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Structural design is an effective way to realize the functional construction of hole transporting materi-
als (HTMs). In order to have an insight into the relationship between molecular structure and function
of HTMs, three isomeric HTMs (RQ1, RQ2 and RQ3) are constructed with functional group of dibenzoth-
iophene which is connected to different positions on the side chains of carbazole-aromatic derivatives.
In combination with computational simulation and experimental study, although the isomeric RQ1-RQ3
with the same molecular formula exhibit similar frontier molecular orbital energy levels and optical ab-
sorption, their hole transporting ability and interaction at perovskite/HTMs interface in perovskite solar
cells (PSCs) are completely different. In comparison with the RQ2 (18.69 %) and RQ3 (22.56 %), the results
indicate that the molecule RQ1 in PSCs application can yield higher power conversion efficiency (23.50 %)
because of its higher hole mobility and effective charge transfer at perovskite/HTMs interface. Moreover,
the mutually corroborating between the computational simulation and the experimental results demon-
strate the reliability of the theoretical model for molecular design of isomeric HTMs. This strategy of
obtaining high-performance HTMs through simple structural design is expected to inspire researchers to

further optimize the efficiency of PSCs.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Perovskite solar cells (PSCs) have experienced a groundbreak-
ing increase in power conversion efficiency (PCE) over the past
decades, thanks to advancements in device fabrication techniques
and continuous optimization of constituent materials. Currently,
PSCs with the highest certified PCE rely on organic small-molecule
multifunctional hole transport materials (HTMs) [1]. Positioned be-
tween the electrode material and the perovskite layer, HTMs play
a critical role in transporting and extracting photogenerated carri-
ers as well as protecting the perovskite [2,3]. In recent years, re-
searchers have demanded that advanced HTMs not only exhibit
high hole mobility, energy level compatibility with adjacent lay-
ers, and acceptable costs but also effectively suppress defects at
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the perovskite surface and grain boundaries to inhibit charge re-
combination [4-6]. Inevitably, a large number of defects, includ-
ing under-coordinated Pb2+ and I~ vacancies, arise at the interface
between the hole transport layer (HTL) and the perovskite layer.
A common industry solution is to introduce a passivation layer
between the HTL and the perovskite, which can increase produc-
tion costs and complexity [7]. A prevalent strategy to endow HTMs
with passivation capabilities is to incorporate functional groups
containing atoms like S, F, and N [8,9]. However, this can lead to
uncontrollable variations in their ability to extract and transport
holes. Therefore, discovering new HTMs with enhanced hole sepa-
ration/extraction capability, defect passivation ability, and other su-
perior photovoltaic properties is crucial for advancing the commer-
cial viability of PSCs.

To achieve efficient hole extraction, high mobility, suppression
of interfacial charge recombination, and enhanced moisture resis-
tance, the electron-donating thiophene group is often incorporated
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into HTM molecular structures [10-15]. The sulfur atom can en-
hance interactions between the molecule and perovskite, improv-
ing hole extraction by passivating surface defects. Additionally, the
m-conjugated structure of thiophene tends to stack through strong
m-m interactions, resulting in excellent hole mobility. Chen et al.
[16] designed and synthesized four HTMs based on a dithienopyr-
role (DTTP) core through a dual-strategy approach (conjugation en-
gineering and side-chain engineering). DTTP-ThSO exhibited good
planarity, high-quality film formation, matching energy levels, high
hole mobility, and strong defect passivation capabilities due to its
ester side chains forming a six-membered ring with thiophene
via S---O non-covalent conformational locking. Specifically, undoped
PSCs based on DTTP-ThSO achieved a fill factor (FF) of 82.3% and
an impressive PCE of 23.3%. Ding et al. [17] reported a novel
HTM with a three-dimensional conjugated structure named FTPE-
ST. FTPE-ST features a twisted conjugated dibenzo(g,p) chrysene
core and a planar 3,4-ethylenedioxythiophene (EDOT) as an ex-
tended electron-donating unit, forming a 3D configuration that
provides multidirectional charge transport capability. Moreover, the
sulfur atom in the EDOT unit can coordinate with Pb ions on the
perovskite surface, enhancing interfacial interactions and suppress-
ing interfacial defects. PSCs based on FTPE-ST achieved a maximum
PCE of 25.21% and enhanced stability. Molecular units with ex-
tended m-conjugated planes can significantly modulate the hole
mobility and conductivity of HTMs. Among them, dibenzothio-
phene (DBT) exhibits distinct advantages, primarily due to its ef-
fective defect passivation, which enhances device performance and
stability. Chen et al. [18] identified a potential HTM (CQ2) with a
conjugated s -bridge structure through theoretical calculations. The
synthesized dopant-free CQ2, with DBT as the core, exhibited ex-
cellent photovoltaic performance in PSCs, attributed to its favor-
able surface morphology and high hole mobility. Similarly, Yang
et al. [15] developed three D-w-D type HTMs featuring dibenzo-
heterocycles core. Among them, DBT-based S-CBz showed strong
interactions with PbI2, effectively passivating uncoordinated Pb>*
ions and reducing iodine vacancies. Specifically, PSCs based on S-
CBz achieved FF of 83.7% and a remarkable PCE of 25 %, along with
excellent stability.

In molecular engineering, adjusting the isomers of HTMs is ben-
eficial for exploring the relationship between molecular structure
and performance. Liu et al. [19] designed four spiro derivative iso-
mers by altering the substitution position of the terminal units.
The study found that the substitution position of the terminal units
significantly influenced the material properties, with spiro-4 ex-
hibiting a low highest occupied molecular orbital (HOMO) level,
high thermal stability, and good solubility, leading to a high PCE.
Lu et al. [20] designed two isomers, X]J2 and X]3, by altering the
position of the carbonyl group on the pyridine ring. Their research
revealed that the different positions of the carbonyl group affected
the electronic properties of the molecules, particularly X]2 with a
meta-substitution, which exhibited a low HOMO energy level and
high hole mobility, demonstrating stronger passivation effects due
to a smaller steric hindrance.

In an increasing number of studies, theoretical methods such
as density functional theory (DFT), time-dependent density func-
tional theory (TD-DFT), Marcus theory, and molecular dynamics
(MD) simulations have been employed to analyze and predict the
geometric configurations, charge transport, and interfacial proper-
ties of HTMs molecules [21-24]. These methods provide a broad
theoretical framework for guiding the design of HTM molecules.
For instance, Xia et al. [25] discussed a series of novel butterfly-
shaped HTMs. First-principles calculations and MD simulations in-
dicated that foldable HTMs can transform discrete trap states in
perovskites into continuous valence bands, thereby reducing trap-
assisted recombination. By adjusting the foldability of HTMs, the
wavefunction overlap between defect and perfect surface sites can
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be modulated, resulting in a PCE of 23.22 % for small-area cells and
21.71% for large-area modules.

Considering the above, we designed suitable HTMs by alter-
ing the substitution positions of DBT on the side chains to in-
vestigate the structure-function relationship and charge transport
properties of HTMs. Considering steric effects and the computa-
tional and synthesis cost, three more cost-effective isomers were
selected to study the structure-function relationship and charge
transport characteristics of HTMs based on heteroatom-containing
side chains. As illustrated in Fig. 1a, the DBT group is attached to
three different positions on the carbazole-based arylamine deriva-
tive side chain, designated as RQ1-RQ3. Various theoretical meth-
ods, including DFT, TD-DFT, MD, and Marcus theory, were em-
ployed to study the geometrical structures, frontier molecular or-
bital levels, optical absorption, and hole transport properties of
RQ1-RQ3 molecules [26,27]. Additionally, first-principles and MD
methods were utilized to explore the interfacial properties of RQ1-
RQ3 at the perovskite interface, such as interfacial charge trans-
fer characteristics between the perovskite and HTMs. The com-
putational results provided deep insights into the properties and
behaviors of these molecules at the perovskite interface: Due to
the different substitution positions of DBT, RQ1-RQ3 exhibited dis-
tinct intermolecular and interfacial interaction patterns, leading to
variations in charge transfer and covalent interactions, ultimately
resulting in different hole transport capabilities and macroscopic
adsorption structures on the perovskite. To validate the theoreti-
cal results, RQ1-RQ3 were synthesized and applied in PSCs. It was
found that the substitution position of DBT significantly impacts
PSC performance, with RQ1 demonstrating superior hole mobility,
optimal film morphology, and the ability to suppress interfacial re-
combination as an HTM in PSCs. Consequently, under identical con-
ditions, the PCE of PSCs based on RQ1 increased to 23.50%, com-
pared to 18.69% and 22.56% for the other isomers, RQ2 and RQ3,
respectively. The experimental results closely matched the theo-
retical simulations, demonstrating the reliability of our theoretical
model. These findings highlight the importance of the substitution
position of side chains in HTMs for the photovoltaic performance
of PSCs and reveal the potential of molecular engineering in de-
signing efficient HTMs.

Based on Fig. 1a, the DBT groups are attached to the 2nd, 3rd,
and 4 positions of the terminal benzene ring, respectively named
RQ1, RQ2, and RQ3. As shown in Fig. S1 (Supporting informaiton),
the ground-state geometries of RQ1-RQ3 were optimized at the
B3P86/6-311G(d,p) functional and basis set level. In Fig. 1b, the
molecular electrostatic surfaces potential (ESP) of RQ1-RQ3 are
evaluated, showing that the negative charges (blue regions) are pri-
marily localized on the O atoms, carbazole plane, and DBT plane,
while the positive charges (red regions) are mainly concentrated
on the H atoms. The DBT groups in the side chains of all three
molecules exhibit significant negative charge regions, indicating
their Lewis basicity, which can aid in passivating interfacial defects
caused by uncoordinated Pb ions [11].

The generation of photocurrent in PSCs relies on the alignment
of energy levels between the HTM and the perovskite. We evalu-
ated the HOMO and lowest unoccupied molecular orbital (LUMO)
values of RQ1-RQ3. As shown in Table 1, the HOMO values of
RQ1, RQ2, and RQ3 are —5.11, —5.11, and —-5.10eV, respectively,
while the LUMO values are —2.43, —2.59, and -2.47eV, respec-
tively. These HTMs have HOMO/LUMO levels higher than the va-
lence band (VB) and conduction band (CB) of the perovskite, en-
suring that they effectively prevent electron injection, suppress in-
terfacial charge recombination, and facilitate hole transport to the
electrode [28]. As illustrated in Fig. 1a, RQ1-RQ3 exhibit similar
HOMO orbital delocalization, with RQ1’s LUMO mainly distributed
on the surface of the dibenzothiophene, while RQ2 and RQ3 show
extended LUMO distributions. This difference could be attributed
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Fig. 1. (a) Chemical structures and the schematic diagram of the frontier molecular orbitals for three isomeric molecules in this study. (b) Electrostatic surface potential
(ESP) images of RQ1-RQ3. (c) After simulating for 10 ns using MD methods, the final morphologies of RQ1-RQ3 and main charge hopping pathways extracted.

Table 1

Simulated HOMO (eV), LUMO (eV), Eg (eV), absolute hardness 1 (eV) and absorption wavelengths A,,; (nm), emission wavelengths A, (nm), oscillator strength, assignments

and Stokes shift (nm) of RQ1-RQ3.

Sample HOMO LUMO n Eg Absorption? Emission?
Aabs f Assignments Aem Shift
RQ1 -5.11 -2.43 2.46 2.68 402 0.04 H—L+1(22%), 446 44
H—L+2(75%)
RQ2 -5.11 -2.59 2.33 2.52 418 0.28 H—L (95%) 529 111
RQ3 -5.10 —2.47 241 2.63 402 0.07 H—L+1(86%) 444 42

to the varying degrees of conjugation in the molecules caused by
the different DBT substitution positions.

Typically, the stability of organic molecules is evaluated using
their absolute hardness (1), which represents the resistance of the
chemical potential to changes in electron number. A higher 1 value
indicates greater molecular stability [29]. As shown in Table 1, the
n values of these HTMs are RQ1 (2.46eV)>RQ3 (2.41eV)>RQ2
(2.33eV), suggesting that RQ1 exhibits better stability than RQ2
and RQ3. In dichloromethane (CH,Cl,) solvent, the UV-vis absorp-
tion spectra of RQ1-RQ3, calculated using the TD-PBE0/6-31G(d)
functional and basis set, are depicted in Fig. S2 (Supporting in-
formation) with the corresponding optical data recorded in Table
1. The maximum absorption wavelengths (Apaxabs) and oscilla-
tor strengths (f) for RQ1-RQ3 are 402, 418, and 402 nm, and
0.04, 0.28, and 0.07, respectively. At these maximum absorption
wavelengths, the primary electronic transitions for RQ1-RQ3 are
HOMO — LUMO + 2, HOMO — LUMO, and HOMO — LUMO + 1, re-
spectively. These molecules exhibit no significant absorption in the
visible spectrum, which ensures they do not interfere with the
light absorption by the perovskite. The calculated emission wave-
lengths and Stokes shifts for the three materials are 446, 529,
444nm, and 44, 111, 42 nm, respectively. RQ2 has a larger emis-
sion wavelength and Stokes shift, likely due to a greater structural
change between its excited and ground states [18].

The hole mobility (py,) is a crucial parameter characterizing the
performance of HTMs, significantly influencing the efficiency of
PSCs. First, we simulated the hole reorganization energy (A;) for
RQ1-RQ3. As shown in Table 2, the A; values for RQ1, RQ2, and
RQ3 are 0.397, 0.317, and 0.318 eV, respectively. Besides A, the
charge transfer rate (k) is also affected by the charge transfer inte-
gral (vy,), which is related to the stacking configuration and orbital
overlap between adjacent HTM molecules [30]. Here, a unit of 24
molecules was subjected to MD simulation, and the primary hole

transport pathways for RQ1-RQ3 were extracted from the final
structures. Fig. 1c illustrates the morphology of RQ1-RQ3 after 10
ns of simulation, along with the identified hole transport pathways
for each HTM. According to the computational results in Table 2,
the simulated p;, values for these HTMs are ranked as follows: RQ1
(221 x1072cm?V-1s-1)> RQ3 (5.09 x 103 cm?V-1s-1) > RQ2
(2.02x10~4cm2V-1s-1). The p, of RQ1-RQ3 is primarily con-
tributed by the pathways with the highest vh values, specif-
ically RQ1 Pathways 3 (—2.07 x1072eV), RQ2 Pathways 1
(—1.28 x 10-3 eV), and RQ3 Pathways 2 (1.23 x 10~2eV).

The value of v;, depends on the extent of overlap between the
molecular orbitals in the stacking model, as hole transfer primar-
ily occurs in the regions where the HOMO orbitals overlap. As
shown in Fig. 2a, the intermolecular interactions in these dimer
fragments were visualized using the interaction region indicator
(IRI) method [31]. The isosurfaces transitioning from blue to green
to red represent bonding interactions, van der Waals interactions,
and steric hindrance, respectively. The dimers in RQ1 Pathways 3
adopt a “tail-to-tail” stacking configuration, with interactions pre-
dominantly governed by van der Waals forces occurring near the
diphenylamine-carbazole groups of the two molecules. This over-
laps with the delocalized HOMO region of RQ1, reducing the dis-
tance between the HOMO orbitals, thus increasing the overlap in-
tegral and v;,. Compared to RQ1 Pathways 3, the interaction re-
gion in RQ2 Pathways 1 is significantly smaller, with minimal steric
hindrance effects, resulting in the lowest v;,. For RQ3 Pathways 2,
a larger interaction was observed due to the relatively close dis-
tance between the molecular centers. However, this interaction did
not predominantly occur near the diphenylamine-carbazole groups.
Instead, numerous van der Waals interactions and stronger steric
hindrance effects were observed between the dibenzothiophene
and the connected benzene, leading RQ3 to exhibit an intermedi-
ate vy,.
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Table 2
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The reorganization energy A (eV), charge transfer integral v, (eV), hole transport rate k; (s1), center-of-mass distance r; (A) and hole mobility u;, (cm?V-1s-1) of main

hopping pathway selected on basis of the MD simulations for RQ1-RQ3.

Molecules Pathways A T vy ki uy
RQ1 1 0.397 7.960 —2.21x104 2.80 x 107 2.21x 1072
2 11.963 ~7.14x 1076 2.93 x 10*
3 11.813 —2.07 x 1072 2.47 x 101
4 12.278 —4.66 x 1074 1.25x 108
5 12.798 8.27 x 1074 3.93 x 108
RQ2 1 0.317 12.660 -1.28x1073 2.29x10° 2.02x 104
2 10.979 577 x 1074 4.63 x 108
3 18.128 -1.06 x 10-° 1.57 x 10°
4 10.228 —-3.00 x 10-° 1.25 x 106
5 13.621 6.27 x 107> 5.46 x 106
RQ3 1 0.318 10.184 4.59 x 10~* 2.90 x 108 5.09 x 103
2 6.762 1.23x 1072 2.08 x 10"
3 10.794 442 %1073 2.69 x 1010
4 7.374 —4.94x 1073 3.36 x 1010
5 11.265 -491x 104 3.32x 108

(b)

RQ3 Pathways 2
-0.04 a.u. IR 0.02 a.u.

Eyg=1.24 eV

E,g=-1.92 eV

Fig. 2. (a) Graphical representation of the interactions in the pathways within RQ1-RQ3, each with their respective maximum vy. (b) The MD simulations of the adsorp-
tion morphology of RQ1-RQ3 on the perovskite surface. (c) The interfacial charge transfer of the extracted individual RQ1-RQ3 with perovskite was simulated after MD

simulations.

The intermolecular interactions in these pathways were pre-
cisely quantified using energy decomposition analysis (EDA).
As shown in Table S1 (Supporting information), the calcu-
lated trend for the total interaction energy (AE,) is RQ3
(=34.56 kcal/mol) > RQ1 (—21.08 kcal/mol) > RQ2 (—14.65 kcal/mol).
The exchange-repulsion interaction (AExrep) and Coulomb inter-
action (AE.) between the three molecular fragments are primar-
ily determined by intermolecular distance; as r; decreases, AExrep
and AE. increase significantly [32]. Compared to RQ2 and RQ3,
the proportion of orbital interaction energy (AE,,) to the total
attractive interaction energy in RQ1 is higher, with a trend of
RQ1 (13.88 %) > RQ3 (13.17 %) > RQ2 (12.58 %). This indicates that in
RQ1 Pathways 3, orbital interactions play a stronger role in charge
transfer and covalent bonding [33]. This provides evidence of in-
termolecular ;-7 interactions, facilitating hole hopping between
molecules and explaining the different v}, observed in these path-
ways. Although the magnitudes of electrostatic interaction energy
(AEes) and AE,,, in RQ3 Pathways 2 are significantly increased,
the increase in AEyrep is more pronounced, reflecting the particu-
larly strong steric hindrance effects in RQ3 Pathways 2 [34].

As shown in Fig. 2b, MD simulations were employed to analyze
the interface adsorption between perovskite and HTMs. The time-
total energy curves obtained from MD simulations are shown in
Fig. S3 (Supporting information). The results indicate that after ap-
proximately 2 ns of equilibration, the total energy of these systems
begins to stabilize, suggesting that equilibrium has been achieved.

After 10 ns of simulation, RQ1-RQ3 molecules adhered closely to
the perovskite surface. The average dihedral angles of 24 RQ1-RQ3
molecules relative to the perovskite plane were calculated, yield-
ing the following trend: RQ2 (46.40°) > RQ3 (46.31°) > RQ1 (37.35°).
This indicates that RQ1 exhibits a flatter average adsorption mor-
phology on the perovskite surface, suggesting stronger adsorption
[35]. Based on the final adsorption configurations obtained from
the MD simulations, first-principles calculations were conducted
to investigate the charge transfer between the HTM and the per-
ovskite layer. As shown in Fig. 2c, charge transfer from the per-
ovskite to the HTM molecules occurs throughout almost the en-
tire HTM, demonstrating their potential for efficient hole extraction
from the perovskite [36]. Notably, RQ1 exhibited the highest ad-
sorption energy (—2.93eV) and strong charge transfer interactions
between the DBT plane and the perovskite, highlighting the Lewis
base character of DBT.

The isomers RQ1-RQ3, featuring dibenzothiophene substituents,
demonstrate appropriate energy alignment with the perovskite en-
ergy levels and exhibit Lewis basicity. Notably, the designed RQ1
shows excellent hole mobility and stronger interfacial interactions
in perovskite/HTM interface simulations. Therefore, among these
three molecules, RQ1 is a promising candidate for an efficient HTM
in PSCs.

To confirm the theoretical results and obtain alternative HTMs,
RQ1-RQ3 were synthesized through a simple synthetic route, as
shown in Fig. S4 (Supporting information). Detailed experimental
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Fig. 3. (a) Cyclic voltammogram (CV) curves. (b) Measured absorption spectra of RQ1-RQ3 in CCl,H, solution. (c) J-V characteristics used to measure the hole mobility of
RQ1-RQ3. (d) PSC device composition diagram. (e) J-V curves of the optimal devices based on RQ1-RQ3 and Spiro-OMeTAD. (f) J-V curves of the minimal hysteresis PSCs
based on RQ1-RQ3 and Spiro-OMeTAD. (g) SCLC plots of the hole-only devices displaying Vyp kink point behaviors based on RQ1-RQ3. (h) Pb 4f peaks of the pristine

perovskite film, and perovskite film coated with RQ1-RQ3-based HTMs layers.

Table 3

Experimental results such as optical properties, HOMO/LUMO energy and hole mobility of RQ1-RQ3.

HTM Amax® (nm) Aonset (M) E (eV) Eox (eV) HOMO (eV) LUMO (eV) Hole mobility (cm?V-'s-1)
RQ1 421 439 2.82 0.40 -5.15 -2.33 7.26 x 104
RQ2 421 439 2.82 0.40 -5.15 -2.33 5.60 x 104
RQ3 418 439 2.82 0.42 -5.13 -2.31 6.96 x 104

3 Absorption spectra were measured in dichloromethane solution.
b Optical band gap (Eg) obtained from the onset values of absorption (Aenset)-
¢ Onset of oxidation potentials measured by cyclovoltammetry.

procedures can be found in Supporting information. The chemical
structures of the HTMs were identified by 'H NMR, 3C NMR, and
HRMS characterization (Figs. S5-S13 in Supporting information).

The electrochemical and optical properties of these HTMs in
CCl,H, solution were investigated using cyclic voltammetry (CV)
and UV-vis spectroscopy. As shown in Figs. 3a and b and summa-
rized in Table 3, RQ1-RQ3 exhibit strong absorption below 350 nm,
while the weak absorption between 350 nm and 440nm can be
attributed to partial charge transfer from diphenylamine to car-
bazole. The strong absorption below 350nm is primarily due to
m-m* transitions within the carbazole and diphenylamine units
[37]. The maximum absorption peaks (Amax) for RQ1, RQ2, and
RQ3 are 421, 421, and 418 nm, respectively. The optical band gaps
(Eg), estimated from the onset wavelengths (Aonset) Of absorption,
are all approximately 2.82 eV. CV measurements indicated that the
HOMO energy levels of RQ1, RQ2, and RQ3 are —5.15, —5.15, and
—5.13 eV, respectively. Based on the E; and HOMO values, the
LUMO energy levels of the three isomers were estimated to be
—2.33, —2.33, and —2.31 eV, respectively. These frontier energy lev-
els of the HTMs matching well with those of the perovskite. Fig.
3c and Table 3 display the hole mobilities of pure hole-only de-
vices containing RQ1-RQ3, measured using space-charge limited
current (SCLC) techniques [38,39]. The film thicknesses of RQ1, RQ2
and RQ3 are 124, 121, and 126 nm, respectively. The hole mobil-
ities are ordered as follows: RQ1 (7.26 x 10~*cm?V-1s-1)> RQ3
(6.96 x 1074 cm2V-1s71)>RQ2 (5.60 x 104 cm2V~-1s-1), which is
consistent with our simulation predictions.

Based on the device structure shown in Fig. 3d, PSCs were
fabricated using RQ1-RQ3 as HTL, and their photovoltaic per-
formance was characterized. According to the statistical data
from 20 devices (Table 4), the trend of the average and max-
imum PCEs is as follows: RQ1 (22.89%+0.42%, 23.50%)> RQ3
(21.99% +0.26%, 22.56%) > RQ2 (17.83 %+0.39%, 18.69%). The cur-
rent density-voltage (J-V) curves of the best-performing devices

based on RQ1-RQ3 are shown in Fig. 3e. The device with RQ1
achieved a Jsc of 24.91 mA/cm?, a Vo of 1143V, FF of 82.54%, and
a PCE of 23.50%. The device with RQ2 exhibited the lowest PCE
of 18.69%. Notably, the device with RQ3 showed a commendable
PCE of 22.56%, a Jsc of 24.69 mA/cm?, a V,c of 1143 V, and FF of
79.94%.

The enhanced performance of RQ1 is primarily attributed to the
simultaneous improvement in Jsc, Voc, and FF, which is mainly due
to its higher hole mobility and stronger intermolecular and interfa-
cial interactions. Comparative performance tests with the classical
Spiro-OMeTAD molecule were conducted (Fig. 3e and Table 4). Un-
der the same conditions, devices based on Spiro-OMeTAD achieved
a slightly lower PCE of 22.47 %, with a Jsc of 24.90 mA/cm?, a V¢
of 1135 V, and FF of 79.51%.

As shown in Fig. S14 (Supporting information), among the 20
tested devices, the RQ1-based devices exhibited a narrower PCE
distribution in the box plot and outperformed the devices based on
RQ2, RQ3, or Spiro-OMeTAD, primarily due to the improvements in
Voc and FF. Stability tests were conducted on non-encapsulated PSC
devices using RQ1-RQ3 and Spiro-OMeTAD as HTMs in a glove-
box under an N, atmosphere. As shown in Fig. S15 (Supporting
information), after more than 1000 h under N, conditions, devices
based on Spiro-OMeTAD and RQ1 demonstrated good stability, re-
taining about 90% of their initial PCE, significantly higher than
those based on RQ2 and RQ3.After a comprehensive characteriza-
tion of the photovoltaic performance and stability of the devices,
it can be concluded that devices based on RQ1 exhibit high PCE,
stable performance, and reproducibility, making RQ1 an ideal HTM
candidate to improve the photovoltaic performance and stability
of PSC devices as a replacement for the traditional Spiro-OMeTAD
[40].

To gain a deeper understanding of the photovoltaic perfor-
mance differences among RQ1-RQ3 in PSCs, the defect state den-
sity was determined using the SCLC method. As shown in Fig. 3g,
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Table 4
Photovoltaic parameters of RQ1-RQ3 and Spiro-OMeTAD based PSC devices.
HTMs Jse (mA/cm?) Voe (V) FF (%) PCE (%)
RQ1 2491 1.143 82.54 23.50?
(24.89+0.19) (1.136 £0.016) (80.91+0.61) (22.89+0.42)°
RQ2 23.33 1.069 74.88 18.69
(23.28£0.43) (1.059+0.013) (72.29+1.14) (17.83+£0.39)
RQ3 24.69 1.143 79.94 22.562
(24.49+0.24) (1.134+£0.007) (79.21+0.81) (21.99 +0.26)b
Spiro-OMeTAD 24.90 1.135 79.51 2247
(24.72 +£0.30) (1.1234+0.001) (77.32+1.07) (21.46 +£0.53)

2 The maximum value.
b The average value were obtained from 20 devices.
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Fig. 4. (a-d) AFM image of perovskite film and RQ1-RQ3 film on the perovskites. (e-g) GIWAXS patterns of RQ1-RQ3 coated on Si. (h) 1D line-cut profiles from GIWAXS
patterns. (i) Steady-state PL spectra of the perovskite films, RQ1-RQ3 film on the perovskites. (j) Time-resolved PL decay of the perovskite films, RQ1-RQ3 film on the

perovskites.

the fitted trap-filled limit voltage (Vrp. ) for devices based on
RQ1-RQ3 were 0.317, 0.618, and 0.369 V, respectively, with corre-
sponding calculated defect densities of 3.11 x 10'%, 6.07 x 10'3, and
3.63 x 10'> cm~3. The lower defect state density in RQ1-based de-
vices reduces non-radiative recombination at the perovskite/HTMs
interface, resulting in higher open-circuit voltage [41]. X-ray pho-
toelectron spectroscopy (XPS) was used to investigate the inter-
actions at the RQ1-RQ3/perovskite interface. As shown in Fig. 3h,
two main peaks at 137.91 and 142.75 eV, corresponding to Pb 4fy,
and 4fs), orbitals, respectively, were observed in the bare per-
ovskite film. Upon adsorption of RQ1-RQ3, both peaks for RQ1 and
RQ3 shifted to lower binding energies, with a more significant shift
for the RQ1/perovskite interface, indicating a stronger interaction
between RQ1 and Pb [41].

To evaluate the morphology of RQ1-RQ3 films on perovskite,
atomic force microscopy (AFM) was employed to image these films.
As shown in Figs. 4a-d, the root mean square (RMS) roughness
of RQ1-RQ3/perovskite films were 4.92, 8.52, and 4.95 nm, respec-
tively, which are significantly lower than that of the bare per-
ovskite film (RMS=17.6nm). RQ2 exhibited a rough and uneven
morphology, while RQ1 showed the smoothest and most compact
surface, indicating the best interfacial contact between the per-
ovskite layer and the HTM layer. This smooth and dense morphol-

ogy of RQ1 contributes to its enhanced charge extraction capability
and improved device stability [42].

Grazing-incidence wide-angle X-ray scattering (GIWAXS) was
performed on the three HTM films [43]. As illustrated in Figs. 4e-g,
RQ1-RQ3 displayed broad diffraction peaks at approximately 1.0-
1.8A-1, attributed to w-m stacking, indicating that their films are
amorphous [44]. In Fig. 4h, the peak position for the RQ1 film
is at 1.33A-!, whereas RQ2 and RQ3 have peak positions at 1.27
and 1.31 A-1, respectively. This suggests that the -7 stacking dis-
tance for RQ1 (4.72A) is shorter than that for RQ2 (4.95A) and
RQ3 (4.80A) [45]. This indicates that adjusting the intermolecular
interaction patterns of HTMs through side-chain DBT isomerization
facilitates molecular stacking, thereby improving charge transport
properties and device performance.

The photogenerated hole dynamics can be characterised by
steady-state photoluminescence (PL) and time-resolved photolumi-
nescence (TRPL). As can be seen in Fig. 4i, the steady-state PL emis-
sion peak of bare perovskite is located at 790 nm, and the PL inten-
sity drops sharply to <10% after spin-coating HTMs. The trend in
PL intensity is RQ1 <RQ3 <RQ2, and the quenching effect is more
pronounced in RQ1, indicating that RQ1 is more effective in ex-
tracting holes among the three molecules [46,47]. Subsequently,
TRPL measurements were performed. As shown in Fig. 4j, the film
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lifetime decreased rapidly after spinning the HTMs, and the trend
for the three isomeric molecules is RQ1 <RQ3 <RQ2. The short-
est lifetime of the perovskite/RQ1 film reflects the reduction of
non-radiative charge recombination at the perovskite/RQ1 interface
and the optimal hole extraction process [48]. Therefore, this en-
hanced hole-extraction ability and reduced non-radiative recombi-
nation can be achieved by changing the substituent position of the
side chain.

This study investigates and elucidates the impact of regioiso-
meric side-chain structural variations in HTMs on the performance
of PSCs. Through DFT, MD, and first-principles calculations, the in-
teraction patterns of these HTMs in PSC applications were com-
prehensively examined. Simulations indicate that although the iso-
mers RQ1-RQ3 share similar frontier molecular orbital properties
and optical characteristics, the alteration in the substitution posi-
tion of the DBT group enhances orbital interactions of RQ1, mak-
ing charge transfer and covalent interactions more pronounced,
with effective intermolecular -7 interactions. Additionally, RQ1
exhibits a flatter macroscopic adsorption and enhanced interfacial
charge transfer on perovskite. The designed RQ1-RQ3 were syn-
thesized and integrated into PSC devices to validate the theoretical
findings and computational models. PSCs based on RQ1 demon-
strated superior performance, achieving an efficiency of 23.50%,
which is higher than those based on the other isomers RQ2
(18.69%) and RQ3 (22.56%) under identical conditions. This im-
provement is attributed to its favorable film morphology, enhanced
intermolecular w-m stacking and hole mobility, capability to pas-
sivate interfacial defects, and suppression of non-radiative recom-
bination in perovskite. The experimental results corroborated the
accuracy of the computational models and provided new insights
into designing viable HTM candidates by manipulating the sub-
stituent positions in the side chains.
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