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ABSTRACT: We report the synthesis and characterization of alloyed
S n−Pb me t h y l ammon i um m i x e d - h a l i d e p e r o v s k i t e s
(CH3NH3SnyPb1−yI3−xClx) to extend light harvesting toward the near-
infrared region for carbon-based mesoscopic solar cells free of organic
hole-transport layers. The proportions of Sn in perovskites are well-
controlled by mixing tin chloride (SnCl2) and lead iodide (PbI2) in
varied stoichiometric ratios (y = 0−1). SnCl2 plays a key role in
modifying the lattice structure of the perovskite, showing anomalous
optical and optoelectronic properties; upon increasing the concen-
tration of SnCl2, the variation of the band gap and band energy differed
from those of the SnI2 precursor. The CH3NH3SnyPb1−yI3−xClx devices
showed enhanced photovoltaic performance upon increasing the
proportion of SnCl2 until y = 0.75, consistent with the corresponding
potential energy levels. The photovoltaic performance was further
improved upon adding 30 mol % tin fluoride (SnF2) with device configuration FTO/TiO2/Al2O3/NiO/C, producing the
best power conversion efficiency, 5.13%, with great reproducibility and intrinsic stability.

The development of all-solid-state organic−inorganic
lead halide perovskite (CH3NH3PbI3) solar cells has
attracted much attention because of the rapid progress

to attain a device performance comparable with that of Si-based
solar cells.1−8 There is, however, an environmental concern
regarding toxic element lead inside of the perovskite structure,
for which reason lead might be replaced with a nontoxic
metallic element such as tin.9 For this reason, pure tin
perovskite (CH3NH3SnI3) solar cells have been developed10−12

with the best device performance attaining a power conversion
efficiency (PCE) of ∼6%.10 One great advantage of a tin
perovskite solar cell is its great light-harvesting ability; the
absorption spectrum of CH3NH3SnI3 exhibits an onset at
∼1000 nm,11 but the instability of the pure tin perovskite
devices under ambient conditions becomes a major challenge to
overcome.10 The instability was speculated to be due to the
oxidation of Sn2+ to Sn4+, causing unfavorable p-type doping
during device fabrication.9−12 To suppress the tin self-doping
oxidation and to tune the band gap of the materials, elemental
Pb was incorporated in a certain proportion inside of the tin
perovskite crystal.13−15 For example, Hao et al. demonstrated

an anomalous behavior of the variation of the band gap in
CH3NH3SnyPb1−yI3 (y = 0−1) with varied tin proportion; the
corresponding devices exhibited excellent performance with a
PCE over 7% using spiro-OMeTAD as a hole-transporting
material (HTM) layer.13 In contrast, Ogomi et al. showed that
devices made of alloyed perovskite CH3NH3SnyPb1−yI3 did not
work with spiro-OMeTAD, but an appreciable efficiency (PCE
= 4.18%) was obtained when P3HT was used as a HTM.14 Jen
and co-workers applied mixed Sn−Pb perovskite to a p-type
planar heterojunction structure to enhance the crystallinity and
surface coverage and attained a PCE of 10.1%.15 However, only
15% Sn was involved in their perovskite structure, and the
device performance degraded dramatically at larger Sn
proportions. A stability issue persists for the mixed Sn−Pb
perovskite system, in particular, when an organic HTM such as
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spiro-OMeTAD containing some reactive additives is em-
ployed.13

To tackle the stability problem, in the present work, we
designed and synthesized alloyed Sn−Pb mixed-halide perov-
skites (CH3NH3SnyPb1−yI3−xClx) upon dripping the precursor
solutions onto the mesoporous films with configuration TiO2/
Al2O3/ to form solar cells free of an organic HTM.16−19 The
device performance and stability were significantly improved
when tin precursor SnI2 was replaced with SnCl2. SnCl2 plays a
key role to modify the crystal structure of Sn−Pb perovskites,
showing disparate trends of band gap narrowing and of the
variation of valence band energy levels from those of the SnI2
precursor. The CH3NH3SnyPb1−yI3 devices made of SnI2
exhibited diminished photovoltaic performance with increasing
proportions of SnI2, whereas the CH3NH3SnyPb1−yI3−xClx
devices incorporating SnCl2 displayed enhanced photovoltaic
performance with increasing proportions of SnCl2 until y =
0.75, consistent with the potential energy levels determined
with ultraviolet photoelectron spectra (UPS). When SnF2
addit ive12 ,20−22 at 30 mol % was added to the
CH3NH3Sn0.75Pb0.25I3−xClx precursor solution, the device
performance improved significantly from PCE = 2.15%
(without SnF2) to PCE = 4.35% (with SnF2) with little effect
of hysteresis; the short-circuit current density JSC attained a
remarkable level, 23.38 ± 0.96 mA cm−2, obtained by averaging
36 devices. When a NiO layer was inserted between Al2O3 and
C layers, the performance of a CH3NH3Sn0.75Pb0.25I3−xClx
device (with SnF2) became further improved to a maximum
PCE of 5.13% with an average value of 5.0 ± 0.1% over 17
devices.
The CH3NH3SnyPb1−yI3−xClx perovskites were synthesized

upon mixing CH3NH3I (MAI) and SnCl2/PbI2 precursors in
equimolar proportions in DMF (Figure 1); the Sn/Pb ratios

were controlled upon varying the SnCl2/PbI2 concentrations
with molar ratios of 0/100, 25/75, 50/50, 75/25, and 100/0,
which correspond to alloy ratios with y = 0, 0.25, 0.5 0.75, and
1, respectively. The SEM/EDS analysis and the XPS spectra,
respectively shown in Figures S1 and S2, Supporting
Information (SI), confirm that the stoichiometric proportions
of the SnCl2/PbI2 (or SnI2/PbI2) mixtures gave the expected

Sn/Pb ratios in the perovskites, consistent with those reported
elsewhere.13,14 Figure 1 shows absorption spectra of those
alloyed Sn−Pb perovskites deposited on glass substrates. The
pure lead perovskites made of 100% PbI2 and 100% PbCl2 are
labeled MAPbI3 and MAPbI3−xClx, respectively; both spectra
showed the same absorption spectral onset at 780 nm (Figure
2). Increasing tin proportions in perovskites shifted the

absorption spectra continuously toward longer wavelengths
until y = 0.75, whereas pure tin perovskite MASnI3−xClx (y = 1)
showed the same spectral shift as that of y = 0.75. Figure 2
compares the band gaps (Eg) for the tri-iodide and mixed halide
perovskites at varied SnX2/PbI2 (X = Cl or I) proportions. The
anomalous band gap behavior reported by Hao et al.13 for
MASnyPb1−yI3 using stoichiometric SnI2/PbI2 precursors is
confirmed in the present work (Figure 2), but in our case, the
MASnyPb1−yI3−xClx perovskites have larger Eg values than their

Figure 1. Absorption spectra of CH3NH3SnyPb1−yI3−xClx films
deposited on glass substrates with Sn/Pb ratios (y = 0−1)
controlled by the stoichiometric proportions of the SnCl2/PbI2
precursors summarized at the top. The inset shows enlargement of
the spectral tails extending over 1000 nm.

Figure 2. Normalized absorption spectra of CH3NH3SnyPb1−yI3 and
CH3NH3SnyPb1−yI3−xClx films deposited on glass substrates with
the same Sn/Pb ratios for y = (a) 0, (b) 0.25, (c) 0.5, (d) 0.75, and
(e) 1. Blue lines show tangents of the spectra to determine the
spectral onsets corresponding to the band gap energies of each
species.
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MASnyPb1−yI3 counterparts for alloyed compositions within y =
0.25−0.75 (Figure 2). The SnCl2 species thus plays a key role
to modify the crystal structures for the observed variation of the
band gap in the series of perovskite materials.
Figure 3a shows X-ray diffraction (XRD) patterns of

MASnyPb1−yI3−xClx perovskites deposited on FTO/TiO2/
Al2O3/C substrates with y = 0, 0.25, 0.5 0.75, and 1; the
corresponding spectral expansions in three specific diffraction
regions are shown in Figure 3b−d. The intense XRD features at
26.5° marked “*” arise from a contribution of the carbon layer
of the substrates for all devices. To avoid interference of the
intense background signals, we performed XRD measurements

for both MASnyPb1−yI3 and MASnyPb1−yI3−xClx perovskites
deposited on FTO/TiO2/Al2O3 substrates; the corresponding
results are shown in Figure S3a,b, SI, respectively.
Our XRD patterns of MASnyPb1−yI3 are fully consistent with

those of Kanatzidis and co-workers,9,13 showing no contribu-
tion from the (MA)2SnI6 compound characterized with three
gray vertical lines shown in Figure S3a, SI; this observation
indicates that the p-type self-doping due to the oxidation of
Sn2+ to form Sn4+ in our MASnyPb1−yI3 system was absent.
According to the XRD simulations,9,13 the MASnyPb1−yI3
crystals changed from a tetragonal structure at y = 0
(MAPbI3) to a pseudocubic structure at y = 1 (MASnI3)

Figure 3. (a) XRD patterns of CH3NH3SnyPb1−yI3−xClx films deposited on mesoporous FTO/TiO2/Al2O3/C substrates with Sn/Pb ratios
controlled with varied stoichiometric ratios of SnCl2/PbI2 precursors. The expansions of the characteristic XRD patterns in three diffraction
regions highlighted in orange boxes are shown in (b−d). The intense XRD features marked “*” in (a) correspond to the contribution of the
carbon layer of the devices. The XRD patterns of the pure phase of MASnCl3 are reproduced from the ICSD database with code number
110664.
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through the replacement of Pb with Sn of a smaller size. The
transition of the structural change occurred at y ≈ 0.5; these
results were confirmed with our TOPAS analysis (Figure S4
and Table S1, SI). In contrast, upon increasing the SnCl2
proportion, the XRD patterns of MASnyPb1−yI3−xClx with y ≥
0.5 exhibit two additional XRD signals indicated as solid gray
lines in Figure S3b, SI; we highlight these two XRD
characteristics in panels (b) and (d) of Figure 3, respectively.
The extra diffraction signals might be due to a contribution of
the pure MASnyPb1−yCl3 phase mixed with the MAS-
nyPb1−yI3−xClx phase,23,24 but cocrystallization in separate
phases should not alter the band gaps of perovskite, as reported
by Colella et al.23 Two separate crystal phases existed for y = 0
(100% PbCl2 precursor) and y = 1 (100% SnCl2 precursor)
because the changes in Eg are negligible for cases with 100%
chloride precursors (Figure 2); the XRD signals marked “#”
and “*” in Figure S3b, SI, are due to the contributions of
MAPbCl3 and MASnCl3, respectively.

23−25

Chloride is expected to participate in the formation of Cl-
containing perovskite crystals to explain the changes of the
band gaps for 0.25 ≤ y ≤ 0.75 shown in Figure 2, as we explain
in what follows for three points. First, as shown in Figure 3b,d,
the major XRD signals of perovskites MASnyPb1−yI3−xClx (0.25
≤ y ≤ 0.75) at 14.1 and 28.4° correspond to facets (001) and
(002) shifted only slightly from signals (110) and (220) of
MAPbI3 (y = 0), respectively, but those of the y = 1 sample
showed much greater shifts toward large diffraction angles.
Second, the characteristic XRD signals of the y = 0.75 sample at
31.2 and 31.9° (Figure 3d) corresponding to facets (200) and
(021) differ from those of the y = 1 sample. Third, as shown in
Figure 3c, the diffraction signals at 21.5 and 22.4° appearing for
the y = 1 sample (100% SnCl2) can be unambiguously assigned
to the contribution of the pure MASnCl3 phase,25 but this
characteristic was not found in samples with 0.25 ≤ y ≤ 0.75.
The SEM/EDS mapping images shown in Figure S5, SI,
indicate that the chlorine elements evenly distributed inside of
the perovskite films. Therefore, the XRD signals were simulated
using the TOPAS software including the effect of Cl doping for
samples 0.25 ≤ y ≤ 0.75 deposited on the FTO/TiO2/Al2O3
substrates; the corresponding results are shown in Figure S6
and Table S2, SI.
Our XRD results indicate that the effect of Cl doping at y =

0.25 (25% SnCl2) was significant to shrink the size of the unit
cell and change the crystal from the tetragonal structure
(symmetry I4cm) to the orthorhombic structure (symmetry
Iba2). Compared to the MASnyPb1−yI3 system with y = 0.25
(25% SnI2), the 1% size contraction in the unit cell with
reduced symmetry of the space group should be responsible for
the change of the band gap (0.08 eV) shown in Figure 2. For Cl
doping at y = 0.5 (50% SnCl2), the crystal symmetry was
reduced to Pmm2 for an orthorhombic structure with a
substantially smaller unit cell. The size of the orthorhombic
lattice further decreased for y = 0.75 (75% SnCl2), but the
lattice became a pseudocubic structure (symmetry P4mm) with
a larger size for y = 1 (100% SnCl2) because the Cl-doped
MASnI3−xClx crystal was contaminated with the pure MASnCl3
phase. Differing from the case of triiodide perovskites,
incorporation of chloride in MASnyPb1−yI3−xClx with y =
0.25−0.75 broke the symmetry of the space group, with a
tendency to decrease the volume of the unit cell until y = 1.0 at
which phase separation occurred. We thus discovered that
increasing the doping levels of chloride in tin-rich alloyed
perovskites altered the crystal structure to a decreased

symmetry and a smaller unit cell; this structural alteration has
an impact on the optical, electronic, and photovoltaic
properties of the materials, as we discuss in what follows.
The energy levels of the valence band (EVB) of both alloyed

perovskite systems were investigated with UPS techniques at an
excitation photon energy of 36.4 eV from a synchrotron
radiation light source in an ultrahigh vacuum system. The
photoelectron kinetic energies and binding energies were
determined from the two edges of the UPS spectra to obtain
the EVB levels for the MASnyPb1−yI3 and MASnyPb1−yI3−xClx
systems; the corresponding UPS raw data and analysis are
shown in Figures S7 and S8, SI, respectively. The energy levels
of the conduction band (ECB) were determined from scaling
the EVB levels with the corresponding Eg values (Figure 2).
Figure 4a,b shows both EVB and ECB energy levels for

MASnyPb1−yI3 and MASnyPb1−yI3−xClx, respectively. For
MASnyPb1−yI3, there is an apparent discrepancy between two
reports: Ogomi et al.13 showed an increasing trend of EVB upon
increasing the y values with EVB = −4.73 eV for pure tin
perovskite (y = 1), whereas Hao et al.13 reported an opposite
trend, except that pure tin perovskite showed EVB = −5.47 eV.
Yokoyama et al.26 subsequently reported the same EVB value
(−4.75 eV) for MASnI3 as that of Ogomi et al.

14 and attributed
the smaller value (−5.47 eV) to the contribution of MA2SnI6
species arising from oxidation of pure tin perovskite during
processing. Our UPS results for pure tin perovskite (y = 1)
agree satisfactorily with those of Ogomi et al.13 and Yokoyama
et al.26 For mixed Sn−Pb perovskites, we found that
incorporating 25% Sn in perovskite led to an increased work
function and binding energy (Figure S9, SI), so that the level of
EVB at y = 0.25 became significantly less than that of pure lead
perovskite (y = 0). This effect might be due to the
characteristics of the Sn−I bond, which is more covalent than

Figure 4. Potential energy diagrams (energies in eV with respect to
v a c u u m ) o f ( a ) C H 3 NH 3 S n y P b 1 − y I 3 a n d ( b )
CH3NH3SnyPb1−yI3−xClx films with Sn/Pb ratios controlled with
SnI2/PbI2 and SnCl2/PbI2 precursors, respectively, at varied
concentrations as indicated. EVB and ECB represent the potential
levels of the valence band and conduction band, respectively; Eg
represents the energy band gap.

ACS Energy Letters Letter

DOI: 10.1021/acsenergylett.6b00514
ACS Energy Lett. 2016, 1, 1086−1093

1089

http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.6b00514/suppl_file/nz6b00514_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.6b00514/suppl_file/nz6b00514_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.6b00514/suppl_file/nz6b00514_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.6b00514/suppl_file/nz6b00514_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.6b00514/suppl_file/nz6b00514_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.6b00514/suppl_file/nz6b00514_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.6b00514/suppl_file/nz6b00514_si_001.pdf
http://dx.doi.org/10.1021/acsenergylett.6b00514


the Pb−I bond.26 Upon increasing the ratio of Sn, the work
functions slightly increased, but the binding energies decreased
nonlinearly to a large extent, as shown in Figure S9, SI. EVB

hence shows only a minor increasing trend from y = 0.25 to
0.75 but increases abruptly to −4.75 eV at y = 1 because of the
small binding energy (0.25 eV) observed for pure tin
perovskite.
For MASnyPb1−yI3−xClx, we again observed a decrease of EVB

from y = 0 to 0.25 due to mainly the increased work function
(Figure S9b, SI), similar to the case of the triiodide
MASnyPb1−yI3 counterpart, but the increasing trend of EVB

from y = 0.25 to 0.75 was more pronounced than that of
MASnyPb1−yI3. For the pure tin mixed-halide perovskite (y = 1),
the EVB energy also increased greatly to −4.83 eV, similar to the
potential level for that of MASnI3 due to a rapidly decreased
binding energy (Figure S9a, SI). Both pure lead perovskite
analogues MAPbI3−xClx and MAPbI3 had similar EVB and ECB
levels, indicating the involvement of trichloride perovskites in
separate phases for pure tin and pure lead mixed-halide
perovskites, as discussed previously. The pronounced trend of
increasing EVB energy levels of MASnyPb1−yI3−xClx from y =
0.25 to 0.75 might be due to the enhanced chloride doping
levels to modify the crystal structure with a decreased symmetry
of the space group that produces a smaller binding energy and a
larger kinetic energy than its triiodide MASnyPb1−yI3 counter-
part, as we observed herein (Figures S7−S9, SI). Through a
systematic narrowing of the band gaps, the ECB levels of
MASnyPb1−yI3−xClx from y = 0.25 to 0.75 showed only a slightly

increasing trend, whereas the ECB levels of MASnyPb1−yI3
showed a slightly decreasing trend from y = 0.25 to 0.75.
Similarly, the appreciable increase of both EVB and ECB levels of
MASnI3−xClx (y = 1) was due to the small binding energy (0.24
eV), which might be an intrinsic problem for pure tin
perovskites.
The solar cell devices were fabricated with the target

perovskites deposited onto carbon-based electrode films;27 the
films have a configuration with three screenprinted layers with
mesoporous TiO2, Al2O3, and carbon layers of thickness 1, 1,
and 10 μm. After infiltration of the perovskite precursor
solution onto the mesoporous substrate at 25 °C for 10 min,
thermal annealing was performed at 70 °C for 30 min to
complete the device fabrication at the desired perovskite
composition. The side-view SEM images shown in Figure S10,
SI, indicate that compact and dense perovskite crystals were
uniformly produced inside of the mesoporous films with
effective filling of pores. The current−voltage characteristics of
the devices were measured under 1 sun AM 1.5G irradiation,
with results shown in Figure S11a,b, SI for MASnyPb1−yI3 and
MASnyPb1−yI3−xClx, respectively; the corresponding photo-
voltaic parameters are summarized in Tables S3 and S4, SI,
respectively.
For MASnyPb1−yI3, our PV results showed a rapid

degradation of performance with an increasing proportion of
tin in the perovskite, consistent with the trend of ECB levels that
are lower than that of TiO2 (ECB = −4.2 eV).28 We found no
efficiency for the MASnI3 device because the EVB level of

Figure 5. Photovoltaic performance of CH3NH3Sn0.75Pb0.25I3−xClx devices with or without SnF2 additive showing (a) current−voltage curves
with reverse (solid) and forward (dashed) scans, (b) IPCE action spectra (solid) and integrated current densities (dashed), (c) a histogram of
the PCE with 36 devices fabricated under the same conditions, and (d) efficiency stability profiles as a function of storage period. All of the
devices were measured in ambient conditions without encapsulation.
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MASnI3 (−4.75 eV) is higher than the work function of our
carbon hole conductor (−5.0 eV); the same phenomenon was
mentioned by Ogomi et al. using spiro-OMeTAD as the HTM
(EHOMO = −5.2 eV).14 To match the HOMO energy level of
the HTM with the EVB level of MASnI3, Ogomi et al.14 used
P3HT as the HTM to obtain an appreciable device perform-
ance for the MASn0.5Pb0.5I3 device, attaining a PCE of 4.18%. In
contrast, Snaith and co-workers10 reported an efficiency of 6.4%
for the MASnI3 device using a TiO2 electrode, although poor
reproducibility of the device performance was found. Hao et al.
showed that the MASnI3 device free of a HTM attained a PCE
of 3.15%;12 the device performance increased to PCE =
5.23%11 and to 5.44%13 using spiro-OMeTAD as the HTM, in
conflict with the results reported by Ogomi et al.14 Yokoyama
et al.26 reported using a low-temperature vapor-assisted
solution process to prepare uniform MASnI3 films; the device
performance attained only 1.86%, whereas use of the traditional
one-step method led to the MASnI3 devices showing poor
performance.
We found that the performance of the MASnyPb1−yI3−xClx

devices showed a different trend: the efficiency was poor at y =
0.25 but increased greatly to attain PCE = 2.15% at y = 0.75;
the performance deteriorated again at y = 1 for the pure tin
perovskite solar cell. The variation of these efficiencies shows a
trend similar to the variation of energy levels shown in Figure
4b, indicating that potential matching is an important factor to
promote the device performance for carbon-based HTM-free
tin-rich perovskite solar cells. The ECB energy levels of
MASnyPb1−yI3−xClx can be tuned to match the ECB level of
TiO2 upon increasing the chloride doping levels; an optimal
condition was found to occur at y = 0.75 with a suitable band
gap of Eg = 1.25 eV. Because the PL lifetime of tin perovskite
was short (<200 ps for MASnI3),

10 charge separation must
readily occur either from the interface between the perovskite
and TiO2 or from the interface between the perovskite and the
carbon electrode. Snaith and co-workers showed negligible
efficiencies for pure tin perovskites deposited on a mesoporous
Al2O3 scaffold layer,

10 implying that electron injection from ECB
of the perovskite into the ECB level of TiO2 might play an
important role for effective charge separation. In our case, the
device performance of perovskites in the two series is well
explained with the corresponding variations of ECB with respect
to that of TiO2, confirming the significance of potential
matching in our tin-rich perovskite system.
Even though tin perovskites exhibit suitable band gaps to

harvest sunlight toward 1000 nm, their device performances
were much worse than those of their lead perovskite
counterparts because of the metallic nature of the materials
involving tin cationic vacancies. An investigation of CsSnI3
perovskite showed that addition of tin fluoride (SnF2) had the
effect of decreasing the concentration of Sn vacancies and thus
improving greatly the photovoltaic performance.20−22 Accord-
ingly, we examined the effect of SnF2 on devices made of
alloyed perovskite MASn0.75Pb0.25I3−xClx, which exhibited the
best performance among the series. Figure S12, SI, shows J−V
curves of these perovskite devices upon addition of SnF2 with
molar ratios [SnF2]/[MAI] = 0, 10, 20, 30, and 40 mol %; the
corresponding photovoltaic parameters are shown in Table S5,
SI. The results indicate that the efficiencies systematically
increase with increasing concentration of SnF2; the maximum
device performance was obtained at a concentration of 30 mol
% SnF2, consistent with the CsSnI3 results showing a similar
trend.21

Figure 5a,b shows J−V curves and the corresponding IPCE
action spectra, respectively, for the best MASn0.75Pb0.25I3−xClx
devices with (30 mol %) and without addition of SnF2. We
found that the presence of SnF2 additive was effective to
enhance both JSC and VOC values, with the best cell showing JSC
= 24.35 mA cm−2, VOC = 347 mV, FF = 0.515, and overall
efficiency η = 4.35%. Integration of the IPCE spectra with a
standard AM 1.5G solar photon flux distribution produced
photocurrents consistent with those of the J−V measurements.
We highlight here the great light-harvesting ability of our tin-
rich mixed-halide perovskite devices giving a large JSC value: the
IPCE spectrum attained a maximum value 75% in the region of
500−550 nm; the efficiencies continued to decrease toward
longer wavelengths with an onset near 1000 nm, consistent
with the corresponding absorption spectrum shown in Figure 1
and the results of Kumar et al.21 based on a SnF2−CsSnI3
device. This IPCE spectral feature is consistent with that of
Ogomi et al.14 and that of Yokoyama et al.26 but contradicts
those of Hao et al.11,13 showing maximum IPCE responses of
pure tin and mixed Sn−Pb devices in the near-IR region. The
VOC values of our tin-rich perovskites are small compared with
those of normal lead perovskites, likely because of the intrinsic
defects in tin perovskites. Adding SnF2 decreased the tin
vacancies and metallic conductivity to some extent, but trap-
assisted recombination might still play a role for the decreased
open-circuit voltages observed in our tin-rich perovskite system.
Nevertheless, the devices showed a minor effect of hysteresis
upon J−V scans from both reverse and forward directions,
which is an interesting feature for a mesoscopic perovskite solar
cell.29

Thirty-six identical devices were fabricated under the same
experimental conditions; the corresponding photovoltaic data
are summarized in Tables S6, SI. The average photovoltaic
parameters of devices with SnF2 (30 mol %) additive are JSC =
23.38 ± 0.96 mA cm−2, VOC = 340 ± 14 mV, FF 0.512 ± 0.021,
and PCE = 4.06 ± 0.15%. A histogram of PCE in Figure 5c
indicates a narrow distribution of the photovoltaic performance,
spanning the range of 3.71−4.35%. Snaith and co-workers10

showed a broad distribution of PCE; their data ranged from 0
to 6% but with over 80% of the data spread in the range of 0−
3%. We tested the stability of the thin-film samples in ambient
air conditions with perovskites fabricated with SnI2 and SnCl2
precursors in varied proportions; the results are shown in
Figure S13, SI. We thus demonstrated the great reproducibility
and stability of the tin-rich perovskite devices fabricated using
the SnCl2 precursor beyond those properties of the MASnI3
devices with the SnI2 precursor. As shown in Figure 5d, the
performance of the MASn0.75Pb0.25I3−xClx device degraded in
ambient air rapidly to near-background level after 500 h, but
the devices were stable when stored in a N2-filled glovebox for
over 4000 h.
To improve further the overall photovoltaic performance of

the CH3NH3Sn0.75Pb0.25I3−xClx devices, we added a layer of
nickel oxide between Al2O3 and the carbon electrode so that
the NiO layer served as a hole-extraction medium to improve
VOC of the device. The thickness of the NiO layer was varied
from 250 to 1000 nm; the corresponding photovoltaic
performances are shown in Figure S14 and Table S7, SI. The
additional NiO layer slightly decreased JSC but enhanced VOC to
a large extent at a thickness of the NiO film greater than ∼500
nm. The photovoltaic performance of the NiO device was
optimized at a film thickness of 750 nm, showing JSC = 19.63
mA cm−2, VOC = 457 mV, and FF = 0.572, corresponding to an
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overall PCE of 5.13%. Seventeen identical tin-rich perovskite
devices were fabricated with film configuration FTO/TiO2/
Al2O3/NiO/C under the same experimental conditions. The
corresponding histogram of PCE is shown in Figure S15, SI,
which gives an average PCE of 5.0 ± 0.1% with JSC = 18.93 ±
1.07 mA cm−2, VOC = 462 ± 15 mV, and FF = 0.570 ± 0.019.
In conclusion, we developed alloyed Sn−Pb mixed-halide

perovskites in a new series, MASnyPb1−yI3−xClx, using precursor
solutions containing methylammonium iodide and metal halide
mixtures in varied stoichiometric ratios. The Sn/Pb ratios in the
perovskites were controlled upon mixing the SnCl2/PbI2
precursors in molar ratios of 0/100, 25/75, 50/50, 75/25,
and 100/0. Differing from its SnI2 analogue, SnCl2 had an effect
to participate in the crystallization of perovskite at increased
concentrations to modify the crystal structures and to alter the
optical and electronic properties of the materials. We found
anomalous variations of band gaps and band energies for these
perovskites; that with y = 0.75 gave the best potential matching
for electron transport in TiO2 and for hole transport in the
carbon electrode. The best photovoltaic performance was also
found at this composition. When SnF2 (30 mol %) was
incorporated as an additive to decrease the intrinsic defects of
this tin-rich mixed-halide perovskite, the short-circuit photo-
current density of the device was significantly improved to an
extraordinary level with an average JSC = 23.38 ± 0.96 mA
cm−2. The fluctuation of the photovoltaic performance was
small, which represents excellent reproducibility and stability of
the devices under investigation. Moreover, the VOC of the
MASn0.75Pb0.25I3−xClx devices was further improved upon
adding a layer of NiO, attaining the best device performance
PCE of 5.13%. The present work thus opens a new door for
further development of lead-free perovskite solar cells with
superior stability and improved performance.
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