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ABSTRACT: The intermediate phase adduct plays a crucial 1.0
role in constructing uniform and compact tin perovskite films,
thus providing an important approach for developing high-
performance lead-free perovskite solar cells. However, the
common intermediate phase adduct of SnI,:3DMSO in tin
perovskite leads to phase separation and may lack compatibility
with mixed cation tin perovskites composed of formamidinium
(FA) and methylamine (MA), impeding the further device
stability. Here, a facile and reproducible method is developed to
fabricate high-quality FA;,sMA,,sSnl; films by introducing a
new stable intermediate phase adduct (Snl,"DMSO-MAFa) by 0.2+ T :
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using ionic liquid methylamine formate (MAFa). The resulting Time (hour)
stable adduct suppresses the reaction rate between ammonium
salts and Snl,, thereby modulating the tin perovskite
crystallization and precluding Snl, clusters formation, and the presence of the Snl,’DMSO-°MAFa adduct in perovskite
precursor serves as a protective barrier for Sn’>* ions, guarding them against oxidation caused by the presence of DMSO.
Moreover, the amino and carbonyl groups in residual MAFa could repair the iodine vacancy and uncoordinated Sn** ion
defects. These features result in the formation of highly uniform and pinhole-free FA,,sMA,sSnl; films. The optimized
devices achieve a power conversion efficiency (PCE) of over 10%, a value of 53% higher than that of the control device (6.6%).
Besides, the obtained MAFa-derived devices illustrate significantly enhanced stability in a microaerobic atmosphere, with 78%
maintained initial efficiency over 2800 h of storage under N, containing 50—100 ppm of O,.
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ead-based perovskite solar cells have gained breathtaking perovskite composition adjustment, use of additives, and
I development in the past decade, yielding power dimensional manipulation, among others.'*~"¢

conversion efficiencies (PCE) up to 26.0%." > However, The hygroscopicity and low formation enthalpy of perovskite
the involvement of toxic lead is a hinder for their precursors require regulation of the crystallization process to
commercialization.” To develop lead-free perovskites, various yield uniform and smooth high-quality films.'” Intermediate
efforts have been made by replacing the Pb element with phases are often utilized to adjust the activation energy and
environmentally benign elements. Among various lead-free crystallization kinetics to control the perovskite nucleation and
perovskites, tin perovskites are very promising, with PCEs growth.'®"” In particular, the adduct approach based on Lewis
increasing from 6.4% to 14.8%.”° However, the fast crystal- base additives can form intermediate phases for high-quality
lization of tin perovskites leads to poor film quality with highly homogeneous Sn perovskite films. Among Lewis acids, Snl,

formed defects.” Also, the easy oxidation of Sn>* in tin

perovskites induces p-type doping, leading to nonradioactive Received: April 4, 2023
recombination loss and poor device performance.'’”"> As a Accepted: June 30, 2023
result, tin-based perovskite solar cells (TPSCs) possess Published: July 6, 2023

significantly inferior stability than lead-based PSCs."”” To
overcome these issues, tremendous efforts have been devoted

to obtaining high-performance TPSCs via solvent engineering,
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could form intermediate-phase adducts through chemical
interactions with Lewis bases.”® For example, Kanatzidis et al.
succeeded in reproducibly fabricating uniform and smooth
CH;NH,Snl; films using the intermediate phase of Snl,-
3DMSO. Note that dimethyl sulfoxide (DMSO) with oxygen-
bearing lone pair electrons could act as a Lewis base to form
covalent bonds with Snl,. As a result, Snl,-3DMSO intermediate
phase promotes homogeneous nucleation and delays the
perovskite growth rate, resulting in high-quality perovskite
films.”' Nevertheless, the incompletely separated edge-sharing
Snl, clusters caused by Snl,-3DMSO intermediate phase in the
precursor may lead to phase segregation, thus limited charge
diffusion length and device stability,”” and the DMSO/Sn*" pair
endures an irreversible redox reaction and generates dimethyl-
sulfide (DMS) and Sn*" in precursor.”’

Meanwhile, Snl, as a stronger Lewis acid than Pbl, may react
with ammonium salts more quickly than its lead analogues.”*
Therefore, the tin perovskite crystallization can also be
controlled by selecting suitable Lewis bases to form intermediate
phase adducts. For instance, Li et al. regulated the crystallization
of tin perovskite using BAAc ionic liquid to yield high-
performance TPSCs with a PCE above 10%.”° Dong et al.
developed an ion exchange strategy by introducing an MA-based
ion liquid into the FASnI; perovskite precursor to retard the
crystallization process. The resulting lead-free TPSCs yielded a
PCE of 8.5%.”° However, the effects of ion liquid additives on
the intermediate phases of the tin perovskite precursors have not
yet been investigated. Besides, the superior optoelectronic and
nontoxic properties of FA5sMA,,sSnl; can be used to develop
novel adduct approaches, allowing the formation of high-quality
films for high-performance TPSCs.

Accordingly, an efficient method was developed in the present
work to form highly uniform and reproducible FA;,sMA,sSnl;
films using the adduct approach. To this end, an ionic liquid of
methylamine formate (MAFa, Figure S1 in the Supporting
Information (SI)) was first utilized to form a new stable
intermediate adduct phase with DMSO and Snl, (Snl,-DMSO-
MAFa) to preclude Snl, cluster formation in the precursor and
slow down the rate of perovskite crystallization. Moreover, the
presence of amino and carbonyl groups in MAFa repaired the
iodine vacancy and uncoordinated the Sn** ion defects.
Accordingly, a high PCE of 10.1% was achieved thanks to the
highly uniform and smooth morphology of FA,;sMA,,sSnl;.
Most importantly, the MAFa-containing devices maintained
approaching to ~80% of the initial efficiency after 2800 h of
storage under N, containing 50—100 ppm of O,. The first
introduction of a new intermediate phase adduct based ionic
liquid, providing important progress in constructing high-quality
tin perovskite films for highly stable lead-free perovskite solar
cells.

Mechanism of MAFa in Perovskite Crystallization. In
this study, MAFa ionic liquid was introduced into the precursor
to form a new intermediate adduct phase for high-quality, lead-
free perovskite films. Figure 1b schematically illustrates the
formation process. For the tin perovskite precursor, the strong
Lewis acidity of Sn** resulted in fast and uncontrollable
crystallization (Figure la), generating many iodine vacancies
and uncoordinated Sn*" ions with low crystallinity. Meanwhile,
residual Snl, was also induced in the tin perovskite films due to
the formation of an intermediate phase adduct (Snl,-
3DMSO).”* Numerous iodine vacancies were also formed
owing to the rapid volatilization of DMSO, consistent with
recent reports demonstrating the oxidation of Sn** to Sn*' in
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Figure 1. Schematic representation of the crystallization process of
the (a) control and (b) MAFa-derived perovskite films. (c,d) In situ
UV-—vis absorption spectroscopy of control and MAFa-containing
perovskite films.

solutions containing DMSO.***” Thus, the general method
without MAFa could induce inferior-quality films. By compar-
ison, the introduction of MAFa in the perovskite precursor led to
the formation of the Snl,-DMSO-MAFa intermediate phase
adduct thanks to C=0---Sn chemical interactions. The MA*
also formed N—H--I hydrogen bonds between MAFa and I
atoms of the tin perovskite. This resulted in a low crystallization
rate, as proved by time-dependent photographs of wet
perovskite films with and without MAFa (Figure S2 in the SI).
The control film after the antisolvent engineering converted
from a brown to black phase after 60 s, while MAFa-derived tin
perovskite film still maintained the brown phase even after 100 s.
From Figure S3 in the SI, the control precursor has a significant
color change when annealing 120 °C for 1 h, while the MAFa-
containing precursor shows no obvious change at the same
condition. These results also proved that the SnI,-DMSO-MAFa
intermediate phase adduct can prevent the oxidation of Sn** in
the precursor, which was induced by DMSO.

Characterization of Intermediate Phase Adduct. The
crystallization process of the control and MAFa-containing
perovskite was further studied by in situ ultraviolet—visible (in
situ UV—vis) absorption spectroscopy, and the results are given
in Figure Ic,d. The intensities in in situ UV—vis absorption
spectra from 350 to 570 nm increased after annealing for 5 s for
the control perovskite film, indicating the formation of tin
perovskite.”® By contrast, the time required to yield significantly
improved intensity for MAFa-containing film absorption
enlarged to 11.9 s, suggesting a reduced crystallization rate.
Interestingly, a bump was observed between 570 and 650 nm for
the control perovskite film, while a red-shift from 610 to 690 nm
was noticed for MAFa-derived films. Also, the swelling
disappeared with the rise in perovskite absorption, attributed
to the existence of an intermediate phase adduct in the wet
perovskite film. Note that MAFa-derived perovskites should
have different intermediate-phase adducts to achieve high-
quality tin perovskite films.

The electrostatic potential (ESP) is carried out to determine
the charge distribution of MAFa. As shown in Figure $4 in the
SI, abundant negative potential exists around the O atom of the
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Figure 2. (a,b) '"H NMR and *C NMR spectra of MAFa and MAFa + Snl, samples. (c) FTIR spectra of S=O peak, assigned to DMSO, Snl,’
3DMSO, and Snl,"'DMSO-MAFa C=0 peak, respectively. (d) FTIR spectra of carbonyl peak, assigned to MAFa, SnI,"MAFa, and Snl,-DMSO-
MAFa carbonyl peak, respectively. (e,f) XRD patterns of Snl, films prepared in DMSO, MAFa, and DMSO and MAFa mixed solvents,

respectively.

Fa™ cation, indicating that Fa™ could be the most possible site
that interacts with Sn** ions of perovskite. Then, to confirm the
existence of the Snl,-DMSO-MAFa intermediate phase adduct,
nuclear magnetic resonance (NMR), and Fourier transform
infrared (FTIR) spectrometry were carried out to verify the
nature of adduct bonding (Figure 2a, and Figure SS in the SI).
The 'H NMR spectra of MAFa and MAFa + Snl, samples
revealed the presence of chemical shifts in the ammonium group
of the MAFa peak at 8.0 to 7.9 and 7.4 ppm (Figure 2a). The
aliphatic protons with the resonance signals at high field showed
the same shifting direction as ammonium protons (Figure S$ in
the SI). Thus, the N—H--I hydrogen bonds were formed
between the MA" cation and the I7site halogen anion. The
resonance signal shifting from 8.4 to 8.5 ppm can be attributed
to the protons of the Fa™ anion. This contrasting chemical shift
primarily arises from electron delocalization induced by the
coordination between the carbonyl group (C=0) and Sn*".
The “C NMR was also characterized to investigate the
interaction between Fa™ and Snl,. As shown in Figure 2b, the
resonance signals of the carbonyl group in MAFa shifted from
166.3 to 168.4 ppm (MAFa + Snl,), indicating carbon of the
carbonyl group losing some electron density due to the
coordination interaction between the oxygen atom of MAFa
and Sn atom in tin perovskite.”

For comparison, different adducts of SnI,-3DMSO, Snl,-
MAFa, and Snl,-DMSO-MAFa were also prepared, and their
FTIR spectra were used to investigate the bonding nature of
their corresponding adducts (Figure 2¢,d). The S=O stretching
vibration peak of DMSO in Figure 2¢ was recorded at around
1062 cm™, while it shifted to 1056 cm™" after Snl,-3DMSO
adduct formation (Figure 2c). This can be explained by the S=
O bond sharing the lone pair electrons in oxygen with Snl,,
thereby weakening the strength of the bond and reducing the
stretching vibration frequency.”” Interestingly, the correspond-
ing stretching vibration peak of Snl,-DMSO-MAFa changed to
1057 cm™! after the introduction of the MAFa ion liquid,
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indicating changes in the electronic environment of S=O prone
to the formation of new adducts. The C==0 stretching vibration
peak of MAFa in Figure 2d was recorded at 1592 cm™" attributed
to the Fa™ anion, while the peak shifted to 1579 cm™ for Snl,-
MAFa. The C=O0O bond of the SnI,-DMSO-MAFa adduct
showed further red-shifting to 1563 cm™" due to changes in the
long pair electrons of C=0 in MAFa. Therefore, MAFa formed
a coordinative bond with Snl,-3DMSO to generate a new adduct
Snl,-DMSO-MAFa.

The wet Snl, films prepared in different solvents (DMSO,
MAFa, and DMSO and MAFa mixed solvents) were
characterized by X-ray diffraction (XRD), and the data are
provided in Figure 2e,f. The Snl, film based on DMSO exhibited
a strong Snl, diffraction peak at 12.4°, indicating strongly
separated edge-sharing Snl, clusters associated with Snl,-
3DMSO.” By comparison, the Snl, film prepared by MAFa
and DMSO mixed solvent (1:1 v:v) showed a new peak at 8.8°,
correlated with the Snl,-DMSO-MAFa adduct. The small
amount of MAFa resulted in two kinds of intermediate phase
adducts (Snl,-3DMSO and Snl,-DMSO-MAFa) in the
precursor due to the small induced amount of MAFa (S mol
%). However, the film prepared by bare MAFa showed only a
peak at 26 = 14.08° without other peaks, close to the (100)
crystal plane of FA,,sMAg,sSnl; (14.02°). This can be
explained by the reaction of MAFa with Snl, to form a similar
perovskite structure.*’

Tin-Based Perovskite Films. The influence of the Snl,-
DMSO-MAFa adduct on the crystallization of tin perovskite film
was studied by XRD. As displayed in Figure S6 in the SI, the wet
perovskite film before antisolvent engineering and thermal
annealing showed an XRD peak at 26 = 12.4° associated with
Snl, due to phase segregation caused by the incompletely
separated edge-sharing Snl, clusters. However, the wet perov-
skite film based on the Snl,-3DMSO-MAFa adduct displayed no
Snl, diffraction peak, suggesting the contribution of the new
intermediate phase to precluding the Snl, cluster in the
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Figure 3. (a,b) Sn XPS spectra of the control and MAFa-containing perovskite films. (c,d) SEM images of the control and MAFa-containing
perovskite. (e,f) AFM images of the control and MAFa-containing perovskite.

precursor (Figure S6a in the SI). After chlorobenzene dripping
and thermal annealing, the MAFa-derived perovskite film shows
significantly enhanced (h00) plane peak intensity, consistent
with the XRD patterns of wet films (Figure S6b in the SI).
Meanwhile, the full width at half-maximum (fwhm) of the (100)
plane in Figure S6cin the SI revealed a lower value of MAFa-
derived perovskite film than the control film. Hence, MAFa
induced a better crystallization with a larger crystallite size.”!
The Snl,-DMSO-MAFa intermediate phase adduct promoted
perovskite growth along the vertical [100] direction, beneficial
for reducing charge transport for higher device performance.

To confirm the perovskite crystal quality, the absorption
spectra of the control and MAFa-containing perovskite films
were further characterized, and the data are given in Figure S7a
in the SI. The Tauc plots in Figure S7b in the SI suggested the
same bandgaps of control and MAFa-derived perovskite films
(1.34 eV). As a result, MAFa may only exist at grain boundaries
and not in lattice bulk.” The residual MAFa in the grain
boundaries can prevent the oxidation of Sn**, which is conducive
to improving the device stability. The color change of the
perovskite precursor aged at 48 h can confirm the absence of
Sn** oxidation due to introduction of MAFa (Figure S8 in the
SI). The Sn** content was further studied by X-ray photo-
electron spectroscopy (XPS). As shown in Figure 3a,b, the
Sn**:Sn** ratio increased from 0.71 to 1.70, suggesting
remarkably suppressed oxidation of Sn*". As shown in Figure
S9 in the SI, the C==0 stretching vibration peak of MAFa-
derived perovskite was recorded at around 1579 cm™, which
was consistent with the FTIR spectra of Snl,-DMSO-MAFa
(Figure 2d). Thus, MAFa can remain in the perovskite to repair
the iodine vacancy and uncoordinated Sn** ion defects. The
compact MAFa-containing perovskite film prevented water and
oxygen from entering into the film due to the encapsulation by
the residual MAFa in grain boundaries.

The morphologies of perovskites based on different
intermediate phase adducts were further explored by scanning
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electron microscopy (SEM) and atomic force microscopy
(AFM), and the data are summarized in Figure 3c,f. For the
control perovskite film, some Snl, clusters were visible on the
surface, with an average grain size of 0.48 ym (Figure S10a in the
SI). By comparison, the Snl, clusters disappeared in MAFa-
derived film showing a larger average grain size (0.50 pm, Figure
S10b in the SI). Therefore, the Snl,-DMSO-MAFa adduct could
preclude the Snl, cluster. Based on AFM images (Figure 3e,f),
the root mean surface (RMS) roughness of MAFa-derived
perovskite films was 18.9, which is lower than that of the control
film (21.2). Therefore, MAFa induced better-quality perovskite
films in comparison to the control precursor.

Device Performance of TPSCs. The promising above
findings related to MAFa-derived tin perovskite films
encouraged the fabrication of inverted TPSCs (0.09 cm?) with
the device structure ITO/PEDOT:PSS/FA,,sMA,,sSnl;/Ceo/
BCP/Al (Figure S11 in the SI). As depicted in the current-
density voltage (J—V) curves (Figure 4a, and Table S1 in the SI),
the control device without MAFa exhibited a PCE of 6.6% under
forward scan and short-circuit current density (J.) of 21.9 mA
ecm™?, with V,. of 0.58 V and fill factor (FF) of 0.52. By
comparison, TPSCs based on 5 mol % MAFa displayed an
improved PCE up to 10.1%, with J,. of 22.4 mA cm™2, V. of 0.69
V, and fill factor (FF) of 0.63. The J—V curves in both reverse
and forward scans revealed a smaller hysteresis index (HI,
0.041) of the MAFa-derived device than that of the control
device (0.078), suggesting suppression of the ion migration in
residual MAFa due to the chemical interactions with the
perovskite defects. The external quantum efficiency (EQE) of
MAFa-based TPSCs in Figure 4b indicated an integrated J
(21.61 mA cm™?) value consistent with the J—V curves (22.4 mA
cm™?). Also, the MAFa-based device showed an enhanced light
utilization in the range of 300—500 nm, consistent with UV—vis
spectrometry. The statistics of PCEs distributions for the
corresponding devices are summarized in Figure 4c. A total of 20
devices with and without MAFa were fabricated, and the
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Figure 4. (a) J—V curves of the control and MAFa-containing TPSCs
under both reverse and forward voltage scans. (b) EQE and
integrated ], of the control and MAFa-containing TPSCs. (c)
Statistics of PCEs distribution for the control and MAFa-containing
devices. (d) PCE:s storage stability of unencapsulated devices under
N, containing 50—100 ppm of O,.

measured parameters J,, V., and FF are provided in Figure S12
in the SI. Obviously, intermediate phase Snl,-DMSO-MAFa
significantly improved the device reproducibility and perform-
ance.

The long-term stability of the unencapsulated control and
MAFa-derived TPSCs was investigated under a N, atmosphere
containing 50—100 ppm of O, (Figure 4d). The control TPSCs
showed a decreased PCE to 30% of the initial value after 2808 h
of aging. By comparison, the MAFa-derived TPSCs maintained
~80% of the initial PCE under the same conditions, suggesting
strong improvement. The details of the photovoltaic parameters
(Jo Vow and FF) are exhibited in Figure S13 in the SI. The
degradations in both FF and J,. of the control TPSCs were also
much faster than those of the MAFa-derived device. Also,
MAFa-derived devices have more stable V, which is associated
with defects in perovskite, and MAFa can repair the iodine
vacancy and uncoordinated Sn** ion defects. Afterward, the
stability of the corresponding unencapsulated TPSCs was tested
in air with RH ~ 65%. Here, the aluminum electrode was
replaced by a copper electrode due to its poor stability under
high humidity (Figure S14a in the SI). The MAFa-derived
TPSCs illustrated no obvious degradation after 180 min of aging
in air, whereas the control TPSCs significantly dropped to ~20%
of the initial PCE after 100 min storage (Figure S14b in the SI).
The improved stability was linked to the high-quality tin
perovskite films and the chemical interactions between MAFa
and perovskite. The air stability originated from the reduction of
the aldehyde group in the Fa~ anion, which can protect Sn**
from O, oxidation. Moreover, MAFa also improved the
hydrophobicity of the tin perovskite (Figure S15 in the SI),
leading to enhanced air stability.

Charge Dynamics. The charge dynamics of the MAFa-
derived tin perovskites were investigated by steady-state
photoluminescence (PL) and PL decay spectroscopy (Figure
Sa)b). The PL peak wavelengths of both control and MAFa-
containing perovskites did not change, consistent with the
bandgaps obtained from Tauc plots (Figure SSb in the SI).
Moreover, the PL intensity of MAFa-derived perovskite was
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Figure S. (a,b) PL and PL decay spectra of the control and MAFa-
containing perovskite film. (c) Nyquist plots of the control and
MAFa-containing PSCs. (d) Light-intensity-dependent V,_ curves of
the control and MAFa-containing PSCs.

significantly increased when compared to that of the control
sample, suggesting high-quality tin perovskite films with reduced
defects formed by MAFa. The PL decay spectra revealed a
prolonged photogenerated carrier lifetime of MAFa-derived
perovskite films from 5.07 to 6.22 ns, indicating suppression of
charge recombination. Furthermore, the Snl,-DMSO-MAFa
intermediate phase adduct contributed to the reduction of the
leakage current, leading to a decreased background carrier
density (Figure S16 in the SI).

The charge recombination was further investigated by
electrochemical impedance spectroscopy (EIS) at 0.6 V. As
shown in Figure Sc, the Nyquist plots of both devices displayed
the main arc related to the recombination resistance values
(Reeo).” The Ry, of the MAFa-based TPSC increased by 161%
compared to that of the control device. Thus, the MAFa-derived
perovskite possessed a lower recombination rate.

To clarify the trap-assisted charge recombination, the light-
intensity-dependent V,_ curves of the control and MAFa-derived
devices were obtained. As depicted in Figure 5d, the ideal factor
of the MAFa-based TPSC revealed light-intensity-dependent
V.. curves reduced from 1.82 to 1.39, suggesting significantly
declined Shockley—Read—Hall recombination in MAFa-based
TPSCs.”* Thus, the space-charge-limited current (SCLC) was
analyzed for the corresponding hole-only devices to calculate the
trap state density. In Figure S17 in the SI, the dark J—V curves
can be divided into three regions: omega region, trap filling limit
region, and child region. The trap filling limit voltages (Virg)
were obtained from SCLC to calculate the defect density inside
the films.*>*¢

2eeVrpy
el?

where € and g, represent the relative dielectric constant and
vacuum permittivity, respectively. g and L are elementary charge
and perovskite thin film thickness.

The trap-filling limit voltages of the control and MAFa-based
device were estimated to 1.65 and 0.84 eV, respectively. The
corresponding hole trap state densities were 2.63 X 10" and
1.35 X 10" cm™, respectively. These data further confirmed

dt =
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that the MAFa could induce high-quality tin perovskite films as
well as contribute to the reparation of defects through chemical
coordination.

A new intermediate phase adduct (Snl,-DMSO-MAFa) was
first developed by using ionic liquid to construct high-quality tin
perovskite films for highly stable, lead-free perovskite solar cells.
MAFa was added in the tin perovskite precursor to form a stable
Snl,-DMSO-MAFa adduct, thereby modulating the tin perov-
skite crystallization and precluding the Snl, clusters formation.
The residual MAFa was bonded to iodide ion vacancies and
uncoordinated Sn** of tin perovskite film at the grain boundaries
to suppress the oxidation of Sn**. The high-quality films resulted
in significantly improved device performance with PCE over
10%. The MAFa-derived devices maintained ~80% of the initial
efficiency over 2800 h of storage under N, containing 50—100
ppm of O,. We believe that the proposed intermediate phase
adduct approach are very promising for the fabrication of high-
quality tin perovskite films, providing a methodological base to
further enhance stability of TPSCs.
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