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Micro-Changes, Macro-Impact: Enhancing Hole Transfer by
Tailoring Peripheral Substituents of Hole Transport Materials for
Efficient Perovskite Solar Cells

Ziyang Xia,*? Xuezhen Feng,° Cheng Chen,*? Bin Cai,? Lingin Wang,? Mengde Zhai,” Xue Lou,¢ Sang
Il Seok,** Ming Cheng*?

Optimizing the hole transfer at the perovskite/hole transport layer (HTL) interface remains critical for enhancing the
efficiency and stability of perovskite solar cells (PSCs). Herein, we design a series of small-molecule-based hole transport
materials (HTMs) via systematic tuning of peripheral functional group positions, aiming to enhance heterogeneous
interfacial charge transfer at the perovskite/HTL interface. Among them, HTM 9,9'-([1,1'-biphenyl]-4,4'-diyl)bis(N3,Né-bis(7-
methoxy-9,9-dimethyl-9H-fluoren-2-yl)-N3,N6-bis(4-(methylthio)phenyl)-9H-carbazole-3,6-diamine) (OPSF) exhibits superior
intrinsic properties and adopts a well-aligned planar adsorption configuration on the perovskite surface, thereby facilitating
efficient hole extraction and transport. Accordingly, OPSF-based devices achieve power conversion efficiencies (PCEs) of
25.61% (0.055 cm?) and 24.39% (1.0 cm?), highlighting OPSF as a promising HTM candidate for PSC applications. This work
not only offers alternative strategies for efficient HTMs but also provides new insights into the interfacial engineering of the

hole transfer process in PSCs.

Introduction

Perovskite solar cells (PSCs) have emerged as a leading
next-generation photovoltaic technology, with certified power
conversion efficiencies (PCEs) exceeding 27%, driven by
advances in perovskite crystallization and interface
engineering.l” Despite these milestones, the commercialization
of PSCs remains an unsolved challenge in interfacial
understanding and device stability,®i.e., the inefficient charge
extraction and transport at the perovskite/hole transport layer
(HTL) interfaces.1112 Recent researches have demonstrated that
the development of new HTMs with rationally designed
molecular m-conjugated backbones and functionalized side
chains can significantly enhance interfacial charge extraction
and transport dynamics.’315 Nevertheless, the intricate
relationship between molecular structure and device
performance, especially the role of terminal-group and
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molecular-scale tunnel for interfacial charge transfer, remains
inadequately understood.

9,9'-[1,1'-biphenyl]-4,4'-diylbis-9H-Carbazole (CBP), with a
rigid m-conjugated backbone, is one of the most widely used
HTMs in organic light-emitting diodes due to its high hole
mobility.'® 17 However, its application in PSCs is restricted by its
overly deep highest occupied molecular orbital (HOMO) energy
level and suboptimal interface contact. To address these
limitations, targeted molecular engineering of CBP is crucial.
Electron-donating groups such as methoxy (—OCHs) and
methylthio (-SCHs) are particularly effective in modulating
material properties, including the energy levels, molecular
stacking behavior, and interfacial interaction with perovskite,
by altering molecular polarity and spatial conformation.181° For
instance, the strong electron-donating nature of —OCH; groups
can raise the HOMO energy level of HTMs, thereby improving
the hole transport driving force and interfacial charge
extraction efficiency.? 21 In contrast, the —SCHsz group, with
larger atomic radius and polarity, can increase possibility for the
intermolecular interactions, thus enhances hole mobility.2% 23
Additionally, the sulfur atom in —SCHs group exhibits enhanced
Lewis basicity, facilitating stronger coupling with the perovskite
film, further optimizing its orientation above the perovskite
surface.?4 2>

Based on these design principles, we developed a series of
CBP-based HTMs, named as OP, SP, OFSP, and OPSF (Figure 1a),
by tuning the substitution positions of —-OCH3; and —SCHs groups
on the peripheral donor. These HTMs adopt a D-m-D
architecture with CBP as the core building block and (N-(4-
methoxyphenyl)-9,9-dimethyl-9H-fluoren-2-amine) (FNP)
serving as the donor (D) unit. We systematically investigated the
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impacts of individual (—-OCHs or -SCHs;) and combined
substituting  groups on their physicochemical and

optoelectronic properties. It reveals that mixed (—OCHs/—SCHjs)
combination, particularly with —SCH; positioned on the more
strongly m-conjugated unit (OPSF), significantly enhances

Journal Name

charge transport efficiency in the HTL. Furtheymore,.@RSE
exhibits optimal orientation on perovskit@Sliffaces ahbadnagre
favorable energy-level alignment, facilitating efficient
interfacial charge extraction. With the above superior features,
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Figure 1. a) Molecular design and structure of OP, SP, OFSP and OPSF; b) UV-vis absorption spectra of different HTMs in dilute CH,Cl, solution; c) UPS spectra of
different HTMs in a solid thin film; d) Energy levels for PSCs with OP, SP, OFSP and OPSF HTL; e) XPS spectra (Pb 4f) of pristine perovskite film and perovskite films
coated with different HTMs; f) Binding energy of the perovskite/HTM extracted from the XPS spectra and the adsorption structures based on theoretical calculations;
g) Calculated charge-density displacement profiles along the vertical direction to the perovskite surface; Total charge-density difference of h) perovskite/OP, i)
perovskite/SP, j) perovskite/OFSP and k) perovskite/OPSF adsorption structures.
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the OPSF-based device enables remarkable power conversion
efficiencies (PCEs) of 25.61% (0.055 cm?) and 24.39% (1.0 cm?).

Results and Discussion

The detailed synthesis routes and the characterization of
corresponding materials are shown in the Supporting
Information (see Scheme S1 and Figures S1-S17). The
tetrabromide of CBP was used as the starting material, and the
peripheral donor groups with different substituents were then
introduced via Buchwald—Hartwig coupling reaction according
to the previously reported porcedure.?®

The charge extraction efficiency at perovskite/HTL
interfaces plays a pivotal role in the overall charge transfer
dynamics in PSCs, dominated by the interfacial energy level
alignment and molecular dipole impact.?”> 22 The UV-vis
absorption spectra are illustrated in Figure 1b, with optical band
gaps (Eg) of OP, SP, OFSP, and OPSF calculated to be 3.08, 3.12,
3.14 and 3.02 eV, respectively. Moreover, as shown in Figure
S18 and Table S1, based on cyclic voltammetry (CV)
measurements and the above E;, HOMO and the lowest

ARTICLE

unoccupied molecular orbital (LUMO) energy levejs.far QP SP,
OFSP, and OPSF were determined toDbé 105058/26088181A
-5.29/-2.17 eV, -5.18/-2.04 eV and -5.20/-2.18 eV,
respectively. Ultraviolet photoelectron spectroscopy (UPS)
measurements reveal the HOMO energy levels for OP, SP, OFSP,
and OPSF to be -5.03, -5.28, -5.10, and -5.16 eV in the film
state, respectively, indicating a consistent trend in those
HOMOs obtained in solution and on the film (Figure 1c and 1d).
Moreover, those experimental results also align with the
density functional theory (DFT) calculation. The variation in
HOMO energy levels is primarily attributed to the different
electron-donating capability of the —OCH3 group and —SCH;
group. Frontier molecular orbitals analysis (Figure S19)
indicates that the LUMO levels for OP, SP, OFSP, and OPSF are
mainly delocalized on the biphenyl units. The HOMO levels for
OP, SP, and OPSF are predominantly localized on the carbazole
and peripheral donor units on both sides, while they are only
localized on one side for OFSP.

The electrostatic surface potential (ESP) shows that the
negative charge (red) is mainly located on the —-OCHsz and —SCH3
groups. These groups can interact with perovskite crystals
through Lewis-base properties (see Figure $S20). The observed
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Figure 2. a) HOMO and HOMO-1 of the dimer structure of the different HTMs, Dimer structure was obtained from the MD simulation results; b) Hole
transfer integral and hole recombination energy of the different HTMs; c) Statistics of hole mobility based on different HTMs; d) Statistics of hole-

conductivity based on the different HTMs.
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changes in binding energy in the Pb 4f and S 2p peaks of the XPS
spectra prove this (see Figure 1e and S21). This interaction will
help charge transfer at the perovskite/HTL interfaces. As shown
in Figure 1f and S22, based on density functional theory (DFT)
calculations, when the studied HTMs are adsorbed on a Pbl,-
terminal perovskite surface, the corresponding adsorption
energies (Eqqs) of OP, SP, OFSP, and OPSF on the perovskite
interface were calculated to be -7.13, -7.69, —-6.26 and -8.42
eV, which indicate that the —SCH; group binds more strongly to
the perovskite than the —OCH; group. Meanwhile, when both
groups are present synergistically, the enhanced interfacial
binding has been found when the —SCH; group is positioned on
the fluorene unit. This results from the fluorene unit's stronger
conjugation and its external positioning, which reduces the S-S
deficit force, thus facilitating the formation of a closer

Journal Name

adsorption on the perovskite surface (see Figures $22 and.$23).
As displayed in Figures 1g-1k, the charge di3pladeMé&ntSprsiées
at the perovskite/HTL interfaces, together with the total
electron density difference, show the interfacial perpendicular
charge transfer. Additionally, OPSF/perovskite structure has a
stronger and more uniform electron cloud distribution, which
facilitates the efficient interfacial extraction and transfer of
photogenerated charge carriers from the perovskite interface.
On the other hand, the charge transfer process in PSCs is
constrained by the charge transport dynamics within the HTL.
These charge transport dynamics are mainly influenced by
intermolecular stacking behavior and interactions.?®> 30 As
shown in Figures 2a and 2b, the introduction of the —SCHs group
on the benzene unit results in lower hole transfer integrals and
higher hole recombination energies compared to the —OCH3;
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Figure 3. c-AFM images of the perovskite films covered with a) OP, b) SP, c) OFSP, and d) OPSF; e) Statistical plot of the corresponding surface current
signal measured by c-AFM; f) Steady-state PL spectra and g) TRPL spectra of the perovskite films covered with different HTLs; PL intensity maps of h)

PVSK/OP, i) PVSK/SP, j) PVSK/OFSP, and k) PVSK/OPSF.
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Figure 4. a) Device architecture of the PSCs; b) Cross sectional SEM image of the PSC with OPSF as the HTL; c) The champion J-V curve and d) Statistical plot of
PCEs of small area (0.055 cm?) PSCs; e) Steady-state power output of the PSCs with different HTLs under MPP conditions; f) IPCE spectra of the PSCs with
different HTLs; g) The champion J-V curve and h) Statistical plot of PCEs of large area (1 cm?) PSCs; i) The PCE statistics of PSCs with 1 cm? active areas prepared
by using n-i-p structure; j) Long-term stability of devices with different HTLs (stored in the ambient conditions with relative humidity of 40 £ 5%); k) Normalized
PCEs stability of corresponding champion devices under MPP tracking and constant illumination.

group on the benzene unit. Statistical data obtained from the —OCHs group on the benzene unit (OP = 5.63 + 0.85 x 10
single-hole devices using the space-charge-limited current cm?V's™, OPSF =7.61+ 1.23 x 10*cm?V™'s™) is approximately
(SCLC) method (see Figure 2c) show that the hole mobility of 2 to 4 times higher than that of the —SCHs group on the benzene
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Table 1. The parameters of the champion PSCs based on the studied HTMs.
i 2 .cm-2 o 0, 3 it Online
HTL Active area (cm?) Voc (V) Jse (mA-cm™2) FF (%) PCE (%) oL 10.10%%8%812%
0.055 1.13 25.11 79.90 22.67
oP 10.06
1.00 1.13 24.6 73.35 20.39
0.055 1.15 23.34 80.11 21.50
SP 19.07
1.00 1.16 23.12 64.72 17.40
0.055 1.17 24.18 82.01 23.20
OFSP 11.77
1.00 1.17 23.20 75.29 20.47
0.055 1.19 25.44 84.60 25.61
OPSF 4.76
1.00 1.20 24.96 81.45 24.39
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Figure 5. a) 2D pseudo-color fs-TA plot of the perovskite samples with different HTLs; b) Normalized fs-TA kinetic profiles of these samples (perovskite
GSB); ¢) Nyquist plots of the PSCs based on different HTLs; Light-intensity dependence of d) Jsc and e) Voc; f) Schematic of the FF loss of the PSCs based
on different HTLs.

unit (SP=1.88+0.77 x 104 cm?V~'s™"; OFSP = 2.68 £ 0.52 x 10* the HTMs, whereas a significant enhancement is only achieved
cm?V~'s™"). Hole conductivity measurements suggested that the by incorporating —SCHs groups into the fluorene unit (see Figure
introduction of —SCH3 groups can enhance the conductivity of 2d). Conductive atomic force microscopy (c-AFM)
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measurements further support this conclusion, demonstrating
that the OPSF film exhibits higher and more uniform average
surface current signals (see Figure 3a-3e).

The steady-state photoluminescence (PL) and time-
resolved PL (TRPL) were further used to investigate the charge
transfer dynamics at the perovskite/HTL interface. As depicted
in Figure 3f, the PL emission of the perovskite film, centered
around 810 nm, is significantly quenched in the presence of HTL.
The PL quenching represents the charge carrier extraction
ability of the HTM from the excited perovskite. Steady state PL
intensity of the perovskite films covered with OP, SP, OFSP, and
OPSF was quenched by 96.68%, 93.48%, 94.80% and 97.81%,
respectively, compared with the pristine perovskite film. The
TRPL decay curves (see Figure 3g) were fitted with a
biexponential equation f(t)=Aexp(-t/t1)+Azexp(-t1/12), providing
the fast (t1) and slow (t2) radiative lifetimes of the samples (see
Table S12). The fast radiative lifetimes (t1), which are associated
with hole extraction from photoexcited perovskite to the
valence band of the hole transport material (HTM), are
estimated to be 211.3 ns, 52.2 ns, 32.1 ns, 33.0 ns, and 31.0 ns
for the pristine perovskite sample and the perovskite films
coated with OP, SP, OFSP, and OPSF, respectively. It reveals that
all HTMs can effectively extract holes from the perovskite film,
and the efficiency follows the trend: OPSF > SP > OFSP > OP,
which is related to the interfacial energy level arrangements
and interactions. Overall, collaboratively optimizing both the
interface charge extraction efficiency and charge transport
capability of HTMs is crucial for enhancing the performance of
PSCs, as delays in hole transport following extraction can result
in undesirable secondary charge recombination at the
interface/bulk. PL mapping images in Figure 3h-3k reveal a
similar trend where the perovskite films are coated with
different HTLs. Meanwhile, improved quenching homogeneity
was achieved by OPSF, indicating its more homogeneous and
faster hole hopping transport.

To evaluate the photovoltaic performance of the studied
HTMs in PSCs, a typical n-i-p configuration of FTO/c-
TiO2/Sn03/(FAPbI3)0.992(MAPbBr3)0.00s/HTL/Au electrode (see
Figure 4a) was fabricated. The cross-sectional scanning electron
microscopy (SEM) images of the optimized device configuration
are presented in Figure 4b and S26. The thicknesses of the OP,
SP, OFSP, and OPSF HTLs were estimated to be 120, 135, 120,
and 130 nm, respectively. As shown in Figure 4c and Table 1,
the resulting doped OPSF-based device, with a small active area
of 0.055 cm?, achieved a champion power conversion efficiency
(PCE) of 25.61%, along with a Voc of 1.19 V, a short-circuit
current density (Js¢) of 25.44 mA-cm~2, and a fill factor (FF) of
84.60%, which is higher than that of benchmark HTM Spiro-
OMeTAD (see Figure S27 and Table S13) and those of OP
(22.67%), SP (22.09%), and OFSP (23.20%). The statistical
distribution of photovoltaic parameters indicates good
reproducibility (see Figure 4d). The accuracy of the measured
PCEs is corroborated by the steady-state power output at the
maximum power point (MPP, as shown in Figure 4e) and the
incident photon-to-electron conversion efficiency (IPCE)
spectra (see Figure 4f). The integrated photocurrent densities
are 24.30 mA-cm~2for OP, 22.84 mA-cm~2 for SP, 23.56 mA-cm™2
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for OFSP, and 24.61 mA-cm™2 for OPSF, respectiyely, with.ap
error of less than 5% compared to the J- VR UYER VveraliSehe
improved performance of OPSF-based devices is primarily
attributed to more rapid and homogeneous hole extraction at
the HTL/perovskite heterointerface and higher hole mobility
within the OPSF HTL. To further investigate whether OPSF can
benefit large-area PSCs, we extended the active area of the
device to 1 cm? while maintaining the same perovskite
composition and device architecture; the J-V curves are shown
in Figure 4g. The resulting OPSF-based large-area PSCs exhibited
a high efficiency of 24.39% (with a Voc of 1.20 V, Jsc of 24.96
mA-cm~2, and FF of 81.45%), qualifying it as one of the best 1
cm? PSCs prepared using the n-i-p structure (see Figure 4i). As
demonstrated in Table 1 and Figure 4h, compared to OP, SP,
and OFSP, OPSF-based PSCs exhibit superior photovoltaic
performances, including PCE, relative efficiency loss (REL), and
reproducibility.

Given the critical role of stability in the practical
applications of PSCs, we systematically evaluated the
environmental and operational resilience of these devices.
After aging for 2000 hours under ambient conditions (relative
humidity of 40 + 5%), the unencapsulated OPSF-based PSCs
retained 78.01% of their initial PCE, while the counterparts
based on OP, SP, and OFSP maintained only 28.99%, 56.02%,
and 65.01% of their original PCE, respectively (see Figure 4j and
Figure S28). Additionally, the OPSF-based devices exhibited
enhanced thermal stability (see Figure $29). The HTMs
functionalized with -SCH3 groups improved the hydrophobicity
of the thin films (see Figure S30), a key property for achieving
stability when combined with a dense and pinhole-free
microstructure (see Figures S31 - S32). Thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC)
confirmed that the HTMs possessed high decomposition
temperatures (Ty) and glass transition temperatures (Tg),
ensuring that the HTL could withstand thermal stress (see
Figure S33). Therefore, the efficiency decay of the devices
under thermal stress primarily originated from ion migration
within the devices. For the encapsulated champion devices,
operational stability tracking demonstrated that OPSF exhibited
excellent light-soaking stability (see Figure 4k). The superior
thermal and light-soaking stability is attributed to excellent
interfacial interactions and charge transfer capability of OPSF
mitigated irreversible efficiency loss by suppressing
migration and interfacial charge recombination.

To thoroughly understand the performance differences of
the studied HTMs in PSCs, femtosecond transient absorption
spectroscopy (fs-TA) was used to explore the hole extraction
dynamics. As depicted, the 2D pseudo-color fs-TA plots of
perovskite/HTLs (see Figure 5a) show a strong peak (blue color)
centered around the band edge (= 785 nm), which originates
from ground-state bleaching (GSB).3! Specifically, the GSB signal
in the OPSF-based PVSK film intensified most rapidly, suggesting
the most efficient hole extraction among the samples. This
trend is consistent with the PL quenching results, both of which
indicate enhanced charge transfer at the PVSK/HTL interface. PL
quenching confirms that all HTLs effectively extract holes from
the excited PVSK film, leaving hole carriers in the HTL and

ion

J. Name., 2013, 00, 1-3 | 7


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc08121a

Open Access Article. Published on 20 January 2026. Downloaded on 1/20/2026 10:35:58 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

Chemical Science

electron carriers in the PVSK. Therefore, the GSB recovery
observed in transient absorption measurements primarily
reflects charge recombination processes in HTL-coated PVSK
films, which are expected to occur at the PVSK/HTL interface
under open-circuit conditions. While PL quenching probes
charge extraction rather than recombination, if the PVSK layer
remains unchanged and the density of trap states is similar, the
timescales obtained from TA and PL measurements may show
related trends, even though the underlying pathways differ.
This is due to the identical charge carrier transport pathway,
with the difference primarily governed by the hole mobility in
the HTL and the corresponding interfacial properties,
considering the PVSK layer remains unchanged. (see Figure
S$34). As shown in Figure 5b, the normalized fs-TA kinetic curves
at the GSB of these samples are extracted and fitted, and the
corresponding fitted parameters are summarized in Table S14.
Clearly, the perovskite/OPSF samples exhibit the shortest decay
average lifetime (tex) of 215.6 fs compared to the other samples,
which may be attributed to its exceptionally high hole mobility
and efficient hole transfer to the perovskite, followed by
recombination at the film interface under open-circuit
conditions. This difference suggests that there is a decrease in
charge aggregation and hole-electron recombination at the
perovskite/OPSF heterointerfaces, which has been verified by
the larger recombination resistance in the electrical impedance
spectroscopy (EIS) curves (see Figure 5c). Figures 5d and 5e
depict the relationship between Js¢, Voc, and light intensity for
the champion PSCs, indicating how fast or slow the electron-
hole recombination behavior in these PSCs, which is in good
agreement with the TA tests. Figure 5f further quantifies the FF
loss for the champion device, showing that the OPSF device has
lower non-radiation loss and charge transport loss, which is
mainly attributed to the stronger hole extraction and transfer
dynamics of the perovskite/OPSF heterointerfaces.

Conclusions

In conclusion, our research aims to enhance homogeneous
and effective charge transfer dynamics while minimizing charge
recombination by employing a comprehensive approach to
tailoring molecular structures. We have incorporated —SCHs and
—OCHj; functionalized groups to modify the adsorption state and
energy order of the HTM on the perovskite surface, thereby
facilitating efficient hole transfer within the valence band of the
perovskite. Consequently, the formation of high-quality
perovskite/HTL heterointerfaces and HTL with excellent charge
transport dynamics, characterized by streamlined charge
transfer processes and reduced non-radiative recombination,
thereby enhancing the performance and stability of PSCs. Our
findings indicate a promising molecular design strategy for small
molecule HTMs in PSCs, where the impressive performance
combined with the scalability of OPSF represents an important
option for the commercialization of PSCs.
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