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Lead free tin perovskite solar cells (PKSCs) are the most suitable alternative candidate for conventional lead
perovskite solar cells. However, the efficiency and the stability are insufficient, mainly because of the poor
film quality and numerous defects. Here we introduce an efficient strategy based on a simple trimethylsilyl
halide surface passivation to increase the film quality and reduce the defect density. At the same time, a
hydrophobic protective layer on the perovskite surface is formed, which enhanced the PKSCs’ stability.
The efficiency of the solar cell after the passivation was enhanced from 10.05 % to 12.22% with the
improved open-circuit voltage from 0.57 V to 0.70 V. In addition, after 92 days of storage in N, filled glove-
box, the modified T-PKSCs demonstrated high stability maintaining 80% of its initial efficiency. This work
provides a simple and widely used strategy to optimize the surface/interface optoelectronic properties of
perovskites for giving more efficient and stable solar cells and other optoelectronic devices.

© 2022 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by ELSEVIER B.V. and Science Press. All rights reserved.

1. Introduction

Since Kojima'’s first synthesized organic-inorganic hybrid lead-
halide perovskite solar cells (PKSCs) in 2009 [1], organic-inorganic
halide perovskite solar cells (PSCs) have drawn tremendous atten-
tion because their power conversion efficiencies (PCE) have soared
to 25.5% [2]. However, since these halide perovskite materials con-
tain the toxic lead ion (Pb?*) [3,4], many companies hesitate to put
them into practical uses.

Therefore, several elements have been proposed, including Sn
[5], Ge [6], Cu [7], Bi [8], and Sb [9]. Among all these alternatives,
Sn ion is the most suitable one for replacing the Pb ion, because
of the same valence and the similar ionic radius (Sn?>* 1.35 A and
Pb%* 1.49 A) [10,11]. Tin perovskite solar cells with over 14% effi-
ciency [12,13] have been reported. However, the power conversion
efficiency and the stability of Sn perovskite solar cells were insuf-
ficient. This is mainly ascribed to defects, such as native point

* Corresponding authors.
E-mail addresses: c2043009@edu.cc.uec.acjp (Z. Zhang), chenmeng-
meng1017@gmail.com (M. Chen), shen@pc.uec.ac.jp (Q. Shen), hayase@uec.ac.jp
(S. Hayase).

https://doi.org/10.1016/j.jechem.2022.03.028

defects, 3D defects and other defects, the kinds of defects all listed
into Table S1 [14,15]. If these defects are in the band gap (deep
traps), nonradiative recombination of these photo-generated carri-
ers occurs at these defects. These ion vacancies cause the migration
of other cations or anions, which facilitate the irreversible chemical
decomposition of the perovskite [16,17].

To suppress the formation of defects, several strategies have
been reported. For instance, a controlled excess of lead iodide
(Pbl,) in the Pb perovskite layer formed a shell around the individ-
ual perovskite crystals in the films, and decreases the vacancies
accompanied with the improved device performance [18]. Another
method is to use additives to suppress the formation of iodide
vacancies and multi-vacancies via the formation of hydrogen
bonds [19,20], ionic bonds [21] or lattice strain relaxation [22-25].

However, since these additives may trigger uncontrollable
nucleation sites [26], the halide vacancies are readily formed at
the surface of the polycrystalline perovskite films. Several
researches also make a second coating of excess halide ions on
the perovskite film surface. Wu et al have used Cdl, to reduce
the surface halide vacancy. Jin et al have coated the MACI solution
to lead the secondary growth of the perovskite layer [26,27]. Yang
et al have used a facile post treatment of MABr solution which
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converts MAPbI; to MAPbI;_xBry with high quality [28]. As for Sn
based perovskite, Joker et al. have introduced Ga* into FASnl; to
suppress the formation of iodide vacancies and passivate grain
boundaries [29]. Wang et al. have used Phenylhydrazine chloride
(PHCl) to passivate the trap states of perovskite film for an
enhanced V,. of 0.94 V [30]. Efact et al. also introduced the phenyl-
hydrazinium thiocyanate (PHSCN) with new procedure and solvent
to passivate the perovskite surface [31]. What we learnt from the
previous reports is that these additives have ionic characters.

Inspired by the above studies, we investigate the passivation of
Tin-based perovskite using a new type of the reagent, trimethylsi-
lyl halide (MesSiX) having ionic characters of MesSi* and X~ with
the hydrophobicity of the Me3Si moiety. As far as we know, there
are no reports on trimethylsilyl halide passivation on Tin based
PKSCs. In this work, the photovoltaic performance affected by
trimethylsilyl halide passivation is discussed.

2. Experimental
2.1. Materials

Tin(II) iodide (Snly, 99.99%, Sigma-Aldrich), tin(II) fluoride (SnF5,
99%, Sigma-Aldrich), germanium (II) iodide (Gel,, >99.8%, Sigma
Aldrich), formamidinium iodide (FAI, >98.0%, TCI), ethylenedi-
ammonium diiodide (EDAI,, >98.0%, Sigma Aldrich), bro-
motrimethylsilane (MesSiBr, >97%, TCI), chlorotrimethylsilane
(MesSiCl, >98%, TCI), iodotrimethylsilane (MesSil, >97%, TCI), poly
(3,4-ethylenedioxythiophene) polystyrenesulfonate (PEDOT PSS,
CLEVIOS PVP Al 4083), N,N-dimethylformamide (DMF, 99.8%,
Sigma-Aldrich), dimethyl sulfoxide (DMSO, >99.9%, Sigma-
Aldrich), chlorobenzene (CB, 99.8%, Sigma-Aldrich) were used
without further purification.

2.2. Device fabrication

Firstly, the FTO glasses were cleaned with distilled water, ace-
tone, and isopropanol sequentially for 15 min in each solvent.
The substrate was further cleaned with ozone plasma treatment
for 5 min. PEDOT:PSS solution passed through a 0.45 pm PVDF fil-
ter was spin-coated on the FTO substrate at 5000 r/min for 50 s and
then the substrate was annealed at 180 °C for 20 min. All the
coated substrates were transferred to a nitrogen-filled glovebox.
The 0.98 M FAI, 0.01 M ethylene diammonium iodide (EDAI),
0.1 M SnF, and 0.05 M Gel, were stirred in the mixed solvent
DMF: DMSO (4:1 v/v) for 4-5 h at ambient temperature [32]. The
composition of the perovskite was abbreviated as FAggosEDAgo1-
Snls. The preparation process of perovskite layer and the surface
treatment process were showed in Fig. S1. 50 pL of the perovskite
precursor solution was spin-coated on the PEDOT: PSS coated sub-
strate at 5000 r/min for 50 s. A 500 pL chlorobenzene as antisol-
vent was quickly drop-casted at 14-16 s. The FAggsEDAgo1Snl3
crystallization was completed by annealing the sample at 70 °C
for 20 min. MesSiBr, Me3SiCl and MesSil were dissolved in the
chlorobenzene to prepare 0.15 mM solution. At the 5 s of the spin-
ning process, the samples were drop-cased with the Me3SiBr, Mes-
SiCl, and MesSil solution, respectively, at 5000 r/min for 50 s. The
films were post-annealed at the 70 °C for 10 min. The 30 nm of Full-
erene (C60), 7 nm of 2,9-dimethyl-4,7-diphenyl-1,10-phenanthro
line (BCP), and 120 nm of Ag was prepared consecutively by ther-
mal deposition to fabricate solar cell.

2.3. Photovoltaic measurement

The solar cell measurements were performed by a solar simula-
tor (CEP-2000SRR, Bunkoukeiki Inc, AM 1.5G, 100 mW cm2) in the
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air. The measured area was fixed to be 0.1 cm? using a non-
reflective black metal mask. The scanning rate was 0.1 V/s. The
EQE spectra were recorded using a monochromatic Xenon lamp
(Bunkouki CEP-2000SRR). The EQE measurement was performed
under monochromatic light from 1200 nm to 300 nm. (300 W
Xenon lamp with a monochromator, Newport 74010). The electro-
chemical impedance spectroscopy (EIS) was analyzed with PAIOS
software.

2.4. Characterization

The perovskites coated on the glass substrate were used for the
following measurements. The X-Ray Diffraction (XRD), Ultraviolet
and visible spectrophotometry (UV-Vis), photoelectron yield spec-
troscopy (PYS), and X-ray photoelectron spectroscopy (XPS),
Steady-state photoluminescence (PL), time-resolved PL and water
contact angle. The XRD patterns were obtained by a Rigaku Smart-
lab X-ray diffractometer with monochromatic Cu-Kg irradiation
(45 kV/200 mA). The UV-Vis measurements were performed using
a JASCO V-670 Spectrophotometer. PYS was measured using Bunk-
oukeiki KV 205-HK ionization energy system with the photon
energy from 4.5 eV to 6.7 eV and density of state (DOS) were also
determined from the PYS spectra. XPS measurement was per-
formed using Shimadzu Kratos Axis-Nova spectrometer. Al Ko
excitation source was used at pass energy of 80 eV and the energy
resolution was 1000 meV. The perovskite layer coated on PEDOT:
PSS/ glass substrate was used to measure the surface morphology
using FE-SEM (HITACHI S4800) instrument and Bruker Innova
atomic force microscopy (AFM) (JSPM5200). A gold electrode
(1 cm x 1 cm having 2 pm cross slit) with Van der Pauw geometry
was deposited on a glass. The Tin halide perovskite solution was
coated on the substrate. for Hall measurement was carried out in
a glove box filled with N, using ECOPIA Hall effect measurement
system (HMS-3000 VER 3.52). The applied current was 1 pA
(within the liner curve region).

3. Results and discussion
3.1. Photovoltaic device architecture and performance

For simplification, the solar cell (SC) with the FAggsEDAg 01Snl3
perovskite without surface passivation is abbreviated as W/T-SC
and the solar cell passivated with MesSiBr, Me3SiCl and MesSil is
labeled as MesSiBr SC, Me3SiCl SC and MesSil SC, respectively.
The device structure in this study is shown in Fig. 1(a). The passi-
vation was performed soon after the perovskite layer was depos-
ited. The current density-voltage (J-V) curves of champion PKSCs
are shown in Fig. 1b, accompanied with the corresponding photo-
voltaic parameter in Table 1. After the surface passivation, the PCE
increased from 10.05% (W/T SC) to 11.68% (MesSiCl SC), 12.22%
(MesSiBr SC) and 11.58% (MesSil SC). To further confirm the repro-
ducibility of the photovoltaic behaviors, we fabricated 5 devices for
each condition and measured their photovoltaic performances. The
box chart (Fig. S2) shows the photovoltaic parameters of the Mes-
SiX SC. Fig. 1(c) and Table 1 showed the highest photovoltaic prop-
erties of Me3SiBr SC with the efficiency of 12.22%, Vo of 0.70 V, Jsc
of 24.11 mA cm™2, FF of 0.72, compared with the controlled one
(PCE of 10.05%, Vo of 0.57 V, Js of 24.62 mA cm~2, FF of 0.71).
The enhanced PCE is mainly due to the higher V,. and FF. The Js
decrease may be due to a little reduced thickness of the perovskite
layer caused by the etching effect with the chlorobenzene (CB)
used as the solvent of MesSiBr (Fig. S3). To further certificate, we
also made the PKSCs with the CB prostrated perovskite film, and
observed the decrease in Js. (Fig. S4). The Js. calculated from EQE
(Fig. 1d) was almost the same as the J,. measured.
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Fig. 1. (a) Device architecture of invert perovskite planar heterojunction solar cell, (b) and (c) J-V characteristics for champion PKSCs without/with surface passivation under
1.5 G simulated sunlight illumination (100 mW cm™2). (d) External quantum efficiency (EQE) spectra, (e) dark J-V curves, (f) light intensity dependence of open-circuit

voltage (Vo).

Table 1
Photovoltaic parameter of champion PKSCs after each passivation.
Sample Scan direction Jsc Voc [VI] FF PCE [%]
[mA cm~2?]
W/T-SC Forward 24.62 0.57 0.71 10.05
Reverse 24.65 0.57 0.71 9.95
Me;SiCl-SC Forward 24.01 0.68 0.71 11.68
Reverse 23.86 0.69 0.66 10.83
Me;SiBr-SC Forward 2411 0.70 0.72 12.22
Reverse 24.05 0.69 0.71 11.95
Me;Sil-SC Forward 23.69 0.68 0.71 11.58
Reverse 23.71 0.69 0.67 10.94
The dark current and light intensity dependence of open-circuit Vo nlenL
oc —

voltage (Vo) of the devices are shown in Fig. 1(e and f). The dark
current density of the MeSiBr; SC was clearly lower that of W/T-
SC, which is usually linked to the carrier recombination loss in
the dark [33]. The J, obtained from the intercept at 0 V for W/T
SC was 7.87 x 10> mA cm 2 while the J, for MesSiBr SC was
4.61 x 103 mA cm2. The lower J, shows that the leakage current
is low and the carrier recombination was suppressed by the Mes-
SiBr passivation [34,35]. In addition, the recombination process
was further analyzed by the light-intensity dependence of J;. and
Voc (Fig. 1f), using the following equation.

nkT | ]
— — In=¢
q Jo

where n represented the ideality factor, k the Boltzmann con-
stant, T the absolute temperature, q the elementary charge and J,
the saturation current density (in dark), respectively. Under the
condition of Jic > Jo and Jsc  light intensity (L), the equation is
described as follows [36].

VOC
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The ideality factor n obtained from the linear fitting of the plot
(light intensity (L) vs V,) decreased from 1.57 (W/T SC) to 1.42
(MesSiBr SC). These results imply that MesSiBr passivation reduced
trap-assisted charge recombination in the devices. The V.
enhancement after the passivation also supports this explanation
[37].

To further investigate the charge transfer mechanism on the
interfaces, we performed the electrical impedance (EI) measure-
ments for the W/T SC and MesSiBr SC under different bias voltages
under dark condition. The results are shown in Fig. S5(a and b).
These plots were fitted using a simple equivalent circuit of the ser-
ies resistance (Rs) and the recombination resistance (Rec) [38]. The
results are showed in Fig. S5(c and d). The recombination resis-
tance (Rc) was increased after MesSiBr surface passivation, imply-
ing the reductions in the trap assisted charge recombination and
the higher V,. [39]. In addition, the carrier lifetimes (7.) were cal-
culated from the formula of 7. = Rrec x Cp, [40]. The longer carrier
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life time (t.) of MesSiBr SC, compared with that of W/T-SC also
support the above explanation of the suppressed carrier recombi-
nation [41].

The steady photovoltaic performance of Me5SiBr SC and W/T SC
were measured by maximum power point tracking system (IMPPT)
under 100 mW/cm? AM 1.5 G illumination (Fig. 2a). Me;SiBr SC
showed PCE and photocurrent density (Jc) of 10.8% and
20.4 mA cm 2, keeping constant values for 600 seconds. The pho-
tovoltaic performance of un-encapsulated devices stored in the
N, atmosphere were measured every 3 days. The 80% of the effi-
ciency of Me5SiBr SC was maintained after 92 days storage while
the W/T SC’s efficiency was dropped to 73% after 37 days. The
PCE of the devices exhibited fluctuation during the stability mea-
surement, which may be due to charge accumulation. This phe-
nomenon is not unique for this work but has also been observed
previously research, attributed to the lattice strain relaxation of
the perovskite crystal [24,42,43].

3.2. Mechanistic study of passivation effect of Me3SiX

The most plausible working mechanism for the MesSiX surface
passivation is the reduction of the surface halide deficiency as
shown in Fig. 3. It has been reported that the bonding of MesSi-X
has highly polarized character such as Me3Si(8")X(87) (X is halide)
[44,45]. The MesSi*eX™ behaves in the similar way to R-NH>*el".
The MesSi-X supplies X ion to fill the surface iodide vacancies.
The Me;Si* remain at the surface as the counter cation of halide.

To reveal the Me3SiX surface passivation mechanism mentioned
above, the top-view SEM/AFM images and water contact angles
were measured as shown in Fig. 4. Du. et al have reported that
the Pb-Sn perovskite surface passivated with Me4NBr gives many
small flake features attached on the surface [46] and these flakes
are formed by halide ion exchange between Br™ and I". The same
phenomena were observed after the MesSiX passivation in our
experiments. In addition, the small pinholes disappeared from
the surface after the MesSiX passivation. The lower pinhole density
lessens the leakage current and improved the fill factor of device
[47], which was in accordance with the photovoltaic parameters
listed in the Table 1. To make it clearer, we also supplied the
large-scale SEM images of the surface and the cross section
(Fig. S6). In the SEM cross-sectional image (Fig. S6e), the columnar
crystal and longitudinal stacking of the perovskite layer were seen
with the thickness around 250 nm. The MesSi* layer was not
detected due to the thin thickness because the concentration of
the passivation solution was low (0.15 mM). The minimum root
mean-square (RMS) roughness was improved from 28.13 nm (W/
T) to 21.90 nm (Me3SiBr) on the basis of the AFM images. A smooth
surface gives better contact at ETL (electron transport layer) /per-
ovskite hetero interface, and improves FF [46]. Fig. 4(g and h)
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showed the contact angle measurements of water on W/|T and
Me;SiBr. Larger contact angle was observed for the perovskite films
with MesSiBr surface passivation, which may be attributed to the
hydrophobic properties of the MesSi groups remaining of the sur-
face. The MesSi moiety will effectively slow down the invasion of
water molecules and improve the stability [48].

As shown in Fig. 5(a), FAg9sEDAg 01Snl3 with/without the sur-
face passivation shows the typical XRD peaks corresponding to
(100), (120), (200), (211), (222) and (300) facets, which can be
ascribed to the (orthorhombic phase). The XRD patterns were nor-
malized using the main peak (100) to further interpret the role of
the passivation in the crystal formation. The lattice strain y can
be calculated from Williamson-Hall equation as shown in the
Fig. S7.

A

D size

where Bioca is the full width half maximum, 0 is the Bragg angle,
K is the shape factor, / is the wavelength of the incident X-ray, and
Dgize is the average crystallite size obtained from Scherrer’s equa-
tion [49]. As shown in the Fig. S7, the lattice strain or disordering
(u) decreased from 0.00873 (W/T) to 0.00533 (MesSiBr) after the
surface passivation, which may be due to the gradient chemical
composition from these grain boundary [50]. The less lattice strain
(disordering) results in less non-radiative recombination after sur-
face passivation [35,51]. It was interesting to observed that there
was no obviously peak shift (Fig. 5b), implying that the Me5Si ion
is not inserted into the crystal lattice, but remains on the surface.

From the reflective FTIR spectra, as shown in the Fig. 5(c) and
Fig. S8, the perovskite films passivated with/without Me3SiX solu-
tion and pure MesSiX solution showed nearly the same character-
istic peaks around 3250 to 3500 nm and 1500 to 1750 nm. The
direct evidence of the presence of the Me3Si* group on the surface
was not obtained. But from the solid-water contact angle result,
the surface became hydrophobic after the passivation, implying
that MesSi group is present at the surface, because it is well-
known that MesSi group gives hydrophobic properties.

The absorption onset in the UV-Vis spectra was slightly blue-
shifted as shown in Fig. 6(a). This shift is mainly due to the
bandgap-widening by the incorporation of Br  or ClI" [26]. The
bandgap of the perovskite was estimated using a Tauc plot
(Fig. 6b). The band gap of the sample without passivation, and Mes-
SiCl, MesSiBr, MesSil passivation was 1.40, 1.42, 1.41 and 1.40 eV,
respectively. The variation trend in the band gap was also sup-
ported by the steady-state photoluminescence (PL) spectroscopy
shown in Fig. 6(d). The PL peak was shifted from 885 nm (W/T)
to 878 nm of MesSiCl passivation, 882 nm of MesSiBr, and
883 nm of MesSil. In addition, the perovskite films passivated with
MesSiX showed higher PL intensity than that without the passiva-

Brotal COS 0 =

(b)

10
09}
08
0.7 F
06

Normalized PCE

——W/T SC

ner —o— Me,SiBr SC

04

3 1 1 1 1 L 1 1 1 L 1
0 10 20 30 40 50 60 70 80 90 100
Time (day)

Fig. 2. (a) Steady-state PCE of Me3SiBr with continuous AM 1.5 G one-sun illumination, and (b) PCE stability of W/T SC and MesSiBr SC.
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Fig. 3. One of the possible explanations of Me;SiX surface passivation.

1.00 pm 200x2.00pm  °° 1.00 um 2.00X2.00m

€ (h)

WT 44.0° Me;SiBr 50.5°

Fig. 4. SEM image of perovskite films of (a) without and with (b) Me3SiBr, (c) Me3SiCl and (d) MesSil, and AFM image of (e) without passivation and (f) MesSiBr passivation,
solid-water contact angles of (g) without passivation and (h) Me3SiBr passivation.
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transmittance scale expanded).
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tion, as demonstrated in Fig. 6(c). The higher PL intensity after the
passivation is explained by the decreased trap density, because
non-radiative trap assisted recombination is suppressed [52]. The
blue shifted PL wavelength is also explained by the decrease in
the shallow trap density. The concrete passivation structure by
the silyl halide is not clear right now. MesSi* and halide ion may
passivate the anion and cation defects sites, respectively [53].

As shown in Table S2, PL decay curves were fitted by the two
components, namely, the fast component (7,) and slow decay com-
ponent (7). The fast decay component (7;) in the time resolved PL
decay curve was extended from 2.11 nsec (W/T) to 4.52 nsec (Mes-
SiCl), 5.45 nsec (MesSiBr), 3.72 nsec (MesSil). Since the fast PL
decay is assigned to the charge trapping process in the deep traps
[54], the extended 7, after the surface passivation is explained by
the lower deep trap density after the passivation. The lower den-
sity of states (DOS) in photoelectron yield spectroscopy (PYS) spec-
tra (Fig. 6e, Fig. S9) after the surface passivation supports the
explanation [55]. The 7, became longer in the following order,
W/T (8.74 nsec) < MesSil (11.72 nsec) < Me3SiCl (15.33 nsec) < Mes-
SiBr (18.90 nsec). The longer 1, after the passivation means that
the band-to-band recombination emission was also extended,
leading the conclusion that the shallow trap density was also
decreased by the surface passivation. The average PL life time T,ye
were calculated using the follow equation.

AT + AT
A+ A,

We calculated the average PL life time as 7.25 nsec (W/T), 13.74
nsec (Me3SiCl), 15.08 nsec (Me3SiBr),10.28 nsec (MesSil). Based on
others (XRD, FTIR, PL life time), it can be concluded that the Mes-
SiBr showed better passivation effects than others. The boiling
point for MesSiCl is 57 °C, but the annealing temperature for per-
ovskite was 70 °C, which may cause uncontrolled volatilization.
Me;Sil was unstable and easy to decompose at room temperature.

ave —
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Therefore, it is recommended that the storage temperature was
—20 C. The MesSiBr’s boiling point was 79 C and it was stable in
the room temperature, resulting in better passivation effects.
Furthermore, the valence band energy (Eyg) levels were mea-
sured by PYS as shown in Fig. S9. From the band gap determined
from the UV-Vis spectra and the Eyg from the PYS measurement,
the energy band diagram was estimated as shown in the Fig. 7.
After the passivation with MesSiX, the tin perovskite valence band
energy became deeper in the following order: 5.12 eV (W/T) < 5.
18 eV (MesSiCl) < 5.19 eV (MesSiBr) < 5.20 eV (MesSiBr). The sur-
face Fermi level of the perovskite was shifted towards shallower
value. Even after the passivation of the Sn perovskites by the silyl
halide, the perovskite still showed p type character [56]. The result
also supports the previous explanation that the p type defects, such

FAosEDA, (,Snl; perovskite with
surface passivation
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Fig. 7. Schematic diagram of energy band levels for inverted tin halide PKSCs.
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Fig. 8. XPS analysis of (a) the control film (W/T), (b) MesSiCl-passivated film (Me3SiCl), (c) MesSiBr-passivated film (MesSiBr) and (d) MesSil-passivated film (MesSil).

as species of Sn*" and the vacancy of Sn?" are reduced by the
passivation.

In order to analyze the cause of the improved photovoltaic per-
formance, X-ray photoelectron spectroscopy (XPS) was measured.
These results are summarized in the Fig. 8 and Table S3. These
Sn 3d5/2 XPS peaks were fitted with Gaussian-Lorentz fit to distin-
guish the peaks of Sn?* from Sn*" [35]. The ratio of Sn**/ Sn?
decreased from 0.45 (W/T) to 0.35 (MesSiCl), 0.18 (Me3SiBr) and
0.27 (MesSil). It is clear that the oxidation of Sn?* is obviously
retarded after the surface passivation [57]. MesSiBr passivation
was most effective for decreasing Sn** species among them. This
explained the enhanced stability and the best efficiency of Me3SiBr
passivation shown in Fig. 2(b)/Table 1. It has been reported that the
oxygen molecules absorbed on the perovskite surface can easily
turn to superoxide (0?~) that triggers Sn-based perovskite oxida-
tion and decomposition. In this work using MesSiX, we believe that
MesSi* remains as the counter cation on the surface, which may
form a hydrophobic protective layer to reduce the Sn?* oxidization
by small amount of oxygen or solvent such as DMSO (oxidant of
Sn?*), leading lower Sn**/ Sn?* ratio [58]. As shown in the
Table S3, the carrier density of the W/T sample (2.984 x 106
cm ) estimated by hall effect measurement was higher than the
other passivated samples, Me3SiCl (1.165 x 10'® cm™3), Me;SiBr
(2.933 x 10" cm3) and MesSil (1.712 x 10" cm~3) as shown in
Table S3. These results also support the explanation on lower
defect densities brought about by the silyl halide passivation [59].

4. Conclusions

We reported the passivation effect of the Sn perovskite solar
cells with trimethylsilyl halide. All of the MesSiCl, MesSiBr and
MesSil were effective for the enhancement of the efficiency. These
results were explained by longer PL decay, improved surface mor-
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phologies, lower defect densities after the surface passivation.
Although all of these trimethylsilyl halide showed effective passi-
vation effects, MesSiBr gave a little better result among them,
which was well explained by the carrier densities in the perovskite
layer. The stability was improved due to the hydrophobic protec-
tive layer after the surface passivation. The passivation will pre-
vent the oxidation of Sn?* to Sn*, and thereby increase the
chemical stability of the perovskite film. Me3SiBr SC showed the
highest PCE of 12.22%, and 80% of the efficiency was maintained
after 92 day-storage in nitrogen without encapsulation, while the
W/T SC gave the PCE of 10.05% and the efficiency was decreased
to 72% after the storage of 39 days. This work suggests the MesSiX
surface passivation will be an important method to decrease the
surface defects and increase the efficiency, as well to stabilize
perovskite-based materials and devices.
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