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ABSTRACT

Recently, self-assembled monolayers (SAMs) have garnered significant attention in the field of perovskite solar cells (PSCs).
Replacing flexible alkyl chains with conjugated linkers can significantly enhance the material’s performance. Traditional

conjugation modulation primarily relies on carbon-carbon double bonds (C=C), whereas the use of carbon-carbon triple bonds

(C=C) to expand the conjugated system of SAM materials has been rarely reported, and the influence of introducing triple bonds

on material properties and device performance remains unclear. In this work, we design a novel donor-acceptor (D-A) structured
SAM, named ABT, by incorporating a C=C linker between the D-A moiety and the anchor group. The introduction of a C=C
bond effectively extends the conjugated system of the material, significantly enhancing its thermal stability and charge transport

properties. As a result, ABT-based devices achieve a champion power conversion efficiency (PCE) of 26.19%, surpassing the
reference BT-based devices (24.92%), along with exceptional thermal and long-term operational stability. This work provides a
rational molecular design strategy for high-performance and stable D-A type SAMs, thereby facilitating the commercialization of

PSCs.

1 | Introduction

Self-assembled monolayers (SAMs) have emerged as pivotal tools
for interface engineering in perovskite solar cells (PSCs), driving
power conversion efficiencies (PCEs) beyond 27% in recent years
[1-5]. Structurally, SAMs consist of three key components: a
head group, a linker unit, and an anchoring group, all of which
directly influence interfacial charge transport and device stability
[6, 7]. Therefore, the design and development of novel SAM
materials with superior performance have become a primary
research focus in the field of PSCs [8, 9]. Among these structural

components, the linker unit plays a critical role: non-conjugated
linkers weaken intermolecular interactions and disrupt charge
transport [10, 11], while conventional conjugated motifs (e.g.,
benzene rings, alkenes, thiophenes) introduce trade-offs between
device performance and stability [12-14]. For instance, benzene
rings induce torsional strain, which breaks 7-electron delocal-
ization [15, 16], and alkenes are prone to cis-trans isomerization
and thermal degradation, leading to charge recombination and
limiting device lifetime [17-19]. Thus, targeted modulation of the
linker unit to simultaneously optimize molecular conjugation,
rigidity, and thermal stability remains an urgent challenge.
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FIGURE 1 | Molecular structure, dipole moments, side view, and ESP maps of (a) BT and (b) ABT; (c) Comparison of the localized ELF between BT
and ABT; Total charge-density difference plots for the adsorption structures of (d) ITO/BT and (e) ITO/ABT; (f) Calculated charge-density displacement
profiles along the vertical direction to the ITO surface; (g) The calculated hole and electron transfer integrals on ITO/ABT and ITO/BT interface; (h)

TGA and (i) DSC curves of BT and ABT.

Herein, we propose the carbon-carbon triple bond (alkynyl
linker, -C=C-) as a transformative linker unit. Its linear geometry
and orthogonal 7-bonds facilitate unbroken 7-electron delocal-
ization for efficient charge transport, while its high bond dissoci-
ation energy and structural rigidity help mitigate conformational
distortion and thermal degradation [20, 21]. Capitalizing on these
advantages, we rationally designed a novel donor-acceptor (D-A)
structured SAM by strategically inserting a linear alkyne linker
between the D-A core (triphenylamine-benzothiadiazole, TPA-
BTD) and the benzoic acid anchoring group (Figure 1a). The
resulting molecule, named ABT (Figure 1b), exhibits markedly

improved electronic and structural characteristics. The introduc-
tion of alkyne linker enhances 7-electron delocalization via its
linear conjugated structure, facilitating vertical hole transport
and thereby promoting charge collection efficiency. Furthermore,
the alkyne linker serves as a rigid, linear 7-conjugated linker that
encourages a planar molecular conformation, thereby reducing
molecular rotation and increasing bond energy, both of which
contribute to enhanced molecular stability. Consequently, ABT-
based PSCs achieve a champion PCE of 26.19%, outperforming
the reference BT-based device (24.92%). Notably, the ABT-based
devices demonstrate a twofold enhancement in stability under
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both thermal stress and long-term operational conditions com-
pared to the BT-based counterparts. This work provides a rational
design strategy for developing high-performance and stable D-A
SAMs, contributing to improved efficiency and durability of PSCs.

2 | Results and Discussion

Compared to the reference SAM BT, ABT is strategically designed
by inserting an alkynyl linker between the D-A core TPA-BTD
and the benzoic acid anchor group (Figure 1a,b). As illustrated
in Scheme S1, the synthetic routes for SAMs BT and ABT are
highly similar, differing primarily in the coupling strategy used to
connect the D-A core TPA-BTD with the anchor group. SAM BT is
synthesized via Suzuki coupling reaction, while ABT incorporates
an alkyne linker through a Sonogashira reaction. The chemical
structure of ABT was verified using nuclear magnetic resonance
(NMR) spectroscopy and high-resolution mass spectrometry
(HRMS), as depicted in Figures S1-S4.

The introduction of alkynyl linker enhances the molecular dipole
moment, as demonstrated by the calculated dipole moments of
BT and ABT, which are 6.53 and 9.11 D, respectively (Figures 1a,b,
and S5). Moreover, the improved molecular coplanarity and rigid-
ity lead to an increase in the binding energy from 31.73 kcal/mol
for BT to 33.20 kcal/mol for ABT, along with a strength-
ened intermolecular interaction (Figure S6). As revealed by the
molecular charge density distribution and electrostatic potential
(ESP) analyses (Figures S7 and 1a,b), the alkynyl linker exhibits
pronounced electron-withdrawing characteristics. This property
synergizes with the benzoic acid anchor to facilitate electron delo-
calization throughout the molecular framework, as evidenced
by frontier orbital analysis and electron localization function
(ELF) calculations (Figure 1c). Notably, ABT demonstrates a red-
shifted absorption edge relative to BT, with corresponding optical
bandgaps of 2.21 and 2.30 eV, respectively (Figure S8 and Table S1).
The narrowed bandgap originates from the combined electron-
withdrawing effect and enhanced conjugation of the alkynyl
linker, which collectively reduces the electron cloud density and
thereby lowers the molecular energy levels [22].

To assess charge transfer efficiency at the SAM/ITO interface, we
conducted DFT calculations on optimized SAM-ITO adsorption
configurations. As depicted in Figure 1d,e, ABT exhibits slightly
negative adsorption energies (E,;,) ranging from —3.31 eV (BT
reference) to —3.87 eV, confirming stronger interfacial binding
than BT. This is primarily attributed to the introduction of the
triple bond, which effectively enhances the molecular dipole
moment of SAM. Analysis of total charge density differences
(Figures 1d,e and S9) and Z-axis charge displacement profiles
(perpendicular to the ITO surface, Figure 1f) reveals enhanced
electron cloud delocalization and more uniform distribution at
the ABT/ITO interface, indicating improved vertical charge trans-
port. Furthermore, calculated hole/electron transfer integrals at
the ITO/SAM interface demonstrate that ABT exhibits a hole
transfer integral twice that of BT, while electron transfer remains
comparable (Figure 1g). Meanwhile, the hole mobility of ABT,
measured at 8.36 X 10~ cm?V~!s™! using the space-charge-limited
technique on hole-only devices, is higher than that of BT, which
is measured at 4.75 x 107> cm?*V~!s7! (Figure S10). These results

underscore ABT’s superior hole transport capability into the ITO
substrate.

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were employed to characterize the thermal
stability of the two molecules ABT and BT. As illustrated in
Figure 1h,i, ABT demonstrates enhanced thermal stability, with
both its decomposition temperature (T; = 199.1°C, defined at 5%
weight loss) and glass transition temperature (T, = 182.6°C) being
higher than those of BT (T,; = 155.7°C, T, = 101.9°C). These results
indicate that the rigid alkynyl linker, with its higher bond energy,
effectively enhances molecular thermal stability, suggesting its
potential for improving the thermal stability of PSCs.

The introduction of the triple bond and the improved dipole
moment enable ABT to effectively modulate the work function
(Wp) of the ITO electrode, thereby reducing the energy offset
between the ITO W and the perovskite valence band maximum
(VBM). As illustrated in Figure 2a,b, the measured Wy values
for bare ITO, ITO/BT, and ITO/ABT are 4.68, 4.49, and 4.78 €V,
respectively. The higher W of ITO/ABT corresponds to a reduced
hole extraction barrier at the perovskite interface. Furthermore,
the HOMO energy levels of ITO/BT and ITO/ABT are determined
to be —5.06 and —5.26 eV, respectively. The 0.2 eV downward shift
in the HOMO level of ITO/ABT, resulting from the moderate
electron-withdrawing nature of the alkynyl linker, effectively
minimizes interfacial energy losses within the device [23]. These
results align well with DFT calculations (Figure S11) and cyclic
voltammetry (CV) measurements (Figure S12).

X-ray photoelectron spectroscopy (XPS) analysis reveals signifi-
cant upshifts of the In 3d and Sn 3d core levels for both BT and
ABT samples toward higher binding energies (Figures 2c and
S13a), conclusively demonstrating atomic-level SAM formation
on the ITO substrate via strong chemical bonding with the
oxide surface. Concurrently, the O 1s spectra exhibit four distinct
peaks at 533.9, 533.2, 531.8, and 530.6 eV, attributable to H,O,
—OH, C—0, and In—O species, respectively [24, 25]. Notably,
the C—O component accounts for 27.1% in ABT versus 26.2%
in BT, indicating enhanced ABT retention on the ITO surface
due to strengthened intermolecular interactions (Figure S13b).
Similarly, cyclic voltammetry (CV) measurements at different
scan rates corroborate the trend in the surface density of SAM
molecules on ITO (Figure S14). Furthermore, conductive atomic
force microscopy (C-AFM) measurements show that ITO/ABT
exhibits a higher, more uniform average surface current than
ITO/BT (Figures 2d and S15), providing direct evidence of
superior charge-transport capability.

In inverted PSCs, the SAM can serve as a template influencing
the perovskite crystallization [26]. As shown in Figure 2e, the
contact angles of the perovskite precursor solution on ITO/BT
and ITO/ABT are 7.0° and 7.4°, respectively, indicating simi-
larly excellent wettability. Scanning electron microscope (SEM)
images show that the perovskite films deposited on both BT- and
ABT-modified ITO substrates exhibit comparable grain size and
morphology (Figures 2f, S16, and S17). X-ray diffraction (XRD)
patterns further confirm that the crystallinity of the perovskite
remains largely consistent on both SAMs-modified substrates,
as evidenced by the similar (001) crystal face diffraction peak
intensity (Figures 2g and S18). This uniformity can be attributed
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FIGURE 2 | (a)UPS spectra of SAMs-modified ITO; (b) Schematic diagram of energy level alignment; (c) XPS spectra of the In 3d core level for bare
ITO and ITO covered with BT or ABT; (d) c-AFM images and corresponding surface potential distribution histogram of ITO substrates covered with BT

and ABT; (e) Contact angles of perovskite precursor solution droplets on BT- and ABT-modified ITO substrates; (f) SEM images of the buried interface
of perovskite films deposited on BT- and ABT-modified ITO substrates; (g) XRD patterns of perovskite films deposited on BT- and ABT-modified ITO

substrates.

to the similar physicochemical environments provided by the two
SAMs. Together, these findings indicate that the device perfor-
mance is mainly determined by the charge transfer capability of
the SAMs, rather than variations in the quality of the perovskite
film.

Based on these findings, the photovoltaic performances
of devices with the architecture ITO/SAM/perovskite/
PDAL&3MTPAI/Cy,/BCP/Ag (using BT and ABT as SAMs,
a mixture of 1,4-phenylenediammonium diiodide (PDAL)
and 3-(methylthio)propylamine hydroiodide (3MTPAI) as
passivation layer, as illustrated in Figure 3a,b, respectively) were
systematically evaluated. After optimizing the SAM deposition
process (Figure S19), statistical analysis via box plots (Figure 3c)
reveals that devices employing the alkynyl linker-modified
SAM (ABT) achieve significantly enhanced PCE and reduced

performance variability, particularly in open-circuit voltage
(Voe) and fill factor (FF). Figure 3d compares the J-V curves of
champion devices for different PSCs, with detailed parameters
summarized in Table 1. The ABT-based champion device
achieved a PCE of 26.19%, with a V. of 1.184 V, a short-circuit
current density (Jgc) of 25.87 mA cm~2, and a FF of 85.49%,
outperforming the BT-based device (PCE = 24.92%, V- =1.170 V,
Jsc = 2551 mA cm™2, FF = 83.49%) and widely recognized
SAM Me-4PACz-based device (PCE = 25.31%, Vo = 1.177 V,
Jsc = 25.60 mA cm™2, FF = 84.00%; Figure S20). Notably,
ABT utilizing the alkynyl linker stands out as one of the best-
performing D-A type SAMs (Table S2). Furthermore, stabilized
power output (SPO) measurements recorded at the maximum
power point (MPP) yielded stabilized PCE values of 26.08% and
24.91% for ABT- and BT-based devices, respectively (Figure S21).
The Jg. values derived from J-V measurements align closely with
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FIGURE 3 | (a)Device architecture and (b) cross-sectional SEM image of the fabricated p-i-n PSCs; (c) Statistical box plots of V¢, Js¢, FF and PCE

for BT and ABT based PSC devices (20 devices per group from the same batch); J-V curves of champion devices based on different SAMs with active area
of (d) 0.0625 cm? and (e) 1.0 cm?; (f) IPCE spectrum of the champion devices based on different SAMs; (g) Thermal stability of unencapsulated PSCs
measured under ISOS-D-2 protocols; (h) Operational stability under maximum power point tracking under continuous illumination in N, atmosphere

following ISOS-L-2 standards (initial efficiency of the test devices in the table).

TABLE 1 | Photovoltaic parameters of PSCs based on BT and ABT with an active area of 0.0625 cm?.

SAM Scan direction Voc (V) Jsc (mA-cm~2) FF (%) PCE (%)
ABT Champion PCE Reverse 1.184 25.87 85.49 26.19
Forward 1.185 25.74 85.54 26.09
Average PCE Reverse 1.173 + 0.009 25.75+0.13 85.30 £ 0.81 25.76 +0.29
BT Champion PCE Reverse 1.170 25.51 83.49 24.92
Forward 1171 25.45 83.24 24.81
Average PCE Reverse 1.163 £ 0.015 25.55+0.14 79.54 £ 2.61 23.63 + 0.75

the integrated Jg. obtained from the incident photon-to-electron
conversion efficiency (IPCE) spectra (Figure 3f), confirming the
reliability of the data. The IPCE spectra reveal a slight reduction
in photo-response at short wavelengths (380-500 nm) for ABT-
based devices, primarily due to the enhanced parasitic absorption
induced by the incorporation of electron-deficient conjugated

alkynyl linkers (Figures S22 and S23). Nonetheless, the loss is
compensated by enhanced photo-response at long wavelengths
(600-800 nm), which outweighs the parasitic absorption effect
due to ABT’s superior charge extraction and transfer capabilities
[27]. To further assess the scalability of the device modified with
SAMs, large-area devices with an active area of 1.0 cm? were
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FIGURE 4 | (a)Steady-state PL spectra of perovskite films coated on SAMs substrates were extracted from (a) top surface and (b) bottom surface; (c)

TRPL spectra (bottom surface), (d and e) 2D PL mapping images of perovskite film on different SAMs substrate. The incident light comes from the SAMs
side; (f) Light-intensity dependence of V- for BT-based and ABT-based devices; (g) FF S-Q limits of devices with different SAMs; (h) Mott-Schottky

curves and (i) EIS curves of full devices.

fabricated. The large-area ABT-based device achieved a PCE of
24.40% with a relative efficiency loss (REL) of 6.83%, significantly
outperforming the BT-based counterpart, which exhibited a PCE
of 22.68% and a higher REL of 8.99% (Figure 3e and Table S3).

The unencapsulated BT-based and ABT-based PSCs were aged
at 85°C on a hotplate in a N,-filled glovebox. After 2000 h, the
ABT-based devices retained 80.6% of their initial PCE, signifi-
cantly outperforming the BT-based devices, which retained only
41.2%, representing a 50% improvement in stability for the ABT-
based PSCs (Figure 3g). This enhanced thermal stability can be
attributed to the alkynyl linkers in ABT, which possess high bond
energies that effectively mitigate thermally induced molecular
conformational changes often associated with weak conjugation
and low bond energies [28]. MPP tracking tests further confirmed
the superior operational stability of ABT-based devices. The Ty,
lifetime (the time the device retains 80% of its initial performance)

of ABT-based PSCs exceeded 500 h, compared to merely 240 h for
BT-based devices (Figure 3h). The improved operational stability
isattributed to the denser ABT assembly on ITO, thus suppressing
interfacial ion diffusion between the perovskite and ITO [29, 30].

As previously established, the performance differentiation among
PSCs primarily stems from the charge transfer capabilities of
SAMs. To evaluate interfacial charge dynamics, we conducted
steady-state photoluminescence (PL) and time-resolved photolu-
minescence (TRPL) measurements on perovskite films deposited
on SAM-modified ITO substrates. The steady-state photolumi-
nescence (PL) spectra (Figure 4a,b), acquired from different
sides of the films, consistently show substantial quenching of
the perovskite emission when deposited on ITO compared to
quartz glass, unequivocally indicating efficient hole transfer from
the perovskite to the ITO substrate. Notably, SAM-modified
ITO exhibits enhanced PL quenching efficiency in the order
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ITO/ABT > ITO/BT, signifying more efficient hole extraction
and suppressed non-radiative charge recombination through
electron transfer to the ITO Fermi level [31-33]. The conclu-
sions were further validated by TRPL analysis. As shown in
Figure 4c and Table S4, the mean PL lifetime decreases system-
atically: ITO/ABT/perovskite (427.59 ns) < ITO/BT/perovskite
(283.85 ns) < ITO/perovskite (206.95 ns). The shortest lifetime
for the ABT interface directly correlates with accelerated hole
extraction and minimized non-radiative recombination. Comple-
mentary 2D PL mapping (Figure 4d,e) corroborates this trend,
revealing lower perovskite PL intensity for ABT, which confirms
enhanced interfacial hole extraction and reduced non-radiative
losses in ABT-based devices. The light-intensity-dependent V-
analysis (Figure 4f) demonstrates that ABT-based devices exhibit
a lower ideality factor (1.24 KT/q) compared to BT-based counter-
parts (1.41 KT/q). This correlates with reduced FF loss attributable
to non-radiative recombination (Figure 4g). Investigation of inter-
facial electrical characteristics reveals that ABT-based devices
possess a higher built-in potential (V}; = 0.99 V) than BT-based
devices (V;,; = 0.93 V, Figure 4h), indicating an enhanced driving
force for photogenerated charge carrier separation. Electrochem-
ical impedance spectroscopy (EIS, Figure 4i and Table S5) further
confirms this advantage. ABT-based devices show lower series
resistance (R;) and higher recombination resistance (R,,.), which
are key metrics for improved charge injections and suppressed
recombination at the perovskite/ABT interface [34]. Dark current
measurements (Figure S24) provide additional validation of these
interfacial charge dynamics. Collectively, these results elucidate
that the incorporation of alkyne-linked SAMs with extended elec-
tron delocalization not only promotes efficient hole extraction
but also simultaneously suppresses vertical electron diffusion,
achieving optimized interfacial charge management.

3 | Conclusion

In summary, we have developed a molecular design strategy
that incorporates alkyne linkers between the D-A moiety and
the anchor group in D-A type SAMs. This approach effectively
enhances 7-electron delocalization and restrains conformational
flexibility commonly observed in conventional counterparts. The
alkyne linkers not only promote electronic delocalization and
facilitate hole collection at the interface but also serve as rigid
linkers that suppress thermally induced conformational disorder,
thereby enhancing thermal stability. As a result, devices based on
the novel ABT SAM achieved a champion PCE of 26.19%, out-
performing the reference BT-based devices (24.92%), along with
significantly improved stability under both thermal stress and
long-term operation. This work provides a rational design strategy
for high-performance and stable D-A type SAMs, contributing
to the simultaneous advancement of efficiency and operational
stability in PSCs.
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