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1. Introduction
A new series of dithioalkylated-methylidenyl-cyclopentadithiophene

(CDTS)-based self-assembled monolayers (SAMs), including CDTS-

MN (1), CDTSP-MN (1b), CDTS-CA (2), and CDTS-PA (3), are developed

for tin perovskite solar cells (TPSCs). Each SAM incorporates sulphur

rich center CDTS and is complemented with various anchoring groups, such
as methylenemalononitrile, cyanoacrylic acid, and cyano-vinyl-phosphonic
acid in driving the formation of well-crystallized and homogeneous perovskite
layers using a two-step fabrication process. Nickel Oxide (NiOx) combined
with the newly designed CDTS-based SAMs is utilized as the hole transport

As global population growth accelerates,
the demand for energy continues to
rise, highlighting the importance of effi-
cient solar-to-electricity conversion.[!! So-
lar cells present a sustainable solution
to address increasing energy needs while
reducing environmental impacts.[2¢! At
present perovskite solar cells (PSCs) are
gaining prominence in research because
of their numerous advantages such as af-

material (HTM). This configuration yielded an excellent power conversion
efficiency (PCE) of 8.41% for CDTS-MN (1) TPSC device as compared to

CDTS®-MN (1b; PCE: 8.03%), CDTS-CA (2; PCE: 4.54%) and CDTS-PA (3; PCE:

5.15%). Notably, single-crystal structures of CDTS-MN (1) and CDTS?-MN
(1b) are successfully obtained and systematically presented, demonstrating
the uniformity of the CDTS monolayers formed on the ITO/NiOx substrate.
The CDTS-based SAM 1 excels in TPSCs by enhancing charge transfer

and reducing interface recombination through strong z—= stacking and
intermolecular S—S interactions. This report highlights the pioneering use of
CDTS-based organic sensitizers in TPSCs, representing the first documented

fordable solution processing, adjustable
band gaps, and extended exciton diffu-
sion lengths.”?! This makes them one
of the most promising solar cell tech-
nologies on the market.""l The highest
PCE of Pb-based PSCs currently reaches
26.7%, comparable to those of silicon
solar cells."l However, the toxicity of
lead in these cells raises significant en-
vironmental concerns, posing risks dur-
ing manufacturing, use, and disposal.l'?

Conversely, tin-based PSCs (TPSCs) pro-
vide a safer alternative, presenting a
more environmentally friendly option.

application of CDTS-based SAMs within the solar cell research field.
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Notably, TPSCs demonstrate an ideal optical band gap,
exceptional carrier mobility, and outstanding optoelectronic
properties, making them significant for advanced applications
in optoelectronic and photovoltaic fields.['*] The significant
improvements in power conversion efficiency (PCE) reaching
17.13%%1 for TPSC have established them as strong con-
tenders for green photovoltaic technologies.'>'7] However,
TPSC devices face considerable open-circuit voltage (Vo)
deficits caused by the spontaneous oxidation of Sn?* and an
uncontrolled crystallization process.'®! To advance the TPSC
technology, various strategies have been developed to inhibit
Sn?* oxidation, stabilize surface defects, and manage per-
ovskite crystal growth. Traditionally, well-known HTM, poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
has been used in a single-step deposition process.['*-2!] However,
its hygroscopic nature can degrade performance in humid
conditions. To overcome this problem, a two-step deposition
technique has been introduced, allowing compatibility with
hydrophobic polymeric HTMs like poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine](PTAA),?>-** enhancing efficiency and
stability of TPSC.I%] Interestingly, researchers recently explored
replacing PEDOT:PSS with small molecular organic-self-
assembled monolayers (SAMs) to improve the interface between
the perovskite and transport layers, potentially increasing the
Voc-**!

Ideally SAMs are defined as highly organized 2D materials that
are one or a few layers thick. Typically, SAMs consist of three
components: an anchoring group, spacer group, and a termi-
nal group.l?’~2°! The use of SAMs has significantly improved the
performance of Pb-PSCs, providing considerable benefits com-
pared to conventional configuration.?%) SAMs generate a dipole
moment at the interface through their chemical bonding, which
alters the energy barrier and enhances the extraction of pho-
togenerated holes from the perovskite layer. Moreover, the ca-
pacity to precisely adjust the molecular polarity of SAMs en-
hances the wettability of the perovskite precursor, resulting in
the formation of higher-quality perovskite films.[*!] Furthermore,
SAMs show great promise for the scalable production of large-
area solar modules.3?! In short, when compared to traditional
polymeric HTMs such as PEDOT:PSS and PTAA, SAMs offer
benefits including reduced optical and electrical losses, consis-
tent coatings, tunable work functions, straightforward interfacial
modification, cost-effective processing, and enhanced moisture
resistance.?83334 Currently, PEDOT:PSS accounts for ~70% of
all published studies, reflecting the scarcity of alternative HTMs
in TPSCs."® This underscores the importance of gaining in-
sights from the effective application of SAMs as HTMs in TPSC
devices. Exploring these alternatives is essential for diversifying
the HTM landscape and enhancing the performance of TPSC
technologies.

Inorganic nickel oxide (NiOx) is a cost-effective HTM for p-i-n
PSCs, exhibiting remarkable stability and efficiency.®>) However,
PSCs that utilize NiOx HTMs often display lower open-circuit
voltages compared to those employing conventional HTMs such
as PEDOT:PSS.I*I To improve the properties of the HTM and
optimize the interface between NiOx and the perovskite layers,
Zhu et al. presented a new SAM called 2PADBC as an inter-
facial modifier.’”] Their findings revealed that the highly reac-
tive Ni** defects were responsible for decreasing the electron
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density of Sn**, resulting in Sn oxidation. The introduction of
2PADCB effectively passivated these reactive Ni defects and in-
creased the activation energy required for Sn oxidation. Addition-
ally, the 2PADCB-modified HTM demonstrated a uniform sur-
face potential, reduced contact potential differences, and an el-
evated work function. Consequently, the application of 2PADCB
led to a substantial improvementin V., increasing from 712 mV
to 825 mV, and achieving a PCE of 14.19% for TPSCs. This ex-
ample underscores the potential for designing and synthesiz-
ing various organic SAMs for further advancements in TPSC
technology.

To achieve high-quality tin perovskite films with superior
morphology and optoelectronic properties, we adopted a two-
step spin-coating technique instead of the conventional one-
step method. While the one-step approach is convenient, it
suffers from rapid crystallization, leading to poor film uni-
formity and suboptimal device performance. In contrast, the
two-step process allows precise control over film formation
by separating precursor deposition and crystallization. A no-
table innovation in our method is the use of a cosolvent
mixture—developed in 2020 by our lab—comprising isopropyl
alcohol (IPA), hexafluoro-2-propanol (HFP), and chlorobenzene,
which overcomes the degradation issues associated with pure
IPA.38 This formulation enables the formation of dense, uni-
form, and pinhole-free tin perovskite films with improved crys-
tallinity and performance. Our attempts to use the one-step
process on SAM-modified substrates yielded poor coverage
and significant defects, further emphasizing the importance of
the two-step spin-coating approach for fabricating high-quality
TPSCs.

Tailoring various organic-SAMs with diverse anchoring
groups specifically for TPSCs applications offers exciting po-
tential for performance enhancement. This customization can
lead to increased photovoltaic parameters, and overall PCE in
TPSCs.*! In PSCs, SAMs typically form on metal oxide sub-
strates, including ITO, SnO,, TiO,, ZnO, and NiOx, via an-
choring groups.***!) Figure S1 (Supporting Information) illus-
trates recently published SAMs for lead- and tin-based PSCs,
with the primary objective of demonstrating how these SAMs
with potential anchoring groups are advancing Pb and Sn-PSCs
technologies.[2542-50]

A fused-ring cyclopentadithiophene (CDT) unit has gained
substantial interest in the creation of small molecules®!! and
donor-acceptor polymers.[*?! This is largely because of its effi-
cient electron-donating abilities, the straightforward synthesis
using readily available reagents, and the simple side-chain mod-
ifications that increase solubility.*! Further, functionalization
of CDT to the sulphur-rich dithioalkylated methylidenyl-CDT
backbone, is attracting attention for its improved planarity,
which facilitates enhanced 7—z stacking and stronger S—S in-
termolecular interactions.>*>¢) Leveraging these advantageous
features, our team has recently developed dithioalkylated-
methylidenyl-CDT based compounds for efficient n-type
OFETs.7]

Inspired by the findings mentioned above, herein, we synthe-
sized SAMs such as CDTS-MN (1), CDTS-MN (1b), CDTS-CA
(2), and CDTS-PA (3), all based on a dithioalkylated methylidenyl-
CDT backbone linked to triphenylamine units and various po-
tential anchoring groups (Figure 1a). In terms of the design
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Figure 1. a) CDTS-based SAM molecules 1-3 examined in this study for TPSC application. b) Thermogravimetric analysis (TGA) curves of CDTS deriva-
tives with 5% weight loss temperatures reported in the text. ¢) UV-vis absorption spectra of molecules 1-3 in o-dichlorobenzene. d) Differential pulse
voltammetry (DPV) profiles of molecules 1-3. e) Energy level diagram of molecules 1-3 derived from experimental data.

approach for the new CDTS-based SAMs, the addition of di-
cyanomethylene, cyanoacrylic acid, and phosphonic acid groups
at one terminal of the CDTS core, along with the donor unit
4,4'-dimethoxytriphenylamine at the opposite terminal, this D-A
system results in a considerable increase in anchoring strength
on the NiOx/ITO surface. This design strategy leads to im-
proved interaction of SAMs with NiOx/ITO surface and the per-
ovskite layer, supported by the single-crystal structures analysis
of CDTS-MN and CDTSP-MN SAMs. In addition, the dithioalky-
lated methylidenyl side chains in these SAMs improve solubility
of organic material in common organic solvents, which should
facilitate seamless integration into the SAM formation process,
ensuring uniform coverage across NiOx/ITO surface. The ther-
mal, optical, and electrochemical properties of the new SAMs
1-3 have been thoroughly investigated and compared, alongside
a comprehensive analysis of the DFT-derived energy levels and
ESP mapping to understand the distribution of high electron
density within the designed structures. Consequently, our sub-
sequent experiments revealed that using NiOx as the HTM in
TPSCs resulted in a very low PCE of 4.0%. To enhance the effi-
ciency of the TPSCs and optimize the interface between the NiOx
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surface and the perovskite layer. We explored combinations of the
new organic SAMs 1-3 with the NiOx HTM. The TPSC devices
based on NiOx/CDTS-MN, NiOx/CDTS-MN, NiOx/CDTS-CA,
and NiOx/CDTS-PA displayed PCEs of 8.41%, 8.03%, 4.54%, and
5.15%, respectively. This report showcases the innovative deploy-
ment of CDTS-based organic sensitizers in TPSCs, marking the
inaugural reported use of CDTS-based SAMs in the field of solar
cell technology.

2. Results and Discussion

2.1. Structural and Optoelectronic Properties of CDTS-Based
SAM Molecules

A series of CDT-based SAM molecules, including CDTS-MN,
CDTS-CA, and others, were synthesized through a concise
three-step synthetic route. The complete synthetic procedures,
along with detailed characterization data, are outlined in the
Experimental Section and further elaborated in the Support-
ing Information. Notably, single crystals of both CDTS-MN and
CDTSP-MN were successfully obtained, enabling high-resolution
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structural elucidation via single-crystal X-ray diffraction. The
crystallographic data and corresponding structural models are
presented in Table S1 and Figures S2-S4 (Supporting Informa-
tion). To confirm the molecular structures of all final SAM com-
pounds, comprehensive spectroscopic analyses were conducted,
including high-resolution mass spectrometry as well as 'H, 1*C,
and 3'P nuclear magnetic resonance (NMR) spectroscopy. The
full spectra and interpretations are provided in Figures S5-S29
(Supporting Information), offering robust validation of the de-
signed molecular frameworks. The DFT analysis is also em-
ployed for the CDTS-SAM and displayed in Figure S30 (Support-
ing Information). We studied the thermal, optical, and electro-
chemical properties of these self-assembled monolayers. A com-
pilation of the physical properties of CDTS-based SAMs 1-3 is
presented in Table S2 (Supporting Information). Thermal anal-
ysis of the novel SAM molecules was performed using thermo-
gravimetric analysis (TGA), as depicted in Figure 1b. The TGA
curves indicated that all four molecules display remarkable ther-
mal stability, with ~5% weight loss occurring at temperatures
of 254 °C, 316 °C, 260 and 268 °C for molecules 1-3, respec-
tively. All these SAMs exhibit high T, due to the dithioalkylated-
methylidenyl-CDT backbone, which offers improved planarity.
This planarity enhances z—r stacking and strengthens S—S in-
termolecular interactions, allowing for closer molecular packing
and stronger interactions.l’] Consequently, these factors enable
the organic materials to better withstand thermal stress, leading
to higher thermal stability.

Figure 1c presents the UV-vis absorption spectra of SAMs 1-3.
The absorption spectra of molecules CDTS-MN (1) and CDTSP-
MN (1b) in 0-C H,Cl, exhibit a significant red shift, with 4,
values of 593 and 592 nm, respectively. In contrast, CDTS-CA (2)
shows an absorption at 4,,,, = 550 nm, while CDTS-PA (3) has
a A, of 548 nm. This red shift suggests that the incorporation
of a polar, electron-deficient dicyano-functionality in molecules 1
and 1b enhances conjugation significantly compared to SAMs 2
and 3.Y Differential pulse voltammetry (DPV) was conducted in
0-DCB at 25 °C to assess the electrochemical properties of SAM
molecules 1-3 (see Figure 1d,e). Tetrabutylammonium hexafluo-
rophosphate was utilized as the electrolyte, while ferrocene acted
as an internal standard to calibrate the oxidation potentials of the
SAMs, with a reference potential set at +0.64 V.°8! The equation
Enomo = —(4.44 + E,) was used to calculate the HOMO energy
levels of SAM molecules 1-3. The oxidation peaks of molecules
1-3 are located ~0.85, 0.86, 0.78, and 0.70 V, respectively, re-
sulting in Ej;o,,0 values of —5.29 (1), —=5.30 (1b), —5.22 (2), and
—5.20 eV (3), respectively. The HOMO energy levels of cyano-
based SAMs —5.29 eV (1) (=5.30 eV (1b)), cyanoacrylic acid-based
SAMs (—5.22 eV (2)), and phosphonic acid-based SAM (—5.20 eV
(3)) illustrate the differing electronic effects of these functional
groups. The cyano group, being a strong electron-withdrawing
moiety, results in the differing HOMO level due to its higher ox-
idation potential. In contrast, cyanoacrylic acid, while still con-
taining the cyano group, exhibits a slightly deeper HOMO level
due to the presence of the acrylic moiety, which can provide the
resonance stabilization. Phosphonic acid-based SAMs, with their
effective electron-donating capabilities through lone pairs on oxy-
gen, yield the deeper HOMO level among these SAM series.
This trend highlights how the varying electronic characteristics of
these functional groups impact the electrochemical properties of
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the respective SAMs.[*647491 The LUMO variables are calculated
by adding the HOMO and bandgap values (LUMO = HOMO +
E,). Molecules 1-3 have estimated LUMO values of —3.54 (1),
—3.56 (1b), —3.43 (2), and —3.37 (3) eV respectively (Figure 1e).

2.2. Perovskite Quality Examination

The morphological and structural integrity of tin perovskite films
is a key determinant of both the fill factor and overall PCE in
photovoltaic devices. Attaining high-performance devices neces-
sitates the fabrication of high-quality, uniform perovskite films
with minimal defects and optimal surface properties. In this in-
vestigation, we conducted a comprehensive analysis of the sur-
face roughness, potential, and morphology of various tin per-
ovskite films through Kelvin Probe Force Microscopy (KPFM),
Atomic Force Microscopy (AFM), and Scanning Electron Mi-
croscopy (SEM). These measurements were undertaken to better
rigorously elucidate the influence exerted by disparate SAMs on
the nuances of film formation.

The AFM was employed to evaluate the topography of the
NiOx substrates modified with different SAMs—CDTS-MN,
CDTSP-MN, CDTS-PA, CDTS-CA—as well as a NiOx-only con-
trol film. As illustrated in Figure 2 (3D) and Figure S31 (Sup-
porting Information) (2D), the roughness values of the SAM-
modified NiOx/ITO films were measured to be 12.5 nm for
NiOx/CDTS-MN, 14.3 nm for NiOx/CDTS"-MN, 16.8 nm for
NiOx/CDTS-PA, and 18.6 nm for NiOx/CDTS-CA, while the un-
modified NiOx/ITO film exhibited a considerably rougher sur-
face of 21.8 nm. These results clearly indicate that NiOx/CDTS-
MN delivers a smoother surface profile, which can facilitate the
formation of a more uniform and defect-free perovskite layer. In-
terestingly, the morphological evolution of the tin perovskite layer
is strongly influenced by the nature of the underlying substrate.
While perovskite films grown directly on SAM-functionalized
ITO substrates tend to adopt a sheet-like structure, the incor-
poration of NiOx as a buffer layer transforms the morphology
into a more spherical, ball-shaped configuration. This transition
results in a larger specific surface area, which enhances the in-
terfacial contact between the NiOx/ITO and the perovskite lay-
ers, thereby improving film coverage and mechanical stability. To
further evaluate the charge-transport potential imparted by the
SAMs, as shown in Figure S32 (Supporting Information), KPFM
on bare NiOx/SAM substrates reveals downward conductive-
potential-difference shifts relative to pristine NiOx, verifying
SAM-induced work-function tuning that establishes an energet-
ically favorable, hole-selective surface. Building upon this inter-
facial modulation, we quantified the surface potential roughness
of the subsequently deposited perovskite layers as presented in
Figure 2. Perovskites grown on NiOx/CDTS-MN, NiOx/CDTS"-
MN, NiOx/CDTS-CA, and NiOx/CDTS-PA exhibit surface poten-
tial roughness values 0f 2.31, 2.42, 2.57 and 2.44 mV, respectively,
markedly lower than the 3.02 mV recorded for the reference NiOx
sample. The lower surface potential roughness indicates more
homogeneous band alignment and a reduced density of interfa-
cial traps, which collectively enable efficient hole transport while
suppressing interfacial electron accumulation.

As shown in Figure S33 (Supporting Information), the
perovskite fabricated using CDTS-MN demonstrates distinct
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Figure 2. AFM and KPFM images of tin perovskite films deposited on a) NiOx/CDTS-MN b) NiOx/CDTSP-MN c) NiOx/CDTS-CA d) NiOx/CDTS-PA

and e) NiOx-only substrates.

advantages in terms of crystallinity, featuring significantly larger
grain sizes and more cohesive grain boundaries compared to
other samples. Such morphological characteristics are emblem-
atic of augmented film formation and a diminished trap-state
density, both of which are indispensable for facilitating efficient
charge transport. The cross-sectional SEM image in Figure S34
(Supporting Information) reveals that the perovskite layer cre-
ated with CDTS-MN exhibits a greater thickness (x~341 nm)
than the films prepared with other SAMs in the CDTS-based se-
ries. This increased thickness potentially supports improved light
harvesting, contributing to higher current densities and overall
device efficiency. Surface roughness plays a pivotal role in the
interfacial quality between the perovskite and electron transport
layers.

The primary factor affecting the connection between the tin
perovskite and the hole transport layer is the contact angle
of the precursor, determining their interfacial adhesion. SAMs
do not, however, invariably have hydrophilic qualities. To ad-
dress this limitation, we incorporated NiOx to enhance SAMs
hydrophilicity. Figure S35 (Supporting Information) presents
the contact angles of tin perovskite precursor solutions on
SAM/NiOx films, comparing those of SAMs lacking NiOx. Af-
ter using NiOx, the contact angles for CDTS-MN, CDTS’-MN,
CDTS-PA, and CDTS-CA were measured to be 10.95°, 12.35°,
18.11°, and 18.88°, respectively, as shown in Figure S36 (Sup-
porting Information). In contrast, the NiOx-only film exhibited
a significantly higher contact angle of 23.2° (Figure S36, Sup-
porting Information). NiOx’s assistance with improving surface
hydrophilicity is confirmed by the observed decrease in con-
tact angles. Furthermore, a reduced contact angle during the
two-step fabrication process encourages the generation of Snl,
films, which in turn affects FAI deposition and makes it eas-
ier to create high-quality FASnI; film. Better perovskite film

Small Methods 2025, e01309

€01309 (5 of 12)

quality and increased device efficiency are the results of this
advancement.

2.3. Electronic Properties of Tin Perovskite

The crystallinity of the tin perovskite is vital for the solar cell
performance. The X-ray diffraction (XRD) results of the CDTS-
based tin perovskite are displayed in Figure 3a. We find out that
the primary peak at 14° has different XRD intensities, this peak
corresponding to the (100) plane signal. Among the samples,
NiOx/CDTS-MN exhibits the highest peak intensity, suggesting
superior film quality compared to the other tin perovskites. No-
tably, the alteration of SAM results in the generation of tensile
strain in the perovskite films because its thermal expansion con-
stant is lower than that of NiOx. Finally, as seen in Figure 3D, the
perovskite (100) peaks were shifted to smaller angles, indicating
expansion of the crystal units.

The detailed energy level alignment across these layers, as
determined by ultraviolet photoelectron spectroscopy (UPS), is
illustrated in Figure 3c, providing insights into the interfacial
energy offsets and facilitating an understanding of charge car-
rier dynamics within the device. Figures S37 and S38 (Sup-
porting Information) exhibit the UPS raw data with and with-
out NiOx. The persistent challenge of tin oxidation in tin per-
ovskite necessitates innovative solutions. Note that the slight
variations in the trends of energy levels observed among the
DFT, DPV, and UPS measurements are not unexpected and
are probably due to the distinct environmental conditions in
which the measurements or calculations were conducted.[58]
To mitigate this impediment, we have substituted PEDOT: PSS
with a SAM and NiOx. Simultaneously, x-ray photoelectron spec-
troscopy (XPS) was used to investigate the oxidation state of tin
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Figure 3. a) XRD patterns of tin perovskite films on NiOx modified with different SAMs. b) Peak shifts of the (100) diffraction plane. c) Energy-level
alignment of device components. d) XPS spectra of tin perovskite films formed on NiOx/CDTS-MN.

in perovskite films incorporating CDTS-series SAMs. The Sn?*
ratio was determined to be 96.49% for CDTS-MN, 95.18% for
CDTSP-MN, 94.48% for CDTS-PA, and 93.68% for CDTS-CA.
Notably, CDTS-MN exhibited the highest Sn?*/Sn** ratio, as
illustrated in Figure 3d and Figure S39 (Supporting Informa-
tion). The empirical evidence exhibits the profound efficacy of
the NiOx/SAM bilayer in attenuating the tin oxidation within the
perovskite layer. The XPS results are consistent with the device
performances, showing the same trend for this series of SAM
devices.

2.4, Carrier Dynamics

Charge transfer plays a vital role in a solar cell’s operation. We
replaced the PEDOT: PSS with NiOx/CDTS-series SAMs, so the
HTL should have greater hole mobility, preferable charge ex-
traction, and reduce charge recombination. Regarding the op-
tical characteristics, Figure 4a displays the PL spectra for the
four films, and their PL peak locations are comparable. To as-
sess hole extraction in tin perovskite films incorporating CDTS-
series SAMs, we performed time-correlated single-photon count-
ing (TCSPC) measurements. As depicted in Figure 4b and the
results summarized in Table S3 (Supporting Information), the
decay profiles indicate that NiOx/CDTS-MN achieves the most
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rapid hole extraction, demonstrating its outstanding efficiency
in this process. Initially, electron transport from the bulk to Cg,
dominates at shorter times, while interfacial recombination be-
comes the primary pathway in a later stage. While fast hole extrac-
tion is essential, hole mobility is another critical parameter to be
studied. To quantify it, we utilized space-charge limited current
(SCLC) measurements.

In solar cells, the highest permissible current density for
steady-state electron transport is defined by space-charge-limited
electron flow. Hole mobility was extracted from the trap-free re-
gion using the Mott-Gurney equation, where the current is gov-
erned by space-charge effects in the absence of trapping.[®"! As il-
lustrated in Figure 4c, NiOx/CDTS-MN exhibits the greatest hole
mobility among all CDTS-series SAMs in cooperation with NiOx,
underscoring its superior charge transport capability compared
to other CDTS-shaped SAMs. To further analyze charge recombi-
nation characteristics, we conducted electrochemical impedance
spectroscopy (EIS) measurements under dark conditions, apply-
ing open-circuit voltage (Voc) as a bias. The impedance response,
depicted as a single semicircle in Figure 4d, represents the re-
sistance to interfacial charge recombination. An elevated charge
recombination resistance signifies a substantial suppression of
this charge recombination process. This reduction in recombi-
nation losses directly correlates with improved charge carrier life-
time and, consequently, manifests as a marked enhancement in
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Figure 4. a) Steady—state PL spectra of perovskites on SAM-modified NiOx.

b) PL decay curves measured by TCSPC. c¢) Hole mobility extracted via SCLC

from ITO/NiOx/SAM/perovskite/Al devices. d) EIS Nyquist plots of corresponding devices.

overall device performance metrics. As shown in Figure 4f, the
resistance follows the trend: NiOx/CDTS-MN > NiOx/CDTS"-
MN > NiOx/CDTS-PA > NiOx/CDTS-CA > NiOx-based, which
is consistent with the observed Voc values.

2.5. Device Performance and Stability

We fabricated tin-based perovskite solar cells featuring a
multilayered architecture comprising ITO/NiOx/CDTS-derived
SAM/Sn-based perovskite/C,,/BCP/Ag. The I-V characteristics
in Figure 5a show the performance of devices that incorporate
NiOx/SAMs, while Table S4 (Supporting Information) provides
relevant photovoltaic parameters. To compare the results with
different CDTS-series HTMs synthesized in this investigation,
NiOx-only was utilized as a control unit of this series.

The photovoltaic performance of the devices incorporating
various CDTS-based SAMs follows the trend: NiOx/CDTS-
MN (8.41%) > NiOx/CDTS’-MN (8.03%) > NiOx/CDTS-
PA (5.15%) > NiOx/CDTS-CA (4.59%) > NiOx-only control
(4.08%). Among them, the NiOx/CDTS-MN device demon-
strates the highest PCE, with a notable advantage exhibit-
ing almost no hysteresis during the forward and reverse
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scan cycles, as shown in Figure 5b. Figure S40 (Support-
ing Information) compares device performance of CDTS-based
SAMs with and without the presence of NiOx. This negli-
gible hysteresis strongly suggests improved interfacial con-
tact and efficient charge transport within the device. To
further substantiate these findings, the incident photon-to-
current conversion efficiency (IPCE) spectra and the corre-
sponding integrated short-circuit current densities (Js.) are dis-
played in Figure 5c. The spectral response clearly confirms
the prominent performance of the NiOx/CDTS-MN-based de-
vice, with a high capacity for photon harvesting, especially
in the wavelength region of 350-700 nm (Figure S41, Sup-
porting Information). This high IPCE correlates closely with
the elevated - and confirms the improved light absorp-
tion and carrier collection enabled by the NiOx/CDTS-MN
interface.

In addition to enhanced performance, the statistical repro-
ducibility of the device efficiency was evaluated through fabrica-
tion and testing of 15 individual solar cells for each type of CDTS-
based SAM along with NiOx. The resulting PCE, Voc, Jsc, and
FF distribution with the raw data summarized in Tables S5-S8
(Supporting Information), are presented as box plots in Figure 5d
and Figure S42 (Supporting Information), confirms that the
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Figure 5. a) J-V characteristics of devices incorporating various CDTS-based SAMs. b) Hysteresis behavior of the CDTS-MN device. c) IPCE spectra and
integrated J¢ values. d) Device-to-device PCE variation (n = 15) for each SAM.

performance of the NiOx/CDTS-MN configuration is not only
outstanding but also consistent, which is crucial for practical de-
ployment of TPSCs.

Stability is critical for solar cell applications, and two types
of stability assessments were conducted in this study. The first
test, evaluating long-term efficiency retention under shelf stor-
age conditions (ISOS-D-1), is depicted in Figure 6a. Over 3600 h,
the NiOx/CDTS-MN devices showed exceptional long-term sta-
bility, retaining almost 90% of their original efficiency. Enhanced
stability can be attributed to the best film morphology, crys-
talline structure, hole mobility, and optoelectronic properties.
The second test, where we used ISOS-L-1 protocol to conduct the
maximum power point tracking (MPPT) conditions under one
sun illumination, demonstrated that the CDTS-MN device re-
tained 90.3% of its original PCE after 5 h of illumination
(Figure 6b).

3. Conclusion

We synthesized and characterized four molecules based on
dithioalkylated-CDT unit such as CDTS-MN (1), CDTS’-MN (1b),
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CDTS-CA (2), and CDTS-PA (3), to act as SAMs for TPSCs.
DFT calculations revealed that the triphenylamine groups posi-
tioned on one side of the CDTS core promote effective charge
transport to the perovskite layer. Meanwhile, dicyanovinylene,
cyanoacrylic acid, and phosphonic acid groups on the oppo-
site side provide strong anchoring to the NiOx/ITO surface,
which increases the hydrophilicity and surface texture of the
ITO substrate, enabling uniform SAM formation. The inclu-
sion of solubilizing thioalkyl groups to the CDT core is antici-
pated to improve the solubility, promote intramolecular interac-
tions, reduce and regulate the packing of SAMs on the NiOx/ITO
substrates. Single crystal structures of CDTS-MN and CDTS"-
MN revealed S—S intermolecular interactions and improved z-
conjugation, aiding in the formation of dense SAMs that pro-
mote efficient charge transport. In our study, using only NiOx
as a HTM in TPSC yielded a low PCE of 4.0%. However, in-
tegrating the new organic SAMs (1-3) with NiOx significantly
improved their device efficiencies, achieved an excellent PCE of
8.41% for the NiOx/CDTS-MN device. In contrast, the devices
made of NiOx/CDTSP-MN, NiOx/CDTS-CA and NiOx/CDTS-
PA achieved PCEs of 8.04%, 4.54%, 5.15% respectively. Further,
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Figure 6. a) Shelf-life stability (ISOS-D-1). b) MPPT performance under continuous illumination (ISOS-L-1).

extensive characterizations including SEM, AFM, KPFM, XPS,
TCSPC, SCLC and EIS were performed to analyze the optoelec-
tronic properties of the NiOx/SAMs based perovskite thin films.
This research offers a promising approach to improving perfor-
mance and stability in TPSCs by utilizing innovative CDTS-based
SAMs combined with NiOx HTMs, which is expected to further
advance TPSC technology.

4. Experimental Section

Materials: ~ All reagents were used as received without further pu-
rification unless otherwise specified. The following chemicals were
employed: the commercial ITO glass (1.9 x 1.9 cm?), nickel ox-
ide nanoparticles (NiOx, Lumtech), formamidinium iodide (FAI, Great-
cell Solar), tin(ll) iodide (Snl,, 99.999%, Alfa Aesar), tin(ll) fluoride
(SnF,, 99%, Aldrich), dimethyl sulfoxide (DMSO, Aldrich), chlorobenzene

RS_SR
|
1. +-BuOK/CS, POCI,
[/ \g 2/ W—> [\
S S” 2.RBr, THF S S
4 5-5b
RS _SR

| \
NBS SnBu3

1 \y_JI \
E—
THF Br S S CHO

7-7b

—_—
Pd(PPh;),
Toluene, Reflux

i5,6, 7, 8; R= C4Hy
: 5b, 6b, 7b, 8b; R=bCgHy/

..........................................

Scheme 1. Synthesis of CDTS-based SAMs as HTMs for TPSC application.
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(Aldrich), isopropanol (IPA, Aldrich), hexafluoro-2-propanol (HFP, TCl),
and ethylenediammonium diiodide (EDAI,, Greatcell Solar). EDAI2 was
synthesized by reacting an excess of hydroiodic acid (HI, 57%, Alfa Aesar)
with 1,2-diaminoethane (99%, Alfa Aesar) in an ice bath. The resulting
white solid was thoroughly washed with diethyl ether and dried in a vac-
uum oven at 50 °C for 24 h. SAM solutions were made with dry ethanol
that was obtained through distillation.

Synthesis of CDTS-Based SAMs: The synthetic pathways for SAMs
molecules 1-3 are illustrated in Scheme 1. The precursor compound CDT
(4) was synthesized using established methods from the literature.50, 53
Initially, compound 4 was deprotonated with t-BuOK and subsequently
treated with CS2 to generate the ketene dithiolate anion in situ.50 This
anion was then alkylated using alkyl bromides (br-C8H17 and C4H9Br),
resulting in the formation of the corresponding dialkylated thioacetals,
5 and 5b, with excellent yields ranging from 84% to 95%. Following
this, the dialkylated thioacetals (5-5b) underwent a Vilsmeier-Haack re-
action, resulting in the formation of mono-formylated moieties 6 and
6b with satisfactory yields. Further, intermediates 6 and 6b were reacted

NC”CN
CHCI;, Reflux
CDTS-MN (1); R=C,Hs
: CDTSP-MN (1b); R= bCgH47:
NC"™COOH

—
CHCI;, Reflux

B
,—P-OEt
1.NC OFEt

CHCI;, Reflux
L =
2. TMSBr

:CDTS-PA (3); R= C4Ho
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with n-bromosuccinimide (NBS), leading to the production of bromi-
nated derivatives 7 and 7b, also achieved in high yields (85%-91%). The
key aldehydes 8 and 8b were obtained through Stille coupling of bromo-
intermediates 7 and 7b with the 4-methoxy-N-(4-methoxyphenyl)-N-(4-
(tributylstannyl)phenyl)aniline in satisfactory yields (70%-80%). Further-
more, Knoevenagel condensation of aldehydes 8 and 8b with propanedini-
trile in the presence of pyridine in chloroform produced target molecules
CDTS-MN (1) and CDTSb-MN (1b) in good yields (~80%). Similarly,
the Knoevenagel condensation of aldehydic intermediate 8 with a mix-
ture of cyanoacetic acid and piperidine in refluxing chloroform yielded the
molecule CDTS-CA (2) in good yield (x70%). Finally, the target molecule
CDTS-PA (3) was synthesized by reacting the aldehydic intermediate 8
with diethyl (cyanomethyl) phosphonate, followed by hydrolysis reaction
in satisfactory yield (~65%). Molecules 1-3 demonstrate excellent solubil-
ity in organic solvents such as chlorobenzene, chloroform, and tetrahy-
drofuran. Additionally, the structural analysis of all target compounds
was conducted using "H and 3C NMR spectroscopy, along with mass
spectrometry.

Preparation of Hole Transport Layer and Perovskite Films: ~ For the prepa-
ration of hole transport layer precursors, NiOx nanoparticles were dis-
persed in deionized water to achieve a concentration of 0.2 mM. NiOx
nanoparticle solution was spin-coated onto the cleaned ITO substrates
at 2000 rpm for 30 s and annealed at 150 °C for 10 min before the SAM
dipping. After removal from the solution, the substrates were annealed at
100 °C for 10 min to remove residual solvent. For the preparation of tin
perovskite precursors, 0.8 mM Snl,, 0.16 mM SnF,, and 0.008 mM EDAI,
were dissolved in 1 mL dimethyl sulfoxide (DMSO) and stirred overnight
in a nitrogen glovebox. The antisolvent solution was prepared by dissolv-
ing 20 mg FAl in a IPA/HFP/CB cosolvent (5:5:2, v/v/v, 1.2 mL). For film
deposition, 40 uL of the perovskite precursor was spin-coated onto the
SAM-modified NiOx/ITO substrates at 6000 rpm for 1 min. Subsequently,
100 pL of the FAI antisolvent solution was loaded onto the Sni2-coated
substrates and spin-coated at 5000 rpm for 12 s. The resulting films were
immediately annealed at 70 °C for 10 min to complete crystallization.

Device Fabrication: The commercial ITO glass substrates (1.9 x
1.9 cm?) were sequentially cleaned by sonication in isopropanol, ace-
tone, and deionized water for 30 min each, followed by drying un-
der a nitrogen stream and treatment with ultraviolet-ozone for 30 min.
The SAM solution was deposited onto the ITO substrates by dipping
as described above. After the substrates had cooled to room tempera-
ture, the perovskite films were subsequently deposited onto the SAM-
modified layers using the same procedure as detailed previously. The
substrates were transferred to a vacuum chamber for sequential de-
position of the remaining layers. A 30 nm thick Cgq layer was ther-
mally evaporated as the electron transport layer, followed by a 5 nm
hole-blocking layer of BCP and a 100 nm top metal layer of Ag.
All depositions were carried out under a base pressure ~5 x 107°
Torr.

General SAM Characterizations: TH and 13C NMR spectra were
recorded using a Bruker 500 instrument, with reference to solvent sig-
nals. Thermo gravimetric analysis (TGA) was performed on a Perkin Elmer
TGA-7 thermal analysis system using dry nitrogen as a carrier gas at a
flow rate of 40 mL min~'. UV-vis absorption and fluorescence spectra
were obtained in the indicated solvents at room temperature using JASCO
V-530 and Hitachi F-4500 spectrometers, respectively. Differential pulse
voltammetry (DPV) experiments were performed with a conventional three
electrode configuration (a platinum disk working electrode, an auxiliary
platinum wire electrode, and a non-aqueous Ag reference electrode, with
a supporting electrolyte of 0.1 M tetrabutylammonium hexafluorophos-
phate (dry TBAPF6) in the specified dry solvent, using a CHI621C Electro-
chemical Analyzer (CH Instruments).

Characterizations of Films and Devices: |-V curves were obtained at a
scan rate of 0.07 V s~! using a SAN-EI solar simulator (model XES-40S1)
under standard one sun illumination (AM 1.5G spectrum, 100 mW cm?),
with calibration against a standard silicon reference cell (Oriel, model
PN 91 150 V, VLSI standard). The devices’ active area was 0.0225 cm?,
as specified by a metal mask. Following calibration with a standard sili-
con photodiode (Hamamatsu model S1337-1012BQ), incident photon-to-
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current efficiency (IPCE) spectra were produced. X-ray diffraction (XRD)
patterns were measured using a Bruker D8-Advance diffractometer with
Cu Ka radiation. The samples’ morphology and structure were studied
utilizing a field-emission scanning electron microscopy (SEM, Hitachi
model SU8010) and an atomic force microscope and Kelvin probe force
microscopy (AFM, KPFM, SII Nanotechnology Inc. model VT SPM). UV-
vis/NIR absorption spectra have been collected using a Jasco V-570 spec-
trophotometer with a spherical attachment for increased sensitivity. PL
measurements were performed using 450 nm excitation with emission
spectra recorded from 700 to 1100 nm.

Carrier Dynamic Measurements: For PL decay studies, a time-
correlated single-photon counting (TCSPC) system (Fluotime 200, Pico-
Quant) was used with excitation at 635 nm, the PL decays were monitoring
at 840 nm. The laser operated at a repetition rate of 25 MHz and a pulse
energy of 4 1) cm™~2. Faster decay components (z,) were attributed to inter-
facial charge recombination, while slower components (z, or 73) reflected
bulk recombination processes. Electrochemical impedance spectra (EIS)
were measured to probe interfacial charge carrier recombination in the
devices.[>*] Measurements were done in the dark with the bias at the open-
circuit voltage (VOC). Nyquist plots showed a single semicircle, indicat-
ing carrier recombination resistance, with the semicircle size reflecting the
magnitude of this resistance.l>*] The data were fitted using an equivalent
circuit with a series resistance (Rs) and a parallel RC element representing
the carrier dynamics. Hole-only devices with an ITO/HTL/perovskite/Al
structure were prepared for space charge limited current (SCLC) measure-
ments. The hole transport layer (HTL) and perovskite were deposited us-
ing the same process as the photovoltaic devices. The Al electrode was
thermally evaporated at a base pressure of ~5 x 10~ Torr. Dark J-V scans
were recorded from 0 to 5 V using a Keithley 2400 source meter. The hole
mobility was calculated using the Mott—Gurney law.

Statistical Analysis: Statistical methods were used to analyze var-
ious photovoltaic parameters of the TPSCs based on all SAMs by
Statistical Product and Service Solutions (SPSS) software. 15 devices
were randomly selected for statistics; their raw data were listed in
Tables S5-S8 (supporting Information). The corresponding boxplots were
shown in Figure 5d and Figure S42 (Supporting Information). Their mini-
mum/maximum /average PCE standard deviation and P value (CDTSP-MN
as a standard sample) were summarized in the following:

CDTSP-MN: Voc: 0.535-0.625 V, 0.581+0.027 V. Jsc: 18.96—
20.18 mA cm?, 19.65+0.35 mA cm?. FF: 65.8%-71.6%, 68.4+2.0%.
PCE: 7.4%-8%, 7.8+0.2%.

CDTS-MN: Vgc: 0.558-0.623 V, 0.589+0.016 V; P = 0.32. Jgc: 19.27-
20.14 mAcm?,19.81+0.30 mAcm?; P=0.21. FF: 66%-74.2%, 69.6+2.4%;
P =0.14. PCE: 7.9%-8.4%, 8.1+0.2%; P = 0.00.

CDTS-PA: Vioc: 0.424-0.492 V, 0.462+0.027 V; P = 0.00. Joc: 13.66—
17.96 mA cm?, 15.58+1.36 mA cm?; P = 0.00. FF: 66.1%-72.2%,
69.0+2.0%; P = 0.41. PCE: 4.7%-5.2%, 4.9+0.2%; P = 0.00.

CDTS-CA: Vpc: 0.412-0.551V, 0.475+0.040 V; P = 0.00. Jc: 12.41—
16.57 mA cm?, 14.63+1.31 mA cm?; P = 0.00. FF: 60.3%-65.7%,
62.8+1.7%; P = 0.00. PCE: 4-4.6%, 4.3+0.2%; P = 0.00.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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