
T ). Based on time-of-flight secondary ion mass spectrometry
and XPS measurements, the presence of BTBTAI in the PSC
could not be confirmed, likely due to its extremely low
concentration and the overlap of its constituent elements with
those other However, considering the
aforementioned XRD results showing no formation of 2D
perovskite phases, it is inferred that BTBTAI does not penetrate
into the perovskite bulk but instead remains on the perovskite
surface.

in layers.

3.7 Radical-cation stability

In the field of organic light-emitting diode research, many
degradation pathways mediated by radical cations have been
reported.?0-92 in PSCs, cation-mediated
degradation has not been extensively discussed to date.

However, radical
Therefore, it is essential to investigate how radical-cation
stability influences PSC performance. The HOMO states of the
defect-passivation molecules were calculated using density
functional theory. For computational simplicity, the molecules
were modeled in their NH3;* state with the |~ counterion
removed. The HOMO was found to be primarily localized not on
the NHs* group, but rather on the n-conjugated organic cores—

This journal is © The Royal Society of Chemistry 20xx

such as benzene, anthracene, naphthalene, and BTBT (Fig. S27
7). This suggests that electron extraction and the formation of
radical cations likely occur within these core regions.

To investigate the radical-cation stability, HODs with the
architecture glass substrate/ITO (150 nm)/MoO, (10
nm)/vacuum-deposited PEAI, NMAI, AMAI, or BTBTAI (200
nm)/MoO, (10 nm)/Au (80 nm) were fabricated. The MoO,
layers, with their deep Fermi level of -5.94 eV (Fig. S25c T ),
enable efficient hole injection into PEAI, NMAI, AMAI, and
BTBTALI A constant current density of 25 mA cm=2, which is close
to the Jsc of the PSCs, was continuously applied to the HODs,
and their voltages were monitored over time. The absolute
voltage values at 0 hours varied between devices, likely due to
differences in hole transport abilities of the bulk layers.
However, in PSCs, the bulk transport plays a less significant role,
as the PEAI, NMAI, AMAI, and BTBTAI molecules may form
extremely thin layers—possibly monolayers—on the perovskite
surfaces. As shown in Fig. 5e, the voltages at 25 mA cm™2
increased more slowly over time for HODs with more extended
m-conjugation materials, with BTBTAI-based HODs showing the
slowest voltage increase because of the high cation stability.
The average voltage increase rates were 1.5 mV h=! for PEAI-
based HODs, 0.88 mV h~1 for NMAIl-based HODs, 0.48 mV h~1 for
AMAI-based HODs, and 0.23 mV h~! for BTBTAI-based HODs. In
all the HODs, no detectable crystallization was observed by
visual inspection or optical microscopy after 1,000 hours of the
operation.

After the operation, the encapsulation glass lid was removed
from the HODs using a knife, and the upper Au electrode was
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peeled off using Scotch tape. This de-encapsulation was
necessary because glass and ITO do not transmit light at
wavelengths below 300 nm, making it impossible to photoexcite
PEAI, NMAI, and AMAI for PL measurements. PL spectra were
then measured from the bare PEAI, NMAI, AMAI, and BTBTAI
layers. For the PL measurements, excitation light was directed
only onto the HOD driving area through a shadow mask with a
circular aperture of 1 mm in diameter. Uncertainty remains
regarding the possibility that part of the organic layer adhered
to the peeled-off Au electrode, leading to variations in the
organic layer’s thickness and PL intensity. Based on our
experience peeling away gold electrodes from PSCs using the
same methods,®887 it is likely that delamination occurs between
the poorly adhered gold electrode and the organic layer.
Assuming that only the Au electrode was removed, leaving the
organic layer intact on the substrate side, it was found that
materials with longer m-conjugation lengths, except for PEAI,
exhibited smaller reductions in PL intensity after 1,000 hours of
the HOD operation (Fig. 5f—h). No PL was detected from the
peeled gold electrode side, indirectly suggesting the absence of
organic components on the electrode side, although it remains
possible that any organic PL is quenched by the gold electrode.
If exciton quenchers form during HOD degradation, even in
small amounts, they could significantly reduce the PL
intensity.®3°* Additionally, such quenchers may act as hole trap
sites, leading to the increase in the HOD’s operating voltage.
Across the wavelength range above 200 nm, PEAI showed no PL
whatsoever, even in fresh, unoperated samples. However, the
rapid HOD voltage increase shown in Fig. 5e suggests that PEAI,
widely used for defect passivation in PSCs, is relatively unstable
in its cationic state, limiting its effectiveness in improving PSC
durability. The PL spectra of BTBTAI remained nearly unchanged
before and after HOD operation (Fig. 5h), indicating that cation-
induced degradation is unlikely for BTBTAI.

In general, cations are reactive,3®** so their interactions with
other materials or electrodes may influence bulk hole transport
or interfacial hole injection. However, radical cations become
more stable with extended m-conjugation due to the
delocalization of the radical cation across the molecule.3?:4>-47
Therefore, employing molecules with extended m-conjugation
can reduce reactivity and help suppress the increase in the
HOD’s voltage and the decrease in PL intensity, as shown in Fig.
5e—h. The stability of radical cations is also believed to influence
the operational durability of PSCs. Given that PSCs contain
highly reactive materials, such as halogens and chemical
dopants, interactions between the cations and these reactive
species likely occur. However, the specific radical cation-
associated interactions that occur within PSCs during long-term
operation remain unclear and require further investigation.
Among the surface treatment molecules investigated, BTBTAI,
with extended m-conjugation, forms stable radical cations,
enhancing the durability of both HODs and PSCs.

3.8 BTBTAI treatment on FAPbI;-based devices

To demonstrate the effectiveness of using BTBTAI treatment,
PSCs with an alternative perovskite composition (FAPbI3) were
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examined. As shown in Fig. 6a and Table S4 T , BTBTAI
treatment on FAPbIls-based devices increased the Jsc from 25.9
to 26.1 mA cm, the V¢ from 1.09 to 1.14 V, the FF from 0.81
to 0.83, and the PCE from 22.7 to 24.6%. These improvements
are attributed to enhanced defect passivation and hole
extraction with BTBTAI as discussed earlier. In BTBTAI-treated
PSCs, the PCE stabilized immediately after the simulated solar
illumination began (Fig. 6b), and the Jsc derived from their IPCE
curve (24.6 mA cm~2) nearly aligned with that obtained from the
J-V curves (Fig. 6c).

Additionally, the operational durability of FAPbls-based
PSCs improved with BTBTAI treatment (Fig. 6d), increasing the
PCE retention from 61% to 85% after 1,000 hours of the
continuous white LED illumination under MPPT conditions at
25°C. The TPV and TPC measurements were conducted on
FAPbIs-based PSCs before and after the operational durability
test. For the fresh samples, consistent with the previous
discussion, BTBTAI treatment resulted in a slower TPV decay
and a faster TPC decay (Fig. 6e and 6f). After the durability test,
both untreated and BTBTAI-treated PSCs exhibited faster TPV
decay and slower TPC decay, indicating enhanced carrier
recombination and reduced hole extraction due to device
degradation. However, in BTBTAI-treated PSCs, the decrease in
TPV lifetime and the increase in TPC lifetime after degradation
were both less pronounced, compared with the fresh PSCs
(Table S5 and S6 T ). These results further support that BTBTAI
treatment suppresses degradation and
durability.

Furthermore, BTBTAI treatment was also found to enhance
the durability of FAPbls-based PSCs under the light illumination
at an elevated temperature of 85 °C (Fig. 6g). The PCE retention
after 150 hours at 85 °C was 39% for the untreated PSCs and
70% for those treated with BTBTAI. These results clearly
demonstrate that BTBTAI treatment is effective not only for the
mixed cation-based perovskite but also for the FAPbl;-based
perovskite.

However, PSC performance decreased when BTBTAI
treatment was applied to inverted PSCs with the architecture of
glass substrate/ITO/NiO,/Me-
4PACz/Csp.05FAg sMAg 15Pbl 55Brg 75 perovskite/Cgo/BCP/Ag (Fig.
6h and Table S7 T ). The electron transport energy level of
BTBTAI is estimated at —2.09 eV by adding the absorption onset
of 3.40 eV (Fig. 3l) to the hole transport energy level of -5.49 eV
(Fig. 4c). This energy level significantly lies above those of the
perovskite (-3.67 eV) and Cg (-4.35 eV),*® indicating that
electron extraction through BTBTAI is inefficient, resulting in the
reduced PSC performance. This highlights the importance of
appropriately selecting defect passivation molecules based on
the specific device architecture.

improves device

Conclusions

This study investigates how solubility in organic solvents, hole
transport energy levels, and the radical-cation stability of four
surface treatment molecules with varying m-conjugation lengths
(PEAI, NMAI, AMAI, and BTBTAI) influence defect passivation,
hole extraction, and their combined effects on the PCE and
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operational durability of PSCs. These molecules anchor to the
perovskite surface through ammonium iodide groups, thus
passivating defects. Our results show that increasing the -
conjugation length—from PEAI to NMAI, AMAI, and BTBTAI—
enhances overall device performance. Surface treatment
molecules with longer m-conjugation lengths exhibit lower
solubility in organic solvents and enhanced intermolecular n—mn
stacking, limiting desorption from perovskite surfaces during
spiro-OMeTAD HTL spin-coating and enabling more effective
defect passivation. Additionally, surface treatment molecules
with extended m-conjugation display shallower hole transport
energy levels, reducing energy-level mismatches at interfaces
and facilitating hole extraction, thereby boosting PCE. The
radical-cation stability of surface treatment molecules is likely
related to PSC operational durability, with longer nt-conjugation
molecules providing enhanced radical-cation stability and
device durability. Among the materials tested, BTBTAI, with the
most extended m-conjugation, demonstrates the best PSC
performance by preventing molecular desorption, minimizing
energy-level mismatches, and ensuring high radical-cation
stability. Consequently, BTBTAI treatment raises the initial PCE
from 22.7% to 24.6% and improves efficiency retention from
61% to 85% after 1,000 hours of continuous illumination at 25
°C in FAPbls-based PSCs. Although many studies report on
defect passivation in PSCs, limited attention has been paid to
solvent-induced desorption and radical-cation stability of
surface treatment molecules. Thus, the findings of this study
provide valuable insights into defect passivation and hole
extraction, offering guidance for the design of future
passivation molecules and PSC architectures. It is known that
defect passivation ability varies with factors such as the
introduction of functional substituents into the m-conjugated
backbone, the position of the amino group, and the length of
the carbon chain linking the amino group to the m-conjugated
backbone.?648:9597 These aspects have not yet been examined,
and investigating them for BTBTAI, which performed best in this
study, is part of our future plans.
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