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The molecular engineering of organic hole-transporting materials (HTMs) plays a crucial role in enhancing
both the performance and stability of perovskite solar cells (PSCs). In this study, we investigated the impact
of fluorine (F) substitution at different positions (ortho or meta) on the triarylamine donor unit connected to
a benzo(1,2-b:4,5-b’|dithiophene (BDT) core. Four donor—rn—donor type HTMs were designed and synthe-
sized: BDT-NoF [4,4'-(benzoll,2-b:4,5-b’ldithiophene-2,6-diyl)bis(N,N-bis(4-methoxyphenyl)aniline)], BDT-
mF  [4,4'-(benzo(l,2-b:4,5-b’|dithiophene-2,6-diyl)bis(2-fluoro-N,N-bis(4-methoxyphenyl)aniline)l, BDT-OF
[4,4'-(benzo(1,2-b:4,5-b’]dithiophene-2,6-diyl)bis(3-fluoro-N,N-bis(4-methoxyphenyl)aniline)], and BDT-OF-
Flu [N,N'-(benzoll,2-b:4,5-b’]dithiophene-2,6-diylbis(2-fluoro-4,1-phenylene))bis(N- (4-methoxyphenyl)-9,9-
dimethyl-9H-fluoren-2-amine)]. The chemical structures, optical and electrochemical properties, film
morphologies, and device performances of these HTMs were thoroughly characterized. The positional
variation of the fluorine substituents induced distinct intramolecular noncovalent interactions that influenced
the optoelectronic behavior and charge-transport properties. Devices employing BDT-NoF, BDT-mF, BDT-
OF and BDT-OF-Flu achieved average power conversion efficiencies (PCEs) of 14.9%, 12.4%, 16.7%, and
8.0%, respectively. Notably, BDT-OF exhibited the highest power conversion efficiency (16.7%), among the
series, due to favorable packing characteristics, promoting pinhole-free film formation and efficient charge
extraction. These findings indicate that position of fluorine substitution and the choice of terminal aryl group
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DOI: 10.1039/d5cp04078g significantly affect the energy-level alignment, molecular packing, and interfacial contact with the perovskite
layer. This study provides valuable insights into the rational molecular design of HTMs, emphasizing the

rsc.li/pccp importance of fluorine positioning and structural engineering for optimizing PSC efficiency and stability.

1 Introduction

Over the past decade, perovskite solar cells (PSCs) have
emerged as one of the most promising photovoltaic technolo-
gies, demonstrating remarkable progress in power conversion
efficiency (PCE) that rivals crystalline silicon solar cells. The
PCE of PSCs has increased from 3.8% in 2009 to 27% for single-
junction devices and 34.9% for perovskite/silicon tandem
configurations." PSCs offer numerous advantages, including
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facile solution-based fabrication processes, low production
costs, tunable optoelectronic properties, and high defect
tolerance. However, despite these impressive efficiency gains,
the long-term operational stability of PSCs remains a critical
obstacle to their widespread commercialization, particularly
in outdoor environments.” Various extrinsic factors—such
as exposure to ultraviolet (UV) light, moisture, oxygen, and
elevated temperatures—lead to device degradation.’ To over-
come these challenges without compromising device perfor-
mance, considerable efforts have been devoted to strategies
such as device architecture optimization, interface engineering,
and the development of advanced hole-transporting materials
(HTMs).*® Among these, HTMs play a pivotal role in PSCs by
enabling efficient hole extraction from the perovskite layer to
the metal electrode, improving interfacial contact, and provid-
ing favorable energy-level alignment. Furthermore, HTMs can
function as protective layers, shielding the perovskite film from
ambient oxygen and moisture, thereby enhancing overall device
stability.*™
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From last decade, detailed investigations on HTMs, including
small organic compounds, inorganic compounds,'® polymeric
materials,">'* and metal-organic compounds,™ have been exten-
sively reported. The key design strategies for effective HTMs
include the following: (i) a donor-acceptor (D-A) structure typi-
cally exhibits a large dipole moment and strong intramolecular
charge-transfer (CT) characteristics. These properties enhance
intermolecular interactions and facilitate both charge separation
and hole transport. (ii) A planar n-conjugated system is preferred
for high charge-carrier mobility, as it tends to form ordered
molecular packing, thereby enhancing intermolecular n-n
interactions. This close packing not only promotes efficient
hole transport but also suppresses ionic interdiffusion and
improves photostability in planar HTM-based devices. (iii) HTMs
contain functional groups with lone pair electrons, which act as
defect (especially undercoordinated Pb*") passivation on top of
the perovskite through Lewis acid-base interaction. These func-
tional groups inhibit ion migration, resulting in more efficient
charge extraction and transfer at interfaces with reduced inter-
facial recombination losses. This represents a crucial strategy
for enhancing PSC performance. Therefore, the incorporation
of electron-rich functional groups or aromatic units, structural
optimization (e.g., energy level tuning), and precise control of
molecular packing and intermolecular interactions are highly
desirable for the development of high-performance HTMs.*®

Recently, noncovalent conformational locks have been suc-
cessfully employed to design and synthesize highly planar
D-n-D conjugated organic HTMs.'*>* These HTMs, owing to
their high hole mobility and ability to form smooth and uni-
form films, contribute to improved PCE and exhibit excellent
thermal stability. Fluorine (F) substitution in organic HTMs is
known to induce strong intermolecular noncovalent interac-
tions and enhance moisture resistance, particularly in conven-
tional (n-i-p) device architectures. Additionally, F substitution
serves as an effective strategy for tuning optoelectronic properties
and molecular planarity through noncovalent interactions such as
F---H and F---S with neighboring thiophene units. These inter-
actions reduce the dihedral angle (0), thereby improving crystal-
linity, charge transport, and the film-forming properties of the
HTMs. Furthermore, fluorinated HTMs exhibit higher polariza-
tion and a reduced coulombic potential between holes and
electrons. The incorporation of F substituents into 4-methoxy-
N-(4-methoxyphenyl)-N-phenylaniline (MeOTPA)-based HTMs
has been widely adopted to enhance photovoltaic performance
and improve the environmental stability of PSCs.**>?

The energy levels, molecular packing, hole mobility, and other
key properties of HTMs can be effectively tuned by modifying the
terminal aromatic units. Recently, various conjugated moieties
and structural analogues of 2,2,7,7'-tetrakis-(N,N-di-4-methoxy-
phenylamino)-9,9’-spirobifluorene (spiro-OMeTAD) or other
spiro-type HTMs have been reported. For example, ]J. Manit
et al. developed a spiro[fluorene-9,9’-xanthene] (SFX) core with
carbazole motifs as peripheral substituents (XC2-M), achieving
a PCE of 11.4%.>* Similarly, D. Zhang et al. reported SFX-based
HTMs with end-capped =m-conjugated anthracene (X87) and
phenanthrene (X84) units; the X87-based PSCs achieved a high
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PCE of 24.07% along with exceptional long-term operational
stability.>® Z. Zhang et al. further explored halogen-substituted
SFX-type HTMs, such as mF-SFXDA and mCI-SFXDA, which
exhibited PCEs of 21.83% and 22.14%, respectively.'” These
improvements are attributed to the isotropic coordination
capability of the halogen atoms with Pb*" at the perovskite
surface. In another approach, modifications were made to the
spiro-OMeTAD structure by replacing one of its methoxyphenyl
terminal groups. M. Jeong et al. introduced fluorine atoms into
the spiro-OMeTAD framework, yielding two fluorinated iso-
mers, spiro-mF and spiro-oF. The strong electron-withdrawing
nature of fluorine induced deeper HOMO levels and altered the
dihedral angles, resulting in enhanced device performance.
Devices incorporating spiro-mF and spiro-oF achieved PCEs
of 24.64% and 22.31%, respectively.'® Similarly, X. Liu et al.
developed spiro-mCl by introducing a chlorine atom, achieving
the highest reported PCE of 25.26% among spiro derivatives.”®
X. Zhang et al. substituted a phenyl methylthio group into
spiro-OMeTAD, creating spiro-SMeTAD and spiro-OSMeTAD.
They found that the HTM with mixed terminal groups—half
methoxy and half methylsulfanyl (spiro-OSMeTAD)—exhibited
superior device performance and reduced hysteresis compared
to the all-methoxy (spiro-OMeTAD) and all-methylsulfanyl
(spiro-SMeTAD) analogues. This improvement was attributed
to better film-forming properties and more efficient hole
extraction.”” N. J. Jeon and co-workers developed a spiro-type
HTM (DM) by replacing one methoxyphenyl group with a 9,9’-
dimethylfluorene moiety. Although DM-based devices showed a
slightly lower PCE of 22.91% compared to spiro-OMeTAD
(23.05%), they demonstrated improved stability.>® Z. Deng
and co-workers also modified the spiro-OMeTAD structure by
substituting one 4-methoxyphenyl group with N-ethylcarbazole
or dibenzothiophene, creating HTMs named SC and ST, respec-
tively. SC exhibited good solubility and amorphous nature due
to the presence of an internal ethyl chain, which helped
suppress unfavorable phase separation. As a result, SC-based
devices achieved a PCE of 21.76%, outperforming spiro-
OMeTAD-based devices (20.73%).>° Despite these develop-
ments, doped spiro-OMeTAD remains the most widely used
HTM for high-efficiency n-i-p structured PSCs. However, it
suffers from several inherent limitations. Its complex synthesis
and purification steps and high production cost hinder large-
scale commercialization. Furthermore, the spiro configuration
leads to weak intermolecular interactions, resulting in thick
HTM layers with low intrinsic hole mobility and poor thermal
stability. To address these challenges, extensive research has
been directed toward developing cost-effective HTMs with
improved intrinsic hole mobility and stronger intermolecular
interactions.

In this work, we investigated the effect of ortho- and meta-
fluorine (F) substitutions on triarylamine donor units within
donor-t-donor (D-n-D) structured HTMs, and systematically
examined their influence on PSC performance. An electron-rich
fused heterocyclic unit, benzo[1,2-b:4,5-b']dithiophene (BDT),
was employed as the central n-bridge in the HTM design due
to its high hole mobility, multiple functionalization sites, and
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Fig. 1 (a) Recent developments in small-molecule HTMs with diverse terminal groups employed in n—i—p structured PSCs. (b) Chemical structures of

the HTMs reported in this work.

excellent defect passivation properties.** > Four HTMs—BDT-
NoF, BDT-mF, BDT-OF, and BDT-OF-Flu—were synthesized by
systematically modifying the donor moiety with or without
F substitution (see Fig. 1(b)). Compared to BDT-NoF, the
F-containing HTMs (BDT-mF, BDT-OF, and BDT-OF-Flu) exhi-
bit deeper HOMO energy levels, attributed to the electron-
withdrawing nature of the F atom. Furthermore, the introduc-
tion of F atoms induces multiple intra- and intermolecular
interactions, including F- - -S and F- - -H (C-H/n) contacts, which
enhance molecular planarity, facilitate intramolecular charge
delocalization, and influence n-rn stacking. Notably, the meta-F-
substituted HTM (BDT-mF) exhibits a larger dihedral angle
than its ortho-F analogues (BDT-OF and BDT-OF-Flu), leading
to looser molecular packing. By contrast, BDT-OF and BDT-OF-
Flu films are likely to display more compact n-n stacking than
those based on BDT-NoF and BDT-mF. The corresponding PSCs
fabricated with BDT-NoF, BDT-mF, BDT-OF, and BDT-OF-Flu
achieved average PCEs of 14.9%, 12.4%, 16.7%, and 8.0%,
respectively. These results indicate that structural optimization
through terminal group modification or fluorine substitution
at different positions of the triarylamine unit can markedly
influence film formation, charge transport, and electron delo-
calization, thereby enhancing device performance.

2074 | Phys. Chem. Chem. Phys., 2026, 28, 2072-2080

2 Results and discussion

The synthetic routes of the HTMs are illustrated in Fig. S1, with
detailed procedures provided in the SI. All intermediates,
including 4-bromo-3-fluoro-N,N-bis(4-methoxyphenyl)aniline,
4-bromo-2-fluoro-N,N-bis(4-methoxyphenyl)aniline, and N-(2-
fluorophenyl)-N-(4-methoxyphenyl)-9,9-dimethyl-9H-fluoren-2-
amine, were synthesized via the Buchwald-Hartwig amination
method. The target HTMs were subsequently prepared through
palladium-catalyzed Suzuki-Miyaura coupling reactions using
tetrakis(triphenylphosphine)palladium(0) (Pd(PPh;),) as the
catalyst. The chemical structures of all synthesized HTMs were
thoroughly characterized by proton nuclear magnetic reso-
nance spectroscopy (‘H NMR), carbon-13 nuclear magnetic
resonance spectroscopy ("°C NMR), and matrix-assisted laser
desorption/ionization time-of-flight/time-of-flight mass spec-
trometry (MALDI-TOF/TOF), as detailed in the SI (Fig. S1-S25).

The UV-Vis absorption spectra of HTMs were recorded in
chloroform to evaluate their photophysical properties, with the
corresponding data summarized in Table 1. All HTMs exhibit
two absorption bands in the range of 250-350 and 350-500 nm,
which can be attributed to the m-n* transition and intra-
molecular charge transfer (ICT), respectively. The strong ICT
absorption observed between 350-500 nm arises from charge

This journal is © the Owner Societies 2026
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Table 1 Optical and electronic properties of the HTMs
Absorption maximum (nm) . e Energy levels (eV)
. . b €max,solution ;honset mn Egp d

HTM Solution® Film' M em™) film (nm) (eV) HOMO' LUMO®
BDT-NoF 410 416 16 000 480 2.58 —5.28 —2.70
BDT-mF 412 420 17 500 482 2.57 —5.39 —2.82
BDT-OF 405 410 19100 470 2.63 —5.40 —2.77
BDT-OF-Flu 412 414 28400 475 2.61 —5.47 —2.86

“ Absorption spectra measured in chloroform. ? Thin films fabricated by
obtained from Egpt = 1240/2onser. © The HOMO level estimated form CV.

transfer between the terminal triarylamine units and the cen-
tral m-conjugated BDT core. Compared to their solution-state
spectra, the absorption peaks in the thin films are partially red-
shifted, indicating enhanced n—r interactions in the solid state.
As shown in Fig. 2(a) and (b), the main absorption peaks (Zmax)
in solution/film for the undoped BDT-NoF, BDT-mF, BDT-OF,
and BDT-OF-Flu HTMs are observed at 410/416, 412/420,
405/410, and 412/414 nm, respectively. Notably, BDT-OF and
BDT-OF-Flu (fluorene substitution) exhibit smaller red shifts
upon film formation than BDT-NoF and BDT-mF, suggesting
that the ortho-F substitution promotes stronger intramolecular
and intermolecular n-= interactions through favorable F- - -S or
F---H (C-H/m) interactions with neighboring BDT cores.
In particular, BDT-OF-Flu exhibits only a 2 nm red shift, likely
attributable to the terminal fluorene units, which may promote
more compact molecular packing in the solid state (as con-
firmed by scanning electron microscopy (SEM) images). The
absorption onsets (Zonser) Of the undoped thin films for BDT-
NoF, BDT-mF, BDT-OF, and BDT-OF-Flu are 480, 482, 470, and
475 nm, respectively, corresponding to optical bandgaps (Eg™)
of 2.58, 2.57, 2.63, and 2.61 eV, calculated using the empirical

(@)

T
e

spin-coating from solutions with 60 mg mL™". ¢ The optical bandgap was
¢ The LUMO level estimated with Eyomo — Eg''.

relation Egpt = 1240//onset- All relevant photophysical data are
summarized in Table 1.

Moreover, the corresponding highest occupied molecular
orbital (HOMO) energy levels of the HTMs were determined
from the cyclic voltammetry (CV) measurements, as shown in
Fig. 2(c) and summarized in Table 1. The HOMO levels were
calculated to be —5.28, —5.39, —5.40, and —5.47 eV for BDT-
NoF, BDT-mF, BDT-OF, and BDT-OF-Flu HTMs, respectively.
These values are in close agreement with the valence band
maximum of the triple-cation perovskite Csg os5(FAo.g5-
MAy 15)0.05Pb(Io.85BTo.15)3 used later for the PSC fabrication
(—5.43 eV), enabling favorable hole extraction from the perovs-
kite to the HTMs, except in the case of BDT-OF-Flu, which
shows a slightly deeper HOMO level at —5.47 eV.?* The lowest
unoccupied molecular orbital (LUMO) energy levels of
the HTMs were then estimated using the empirical formula
LUMO = HOMO — Eg™. Accordingly, the LUMO levels of BDT-
NoF, BDT-mF, BDT-OF, and BDT-OF-Flu were estimated to be
—2.70 eV, —2.82 eV, —2.77 eV, and —2.86 eV, respectively
(see Fig. 2(d)). These LUMO values are significantly shallower
than the conduction band minimum (CBM) of the perovskite

(c)
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Fig. 2

(a) Normalized UV-Vis absorption spectra of the HTMs in chloroform solution. (b) Normalized UV-Vis absorption spectra of HTM thin films. (c) CV

results of HTMs recorded in DCM. (d) Schematic energy-level diagram of PSCs incorporating the undoped HTMs.
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(—3.93 eV), effectively preventing undesirable electron back-
transfer from the HTM to the perovskite.

Subsequently, density functional theory (DFT) calculations
were performed using the B3LYP/6-31G(d,p) basis set to provide
insights into the molecular geometries, frontier molecular
orbital (FMO) energy levels, and dipole moments of the four
HTMs. As shown in Fig. 3, all HTMs exhibit planar conforma-
tions. Notably, the insertion of ortho F atoms on the triaryla-
mine core leads to decreased dihedral angles. Consequently,
BDT-OF and BDT-OF-Flu promote greater backbone coplanar-
ity, which should be beneficial for ICT from the donor to the n-
linker. Moreover, as illustrated in Fig. 3, the HOMOs of BDT-
NoF, BDT-mF, and BDT-OF are delocalized across the entire
molecule, spanning from the central n-core to the triphenyla-
mine moieties. In contrast, the HOMO of BDT-OF-Flu is not
distributed over the terminal fluorene unit, which may hinder
efficient charge transport from the terminal group to the n-core
(as evidenced by the device results). In all HTMs, the LUMOs
are mainly localized on the central BDT bridge. The HOMO and
LUMO energy levels estimated by DFT for BDT-NoF, BDT-mF,
BDT-OF, and BDT-OF-Flu are —4.26/—1.32, —4.38/—1.50, —4.33/
—1.34, and —4.34/—1.40 eV, respectively (Fig. 3). Additionally,
among the investigated molecules, BDT-OF-Flu (u = 0.283 D)
exhibits a significantly higher dipole moment than BDT-NoF
(1= 0.020 D), BDT-mF (u = 0.069 D), and BDT-OF (u = 0.011 D).

The surface morphology of HTM layers plays a critical role in
determining the photovoltaic performance of PSCs. To examine
the surface morphology, scanning electron microscopy (SEM)
was conducted on chemically doped HTM layers deposited atop
the triple-cation perovskite layer (Fig. 4). The incorporation of
the BDT linker into the triarylamine core effectively suppresses
film aggregation and promotes the formation of smooth films.
Such smooth films are beneficial for efficient hole extraction
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from the perovskite layer, thereby enhancing PCE. Although
BDT-NoF and BDT-mF share similar backbone architectures,
their films display limited n-n stacking and the formation of
pinholes, both of which can impede efficient charge transport
(see the electrical conductivity measurements discussed later).
In contrast, ortho-fluorine-substituted HTMs, such as BDT-OF
and BDT-OF-Flu, can engage in non-covalent interactions (F- - -S
and F---H), yielding homogeneous, pinhole-free films with
enhanced n-m stacking.>® These high-quality films minimize
charge transport losses and improve interfacial contact at the
perovskite/HTM/electrode interfaces, ultimately contributing to
improved device performance.

The PSCs were fabricated with a conventional device
configuration of glass substrate/indium tin oxide (ITO;
150 nm)/SnO, (30 nm)/Csg.5(FA¢.85MAg.15)0.05PD(Lo.85BT0.15)3
(650 nm)/HTM layer/Au (80 nm), as illustrated in Fig. 5(a),
and the corresponding photovoltaic data in average are sum-
marized in Table 2. Details of the device fabrication processes
are provided in the SI. All experimental results are summarized
in Tables S1-S5. Fig. 5(b) presents the current density-voltage
(J-V) curves of representative devices, recorded under AM 1.5G
simulated illumination at an intensity of 100 mW cm™>.
Devices incorporating BDT-OF as the HTM achieved a high
PCE of 16.7%, with a V¢ of 1.02 V, a Jsc of 23.1 mA cm ™2, and
an FF of 0.70, with reduced hysteresis (Fig. S26 and Table S6).
This enhancement is attributed due to the better alignment of
the HOMO level with the perovskite’s valence band (see
Fig. 2(d)), as well as strong n-= intermolecular interactions that
improve charge transport properties. In contrast, the structu-
rally similar BDT-OF-Flu, which incorporates terminal fluorene
groups, exhibited poor device performance, yielding a PCE of
8.05%, with a Vo of 0.87 V, a Jsc of 23.7 mA cm ™2, and an FF of
0.38. The diminished performance is likely due to the partial
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Fig. 3 DFT-optimized molecular geometries of the HTMs showing top and side views, along with the spatial distributions of the HOMO and LUMO
orbitals and their corresponding energy levels, dipole moments and dihedral angles. Calculations were performed at the B3LYP/6-31G(d,p) level.
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Fig. 5 (a) Schematic illustration of the PSC architecture incorporating HTMs. (b) Representative J-V curves of the devices measured under AM 1.5G
illumination at 100 mW cm™2. (c)—(f) Statistical distributions of photovoltaic parameters for the PSCs (average of 12 cells for each architecture).

distribution of the HOMO (see Gaussian data), which hampers HOMO level (—5.47 eV) of BDT-OF-Flu may facilitate increased
ICT from the donor to the BDT core. Furthermore, the deep charge recombination and reduced hole extraction in the PSC
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Table 2 Summary of the average values and standard deviations of Jsc,
Voc, FF, and PCE for doped HTMs in triple-cation-based PSCs

HTM Jsc (MA em™2) Voe (V) FF PCE (%)

BDT-NoF 22.6 £ 0.4 1.00 + 0.04 0.65 £ 0.02 14.9 £ 0.9

BDT-mF 23.0 £ 04 0.90 £ 0.01 0.59 £0.01 12.4 £ 0.5
BDT-OF 23.1 £ 0.2 1.02 &= 0.01 0.70 £ 0.02 16.7 £ 0.4
BDT-OF-Flu 23.7 £ 0.5 0.87 £0.03 0.38 £0.04 8.05 £ 0.8

Spiro-OMeTAD 23.2 £ 0.5 1.10 £ 0.01 0.75 £ 0.01 19.2 £ 0.3

via back electron transport.*® The introduction of meta-F on the
triphenylamine groups in BDT-mF resulted in a moderate PCE
of 12.4%, with a Vo of 0.90 V, a Jsc of 23.0 mA cm ™2, and an FF
of 0.59. In comparison, BDT-NoF, without F substitution,
achieved a higher PCE of 14.9%, with a V¢ of 1.00 V, a Jgc of
22.6 mA cm 2, and an FF of 0.65. For slandered reference,
spiro-OMeTAD based devices was evaluated and it shows PCE
of 19.2%, with a Vo of 1.10 V, a Jsc of 23.2 mA cm ™2, and an FF
of 0.75.

The lower PCE of BDT-mF might be due to weak molecular
packing and higher dihedral angle between the donor and BDT
core. These results clearly demonstrate that the position of F
and the nature of the terminal aryl group in the donor unit
effectively tune the energy levels of the HTM layer. Moreover,
optimized energy-level alighment minimizes charge-carrier
transport losses, further contributing to enhanced PCE. Com-
pared to meta-F, ortho-F substitution in the triphenylamine
donor promotes stronger molecular packing atop the perovs-
kite layer, facilitating pinhole-free, efficient charge transport.

The electrical conductivity of the HTM layer plays a crucial
role in PSCs, as it governs the efficient extraction of holes from
the perovskite layer and their subsequent transport to the metal
electrode, thereby directly influencing both the PCE and the
overall device performance. The conductivity was evaluated
using the following device configuration: glass substrate/ITO
(~100 nm)/chemically doped HTM layer/MoO; (10 nm)/Al
(~100 nm).***" The thicknesses of the HTM layers, measured
by laser microscopy, were ~199 nm (BDT-NoF), ~200 nm
(BDT-mF), ~150 nm (BDT-OF), and ~230 nm (BDT-OF-Flu).
The dark J-V curves of these devices are shown in Fig. 6(a).
For the chemically doped HTM layers, the conductivities were
2.8 x 10 S em ™ for BDT-NOF, 5.9 x 10 * S cm ™' for BDT-mF,
7.0 x 107> S cm ™! for BDT-OF, and 6.3 x 10™% S ecm™* for BDT-
OF-Flu. All samples exhibited relatively high conductivities;

(a) (b)
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Fig. 6 (a) Representative J-V curves of chemically doped HTM devices.
(b) Steady-state PL spectra of the perovskite layer with and without the
HTM, indicating hole extraction efficiency.
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however, no clear correlation with PSC performance was observed.
This discrepancy likely arises because the device characteristics
are governed not only by bulk hole transport within the HTM
layer, but also by interfacial hole extraction, which depends
strongly on energy-level alignment. However, BDT-OF demon-
strates the highest electrical conductivity along with well-aligned
energy levels, factors that likely underpin its superior device
performance.

To further investigate the hole extraction capabilities of the
BDT-based HTMs, samples with the structure of fused silica
substrate/perovskite/HTM (doped) were fabricated and ana-
lyzed using steady-state photoluminescence (PL) measure-
ments. As shown in Fig. 6(b), PL spectra were recorded for
perovskite films coated with various doped HTM layers upon
excitation at 380 nm, with all samples exhibiting an emission
peak at 775 nm. A significant quenching of the PL signal
was observed upon HTM layer deposition, indicating efficient
hole extraction at the perovskite/HTM layer interface. The PL
quenching efficiency, reflected by the decrease in PL intensity,
followed the trend: BDT-OF-Flu (76.9%) < BDT-NoOF (81.7%) <
BDT-mF (84.5%) < BDT-OF (97.1%). Except for BDT-OF, the
use of other HTMs resulted in weaker PL quenching, suggesting
less efficient hole extraction at the perovskite/HTM interface.
Notably, the extent of PL quenching correlates not only with the
energy-level alignment of the HTMs but also with their intrinsic
bulk hole-transport properties, closely mirroring the observed
trends in solar cell performance.

PSCs employing spiro-OMeTAD, BDT-NoF, and BDT-OF as
HTM layers exhibited a very rapid photoresponse; the PCE
reached its maximum value within a few seconds of light
illumination. These devices also showed well-behaved incident
photon-to-current efficiency (IPCE) spectra, predominantly con-
fined to wavelengths below 800 nm (Fig. S27).

Finally, the thermal properties of the BDT-NoF and BDT-OF
HTMs were evaluated using thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC), as shown in
Fig. S28. In general, TGA curves reveal weight loss arising from
thermal events such as volatilization, decomposition, or phase
transitions. BDT-NoF and BDT-OF exhibit decomposition tem-
peratures of 371 °C and 392 °C, respectively, demonstrating
their high thermal stability. Such robust thermal resilience is
advantageous for PSC applications.

3 Conclusion

In conclusion, we successfully synthesized four D-n-D struc-
tured HTMs—BDT-NoF, BDT-mF, BDT-OF, and BDT-OF-Flu—by
systematically tailoring the donor units to modulate their optical
and electrochemical properties. This study presents a rational
molecular design strategy to enhance HTM performance in PSCs
through targeted structural modifications. Amid the rapid devel-
opment of numerous functional organic materials for PSC
applications,**™** these results offer meaningful guidance for
future material design. Among these, BDT-OF, incorporating
ortho-fluorine substitution, exhibited well-aligned energy levels,
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enhanced interfacial interactions with the perovskite layer, and
superior film morphology. As a result, PSCs based on BDT-OF
delivered a PCE of 16.3%, surpassing those based on BDT-mF
(12.0%), BDT-OF-Flu (8.05%), and BDT-NoF (14.1%). These
results iindicate the critical role of fluorine substitution position
and terminal aryl group modification in fine-tuning HTM energy
levels and morphology. Moreover, optimized energy alignment
mitigates charge-transport losses, thereby contributing to higher
PCE. In particular, ortho-fluorine substitution on the triphenyl-
amine donor facilitates favorable molecular packing atop the
perovskite layer, yielding pinhole-free films and efficient charge
transport.
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