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ABSTRACT

2D layered tin halide perovskites are promising channel materials for field-effect transistors (FETs) owing to their high carrier

mobility and lead-free composition, yet they suffer from severe defect sensitivity arising from facile Sn(IT) oxidation. Here, we

present a molecular design strategy that directly links passivator chemistry to device-level performance by synthesising a controlled

pair of phosphine oxide Lewis bases—triphenylphosphine oxide (TPPO) and its methoxy-functionalised analogue (TMPPO)—to

systematically tune Lewis basicity and coordination strength with undercoordinated Sn** sites. The stronger Lewis base TMPPO

stabilises Sn**, yielding a twofold increase in hole mobility (up to 2.2 cm? V-1 s71), negative threshold voltage shift, reduced

hysteresis, and superior operational stability. These findings demonstrate that molecular basicity can be rationally translated into

defect control and transistor performance, providing a general design principle for stable, high-performance, lead-free perovskite

electronics.

1 | Introduction

Metal halide perovskites (MHPs) are crystalline semiconductors
with the general formula ABX;, where A is a monovalent cation
(e.g., methylammonium®*, formamidinium*, cesium®), B is a
divalent metal cation such as Pb?>* or Sn?>*, and X is a halide
(Cl~, Br—, or I7) [1, 2]. Their soft ionic lattice enables low-
temperature processing, while their defect-tolerant electronic

structure supports efficient charge transport despite structural
imperfections [3]. These attributes have enabled MHPs to power
awide range of applications from solar cells [4-6] and LEDs [7-9]
to electronic devices such as field-effect transistors (FETs) [10-12].

MHPs are promising FET channel materials due to their high
carrier mobility (exceeding ~70 cm? V! s7! for 3D Sn perovskite)
[13], and compatibility with scalable device fabrication [14, 15].
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However, conventional 3D perovskites suffer from ion migration,
environmental instability, and defect-induced hysteresis, all of
which hinder their practical implementation in FETs [16, 17].
Among the various structural derivatives of metal halide per-
ovskites, the Ruddlesden-Popper (RP) phase represents a 2D lay-
ered perovskite structure analogue formed by introducing bulky
organic spacer cations such as phenylethylammonium (PEA),
butylammonium (BA), and 4-fluorophenylethylammonium (4F-
PEA) [18]. The resulting layered organic-inorganic architecture
acts as a physical barrier to ion migration [19, 20] and improves
environmental stability against moisture [21, 22].

Among MHPs, phenylethylammonium tin iodide (PEA),Snl, has
emerged as a benchmark of 2D RP perovskite for FET studies
since initial demonstration by Mitzi et al. [23, 24], owing to its
lead-free composition and strong 7-7 stacking that promotes
in-plane transport with reported field-effect mobilities for RP tin-
halide perovskite FET channels typically spanning the ~0.1-10
cm? V7! s7! range [10, 25-31]. Nevertheless, these same structural
features also make 2D RP perovskites less defect-tolerant than
their 3D counterparts [32]. The alternating organic-inorganic
layers enhance Coulomb interactions by reducing dielectric
screening across the inorganic slabs, which increases defect
localization and deepens trap levels [33, 34]. The challenge
is particularly severe in tin-based systems, where Sn?* readily
oxidises to Sn** (E° ~ —0.15 V) [35], generating tin vacancies (Vg,)
that induce unintentional p-type doping, especially at surfaces
and grain boundaries [16]. These intrinsic instabilities underscore
the importance of defect passivation in tin-based RP phase
perovskites [36, 37]. Among various chemical approaches, Lewis
base molecules—bearing lone-pair electrons that can coordinate
to undercoordinated metal centers—offer a rational means to
stabilize Sn?* and suppress the formation of deep defect states.

Building on this concept, additive engineering—using pseudo-
halide anions [38], polymers [39], and Lewis base solvents (e.g.,
DMSO, urea) [40]—has provided improvements, but such strate-
gies often alter crystallisation, making mechanistic attribution
difficult. As a result, previous efforts have largely relied on
empirical optimisation, leaving the link between chemical passi-
vation and device-level outcomes unresolved [41, 42]. Therefore, a
rational molecular design strategy is required that enables control
over chemically defined parameters, such as binding affinity and
Lewis basicity, thereby disentangling defect passivation effects
from crystallisation influences.

In this study, we propose a molecular design strategy for defect
passivation in RP tin-based perovskites by tuning the electron-
donating ability of phosphine oxide passivators. Specifically,
we validated the well-established triphenylphosphine oxide
(TPPO) [43, 44] and developed its methoxy-functionalised
analogue, tris(4-methoxyphenyl)phosphine oxide (TMPPO)
as a reference and new defect passivator molecules employed
for RP tin-based perovskites, (PEA),Snl,, respectively. Through
in-depth material and device characterisation, we establish
how molecular basicity correlates with Sn?* stabilisation and
field-effect transistor performance. Specifically, TMPPO-treated
devices exhibited a twofold increase in hole mobility (up to 2.2
cm? V7! s7!) compared to pristine films, along with a reduced
threshold voltage and suppressed hysteresis, confirming the
enhanced defect passivation. This performance hierarchy, with

TMPPO outperforming TPPO and the pristine counterpart, mir-
rors the increase in Lewis basicity, underscoring the effectiveness
of rational molecular design in RP tin halide perovskites.

2 | Results and Discussion

We utilised (PEA),Snl,, a tin-based RP perovskite chosen for
its ability to form highly ordered layered structures favorable
for charge transport [45, 46]. Atomic force microscopy (AFM)
revealed well-defined 2D terraces with an interlayer spacing of
1.6-1.7 nm (Figure S1), confirming the formation of a crystalline
layered film. Grain-edge features were more pronounced in AFM
than in scanning electron microscopy (SEM) images (Figures S2
and S3), likely due to electron-beam-induced surface damage.
Dark-field (DF) microscopy further confirmed instability under
ambient conditions, showing time-dependent degradation at
grain boundaries, evident from increased light scattering (Figure
S4), which is consistent with progressive surface oxidation.

To overcome defect formation and spontaneous oxidation of
Sn?* in RP tin halide perovskites (Figure 1a), phosphine oxide-
based Lewis base molecules were incorporated into the perovskite
precursors to passivate undercoordinated Sn sites. TPPO was
selected as the primary passivator for its strong affinity to B-site
metal cations, effectively reducing surface defects and stabilising
the lattice [45, 46]. Building on this, we introduced a methoxy-
functionalised analogue, TMPPO, to enhance Lewis basicity
and strengthen Sn®* coordination. (Figure S5). The introduction
of methoxy groups increases the electron density around the
phosphine oxide moiety, enhancing the Lewis basicity of TMPPO
compared to TPPO. Figure 1b shows electrostatic surface potential
(ESP) maps from density functional theory (DFT), highlighting
distinct charge distributions that define Lewis base strength. The
P=0 group exhibited ESP values of —48.31 kcal/mol for TPPO
and —53.23 kcal/mol for TMPPO, confirming the higher basicity
of TMPPO.

The perovskite precursor solution was prepared using a DMSO-
based co-solvent processing strategy for TPPO and TMPPO
molecular additives incorporated as passivators. DMSO, though
having a weaker binding energy with Snl, (—0.639 eV) than TPPO
(—0.804 eV) or TMPPO (—0.873 eV), plays a dominant role in
crystallisation by forming intermediate phases with Snl, and
slowing grain growth (Figure 1c) [47]. During annealing, DMSO
evaporates, whereas the non-volatile TPPO and TMPPO remain
in the film and passivate undercoordinated Sn** sites and halide-
related defects. This co-solvent approach promotes uniform and
stable grain growth while avoiding the film degradation often
seen in post-deposition treatments, as evidenced by the consistent
morphology observed across all samples (Figure S2) [48].

We first investigated how the Lewis basicity of the two passivators
affects the structural and electrical properties of (PEA),Snl,
perovskite films. To verify that the incorporation of passiva-
tor molecules does not affect the structural integrity of the
(PEA),Snl, lattice, thin-film X-ray diffraction (XRD) was per-
formed, and the resulting patterns for pristine, TPPO-treated, and
TMPPO-treated films all exhibited distinct (002), (004), (006), and
(008) reflections corresponding to the periodic stacking of the
2D layered perovskite structure (Figure 2a). The identical peak
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FIGURE 1 | (a) Schematic illustration highlighting the necessity of defect passivation in 2D tin halide perovskites, (b) Molecular structures and
electrostatic potential (ESP) maps and dipole moments of TPPO and TMPPO, calculated by density functional theory (DFT). The ESP values at the P
= O sites are —48.31 kcal/mol for TPPO and —53.23 kcal/mol for TMPPO. The corresponding dipole moments are 3.94 D and 5.64 D, respectively. (c)
Schematic illustration of the crystallisation and defect passivation processes in the (PEA),Snl, thin film.
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FIGURE 2 | Characterization of pristine, TPPO-treated, and TMPPO-treated (PEA),Snl, perovskite thin films: (a) X-ray diffraction (XRD) patterns,
(b) photoluminescence (PL) spectra, (c) photoluminescence quantum yield (PLQY), (d) time-resolved photoluminescence (TRPL) decays, (e) X-ray
photoelectron spectroscopy (XPS) spectra, (f) ultraviolet photoelectron spectroscopy (UPS) spectra, and (g) capacitance-frequency (C-f) characteristics
measured using a cross-bar array structure.
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positions (26 =~ 5.5°) and narrow full width at half maximum
(FWHM = 0.12°) observed across all samples indicate that the
lattice remains undistorted. Moreover, the interlayer spacing
d,o ,calculated to be 1.6 nm, aligns closely with AFM line profile
results shown in Figure S1.

Photoluminescence (PL) and photoluminescence quantum yield
(PLQY) measurements were performed to assess the optical
properties of passivator-treated (PEA),Snl, films (Figure 2b,c).
The main PL peak of the pristine film at ~630 nm, consistent
with its optical bandgap, remained unchanged after passivation
(Figure S6). However, both PL intensity and PLQY increased with
passivator basicity — highest for TMPPO, followed by TPPO and
pristine — confirming the correlation between Lewis basicity and
radiative efficiency [49, 50]. Specifically, PLQY values increased
from 1.26 % (pristine) to 1.38 % (TPPO) and 1.46 % (TMPPO). This
enhancement is further supported by PLQY degradation traces
measured under ambient conditions (Figure S7). The TRPL decay
curves were fitted using a tri-exponential model (see Section
S3). The extracted average lifetime showed a similar trend, with
average exciton lifetimes of 6.3 ns (TMPPO), 4.6 ns (TPPO), and
3.8 ns (pristine). The extended lifetime with stronger passivators
further confirms effective trap reduction [51]. Importantly, the
consistent grain size (~15 um) across all samples indicates that
these improvements arise from defect passivation rather than
morphological changes.

To verify whether the defect suppression is accompanied by
reduced Sn degradation, we performed X-ray photoelectron spec-
troscopy (XPS) on (PEA),Snl, films. Samples were analysed after
0 and 30 min of air exposure, then transferred to a vacuum cham-
ber to prevent further degradation. At 0 min, pristine, TPPO-,
and TMPPO-treated films showed identical spectra (Figure S8).
After 30 min, pristine films displayed clear Sn** shoulder peaks
at 487 eV (Figure 2e), corresponding to 19.4 % Sn**, whereas
TPPO- and TMPPO-treated films showed only 7.2 % and 4.3 %,
respectively. This confirms that passivators strongly mitigate Sn**
oxidation, with TMPPO most effective, consistent with its higher
Lewis basicity. Notably, this reduction in Sn** content reflects
suppression of Sn** formation rather than a chemical reduction
of pre-existing Sn** species.

While XPS confirms the chemical changes in the oxidation states,
it is also crucial to understand how these changes affect the
electronic structure of the material. To explore the influence of
Sn oxidation on the band structure, we performed ultraviolet
photoelectron spectroscopy (UPS) (Figure 2f). The UPS analysis
revealed that the energy separation between the Fermi level (Ep)
and the valence band maximum (VBM) increased from 0.13 €V in
the pristine film to 0.14 and 0.20 eV for the TPPO- and TMPPO-
treated samples, respectively, indicating a shift of E; away from
the VBM due to reduced p-type self-doping induced by Sn(IV)
defects. (Figure S9). This behavior is in line with Sn(II) oxidation
that promotes the formation of tin vacancies (Vg,), which act
as acceptor-like defects [35, 52-54]. However, the addition of
strong Lewis base molecules, such as TMPPO, effectively reduces
the formation of Sn**, thereby weakening the degree of p-type
doping.

Since Sn(IT) oxidation and ion migration jointly limit stability,
we measured the ionic response by capacitance-frequency (C-

f) (Figure 2g). At low frequencies (<100 Hz), the pristine films
showed the highest capacitance due to charge accumulation
from mobile defects, whereas the TMPPO-treated films exhib-
ited the lowest, indicating suppressed ion migration through
effective defect passivation [55]. At high frequencies, all samples
converged, consistent with freeze-out of ionic motion. Contact-
angle measurements (Figure S10) further confirmed enhanced
hydrophobicity in passivated films, supporting improved ambient
stability.

To probe the microscopic origin of passivation, we investigated
passivator-Sn interactions by 3P NMR. In solution, TPPO
and TMPPO exhibited chemical shifts at 29.45 and 30.14 ppm
(Figure 3a). Upon coordination with Snl,, both shifted downfield,
with TMPPO showing a larger shift (Ad = 2.28 vs. 0.60 ppm),
indicating relatively stronger P=O—Sn?* bonding. Solid-state 3'P
NMR of SnI, mixed with passivators (Figure 3b) confirmed
this trend: while most molecules remained unbound, a fraction
shifted downfield, with TMPPO showing a higher bonded pro-
portion (58 %) than TPPO (41 %). These results corroborate that
TMPPO forms stronger and more abundant coordination bonds
with Sn?*.

To gain the underlying atomistic insights of defect passivation,
we performed density functional theory (DFT) calculations
by considering surface adsorption of the defect passivators
at the edges of the (PEA),Snl, perovskite lattice. First, we
assessed the strength of the chemical bonding between P=0
moieties of the passivators and undercoordinated Sn** sites
at the edge of (PEA),Snl,. The local atomic geometries of
the (PEA),Snl, edge with TPPO and TMPPO are shown
in Figure 3c (full atomic models are provided in Figure
S11). The adsorption energy (E,q) of TPPO and TMPPO
molecules on the edge of (PEA),Snl, was calculated as:
Eads = E(PEA)ZSnI4+ passivator (E(PEA)ZSHL‘ +Epassivat0r)Where
E(PEA)ZSnI4+ passivator » priStine E(PEA)ZSnL;’ and Epassivator represent
the DFT total energies of the passivated (PEA),Snl, edge, pristine
(PEA),Snl, edge, and the isolated passivator molecule in the gas
phase, respectively.

The calculated E, 4 is —1.20 eV for TPPO and —1.38 eV for TMPPO,
indicating TMPPO binds more strongly to Sn** at the edge
than TPPO. The spatial distribution of charge accumulation and
depletion regions (Figure 3c) shows that both passivators form
similar chemical bonds, but the planar-integrated charge density
difference (CDD) plot (Figure 3d) confirms that TMPPO exhibits
slightly larger fluctuation in the CDD profile near the binding
site compared to TPPO. This is attributed to the enhanced Lewis
basicity of TMPPO, which results in stronger binding. Notably,
the stronger binding of TMPPO can also be predicted in 3D tin
perovskite systems, as evidenced by DFT calculations on CsSnl;,
which reflects the generality of our Lewis-basicity-based defect
passivation concept (Figure S12).

We further analysed the density of states of the (PEA),Snl,
edge before and after passivation to understand the role of the
passivators. It is well-known that Sn s-orbital predominantly
contributes to valence band maximum (VBM) states in tin-based
RP perovskites [27]. Partial density of states plots of the Sn s-
orbital for Sn atoms in the bulk region and at the edge are
shown in Figure 3e. In the pristine edge (before passivation), the
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FIGURE 3 | (a)3P Solution NMR and (b) 3P Solid-State NMR of pure passivator molecules and TPPO & TMPPO incorporated with SnI,. (c) Local
atomic structures of the (PEA),Snl, edge with TPPO and TMPPO adsorbed onto undercoordinated Sn?* sites at the edge. The electron accumulation

and depletion regions are indicated in yellow and blue, respectively. (d) Planar-integrated charge density difference (CDD) plots corresponding to (c).
(e) Partial density of states (DOS) of Sn s-orbital for the pristine edge, TPPO-passivated edge, and TMPPO-passivated edge of (PEA),Snl,. Sn atoms in
the bulk region and at the edge are compared (see Figure S11 for the definition of bulk and edge). Energy is referenced to the bulk VBM, which is set to

OeV.

first peak of Sn s-orbital states for edge Sn atoms is located at
approximately —0.5 eV relative to the bulk VBM. Upon adsorption
of the passivators on edge Sn sites, the Sn s-orbital states shift to
lower energy levels with the first peak appearing near —1 eV. This
suggests that the chemical bonding formed by the passivators
stabilises Sn s-states of the undercoordinated Sn at the edge and
makes it more difficult to extract electrons from these sites. As a
result, oxidation from Sn(II) to Sn(IV) is effectively suppressed.

The key findings of the significant effect of defect passivation
by the strongly binding Lewis base molecules, as demonstrated
in previous sections, can be consolidated by their impact on
the FET device performance. FET devices were fabricated using
a conventional back-gate, top-contact (BGTC) structure on a
200 nm SiO,/p++-Si substrate to investigate the charge transport
properties of the (PEA),Snl, films, as described in the Methods
section and illustrated in Figures S13 and S14. Figure 4a presents
the transfer curves of the studied FETs made with pristine, TPPO-
treated, and TMPPO-treated films, while the corresponding cycle-
speed-dependent transfer curves and output curves are shown in
Figures S15 and S16; the corresponding statistical distributions of
key device parameters are summarized in Figure 4b and Figure
S17. All devices exhibited typical p-type transport characteristics
with an anti-clockwise hysteresis curve and an On/Off current
ratio of 10°, consistent with previous reports [27]. TMPPO-treated
devices displayed nearly double the mobility of pristine films

(1.9vs.1.0cm? V' s7!) with the highest value reaching 2.2 cm? V!
s71, accompanied by a pronounced negative threshold shift (7.3 V
vs. —6.5 V), thereby accessing a low-voltage regime that is typi-
cally inaccessible in 3D Sn perovskites due to their intrinsically
high hole densities. The performance hierarchy, summarised in
Table S1, highlights that TMPPO-passivated (PEA),Snl, achieves
concurrent enhancements in mobility and stability compared to
previously reported RP perovskite FETs.

To evaluate the validity of the strategy, we further tested
devices processed with different solvent systems (DMF-only and
DMF/DMSO). Across both conditions, the incorporation of TPPO
and TMPPO consistently yielded step-like mobility improve-
ments (0.56 cm?/V-s for pristine, 0.71 cm?/V-s for TPPO-treated,
and 0.80 cm?/V:s for TMPPO-treated films in the DMF-only
system). The mixed DMF/DMSO system produced the highest
device performance due to its crystallisation retardation effect,
which promoted larger perovskite grains and facilitated more
effective passivation [56]. Detailed data for the DMF-only system
are provided in Figures S18-S21.

Analysis of the transfer curves revealed that passivation consis-
tently drove V;, negative (7.3 V - 3.1 V —» —6.5 V for pristine,
TPPO, and TMPPO, respectively). In parallel, the hysteresis
window decreased from 13.2 V (pristine) to 9.6 V(TPPO) and 5.2V
(TMPPO), confirming that stronger Lewis basicity progressively

Advanced Functional Materials, 2026

50f10

25UBD117 SUOLUWIOD AR B[eatjdde au Aq pauLenod a1 S YO 8N 0 SaIN1 0§ AIG1T BUIIUO AB]1 O (SUDIIPLOD-PUR-SULRYLI0D"/B | 1M LG [puIUO//SdIY) SUORIPUOD PUB SULB L 8L 895 *[9202/70/8Z] U0 ARIqi SUIIUO AB|IM AIS.RAIUN UOIEN N0SS AQ 1601, WP/Z00T OT/I0p/L0Y" 3| I ARRiq| U [UO"PROURADE/ ST LIS POPROIUMOQ ‘e ‘9207 ‘82089TIT



a. b.
104 15 T
— Pristine ——TPPO —— TMPPO 164 [ Pristine
1051 [ |TPPO
104 7 [ ]JT™mPPO
144
104 S
5_ [ < 12_
-
%10 | S Z
= \ % ol 2 101
— \ = )
\ \ B 8
-9 | Q9 i
10 Hegy = 0. 7 4, = 1.04 Cm%/\/ s Hge = 2.17 cm 5] 2
V=111V V=16V | Vip=-36V T 6
107104, - 2810°A Ion= 3.5 10"A\$\ I =35740°A 1
Sweep rate = 6 V/s Sweep rate =6V, —— Sweep rate = 6 V(s
wt -104 44
40 20 0 20 40 -40 20 O 20 40 -40 -20 0 20 40 , , , : : :
c Vs (V) Vs (V) g Vgs (V) Pristine TPPO TMPPO Pristine TPPO TMPPO
25 —— 104 10
:]ﬁgs;ge - —e— Pristine —s— TMPPO
20{ ] TMPPO o LT Etos
>to Lz ] 104 £10°
< 1.5 — —
s @ = 1074 107 =
Z10 % = =
3] 1084 L 108
3 . ==
> . ==
054 == 1094 £10°
DMF DMF/DMSO T
10-10 . . = - - R R RRE T
0.0 0 500 1000 1500 2000 2500 2580 2590

Pristine TPPO TMPPO Pristine TPPO TMPPO

Time (sec) Time (sec)

FIGURE 4 | (a) Transfer characteristics (I gs) Of pristine, TPPO-treated, and TMPPO-treated (PEA),Snl, FETs measured at Vg3 = —40 V,
highlighting differences in on/off ratio, threshold voltage and mobility at sweep rate 6 V/sec, (b) Extracted threshold voltage (Vy,) and hysteresis window
showing systematic improvement with passivation (Vy, = 7.3, 2.1, —6.5 V; hysteresis = 13.2, 9.6, 5.2 V), (c) Hole mobility values of pristine, TPPO-treated,

and TMPPO-treated devices extracted from the saturation regime, demonstrating enhanced transport performance upon passivation, (d) Operational
stability test (2000 cycle) under continuous bias stress (V43 = —40 V), comparing the degradation behavior of the pristine device vs. the TMPPO-treated

device over time.

suppresses self-doping effects of Sn. To evaluate the contribution
of interface traps, we analyzed the subthreshold swing (SS)
characteristics (Figure S15). The modest change in SS (1.26 — 1.18
— 1.19 V dec™!) suggests that the pronounced negative Vy, shift is
dominated by reduced bulk self-doping rather than interface trap
passivation. This degree of threshold tunability and hysteresis
suppression marks a key distinction from both 3D Sn FETs and
previous additive-engineered RP systems, where unintentional
doping and trap states usually prevent low-threshold operation
[30, 31, 57]. These trends align with suppressed Sn(II) oxidation
(XPS) and stabilisation of the valence-band energetics (UPS),
confirming the mechanistic role of Lewis basicity in governing
defect physics.

The stability of the devices was further evaluated through both
dynamic on/off switching and constant bias stress tests. As shown
in Figure 4d, the TMPPO-passivated device exhibited improved
operational stability, retaining ~50 % of its on-state current after
2000 switching cycles, whereas the pristine device degraded by
nearly one order of magnitude under identical conditions. Under
constant source-drain bias (Vy, = —1 V), pristine devices showed
a rapid exponential decay of on-state current with a pronounced
negative shift in threshold voltage (V;,) (Figures S22 and S23),
consistent with degradation driven by positively charged iodide
vacancy (V;) migration [58]. In contrast, TMPPO-treated devices
displayed only gradual current decay and inferior V;;, variation.

3 | Conclusions

In conclusion, we demonstrate that the Lewis basicity of molec-
ular passivators provides a rational and tunable pathway for
defect control in RP tin halide perovskite FETSs. By systematically
comparing triphenylphosphine oxide (TPPO) and its methoxy-
functionalised analogue (TMPPO), we reveal that stronger Lewis
bases more effectively coordinate undercoordinated Sn**, sup-
press Sn(Il) oxidation, and mitigate trap-assisted ion migration.
This strengthened Sn?*-Lewis base coordination intrinsically
stabilises the perovskite lattice and suppresses vacancy formation,
resulting in nearly two fold higher mobility, a large negative
threshold shift, reduced hysteresis, and remarkable operational
stability. These findings establish molecular basicity as a gen-
eral design principle for effective defect passivation by strong
binding and provide a concrete chemical route toward stable,
high-performance, lead-free perovskite electronics.

4 | Experimental Section
4.1 | Organic Synthesis of Passivator Molecules
Triphenylphosphine oxide (TPPO) was obtained by directly

oxidising Triphenyl phosphine (TPP), which was purchased
from Sigma-Aldrich, with hydrogen peroxide (H,0,). TPP 1 g
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(= 3.81 mmol) was stirred vigorously in Dichloromethane (DCM)
with a solution of H,0, (30 wt. %), 10 mL in D.I water for 2.5 h.
After 3 times of work-up, the extracted solution was dried with
magnesium sulphate (MgSO,). DCM was then evaporated under
low pressure (~480hPa) with 80 rpm rotation and temperature
set at 35°C to the crude product. For column chromatography
(CC), 100 mL of silica gel was packed with hexane with sea salt
as the protecting layer and THF as the eluent. The dissolved
solvent (THF + TPPO + impurities) was purified by CC, and
THF was evaporated at low pressure (~480 hPa) at 60°C. Finally,
TPPO was crystallised with hexane, and white powder (= TPPO)
was collected by filtering the purified solution with a 0.45 um
membrane filter. Tris (4-methoxyphenyl) phosphine (TMPP) was
obtained by adding 2.5 M hexane solution (11.43 mL) of n-BuLi
solution dropwise to an agitating super-dry THF solution (60 mL)
of 4-bromoanisole 5 g (= 26.73 mmol) at —78°C under an inert
atmosphere of nitrogen. After stirring for 1 h, PCl; (0.6 mL)
was added slowly, and the reaction mixture was stirred for 12 h.
D.I water was added to quench the remaining n-BuLi. After
3 times work-up with MC, the organic phase was dried over
MgSO, and filtered. The solvents (THF and hexane) were then
evaporated under low pressure (~480 hPa) with 80 rpm rotation
and temperature set at 50°C. The crude product was further
purified by CC using hexane:THF = 7:1 as the eluent. Lastly,
the solvent (hexane + THF) was evaporated under low pressure
(~480 hPa) at 60°C and TMPP was crystallised at low temperature
(—18°C). Tris (4-methoxyphenyl) phosphine oxide (TMPPO) was
obtained with the same procedure as TPP oxidation to TPPO.
Finally, the two organic molecules or passivators (TPPO, TMPPO)
were confirmed with 'H-NMR spectroscopy (solvent = CDCl,)
and FT-IR (solvent = DMF).

4.2 | (PEA),Snl, Thin Film Fabrication

Phenethylammonium iodide (PEAI) (purchased from Greatcell
Solar Materials), tin(IT) iodide (Snl,) (99.99 % trace metals basis),
dimethyl sulfoxide (DMSO, anhydrous, >99.9 %), and dimethyl-
formamide (DMF, anhydrous, 99.8 %) were purchased from
Sigma-Aldrich. The perovskite precursor solution was prepared
by dissolving PEAI and SnI, in a DMF:DMSO mixed solvent (4:1
by volume) with a total precursor concentration of 0.1 M and a
molar ratio of PEAL:SnI, = 2.3:1. Passivator molecules (TPPO or
TMPPO) were added at 1 mol % relative to SnI,, and the solution
was stirred for 2 h at 60°C in a nitrogen-filled glovebox. After
cooling the precursor for 30 min, the precursor was spin-coated
(4000 rpm, 30 s) on glass substrates and Si/SiO, substrates, which
were sonicated in acetone, isopropyl alcohol (IPA), and D.I. water
consecutively for 10 min each, followed by UV-ozone treatment
for 30 min. After annealing the thin films for 10 min at 100°C, we
obtained Pristine, TPPO-treated, and TMPPO-treated thin films
and conducted various thin film analysis experiments.

4.3 | (PEA),Snl, Thin Film Analysis

The XRD spectra were obtained with D8 Advance, 2020(multi-
purpose XRD). The PL and PLQY of the (PEA),Snl, thin
films were characterised using a spectrofluorometer (FP-8550ST,
JASCO) with a 300 W Xenon arc lamp (excitation wavelength
= 420 nm), and the absorption spectrum was obtained with a

UV-vis spectroscopy (V-770, JASCO). The TRPL spectra were
obtained through a confocal fluorescence lifetime image micro-
scope system (FluoTime 300, PicoQuant). SEM images were
obtained with an accelerating voltage of 15 kV (SU-70, Hitachi).
XPS and UPS were conducted by ESCA Axis Supra+ installed
at the National Center for Inter-university Research Facili-
ties(NCIRF) at Seoul National University. The AFM image and
line profile were obtained by (Park NX-10). For the capacitance-
frequency (C-f) measurements, the perovskite layer was sand-
wiched between Ti/Au bottom and Au top electrodes. The
measurements were carried out over a frequency range from
40 Hz to 1 kHz using a Keysight 4294A precision impedance
analyzer with an AC signal amplitude of 100 mV. The effective
device area was 1 mm?. The water contact angle was calculated
using the ImageJ program.

4.4 | Density Functional Theory (DFT)
Calculations

Underlying density functional theory (DFT) calculations we
performed based on Kohn-Sham DFT [59] as implemented
in Vienna Ab Initio Simulation Package (VASP) [60, 61]. The
projector augmented-wave (PAW) [62, 63] pseudopotentials are
used to treat core atomic states, and the valence states of H, C, N,
0, P, Sn, and I were treated explicitly by 1(1s'), 4(2s*2p?), 5(2s*2p*),
6(2s22p*), 5(3s*3p*), 14(4d'°55%5p?), 7(5s*5p°) electrons, respec-
tively. For the exchange-correlation functional, we employed the
Perdew-Burke-Ernzerhof (PBE) [64] functional combined with
the Grimme D3 dispersion correction (PBE + D3) [65]. To model
the edge of (PEA),Snl,, a symmetric (100) surface slab model with
658 atoms consisting of 7 octahedral layers and a vacuum region
of 30 A, was used. The atomic positions were fully relaxed while
keeping the innermost octahedral layer fixed to the bulk values.
A plane-wave energy cutoff of 700 eV and a I'-centered 4 X 1 X
1 k-point mesh were used in all computations. The convergence
thresholds were set to 1076 eV for total energy and 1072 eV/A for
atomic forces.

4.5 | 3'P-NMR

For solution 3'P-NMR (300 MHz, Bruker), we mixed 10 mg
(0.027 mol) of SnI, with the same molar ratio of each passivator
(0.027 mol of TPPO, TMPPO) in 1 mL of CDCl, and stirred the
solution for 1.5 h in a glove box filled with N,. For the solid-
state 3'P-NMR, we hand-grinded Snl, and the passivator (with
the same molar ratio) rigorously for 10 min per sample in a
glove box filled with N,. We obtained the ss-NMR (500 MHz,
Bruker) spectra using a disposable insert, and the ' P-signals were
analysed with SpinWorks 4.

4.6 | (PEA),Snl, FET Fabrication and
Characterization

A 200 nm thick SiO,/p++-Si substrate was sequentially cleaned
using acetone, isopropyl alcohol, and deionised (DI) water for
10 min each, followed by drying in a nitrogen gas flow. The
substrates were then treated with UV-ozone for 30 min to remove
organic residues and improve surface wettability. Immediately
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after the UV-ozone treatment, the samples were quickly trans-
ferred into a glovebox to do the spin coating method. The
prepared perovskite solution was spin-coated onto the substrates
at 4000 rpm for 30 s to form (PEA),Snl, films, which were
subsequently annealed at 100°C for 10 min. Au contacts were
deposited onto the perovskite films using a shadow mask to
fabricate top-contact devices. The channel length (L) and width
(W) were approximately 200 and 1000 pm, respectively. For
device characterisation, all FET measurements were conducted
using a Keithley 4156B semiconductor parameter analyser under
dark conditions at room temperature. The measurements were
performed in a vacuum probe station, where the pressure was
maintained at approximately 103 Torr to ensure accurate device
performance assessment.
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