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Phenothiazine-Based Self-Assembled Monolayer with
Thiophene Head Groups Minimizes Buried Interface Losses

in Tin Perovskite Solar Cells
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Lennart Frohloff, Antonella Treglia, Thomas W. Gries, Orestis Karalis, Vytautas Getautis,
Florian Ruske, Annamaria Petrozza, Norbert Koch, Hannes Hempel, Tadas Malinauskas,*

Antonio Abate,* and Artem Musiienko*

1. Introduction

Self-assembled monolayers (SAMs) have revolutionized the fabrication

of lead-based perovskite solar cells, but they still remain underexplored
in tin perovskite systems. To date, PEDOT remains the most effective
hole-selective layer in tin perovskite solar cells (TPSCs), yet it presents

Thanks to their simple processing,
bandgap tunability, and defect tolerance,
perovskites are on track to radically
change the world of photovoltaics.

challenges for both performance and stability. MeO-2PACz, the only SAM
reported for tin perovskites consistently underperforms when compared to
PEDOT. In this work, it is identified that MeO-2PACz’s limitations stem from
excessively strong interactions with the perovskite surface and poor lattice
matching, which leads to inferior interface quality. To address these issues,

a novel SAM-forming molecule called Th-2EPT is designed, synthesized, and
characterized. Density functional theory (DFT) is used to evaluate coordination
strength and lattice compatibility, complemented by electro-optical
characterisation techniques that show significantly reduced interfacial
recombination and improve material crystallinity in Th-2EPT/Perovskite
films. With Th-2EPT, the first SAM-based tin perovskite solar

cells that outperform PEDOT-based devices, delivering a power conversion
efficiency (PCE) of 8.2% with a DMSO-free solvent system, are demonstrated.

However, two challenges must be ad-
dressed before this technology can
be considered competitive for com-
mercialisation: long-term stability and
lead toxicity!'™* Intense research is
focused on developing nontoxic alter-
natives to mitigate the toxicity issues
of lead-containing perovskites.[>>¢! Tin
perovskite solar cells are potentially
even more stable than their lead-based
counterparts, exhibiting negligible ion
migration.378]  Despite their poten-
tial, TPSCs underperform compared
to their lead counterparts, hindered
by rapid crystallisation and unstable

interfaces,?) due to the facile oxidation
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of Sn?* to Sn** and poor energy-level alignment between stan-
dard selective contacts and the absorber layer.[1->3-10]

Until now, in most studies on tin perovskite solar cells,
poly(3,4-ethylene dioxythiophene) polystyrene sulfonate, (PE-
DOT: PSS)serves as the gold-standard hole-selective layer (HSL)
in current tin perovskite solar cell. However, the signifi-
cant energetic misalignment, acidity, and hygroscopicity limit
the performance of PEDOT-based devices and lead to device
degradation.!>!"1*l Due to the inherent chemical limitations of
PEDOT, overcoming its drawbacks calls for the design of novel
materials. Self-assembled monolayers (SAMs) are emerging as a
key alternative to PEDOT due to their dual role in interface pas-
sivation and charge selectivity.'>"”] While SAMs have demon-
strated success in lead-based perovskites by improving charge
extraction and passivating interfaces, their application in tin
perovskites remains underexplored. To the best of our knowl-
edge, MeO-2PACz is the only SAM successfully employed for
tin perovskites, achieving moderate power conversion efficien-
cies (PCEs) of 5.8%[°) and 9.4%,["®) obtained with a DMSO-free
and DMSO solvent system, respectively. Regardless of the solvent
system, SAM-based solar cells have yet to outperform PEDOT
controls, and the underlying causes of poor performance remain
unclear.21-2] In this work, we use first-principles calculations to
identify the limitations of MeO-2PACz, revealing its strong inter-
action with the FASnI, lattice and dimensional mismatch as the
cause for a highly defective interface. We employ a DMSO-free
solvent system for tin PSCs to mitigate solvent-induced degra-
dation, addressing two key challenges: the oxidation of Sn?* by
DMSO and the presence of residual DMSO, which can further
promote oxidation over the device’s lifetime.

To overcome this incompatibility between the MeO-2PACz
and tin perovskite, we design and synthesize a novel SAM
molecule, {2-[3,7-di(thiophen-3-yl)-10 H-phenothiazin-10-
yllethyl}phosphonic acid or Th-2EPT, featuring two thiophene
passivating head groups, a phenothiazine core and a phosphonic
acid anchoring group. Th-2EPT significantly improved the in-
terfacial quality of tin perovskites by enhancing lattice matching
and fine-tuning interaction strength. This work marks the first
successful attempt to fabricate well-functioning SAM-based tin
perovskite solar cells. Th-2EPT is able to compete with and out-
perform PEDOT, thanks to positive chemical interaction, lattice
matching and improved optoelectronic properties of perovskite
films grown on this SAM.

2. Results and Discussion

To investigate the underperformance of MeO-2PACz in tin per-
ovskite solar cells, we examined its interfacial interaction with the
perovskite lattice using density functional theory (DFT). Specif-
ically, we evaluated two key descriptors of interface quality: the
binding energy of the SAM to the FASnl,’s uncoordinated Sn**
surface ions and the degree of lattice matching between the
SAM'’s passivating head groups and the perovskite cationic sub-
lattice.

In the case of MeO-2PACz, we simulated the molecule with-
out its phosphonic acid anchor to isolate the interaction of the
two methoxy head groups with undercoordinated Sn?* ions. The
molecule was fully relaxed on the slab model, and the binding en-
ergy was calculated as the interaction energy between the donor
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atoms and the surface cations (full computational details are pro-
vided in the Supporting Information). MeO-2PACz exhibited a
high binding energy of 0.45 eV (Figure 1c), in line with strong
Lewis acid-base adduct formation between its electronegative
oxygen atoms and Sn?*. While this strong interaction could be
beneficial for anchoring, it may also rigidly lock the interface,
preventing the perovskite lattice from undergoing necessary re-
arrangements during film formation. Previous studies have sug-
gested that strong molecular interactions can sometimes be detri-
mental, as they may rigidly anchor the interface, hindering the
natural rearrangements of the perovskite lattice during crystal
growth.[72223]

Next, we evaluated the spatial compatibility between the
molecule’s O—O spacing (7.81 A) and the calculated Sn—Sn dis-
tances on the perovskite surface (6.53 A — Figure 1a). The best
match was found with the second-nearest neighbors (9.22 A),
corresponding to a rather low 85% match (Figure 1b). A detailed
calculation on lattice matching is discussed in the Supporting In-
formation. We hypothesize that, in the case of MeO-2PACz, the
combination of strong interactions with undercoordinated Sn’*
ions and poor lattice compatibility may induce interfacial strain
and promote defect formation.

To address lattice incompatibility of MeO-2PACz, we de-
signed a new SAM molecule, Th-2EPT, with two main objec-
tives: reduce binding strength and improve lattice compatibil-
ity. In place of the carbazole core used in MeO-2PACz, we
introduced a phenothiazine unit—a well-established, low-cost
electron-rich structure.[’*2%1 To reduce the binding strength
observed with methoxy groups, we replaced them with thio-
phene units, which were introduced at positions 3 and 7 of
the phenothiazine core (Figure 1d). Thiophenes were selected
due to their lower electronegativity relative to oxygen, while
still offering proven effectiveness in surface passivation for
both tin- and lead-based perovskites.[?28] We retained the phos-
phonic acid anchor, given its proven effectiveness in ensuring
robust adhesion.??3% The resulting molecular structure, vis-
ible in Figure 1d, named diethyl{2-[3,7-di(thiophen-3-yl)-10H-
phenothiazin-10-ylJethyl}phosphonate (Th-2EPT), was investi-
gated with the same DFT methodology. Th-2EPT exhibited a sub-
stantially lower binding energy of 0.14 eV (Figure 1f), attributed
to the less electronegative sulfur atoms and their more delocal-
ized bonding character. This weaker interaction suggests a more
flexible, less disruptive binding mode that could facilitate per-
ovskite crystallization. Geometrically, Th-2EPT showed a near-
ideal S—S spacing of 14.01 A, matching the fifth-nearest Sn—Sn
distance in FASnI, (14.6 A) with 96% alignment (for detailed cal-
culations, see Supporting Information). The superior geometric
match, combined with moderate binding strength, indicates that
Th-2EPT could passivate the perovskite surface without introduc-
ing strain or defects.

Motivated by the favorable binding energy and lattice compat-
ibility predicted for Th-2EPT, we synthesized the molecule and
experimentally tested its effect on FASnl, film formation (syn-
thetic steps are summarized in Table S1, Supporting Informa-
tion, followed by a detailed description of the synthetic inter-
mediates). We deposited FASnI; perovskite on PEDOT, MeO-
2PACz and Th-2EPT on ITO substrates. PEDOT was included
as a reference in this stage of the study, given its role as the most
well-known hole transport layer (HTL) in FASnI, solar cells.[*2!]
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Figure 1. SAM-perovskite interaction and lattice match. a) Structures and characteristic dimensions of FASnI3 lattice and the MeO-2PACz phosphonic
acid. b) Graphical representation of lattice mismatch between MeO-2PACz and the FASnI3 lattice. ¢,f) DFT-calculated binding energies for the two
molecules on top of a Snl,-terminated FASnl; surface. The values in eV denote the computed binding energies at the interface. d) Molecular structure
of Th-2EPT and S-S distance between head groups. e) Lattice matching between Th-2EPT and the FASnlI lattice. For graphical clarity, the illustration
simplifies the 96% lattice match of Th-2EPT by representing it as alignment with two lattice parameters; the full calculation with fifth-nearest-neighbor

matching is provided in the Supporting Information.

PEDOT and MeO-2PACz were spin-coated, while target Th-2EPT
was deposited through dip-coating. In the case of PEDOT films,
an alumina (Al,O,) nanoparticles scaffold is spin-coated between
PEDOT and perovskite. This step is necessary to improve the wet-
ting of PEDOT.?!l Contact angle measurements (Figure 2a—)
confirmed good wettability for Th-2EPT (69°) and good wetta-
bility for PEDOT (59° with the spin-coated alumina nanoparti-
cle wetting layer), and MeO-2PACz (55°). The resulting films
were characterized by SEM and XRD to study the film morphol-
ogy and the effect of the new Th-2EPT SAM on crystallization
(Figure 2d,e). XRD shows reflexes from both the ITO substrate
and the perovskite layer,*! and all peaks could be assigned to ei-
ther of the two materials. XRD diffractograms for the three sam-
ples do not exhibit significant differences in the relative intensi-
ties of diffraction peaks, suggesting comparable crystallographic
orientation across all HTL layers. However, notable differences
are observed in the analysis of the primary (100) diffraction peak
located ~14° (Figure 2e). The intensity of this peak is similar for
PEDOT and Th-2EPT, whereas it is markedly reduced for MeO-
2PACz, indicating lower crystallinity. Peak broadening was eval-
uated using a Gaussian fitting model, and the full width at half
maximum (FWHM) was extracted (more information on the fit-
ting model in the supporting information). The extracted FWHM
show a similar trend with respect to the same signal’s intensity,
with MeO-2PACz showing by far the broadest peak (FWHM,,.,

Adv. Energy Mater. 2025, 15, 2500841 2500841 (3 of 8)

= 0.30°) while PEDOT shows the narrowest (FWHM,ipor =
0.10°), followed by Th-2EPT (FWHMyy ,ppr = 0.12°). The pro-
nounced peak broadening observed for the film on MeO-2PACz
may arise from several factors, including increased microstrain,
a higher density of structural defects, reduced crystallinity, or a
smaller vertical grain size. Regardless of the dominant mech-
anism, the broadening indicates a lower structural quality for
MeO-2PACz films relative to the films deposited on PEDOT or
Th-2EPT. While displaying a very similar FWHM, films on PE-
DOT and Th-2EPT show a rather different surface morphology
in SEM (Figure 2a,c). Films grown on PEDOT exhibit the largest
lateral grain size, whereas those deposited on both SAMs dis-
play notably smaller and more compact grains. Likely, the grain
growth is mainly governed by the usage of an alumina scaffold
in the case of PEDOT.

After observing that Th-2EPT significantly improves film crys-
tallinity and morphology—surpassing MeO-2PACz and closely
approaching PEDOT—we next investigated how these struc-
tural enhancements affect the optoelectronic properties and car-
rier recombination dynamics of the films. ITO/HTL/Perovskite
layer stacks were studied, always illuminating them from the
ITO/HTL side, to better probe the buried interface (Figure 3a).
We employed PLQY, trPL, and TAS measurements to assess
how the hole transport layer (HTL) influences radiative effi-
ciency and carrier recombination in perovskite films (Figure 3).
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Figure 2. Morphology and crystallinity of perovskite films. a—c) SEM images of perovskite films deposited on PEDOT (a), MeO-2PACz (b), and Th-2EPT
(c). Median values for measured contact angles (CA) are indicated (CA data are provided in Figure S8, Supporting Information). d) X-ray diffraction
(XRD) patterns of the same films (left), with principal diffraction peaks indexed and ITO substrate peaks marked by diamonds. €) Magnified view of the

(100) diffraction peak ~14°, showing fitted curves (black diamonds) and corresponding full width at half maximum (FWHM) values for each sample,
extracted using a Gaussian fitting. More information on the fitting is provided in the Supporting Information.

Figure 3b presents the normalized photoluminescence quantum
yield (PLQY) as a function of excitation density for perovskite
films deposited on various substrates. At low excitation densi-
ties (10'* cm™3), the film on Th-2EPT exhibits the highest PLQY,
surpassing even that of the reference glass substrate. This ele-
vated PLQY at low carrier concentrations indicates effective sup-
pression of trap-assisted nonradiative recombination, suggesting
superior interfacial passivation provided by Th-2EPT. As excita-
tion density increases (10'°-10'7 cm~?), the PLQY values for Th-
2EPT, MeO-2PACz, and glass converge, forming a group with
similar peak efficiencies. In contrast, the PEDOT-based film con-
sistently displays significantly lower PLQY across the entire ex-
citation range, indicative of higher nonradiative recombination
losses and inferior interfacial quality. These observations under-
score the efficacy of SAM-based hole transport layers in enhanc-
ing radiative recombination efficiency and mitigating interfacial
defects. Transient photoluminescence (trPL) was measured on
ITO/HTL/Perovskite stacks. The photoluminescence transients
reveal clear differences in decay times among the hole transport

Adv. Energy Mater. 2025, 15, 2500841 2500841 (4 of 8)

layers, with Th-2EPT exhibiting the slowest decay (Figure 3c).
The trPL data were fitted using a bi-exponential decay model (fit-
ting parameters and corresponding plots are provided in Figure
S6, Supporting Information). The resulting fits were then used to
compute differential lifetimes according to the expression t = —{d
In[f(t)]/dt}~1, where f(t) is the time-dependent photon flux. In a
bi-exponential trPL fit, the fast-decaying exponential models the
initial behavior of the decay and is more closely associated with
interfacial trap-assisted nonradiative recombination. In contrast,
the slowly decaying exponential is more representative of carrier
lifetimes.[3*?%) Both lifetimes are tabulated in Figure S6 (Support-
ing Information). While the fast components do not appear in the
differential lifetime plots, the slow decay manifests as a plateau
in these graphs (Figure 3d). PEDOT reaches this plateau at only
35 ns, indicating the shortest lifetime among the evaluated HTLs,
followed by MeO-2PACz with a lifetime of 67 ns. The film on Th-
2EPT shows alonger lifetime of 91 ns, while the perovskite grown
on quartz exhibits a lifetime of 156 ns—an impressive value
when compared to recent studies reporting significantly shorter
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Figure 3. Optoelectronic properties. a) Schematic representation of the ITO/HTL/PVK stack on which the measurements were performed. The RGB
colored arrows qualitatively represent the penetration depth dependence on the excitation wavelength. b) PLQY plots were obtained by integrating the
PL spectrum as a function of excitation density. ¢) Normalized nanosecond-resolved photoluminescence transients (trPL) and d) computed differential
lifetimes from double exponential fits to the trPL transients. e) Transient absorption (TAS) decays, showing the decay of the photo bleach peak at 850
nm, with an excitation density of 4-10"7 cm=3. f) A magnified view of the TAS decay, focusing on the microseconds time range, highlights the distinct
long-timescale recombination dynamics and reveals apparent differences in decay rates among the HTL substrates. Plots ) and f) only show the decay
of the 850 nm peak, while full transient absorption spectra are available in Figure S5 (Supporting Information).

trPLlifetimes for Sn-based perovskites.**5] Following trPL, tran-
sient absorption spectroscopy (TAS) was performed. TAS mea-
sures the relative change in transmittance (photobleach) of the
material as a function of time after photoexcitation. The result-
ing signal is proportional to the population of holes and electrons
in the valence and conduction bands, respectively. The main dif-
ference of TAS with respect to trPL is that it enables tracking of
both radiative and nonradiative recombination paths, while pho-
toluminescence techniques only track radiative recombination.
With a temporal resolution of 300 fs, TAS enables the study of
excited-state dynamics across a broad time range, extending up
to tens of microseconds and spanning seven orders of magni-
tude in resolution. For this measurement, samples were illumi-
nated from the HTL side using a 343 nm laser, selected for its

Adv. Energy Mater. 2025, 15, 2500841 2500841 (5 of 8)

shallow penetration depth in perovskite, thereby ensuring exci-
tation is localized near the buried interface. In Figure 3e, carrier
dynamics are extracted at the photobleach maximum ~850 nm
(full spectra available in Figure S4, Supporting Information). A
trend consistent with trPL is observed: the perovskite film on
PEDOT exhibits the fastest decay. At the same time, those on
MeO-2PACz and Th-2EPT show progressively longer lifetimes,
approaching the behavior of perovskite grown on glass. Figure 3f
presents the TAS decay in the microseconds range, revealing dis-
tinct decay rates for the different HTLs. The signal for Th-2EPT
decays significantly faster than for PEDOT and MeO-2PACz. A
rapid decay in this time window is associated with a lower density
of trapped carriers, while a slower decay indicates a higher trap
population. This occurs because trapped carriers sustain the TAS
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Figure 4. Solar Cell Performance. a) Schematic device structure of the lead-free solar cell used in this work (left) and molecular structures of the three
different hole-selective materials (right). b) -V characteristics and c) EQE spectra for the champion device for each hole-selective layer. Measured pixels
in b) and c) are the same. d,e) Boxplots showing statistics for d) Open circuit voltage (Vo) and e) power conversion efficiency (PCE) for the measured

solar cells. Displayed with a grey star in plot e), the highest PCE was obtained with a SAM in a DMSO-free perovskite solar cell, as shown by the work of

Aktas et al.[®]

signal indirectly by leaving behind an uncompensated charge in
the opposite band. The longer this charge imbalance persists,
the longer the signal is maintained. The fast decay observed for
Th-2EPT suggests a reduced density of trapped carriers, support-
ing its beneficial role in defect passivation and improved interac-
tion with the perovskite. In contrast, MeO-2PACz shows a pro-
longed signal, consistent with a higher trap population. In sum-
mary, PEDOT-based films exhibit short carrier lifetimes and low
PLQY across all excitation densities, consistent with high non-
radiative losses and poor buried interface quality. MeO-2PACz
shows improved optoelectronic performance relative to PEDOT,
but still exhibits signs of interfacial limitations. Both PEDOT and
MeO-2PACz display prolonged TAS signals (Figure 3f), indicat-
ing long-lived trap states at the interface. Th-2EPT, by contrast,
shows the slowest trPL decay, the fastest TAS signal decay in
the microsecond regime, and the highest PLQY at low excitation
densities—even exceeding that of glass. These results point to
efficient interfacial passivation and improved carrier extraction,
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underscoring the effectiveness of Th-2EPT as a hole-selective in-
terface layer for tin perovskite solar cells.

To implement improvements in optoelectronic proper-
ties and assess the impact of the SAMs on device perfor-
mance, we fabricated solar cells incorporating MeO-2PACz,
PEDOT, and Th-2EPT as hole-selective layers and tin perovskite
EDA, osFA osSnl; as the absorber. Our approach avoids the use
of DMSO, which, despite being the most commonly used solvent

for preparing tin perovskite, has also been identified as one of

the sources of the Sn?* oxidation.’*%”] Instead, we employed a
solvent system composed of DEF (N, N’-Diethylformamide) and
DMPU (N,N’-Dimethylpropyleneurea). Among the candidates,
the phenothiazine-based Th-2EPT demonstrated superior per-
formance, achieving a record efficiency of 8.2% and surpassing
MeO-2PACz (4.5%) and PEDOT (7.1%). The device architecture
consists of ITO/HSL/DMSO-free Sn Perovskite/C60/BCP/Ag,
where the HSL was varied between the three materials. Spin-
coating and dip-coating were evaluated for Th-2EPT, with
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superior results obtained via dip-coating. The solar cell per-
formance is summarized in Figure 4, which shows champion
J-V curves (Figure 4b), EQE spectra (Figure 4c), V,. boxplots
(Figure 4d), and PCE boxplots (Figure 4e). Th-2EPT demon-
strated improved short-circuit current density (J,.), delivering
18.8 mA cm~2 compared to MeO-2PACz (14.9 mA cm~2) and PE-
DOT (18.4 mA cm~2). Incident photon current efficiency (IPCE)
measurements were performed on the same champion pixels
from the J-V measurements to investigate this improvement.
The IPCE spectrum confirmed the high .. of Th-2EPT devices,
with a value of 18.97 mAcm=2, compared to 14.99 mA cm—
for MeO-2PACz, and 17.67 mAcm2 for PEDOT (Figure 4c).
The EQE spectrum highlights the superior quantum efficiency
of Th-2EPT, particularly at shorter wavelengths, with a high
internal photon-to-electron conversion at 400 nm, far exceeding
PEDOT and MeO-2PACz devices. Short wavelengths in the
range 350-450 nm have low penetration depth in perovskite and
are readily absorbed in the first nanometers, in the proximity
of the HTL/Perovskite interface. For this reason, a substantial
IPCE improvement at low wavelengths suggests improved
interface quality and reduced nonradiative recombination at the
Th-2EPT interface.[*®! Open circuit voltage (V, ) is also signifi-
cantly enhanced in Th-2EPT devices compared to PEDOT and
MeO-2PACz. Champion V,_values of 0.63, 0.57, and 0.50 V were
recorded for Th-2EPT, PEDOT, and MeO-2PACz, respectively
(Figure 4d). Th-2EPT champion devices outperform PEDOT and
MeO-2PACz in all solar cell parameters. Fill factor and short
circuit current boxplots are shown in Figure S7 (Supporting
Information). With 8.2% PCE, our Th-2EPT champion device
is a record for SAM-based, DMSO-free tin perovskite solar cells
to the best of our knowledge. Figure S7 (Supporting Informa-
tion) presents a comparison of short-term operational stability
under maximum power point (MPP) tracking of TPSC devices
with different HSLs in a nitrogen environment. To gain more
information on the buried interface from solar cells, we mea-
sured V. dependence on light intensity to extract the ideality
factor, which quantifies deviation from ideal diode behavior,
and it is a valuable index of nonradiative recombination at the
interface.3?! The measurement was performed on working
solar cells, displaying the same architecture used for devices, as
shown in Figure 4a. While an ideal cell has n = 1, tin perovskite
solar cells can show high ideality factors due to intense bulk
and interfacial recombination.[''*1 By measuring V,_ across
varying light intensities, the ideality factor was extracted using an
equation easily derived from the diode equation in open circuit
conditions:

ne Ve (1)
kT d(In(1))

The extracted values for n resulted in 2.86, 2.18, and 1.98 for
MeO-2PACz, PEDOT, and Th-2EPT, respectively (Figure 5). The
lower ideality factor with Th-2EPT is an indicator of reduced non-
radiative recombination. This result confirms the ability of Th-
2EPT to drastically reduce nonradiative recombination, promot-
ing the formation of a low-defect interface through an optimized
interaction.

Adv. Energy Mater. 2025, 15, 2500841 2500841 (7 of 8)

www.advenergymat.de

0.60
PEDOT
MeO-2PACz
oss] © Th-2EPT
S o050
3
> 045
0.40 -
0.35 : ' . rrrerrerrpr—
30 40 50 60 70 80 90

Light Intensity (%)

Figure 5. V,. dependence on light intensity.

3. Conclusion

The majority of self-assembled monolayers (SAMs) employed as
hole-selective layers in tin-based perovskite solar cells have failed
to surpass the performance of PEDOT, despite its acidity, energy
mismatch, and instability. In this work, we designed and syn-
thesized a novel SAM molecule, Th-2EPT, specifically tailored
to enhance lattice matching and introduce bond flexibility—
addressing the limitations of MeO-2PACz. Compared to PEDOT,
Th-2EPT enables the formation of perovskite films with compa-
rable crystallinity, albeit with smaller grains. However, it delivers
markedly superior optoelectronic performance. While PEDOT
benefits from favorable energetic alignment with FASnI;, it suf-
fers from poor carrier dynamics, as evidenced by short lifetimes
and low PLQY. In contrast, Th-2EPT demonstrates longer car-
rier lifetimes and higher photoluminescence efficiency, pointing
to reduced nonradiative recombination. Importantly, Th-2EPT
supports the fabrication of high-quality, DMSO-free devices and
outperforms both PEDOT and MeO-2PACz in terms of opto-
electronic quality and overall device performance. The results
confirm that Th-2EPT forms an exceptionally well-passivated
buried interface, effectively minimizing interfacial recombina-
tion losses. These findings establish Th-2EPT as a promis-
ing candidate for next-generation SAM-based architectures and
demonstrate that rational molecular design can unlock new lev-
els of performance in tin perovskite photovoltaics.
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Supporting Information is available from the Wiley Online Library or from
the author.
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