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ABSTRACT: Tin-based perovskites degrade rapidly upon interaction with water
and oxygen in air because Sn−I bonds are weak. To address this issue, we
developed novel tin perovskites, FASnI(3−x)(SCN)x (x = 0, 1, 2, or 3), by
employing a pseudohalide, thiocyanate (SCN−), as a replacement for halides and
as an inhibitor to suppress the Sn2+/Sn4+ oxidation. The structural and electronic
properties of pseudohalide tin perovskites in this series were explored with
quantum-chemical calculations by employing the plane-wave density functional
theory (DFT) method; the corresponding results are consistent with the
experimental results. Carbon-based perovskite devices fabricated with tin
perovskite FASnI(SCN)2 showed about a threefold enhancement of the device
efficiency (2.4%) relative to that of the best FASnI3-based device (0.9%), which we
attribute to the improved suppression of the formation of Sn4+, retarded charge
recombination, enhanced hydrophobicity, and stronger interactions between Sn and thiocyanate for FASnI(SCN)2 than those for
FASnI3. After the incorporation of phenylethyleneammonium iodide (PEAI, 10%) and ethylenediammonium diiodide (EDAI2, 5%)
as coadditives, the FASnI(SCN)2 device gave the best photovoltaic performance with JSC = 20.17 mA cm−2, VOC = 322 mV, fill factor
(FF) = 0.574, and overall efficiency of power conversion PCE = 3.7%. Moreover, these pseudohalide-containing devices display
negligible photocurrent−voltage hysteresis and great stability in ambient air conditions.
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■ INTRODUCTION

Perovskite solar cells (PSC) are rapidly emerging as a front
runner for a scalable, cheap, and sustainable energy source with
a power conversion efficiency (PCE) surging up to ∼25%,1
which is comparable with that of the conventional Si solar cells.
Nevertheless, for commercialization, it is recommended to
replace lead with a less harmful element. Diverse alternative
perovskite materials have been explored on adopting tin,
copper, germanium, bismuth, or antimony.2,3 In view of an
increased PCE, benefiting from a broad spectrum of light
absorption, superior absorption coefficient, and increased
charge-carrier mobility, tin perovskites are highly appealing
among all lead-free PSC alternatives and are applicable to other
optoelectronic devices, e.g., light-emitting diodes, photo-
detectors, lasers, and transistors.4,5

Although tin perovskites exhibit excellent optoelectronic
properties, they still suffer from intrinsic defects derived from
increased pinholes, many grain boundaries, Sn vacancies, and
oxidation of Sn2+ to Sn4+.6 These defects cause intensive hole
doping, leading to rapid recombination of charge carriers or a
short-circuit of the devices.7 These effects necessitate their
repair on tailoring tin perovskites through the introduction of
additives and appropriately selected cations or halides.8−11

Recent computational results on Sn perovskites have indicated

that the Sn−X bond is the most susceptible to the presence of
water and oxygen, resulting in instability in an Sn-based PSC.12

Hence, increasing the hydrophobicity and replacing iodine
with moisture-tolerant anions can be suitable approaches for
increased efficiencies. Despite the realization of X-site anions in
stabilizing Sn perovskites against metal oxidation and retarding
charge recombination, little work has been done in this
direction. Polyatomic pseudohalides, e.g., thiocyanate (SCN−)
and azide (N3

−), have been adopted to serve as alternatives for
the X-site halides in organic−inorganic hybrid lead perov-
skites.13−17 The pseudohalide SCN− possesses a rigid linear
structure and a π-conjugated electronic system beneficial to
enhancing the photoelectron transfer.18 Several reports have
described the incorporation of SCN− as an additive in MAPbI3
PSC devices, demonstrating improved stability and decreased
hysteresis. Pseudohalide SCN− improves moisture tolerance
and device stability, decreases trap-assisted recombination, and
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enhances charge-carrier lifetimes.13,14,17,19−21 For Pb perov-
skites, the incorporation of thiocyanates by more than 15%
into the lattice, however, leads to the formation of a two-
dimensional (2D) structure or mixed phases of MAPbI3 and
MAPbI2(SCN), with MAPbI3 being the dominant phase.22,23

Pure 2D phase MA2Pb(SCN)2I2 exhibits a poor device
performance with PCE consistently less than 3.5%.13,20 In
contrast, when used as an additive, thiocyanate-doped Sn
perovskite films showed an improved morphology and
crystallinity.4,24 Considering the size difference between Pb2+

and Sn2+, we expect the incorporation of SCN− ions into the
crystal lattice of a tin perovskite to result in a three dimensional
(3D) structure and thereby to improve the device performance
and stability with suppressed recombination and enhanced
tolerance to moisture.
Herein, the 3D tin perovskites incorporating thiocyanate

with general chemical formula FASnI(3−x)(SCN)x, x = 0, 1, 2,
or 3, were investigated for the first time through both
experimental and theoretical approaches. For their applications
as photovoltaic materials, the carbon-based mesostructured
hole transporting material (HTM)-free device architecture was
utilized.25−28 The merit of this approach is highlighted as a
manufacturing technique offering not only cheap but also
large-scale processability.6 PCE more than double compared to
that of a control FASnI3 device was obtained. Furthermore, the
efficiency increased to 3.7% on incorporating phenethylammo-
nium iodide (PEAI, 10%) and ethylenediammonium diiodide
(EDAI2, 5%) while preserving the moisture-tolerant properties.
The new perovskite FASnI(SCN)2 displayed greater device
stability, even upon direct exposure to air, without being
encapsulated within a hole-transport layer or a sealant, under
ambient conditions.

■ EXPERIMENTAL SECTION
Perovskite solutions were prepared with precursors formamidinium
iodide (FAI), formamidinium thiocyanate (FASCN), Sn(SCN)2,

SnI2, and SnF2 (10% mol ratio) in stoichiometric proportions and
dissolved in dimethylformamide (DMF). These solutions of
FASnI3−x(SCN)x were stirred overnight near 23 °C. All resulting
solutions based on SCN− are yellow and stable, with no color change
observed under a N2 atmosphere over more than one year, implying
no evident degradation. Utilizing the stable solutions, we adopted two
annealing steps to prepare films by drop casting (DC), first at 65 °C
for 20 min followed by annealing at 135 °C for 20 min for the
formation of crystals. The resulting films displayed black color for x =
0−2, whereas a light pink color was observed for x = 3.

The triple mesoscopic HTM-free C electrodes were used for device
fabrication. The electrodes were fabricated by spraying a compact
layer of TiO2 (thickness 40 nm) on etched FTO glass, followed by
screen printing of a TiO2 mesoporous layer (thickness 1 μm). This
layer was annealed at 500 °C for 30 min. After annealing, Al2O3
(thickness 1 μm) and carbon (thickness ∼10 μm) layers were coated
onto the TiO2 layer via screen printing. Additionally, for devices with
PEAI (10%), a NiOx layer was screen-printed between alumina and
carbon layers. The substrate was annealed at 400 °C for 30 min before
use. The electrodes were transferred to a glovebox (N2 environment,
both O2 and H2O less than 10 ppm). The devices were fabricated via
drop casting (DC). A precursor solution (1 M, 2.5 μL) prepared with
the DMF solvent was dropped onto the electrode film at 65 °C. After
the solution penetrated the carbon layer, the device was annealed at
135 °C for 20 min.

For the solvent extraction (SE) method, after solution penetration,
the substrate was dipped in methyl phenyl ether and benzotrifluoride
(equimolar mixture) for 15 min followed by annealing at 135 °C for
20 min. For the SE method with an EDAI2 coadditive, EDAI2 in
varied proportions was added into a precursor solution with the DMF
solvent. The remaining steps were the same as in the SE method.

■ RESULTS AND DISCUSSION

To garner a more detailed insight, we performed geometric
optimizations of the crystal structures using the density
functional theory (DFT) based on the Perdew−Burke−
Ernzerhof (PBE) functional and plane-wave basis sets with a
cutoff energy of 500 eV for FASnI(3−x)(SCN)x (x = 0, 1, 2, or

Figure 1. (a) Simulated crystal structure of FASnI(3−x)(SCN)x (x = 0−3) showing that a three dimensional network is formed by corner-sharing
SnX6 octahedra with FA+ occupying the interstitial voids. (b) Experimental X-ray diffraction (XRD) patterns of FASnI(3−x)(SCN)x thin films on an
ITO substrate showing the corresponding characteristic signals. Asterisks “*” label the diffraction signals of ITO. (c) Simulated XRD patterns of a
FASnI(3−x)(SCN)x film using crystallographic information converted from (a). The “#” indicates the weak intensity of the diffraction signals.
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3) perovskites; the corresponding optimized crystal structures
are shown in Figure 1a. The calculated lattice parameters are
summarized in Table S1, Supporting Information (SI).
Perovskite FASnI3 exhibits an orthorhombic crystal structure,
whereas the replacement of iodide with thiocyanate leads to
the formation of monoclinic and triclinic lattices. In the case of
FASnI3, our results are consistent with previous literature
reports.29 The optimized structures of SCN-based perovskites
display remarkably decreased bond angles and bond lengths, as
listed in Table S2, SI. The partial density of states (PDOS) for
the perovskites is shown in Figure S1, SI. The valence band
(VB) is composed mostly of I 5p orbitals; the conduction band
(CB) is composed mainly of Sn 5p orbitals, in agreement with
the results reported elsewhere.29,30 Moreover, the substitution
of SCN− in perovskites increases the formation of energy
relative to FASnI3 and consequently imparts increased stability,
as tabulated in Table S3, SI. As a strong correlation exists
between the electric charge and the formation energy, we
undertook a Bader charge analysis of FASnI(3−x)(SCN)x. For
Sn2+ cations in FASnI(3−x)(SCN)x, the Bader oxidation states
(Z) of Sn2+ were found to be 0.86, 1.05, 1.23, and 1.43 for x =
0−3, respectively. The numbers of Z for x = 2 and 3 were
nearer to the Bader oxidation states for SnF2 (1.56), indicating
the trend of the formation of the Sn4+ species.31,32 These
results indicate a greater binding strength with the inclusion of
SCN− to feature increased stability relative to that of the
pristine FASnI3.
The effects of SCN− on the FASnI(3−x)(SCN)x crystal phase

were experimentally investigated via Fourier transform infrared
(FTIR) spectroscopy and X-ray diffraction (XRD). Our
spectral results indicate an ambident nucleophilic nature of
SCN−, which serves as a bridging ligand to construct a stronger
3D network of octahedra.33 The characteristic vibrational lines

associated with the CN stretching vibrational mode of
SCN− were observed for all FASnI(3−x)(SCN)x perovskites but
not for x = 0 (Figures S2 and S3, SI; the corresponding sample
preparations are presented in detail in the SI).33 The IR
spectra of the SCN-incorporating perovskites differed
markedly from their precursors; red-shifted SCN− vibrational
lines were observed because of the partial donation of lone-pair
electron density from the sulfur atom of the SCN− group to a
vacant orbital of the tin element, serving as solid evidence for
the presence of thiocyanate in the core network of the
perovskite structures.34 The X-ray diffraction (XRD) patterns
of FASnI(3−x)(SCN)x perovskites (Figure 1b) were compared
with those obtained from DFT calculations (Figure 1c). The
main characteristic perovskite signals are located at ∼14, ∼28,
and ∼41° for x = 0−2 perovskites. They exhibit crystallinity
with no residual precursor signal (Figure S4, SI). For x = 0−2,
experimental and theoretical results matched well. For x = 3,
the diffraction signals shifted gradually toward smaller angles
because of an increase in lattice spacing (Table S2, SI).
Furthermore, no undesired phase separation occurred, as
indicated by the absence of precursor signals in both XRD
patterns and IR spectra.25 In lead-based perovskites, the
inclusion of SCN− transformed 3D perovskites into 2D
structures,22 but in our case, the small Sn2+ (cf. ionic radii of
103 and 122 pm for Sn2+ and Pb2+, respectively) resulted in an
appropriate octahedral factor while minimally altering the
Goldschmidt tolerance factor because of the similar ionic radii
of I− and SCN− (see Table S4, SI), thus preserving the 3D
nature of the octahedron and corner-sharing capability of the
SnI6‑x(SCN)x structures (Figure S2, SI). Additionally, two
important characteristics of 2D perovskites, i.e., Bragg signals
at small angles in XRD with 2θ less than 10° and an excitonlike
peak in the UV−vis spectra of perovskite films, were absent,

Figure 2. (a) XPS of Sn 3d recorded for fresh FASnI(3−x)(SCN)x (x = 0−3) samples. The two lines deconvoluted from the measured spectra
consist of Sn4+ lines (green) at slightly greater binding energies and Sn2+ lines (magenta). (b) Absorption (solid curves) and normalized
photoluminescence (PL) (dashed curves) spectra of FASnI(3−x)(SCN)x (x = 0−3) films deposited on quartz substrates controlled with precursors
in stoichiometric proportions. (c) Normalized PL decay profiles of FASnI(3−x)(SCN)x (x = 0−2) deposited on the glass substrate and measured
using time-correlated single-photon counting (TCSPC).
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hence confirming the formation of 3D structures for
FASnI(3−x)(SCN)x films.35

The chemical compositions of each perovskite were
determined via X-ray photoelectron spectroscopy (XPS) and
energy-dispersive X-ray spectroscopy (EDX); the results are
shown in Figures S5 and S6, SI, respectively. The XPS survey
scans of the XPS confirm that the S (1s) peak appeared when
SCN was incorporated into the lattice structure (inset of
Figure S5, SI). We quantified the Sn/S ratios in the bulk state
with EDX spectra and those in the surface state with XPS
survey scans of the tin perovskites; the results (Table S5, SI)
showed that the Sn/S ratios matched satisfactorily for all of the
FASnI(3−x)(SCN)x films. Furthermore, Figure 2a shows the
XPS spectra of Sn compositions for all four perovskite films.
The evolution of Sn4+ lines on the surface of perovskites
containing thiocyanate was greatly suppressed, indicative of a
great tolerance to oxidation of tin. The Sn4+ ratios were only
9.0, 6.3, and 6.0% for x = 1−3, respectively; the corresponding
proportions of Sn4+ were decreased in the bulk (plasma etching
for 30 s) with only 5.8 (x = 1), 5.3 (x = 2), and 1.4% (x = 3).
In contrast, FASnI3 has 85.0% of Sn4+ on the surface and
36.9% in the bulk (Figure S7, SI). The suppressed oxidation of
Sn2+ in perovskites containing thiocyanates is attributed to an
increased hydrophobicity and strong binding, as confirmed by
measurements of contact angles (Figure S8, SI), Bader charge
analysis, and greater enthalpies of formation (Table S3, SI).
These materials have hence the potential for improved
photovoltaic performance, as indicated by their optimum
band gaps, low Sn4+ concentrations, and strong binding
characteristics.
Figure 2b shows the absorption and PL spectra of

FASnI(3−x)(SCN)x films on quartz substrates. The pristine
FASnI3 film shows a band gap of ∼1.40 eV, whereas
FASnI2(SCN) and FASnI(SCN)2 have band gaps of 1.36
and 1.38 eV, respectively, which are smaller than that of

FASnI3. For x = 1 and x = 2, the binding energy of the I 5p
orbitals is sufficiently high to hybridize with the S and N p
orbitals, thereby maintaining a similar band gap compared to
that of FASnI3 with an only limited decrease of the valence
bandwidth.21 Furthermore, the pseudohalide has a small effect
on decreasing the band gap because the Sn−I bond lengths are
slightly increased (Table S2, SI) and this reduces the Sn s/I p
hybridization strength, causing a downward shift of the
conduction band minimum (CBM). Tin perovskite with x =
3, i.e., FASn(SCN)3, is, however, a wide band gap semi-
conductor with a band gap of ∼3.4 eV. This anomalous
behavior for FASn(SCN)3 is attributed to its distorted
octahedral structure, short Sn−SCN bond lengths, and
enhanced interaction of formamidinium (FA) molecular
orbitals with the Sn(SCN)6 matrix, causing an upward shift
of the CBM levels and resulting in an increase in the band
gap.36 The energy level of the CBM is mostly influenced by the
position of the Sn p orbital level that is shifted upward while
increasing the SCN content. The complete replacement of I
with SCN alters the bond lengths significantly. Most likely, this
is a confinement effect, i.e., as the Sn−X distances decrease
drastically in the case of FASn(SCN)3 (Table S2, SI), an
electron on the Sn atom becomes more confined and its energy
increases. Furthermore, the Sn s/X p hybridization strength
increases to some extent due to the shorter bond lengths. This
results in a tighter cage around the cation, reducing the
polarizability of the perovskite. The reduced polarizability
results in a subsequently higher band gap that is evident in the
case of FASn(SCN)3 with the upward shift of the CBM.
Similar trends were also observed based on the ultraviolet
photoelectron spectra (UPS) data reported for other
systems.31,32

We performed PL decay experiments with time-correlated
single-photon counting (TCSPC); the resulting temporal
profiles are shown in Figure 2c. The PL transients were fitted

Figure 3. (a) Schematic representation of a mesoscopic TiO2/Al2O3/carbon-based device. (b) Energy diagrams (energy/eV with respect to
vacuum) of films with FASnI(3−x)(SCN)x (x = 0−3). The positions of the work function (WF) are indicated with dashed lines for each species. (c)
Representative J−V characteristics of each FASnI(3−x)(SCN)x (x = 0−3) device. (d) Representative IPCE spectra and integrated Jsc for the x = 1−3
devices. (e) Stability of the corresponding FASnI3 and FASnI(SCN)2 perovskite solar cells with encapsulation in an ambient environment with 65%
relative humidity at 25 °C and stored in the dark.
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using biexponential decay components; Table S6, SI,
summarizes the corresponding lifetimes and relative ampli-
tudes. The first (τ1) and second (τ2) components are
associated with a nonradiative surface-state relaxation and
the bulk recombination of perovskites, respectively. With an
increase in thiocyanate content, τ1 increases and the associated
amplitude decreases, denoting decreased nonradiative surface-
state relaxation. Moreover, τ2 increased with an increase in x;
the average τPL increased from 0.76 ns for FASnI3 to 2.92 and
5.94 ns for FASnI2(SCN) and FASnI(SCN)2, respectively.
These results show the trend of retarded charge recombination
for increasing the number of SCN− in the tin perovskites.
Therefore, the pseudohalide replacement helps the tin
perovskites to decrease the defect states and suppress the
Sn2+/Sn4+ oxidation, which is consistent with the XPS and
DFT results. A similar phenomenon on defect-state passivation
was also reported for Pb perovskites incorporating SCN.37

Because of the large contact angles for the precursor
solutions involving SCN, the corresponding FASnI3−x(SCN)x
films (x = 1−3) showed poor morphologies (Figure S9, SI).
Therefore, the planar heterojunction-type solar-cell device
cannot be fabricated with satisfactory performance. All devices
were thus fabricated according to a mesoporous carbon
electrode structure shown in Figure 3a. Mesoporous TiO2,
Al2O3, and carbon layers were screen-printed on a glass/FTO/
c-TiO2 substrate layer by layer. The perovskite precursor
solution was then dropped onto the surface of the carbon layer
to infiltrate into the triple layers through the mesoporous films.
The cross-sectional SEM images of the FASnI3−x(SCN)x PSC
are presented in Figure S10, SI. The perovskites penetrated
well into the pores of the entire TiO2 layer. The boundary
between m-TiO2/perovskite and Al2O3/perovskite is indistinct
because of the excellent infiltration of the perovskite. Figure 3b
shows an energy-level diagram of the FASnI3−x(SCN)x PSC.
The valence band maxima (VBM) of these perovskites were

deduced from their ionization energies obtained from
ultraviolet photoelectron spectra (UPS) (Figure S11, SI); the
conduction band minima (CBM) were calculated accordingly
from their band gaps and VBM values, as shown in Figure 3b.
The substitution of SCN− in the FASnI3−x(SCN)x films plays a
significant role in modulating both the CBM and VBM levels,
similarly to other mixed-halide systems.7,38 Trends similar to
those of other mixed-halide systems were observed for the
work functions deduced from the UPS measurements.39 The
decrease of the energy levels of the VBM upon inclusion of
SCN− has further implications for the stability of the
perovskites because of the tendency of the materials to
undergo oxidative degradation.40

Figure 3c shows the current density vs voltage (J−V) curves
of the fabricated PSC measured under AM1.5G 1 sun
illumination (100 mW cm−2) in the reverse scan/forward
bias mode; the corresponding photovoltaic parameters are
listed in Table S7, SI. The best FASnI(SCN)2 PSC (x = 2)
exhibited PCE 2.4%. This PCE is almost three times that of the
FASnI3 device (PCE = 0.9%), for which the efficiency of the
FASnI3 cell is similar to those reported elsewhere.27,41 The best
x = 2 solar cell displays a negligible hysteresis in the J−V curves
(Figure S12, SI). The greater offset between the VBM of the
perovskite and the carbon electrode can lead to thermionic
losses that might cause a loss of the open-circuit potential in
solar cell devices, as evident in the cases of x = 0 and 3.40 The
IPCE spectra of PSC corresponding to x = 1−3 measured in
air are shown in Figure 3d. The IPCE for FASnI3 was not
measurable because of the rapid degradation of the perovskite
through oxidation, which we observed previously.27 The IPCE
plots of FASnI3−x(SCN)x (x = 1, 2, or 3) resemble the
absorption spectra of the corresponding perovskites with
maxima IPCE values attaining ∼60% near 450 nm for x = 1
and 2. The integrated currents extracted from IPCE are also
consistent with the experimental Jsc. As expected, a plot with

Figure 4. (a) Current−voltage curves of P10 and P10E5 devices with PCEs of 2.8 and 3.7%, respectively. (b) Corresponding IPCE spectra and
integrated Jsc of P10 and P10E5 devices. (c) Histograms of 30 fresh devices fabricated under the same experimental conditions as those for FASnI3,
FASnI(SCN)2, P10, and P10E5 devices. (d) Steady current densities measured at the point of the maximum power of unencapsulated FASnI3,
FASnI(SCN)2, P10, and P10E5 devices under 1 sun irradiation (AM1.5G solar simulator) for 300 s under ambient conditions with ∼65% RH.
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small IPCE values (Figure 3d) covering a narrow region at
large energy was obtained in the case of FASn(SCN)3 because
of its wide band gap. For the stability test, the encapsulated
FASnI(SCN)2 device stored under ambient conditions (RH =
65%) in the dark maintained nearly identical performance for
nearly 2000 h, whereas pristine FASnI3 devices degraded to
nearly zero within 500 h, indicating the superior long-term
ambient storage stability with thiocyanate incorporation
(Figure 3e). The ambient aging of the precursor solutions
had no effect on the performance of the FASnI(SCN)2 device
but severely affected that of the pristine FASnI3 device (Figure
S13 and Table S8, SI). This result indicates that ambient
storage of tin perovskite precursor solutions for cheap and
scalable production of tin-based PSCs is feasible. Furthermore,
we performed accelerated stability tests by exposing FASnI3
and FASnI(SCN)2 films to ambient conditions and performing
XRD and XPS. No degradation occurred for FASnI(SCN)2,
whereas some precursor signals appeared in the FASnI3 XRD
patterns, which indicated considerable degradation for FASnI3
(Figure S14, SI). To measure Sn 3d XPS spectra, we exposed
films to air for 15 h. Even after exposure to air, the
FASnI(SCN)2 film showed an insignificant concentration of
Sn4+, whereas the FASnI3 film showed complete degradation
(Figure S15, SI). These results revealed that the stability of the
tin-based perovskite was improved upon introducing pseudo-
halide SCN−, as reported for the FASnI(SCN)2 device.
To boost the performance of the FASnI(SCN)2 device, we

incorporated 10% phenethylammonium iodide (PEAI) as a
dopant, because the latter is broadly used to enhance
crystallinity, to suppress trap-assisted charge recombination,
decrease the background carrier density, and enhance the
stability for a tin perovskite.10,42−45 The resulting structure
PEA0.1FA0.9SnI(SCN)2, based on the stoichiometric ratio, is
denoted P10. The addition of PEA+ might form a 2D/3D
crystal structure and improve crystallinity, as realized from the
XRD spectra shown in Figures S16, SI. However, a slight blue
shift by ∼20 nm was observed in both absorption and PL
spectra with the incorporation of 10% PEAI (Figure S17, SI),
indicating the incorporation of the PEA cation inside the
crystal structure. The P10 device fabricated with a glass/FTO/
c-TiO2/mp-TiO2/Al2O3/C structure using the drop casting
(DC) method showed poorer PCE, ∼2.0%. An additional
NiOx layer was hence introduced between the alumina and
carbon layers for improved extraction of holes because P10 has
a more deeply lying VBM, as shown in Figure S18, SI, for the
corresponding energy levels of each layer and the device
structure. This strategy further improved the PCE of the P10
device to 2.4% (Figure S19, SI). We applied a two-step solvent
extraction (SE) method, resulting in controllable crystal
growth and hence improving the performance to attain a
PCE of 2.8% (Figure 4a).27,28 Although the devices fabricated
using the SE method showed larger VOC than those using the
DC method, JSC was only slightly improved.
To enhance the PCE of the P10 device using the SE

method, we added EDAI2 in varied proportions, as reported
elsewhere.46 EDAI2 became a coadditive in the P10 precursor
solution with the EDAI2 proportions varying from 0 to 7%; the
best device performance was obtained with 5% EDAI2
(denoted P10E5). The resulting PV parameters of the P10
devices with varied EDAI2 proportions are presented in Figure
S20, SI. The best P10E5 device featured JSC = 20.17 mA cm−2,
VOC = 322 mV, fill factor (FF) = 0.574, and overall PCE =
3.7%. The current−voltage curves of the best P10E5 and P10

devices are shown in Figure 4a; the corresponding IPCE plots
are shown in Figure 4b. The best P10E5 solar cell displayed a
negligible hysteresis in the J−V curves (Figure S21, SI). Figure
4c shows the histograms for 30 devices made of FASnI3,
FASnI(SCN)2, P10, and P10E5; the corresponding photo-
voltaic parameters are summarized in Table S9, SI. From the
statistical boxplot (Figure S22 and Tables S10 and S13, SI), we
observed that the incorporation of thiocyanate pseudohalide
effectively improves the device performance relative to that of
the control device (FASnI3). This enhancement was due
mainly to the significantly increased Voc and FF, to be clarified
with further characterization.
We undertook systematic investigations to understand the

superior performance of the P10E5 device. As shown by the
XRD data in Figure S16, SI, the addition of PEAI and EDAI2
improved the overall crystallinity compared to that of the
pristine FASnI(SCN)2 perovskite. Both P10 and P10E5
devices exhibited effective penetration, according to the SEM
cross-sectional images shown in Figure S23, SI. Devices made
of P10 and P10E5 exhibited superior charge transfer and
suppressed charge recombination relative to those of the
pristine FASnI(SCN)2 and FASnI3 devices, as shown in the
Nyquist plots (Figure S24 and Table S14, SI). Further insight
was obtained from VOC and JSC characteristics dependent on
the light intensity, as shown in Figure S25, SI. All thiocyanate-
containing tin perovskites exhibited smaller slopes (ideality
factor) than that of FASnI3 in the semilog plots of Voc vs light
intensity, indicating suppressed charge recombination. More-
over, a log plot of the variation of JSC with light intensity
yielded slopes nearer unity, indicating a suppressed bimolec-
ular recombination, i.e., fewer hole-trap states. These fewer
hole-trap states decreased the accumulation of holes and the
building up of positive space charge at the interface; negligible
space charge effects consequently resulted in improved device
performances.47

For FASnI3, FASnI(SCN)2, P10, and P10E5 devices, we
performed an accelerated stability test for unencapsulated
devices with continuous illumination in an ambient atmos-
phere under the condition of the point of maximum power
with no bias. As displayed in Figure 4d and S26a, SI, the
pristine FASnI3 device showed a rapid loss of efficiency within
2 min, whereas the other devices with SCN− maintained the
same performance for more than 5 min with no significant
degradation. For the stability tests in the dark under ambient
conditions without the encapsulation of the cells, only a
slightly degraded PCE was observed for the P10E5 device,
whereas the efficiency of the FASnI3 device decreased to zero
in a few minutes (Figure S26b and Table S15, SI). Remarkably,
as in a mesostructured carbon-based device architecture, the
mesopores of carbon readily allowed the diffusion of oxygen
and gaseous molecular water; the great device stability
remained even upon exposure to air with no additional
protection from HTM or metal-electrode layers.48 The slight
degradation of our unencapsulated P10E5 device under severe
ambient conditions is remarkable compared with the tin-based
PSC reported elsewhere.27,46 One possibility for the observed
great moisture stability of the unencapsulated P10E5 device is
the hydrophobicity of the device surface. For this reason, we
measured the contact angles for water dropped on the devices
made of FASnI3, FASnI(SCN)2, P10, and P10E5 (Figure S27,
SI). The contact angle of a blank mesoporous C-based device
was only 32°, but that on a FASnI3 device increased to 59°; the
contact angles for devices with thiocyanate increased to 83° for
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FASnI(SCN)2 and 91° for both P10 and P10E5 devices. We
hence demonstrated that the involvement of a pseudohalide in
tin perovskites increases moisture tolerance because of the
hydrophobic property of device surfaces.

■ CONCLUSIONS
In conclusion, herein, we incorporated a thiocyanate anion to
produce tin perovskites in a new series, FASnI3−x(SCN)x (x =
0−3), based on both experimental and theoretical approaches.
Thiocyanate provides great tolerance to moisture and oxygen
because of its hydrophobic property and tendency of charge
delocalization that efficiently suppresses the formation of Sn4+

defects to form robust, reproducible, and high-performance tin
perovskite solar cells. Our calculations show that substituting
SCN− for iodide significantly affects the lattice parameters,
increases the formation energy of the perovskites, and tunes
the band gap, hence demonstrating that stable tin perovskites
can be produced by substituting thiocyanate ions for iodide.
This incorporation of thiocyanate in tin perovskites promotes
the rapid transport of charge carriers by depressing the
nonradiative process and retarding the charge recombination.
The FASnI(SCN)2 device in the presence of PEAI (10%) and
EDAI2 (5%) as coadditives attained a PCE of 3.7%, which is
almost four times than that of the pristine FASnI3 device,
accompanied by excellent moisture tolerance, strong light
soaking, and long-term stability.
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