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The performance of organometallic halide (hybrid) perovskite
solar cells has improved dramatically in just a few years, with
photovoltaic (PV) power conversion efficiencies (PCEs) now
exceeding 22% for state-of-the-art devices.[1–5] This remarkable
result, coupled with their low cost, tunability, and versatile lowtemperature preparation methods, makes hybrid perovskites
one of the most promising semiconductor classes not just
for solar energy harvesting, but also for light emitting diodes
(LEDs), field effect transistors (FETs), and lasers.[6–12] 3D organometallic halide perovskites such as those studied here adopt
the classic perovskite structure ABX3, where A represents the
organic cation like methylammonium (MA); B the divalent
metal ion like lead (Pb2+), tin (Sn2+), germanium (Ge2+); and
X the halide like chlorine (Cl−), bromine (Br−), iodine (I−), a
mixture of halides, or pseudohalide/molecular ions (BF4−).[12–17]
The vast majority of research conducted in this area has
focused on “first generation” MAPbX3-based perovskites,[8,18]
mainly due to the excellent tunability of their optoelectronic
properties.[18,19] Characteristics such as high mobility,[20,21]
high bimolecular recombination rate for charge carriers,[10]
and low exciton binding energy[22–24] have resulted in the
demonstration of high-performance films and devices for PV,
LED,[9,12,25–27] FET,[21] and lasing applications.[10,28] One potential drawback of the MAPbX3 semiconductor family, however,
is its relatively wide bandgap (3.2–1.6 eV), which dramatically
limits its sensitivity in the near-IR (NIR) to mid-IR region of
the solar spectrum. Replacement of Pb2+ for Sn2+ can extend
the absorption range to below 1.3 eV,[13,14] with intermediate
bandgaps obtained via the fractional substitution of the original
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cation.[29–31] Of relevance to this work is the binary metal perovskite CH3NH3(PbxSn1–x)I3 [0 ≤ x ≤ 1].[30,31] Interestingly, the
bandgap bows and becomes lower when Sn2+ is substituted
by Pb2+ for samples with 80% and 60% Sn content compared
to 100% Sn-based perovskite, in line with previous observations.[30,31] While such tin-based perovskites offer tunable bandgaps down to 1.1 eV, the fabrication of efficient optoelectronic
devices has been impeded by factors including poor semiconductor quality and low surface coverage.[30] As a consequence,
solar cells made using these perovskites often exhibit very low
efficiencies, with typical PCEs < 1% obtained for planar heterojunction devices.[30]
To overcome this challenge, we have developed a novel
elevated temperature processing method (depicted in
Figure 1A),[32] for preparing CH3NH3(PbxSn1–x)I3 perov
skites on a Poly(3,4-ethylenedioxythiophene):poly(styrenesulf
onate) (PEDOT:PSS)/nickel oxide (NiO) bilayer, which results
in the formation of large micron-sized grains (Figure 1B)
with almost complete substrate coverage. Our semiconductors not only exhibit relatively low energetic and structural
disorder but also impart high PCEs when fabricated into a
PV device. For PVs prepared using the lowest bandgap perovskites, open circuit voltages (VOC’s) approaching the prediction of the Shockley–Queisser (S–Q) model are demonstrated.
Such promising performance metrics are obtained against a
backdrop of fast radiative recombination and low photoluminescence quantum efficiencies (PLQEs), pointing toward the
crucial role of high intrinsic charge carrier mobility in these
low-bandgap semiconductors.
To study the optical properties of the CH3NH3(PbxSn1–x)I3
[0 ≤ x ≤ 1] perovskite thin films, linear absorption and photo
luminescence (PL) were measured as shown in Figure S1
(Supporting Information). It can be observed in Figure 1C
that the bandgap bows as we substitute Pb2+ in place of Sn2+
(until 40% Sn2+ ions are replaced by Pb2+) and results in a nonmonotonic bandgap lowering similar to what was observed
previously by Hao etal.[31] Briefly, the bandgap of the 60% and
80% Sn content films exhibit a lower bandgap than the 100%
Sn-substituted films. A similar trend can also be traced in the
PL spectra (see Figure S1B of the Supporting Information)
where the PL spectra of 80% and 60% Sn content thin-film
samples are red-shifted compared to the 100% Sn content thinfilm sample, which is consistent with the absorption spectra.
Such anomalous bandgap bowing and lack of conformity with
Vegard’s law[31,33] have been attributed to the competition
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Figure 1. A) Graphical representation of the elevated temperature processing used to fabricate the CH3NH3(PbxSn1–x)I3 [0 ≤ x ≤ 1] perovskite thin
films, and B) the optical microscope image of the large grains and continuous morphology obtained for a typical perovskite thin film. C) PDS spectra
of CH3NH3(PbxSn1–x)I3 [0 ≤ x ≤ 1] perovskite thin film with varying Sn content, as indicated, demonstrating the steep fall at the absorption edge. The
inset shows the Urbach energy for each of these compositions. D) The change in the bandgap with composition revealing the bandgap bowing effect
demonstrated in these perovskites. The bandgaps were estimated using Tauc plots.

between the spin–orbit coupling of the Pb2+ and Sn2+ ions and
further lattice distortions caused in the mixed compositions,
i.e., CH3NH3(PbxSn1–x)I3 [0 < x < 1].[31,33] The compositions
containing 60% and 80% Sn content show lower bandgaps of
≈1.27 and 1.19 eV (as determined by Tauc plots (see the Supporting Information, Figure S2) and corresponding PL peak
wavelengths of ≈980 and 1000 nm, respectively, compared to
the pure tin perovskite (100% Sn content) that has a bandgap
of ≈1.28 eV and a PL peak wavelength of 950 nm. PL for the
40% Sn and 20% Sn content samples could not be measured as
the emission was weak potentially due to the highly disordered
nature and dominant nonradiative losses as described later.
To analyze the semiconductor quality and estimate the disorder in the CH3NH3(PbxSn1–x)I3 [0 ≤ x ≤ 1] perovskite semiconductor family, we performed sensitive optical absorption
measurements using photothermal deflection spectroscopy
(PDS) technique. PDS is capable of measuring 4–5 orders
of magnitude dynamic range absorption data that allow for
assessing the perovskite semiconductor quality and measuring
disorder in terms of Urbach energy “EU” with a higher degree
of sensitivity compared to linear absorption measurement techniques.[34–36] Urbach energy can be derived from the following
expression:

(

)

A = A0 exp (E − E g ) /E U (1)
where A is the absorbance, A0 is a constant, and Eg is the
bandgap of the material.[34,36] The bandedges are sharp and have
a steep fall resulting in low Urbach energies as shown in the
inset of Figure 1C. The Urbach energy is the lowest ≈16 meV
for the pure lead-based perovskite—CH3NH3PbI3 (i.e., 0% Sn
content) and is in agreement with previous reports.[34] The 20%
and 40% tin content samples show the highest Urbach energy
1604744 (2 of 8)
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of ≈41 and 48 meV, respectively, and this is likely due to the lattice distortions and high defect densities in these samples and
might be one of the reasons behind their lack of PL. The samples containing higher Sn content (>50% Sn) show a remarkable
reduction in the Urbach energies with 60% Sn sample showing
the lowest Urbach energy of ≈33 meV among all the binary
metal CH3NH3(PbxSn1–x)I3 [0 < x < 1] perovskite family. The
lowest bandgap (80% Sn content) sample shows Urbach energy
of ≈37 meV followed by the pure tin (100% Sn content) sample
at ≈41 meV. These values of Urbach energy reflect the contributions from all light-absorbing species, including both band tail
states that give rise to charge photogeneration and also states
associated with defects and disorder that do not generate photo
current.[37] These two can be differentiated by parallel measurements of the photocurrent excitation spectra, as we present in
Figure 2. We find very similar Urbach energies for the pure
lead materials (0% Sn content sample) while we observe significant differences for the lead–tin systems, with significantly
smaller Urbach energies from the photocurrent measurements
(16 and 19 meV for 60% and 80% tin content samples). This
demonstrates that there are additional sub-bandgap states for
these mixed systems, which could, in principle, provide efficient quenching sites for photogenerated carriers and may even
be responsible for the monomolecular decay kinetics in luminescence.[38] This becomes more important in the case of Snbased perovskites where doping due to easy oxidation of Sn2+
to Sn4+ is a dominant factor in determining the resultant semiconductor quality and also the diffusion lengths of the photo
generated charge carriers.[13,14,39] As we have shown below,
there is little evidence that these quenching sites play such a
role in the materials demonstrated in our work. It is possible
therefore that they are not in a good electronic contact with the
bulk material.
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a pc = aP4mm , c pc = cP4mm (2)
a pc = aI4cm / 2, c pc = c I4cm /2 (3)
These are plotted as a function of composition in Figure S3B
(Supporting Information). The changes in the lattice parameter
are approximately linear with composition and so do not correlate with the nonlinear changes in the band gap. Changes
to the crystal structure can also be probed by considering how
the tetragonal distortion, changes with composition, shown in
Figure S3C (Supporting Information):
%tetragonal distortion = 2 ( c pc − a pc ) / ( a pc + c pc ) (4)

Figure 2. A–C) The normalized PDS and the EQE spectra of 0%, 60%,
and 80% Sn content samples, respectively. The shaded region indicates
the difference between EQE and PDS spectra that signifies the states
which do not cause charge generation. The estimated Urbach energies
obtained from PDS- and EQE-based measurements are stated for each
sample. The EQE was measured using in the following PV device configuration—ITO/PEDOT:PSS/NiO/CH3NH3(PbxSn1–x)I3/PC61BM/Al.

Adv. Mater. 2017, 29, 1604744

The extent the tetragonal distortion changes dramatically
as the symmetry changes and follows a similar trend to the
changes in the band gap (Figure S3C, Supporting Information).
Our measurements are not sensitive to the changes in the positions in the atomic coordinates which are known to influence
the electronic properties of perovskites,[42,43] and so we cannot
directly probe the rotation of the MI6 octahedra or the M ion
displacement across the composition series. However, previous
analysis of distortions in perovskites[44] has shown that in the
lower symmetry I4cm space group both cation displacement
and octahedral tilting are allowed, whereas in the pseudocubic
P4mm space group there are no allowed octahedral tilts. Furthermore, analysis has shown that the extent of the structural
distortion is larger in MAPbI3 compared to MASnI3.[31] Structural characterization using powder diffraction would enable us
to explore this further in our samples.
We fabricated planar heterojunction PV devices employing
these thin films. Figure 3A indicated the device structure
adopted in this work on top of indium–tin oxide (ITO) substrates—ITO/PEDOT:PSS/NiO/CH 3 NH 3 (Pb x Sn 1–x )I 3 /
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The X-ray diffraction patterns of the CH3NH3(PbxSn1–x)I3
[0 ≤ x ≤ 1] based thin-film perovskite samples are presented
in Figure S3A (Supporting Information) and the refined space
group and lattice parameters are given in Table S1 (Supporting
Information). Quantitative analysis to determine the symmetry
and lattice parameters was carried out using a Le Bail analysis,[40] in the Fullprof Suite of programmes,[41] since preferential alignment in the films prevents a full analysis of the crystal
structure. In all samples, a secondary chloride containing phase,
MAMCl3, is observed (where MA is CH3NH3 and M is Pb and/
or Sn). This is a result of the use of a methylammonium chloride (MACl) reagent, which, we postulate, facilitates the growth
of large crystals. The lead film, CH3NH3PbI3, was modeled
using I4cm tetragonal structure and CH3NH3SnI3 was modeled with a higher symmetry P4mm pseudocubic structure. As
can be seen in Figure S3A (Supporting Information), films with
higher tin contents have an additional peak at 2θ ≈ 25°. This corresponds to the (111) reflection in the P4mm space group but is
absent in I4cm symmetry films. The (111) reflection is present
in compositions with up to 40% Sn in agreement with previous
reports of mixed Pb/Sn films.[31] Changes in the size of the unit
cell across the solid solution can be compared most readily by
considering the pseudocubic lattice parameters, defined as:
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performance parameters are summarized in
Table 1. Note that all the devices were measured at 1 sun (≈100 mW cm−2) light intensities. The 0% Sn content based PV devices outperform the other devices with PCE reaching
≈14%. The 100% Sn content based PV device
performed least efficiently with PCE reaching
only ≈3.2%. Among the binary metal containing perovskites 60% Sn-containing perovskite-based PV devices obtained the best
performance with PCEs reaching ≈10% with
an open-circuit voltage (VOC) of ≈0.77 V, and
the lowest bandgap - 80% Sn content binary
metal perovskite-based PV device reached a
PCE ≈7.6 % with VOC reaching ≈0.66 V. Both
the 60% and 80% Sn content based PVs demonstrate negligible hysteresis (hysteresis data
for all the PV devices can be found in the Supporting Information, Figure S8). To the best of
our knowledge, these are one of the highest
efficiencies achieved so far for Sn-rich binary
metal perovskite compositions.[30,31,45–47] Such
Figure 3. A) The device structure used to fabricate the CH3NH3(PbxSn1–x)I3 [0 ≤ x ≤ 1] perovskite
thin-film-based PVs. B) The current density–voltage ( J–V) characteristics of these perovskite high efficiencies could be a result of better
semiconductor quality in the 60% and 80%
PV devices with varying Sn content as indicated. C) The external quantum efficiencies (EQEs)
for perovskite PV devices with varying Sn content. D) The VOC loss compared to the bandgap Sn content perovskites as inferred from the
(Eg – qVOC). The effective loss in VOC from the thermodynamic limit, taking into account the lower Urbach energies for these composiPLQE, is indicated by the star symbol. This shows that the VOC loss from the thermodynamic tions compared to other Sn-based perovskites
limit seen for 60% Sn content perovskite PV device is only due to low PLQE.
in the family and also the better morphology
of perovskite thin films compared to earlier
reports.[30] Especially, for the low-bandgap perovskite (60% and
phenyl-C61-butyric acid methyl ester (PC61 BM)/Al. This structure is compatible with low-temperature solution processable
80% Sn content) based PV devices, the obtained VOC’s are sigtechnologies like roll-to-roll printing, while the conventional
nificantly high given the fact that planar heterojunction-based
TiO2 and 2,2′,7,7′-Tetrakis-(N,N-di-4-methoxyphenylamino)-9,9′PV device configuration is generally known to demonstrate low
VOC’s in comparison with device architectures incorporating
spirobifluorene (Spiro-OMeTAD)-based structures need high
processing temperatures (e.g., 500 °C) making it difficult to
mesoporous charge extraction layers.[35,48,49] The EQEs measured
work with flexible substrates like polyethylene terephthalate. The
for these devices are lower at higher wavelengths due to lower
combination of ITO/PEDOT:PSS/NiO acts as a hole-selective
absorption in the IR absorption compared to that in the visible
contact for the perovskite as well as an electron blocking layer,
region (see the Supporting Information, Figure S1) and this could
and the combination of PC61BM/Al forms the electron selective
potentially limit the JSC’s that we get in our devices. This problem
contact for the perovskite along with acting as a hole-blocking
has been attributed to the presence of MAPbxSn1–xCl3 up to 33%
layer. Figure 3B,C illustrates the photocurrent density–voltage
of the total material in the thin film that does not absorb visible
(J–V) scans measured with a calibrated AM 1.5 source (1 sun)
light due to its large bandgap (>3 eV),[50] and the longer waveand the corresponding external quantum efficiency (EQE) for the
length absorption and EQE can be increased by adding molecular
PV devices with different Sn content fabricated by an elevated
iodine into the precursor solution that reduces this pure chloride
temperature processing method as described earlier. The device
perovskite phase to below 10%, hence, enhancing the longer
Table 1. The performance parameters achieved for the CH3NH3(PbxSn1–x)I3 [0 ≤ x ≤ 1] perovskite thin-film-based PVs for the best devices. Predicted
JSC values obtained from EQE are not measured in the UV region below 450 nm and hence the estimated JSC values are slightly lower than the actual
JSC measured under a standard AM 1.5 light. Statistical average PCE values are also stated in the brackets.
Voc
[V]

Jsc
[mA cm−2]

FF
[%]

PCE (Avg. PCE)
[%]

Jsc (from EQE)
[mA cm−2]

0

0.902

21.0

76.6

14.4 (13.8)

20.5

20

0.773

11.8

65.0

5.9 (5.6)

11.1

40

0.745

17.8

61.6

8.2 (7.3)

17.1

60

0.767

20.5

63.1

10.0 (9.2)

20.0

80

0.658

20.2

56.9

7.6 (6.5)

19.5

100

0.595

17.8

29.8

3.2 (2.1)

17.6

Sn content
[%]
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wavelength absorption.[50] This is beyond the scope of the current
work and is being investigated separately.
Now, taking into account the PLQE of these materials at
1 sun intensity (0.0007 ± 10−5 and 0.009 ± 10−4 for 60% and
80% Sn content thin films, respectively) the VOC loss was
estimated, using kTln (PLQE),[51–53] to be ≈200 and 120 meV,
respectively for 60% and 80% Sn content based PVs. Now, if we
account for this loss from the maximum thermodynamically
achievable VOC’s for the 60% and 80% Sn content based PVs
(0.97 and 0.89 V, respectively, with respect to their bandgaps)
yields a VOC of around ≈0.77 V and 0.77 V, respectively. We
emphasize that, remarkably, the measured VOC value for the
60% Sn content matches with the estimated maximum thermodynamically achievable VOC’s suggesting that we do not have
any additional loss other than the losses due to the low PLQEs
which can possibly be attributed to the superior semiconductor
quality we achieve using elevated temperature processing of
perovskite. However, for the 80% Sn content PV device there
is still an additional loss of ≈110 meV that can potentially arise
from the defects present in this perovskite and poor quality
of morphology compared to the 60% Sn content sample (see
the Supporting Information, Figure S9). Therefore, further
improvements in the VOC’s in these systems can possibly come
from improvement of the PLQEs, paving the way for VOC’s
close to the values predicted from the S–Q model.
The VOC loss from the bandgap (Eg – qVOC) is plotted in
the Figure 3D along with the predicted VOC values using the
S–Q model for each bandgap.[52] The S–Q limit of VOC changes
for different bandgaps and has been adapted from Nayak and
Cahen.[52] We can observe that for the 60% and 80% Sn content
devices if we consider the losses due to the low PLQEs, the 60%
Sn devices do not show any additional losses. We measured the
PL lifetimes for 60% and 80% Sn content samples at an excitation density of ≈5 × 1015 cm−3 (similar to the charge carrier
density ≈1 sun) and we obtain lifetimes of 0.87 and 0.95 ns,
respectively, with the decay fitted using the monomolecular
recombination model (see the Supporting Information,
Figure S10 and Table S2). The PL decay lifetimes for the 100%
Sn sample were within the instrument limit of 0.3 ns. Such
low PL lifetimes especially for the 60% and 80% Sn content
samples along with the low PLQE values point toward highly
dominant nonradiative processes and should have resulted in
very poor PV performances. However, we observe very efficient performance from the 60% and 80% Sn content based
perovskite PVs. This is only possible when the intrinsic mobilities are high because that enables efficient charge separation
and prevents charge carrier recombination. To validate this,
we performed terahertz pump-probe measurements that can
probe intrinsic charge carrier mobility values in a thin film.[20]
We obtained high charge carrier mobility values in the range of
100–200 cm2 V−1 s−1 for perovskite thin-film samples with Sn
content >50%, which might be the reason behind the remarkable performance of the low-bandgap perovskite PVs.[39] More
details are available in the Supporting Information, Figure S11
and Table S3.
To further elucidate the charge recombination processes in
CH3NH3(PbxSn1–x)I3 [0 ≤ x ≤ 1] perovskite-based PV devices,
we performed light-intensity-dependent PV characterization
measurement on the 60% and 80% Sn content perovskite-

0.93kT/q

0.8

1.77kT/q

0.7
0.6
0.5

80% Sn
60% Sn

1.95kT/q
1

3

7

20

55

148 403 1097

Light intensity(mW/cm2)

Figure 4. A) J–V curves of 60% and 80% Sn content perovskite PV device
under different light intensity (I). B) Short-circuit current (JSC) and opencircuit voltage (VOC) of 60% and 80% Sn content perovskite PV device
plotted against incident light intensity.

based PVs. Figure 4A illustrates J–V curves of the 60% and
80% Sn content PVs under different incident light intensity
from 0.02 to 1 sun (for a complete set of J–V curves, please
see the Supporting Information, Figure S12). The J–V curves
are almost parallel to the x-axis (voltage axis) around the JSC
(voltage = 0 V) indicating that the series resistance has no effect
on JSC in these two devices. Furthermore, the JSC and VOC at
these different light intensities are captured in Figure 4B.
Figure 4B (top) demonstrates the power law dependence, J ∝ I ,
of the JSC on incident light intensity, where the data are plotted
on a log–log scale. The 60% Sn content based perovskite PV
demonstrates an = 0.94 that is close to unity, indicating that
there are no significant energy barriers and space charge limits

© 2016 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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for the charge extraction process.[54,55] On the other hand, for
the 80% Sn content based perovskite PV that demonstrates a
relatively smaller value of = 0.88 compare to the 60% Sn content based perovskite PV, this points toward the presence of
space charge limitations in this device possibly due to poor
thin-film coverage issues compared to its 60% Sn content counterpart (see the Supporting Information, Figure S9).
The light-intensity-dependent VOC provides critical insights
into the mechanism of recombination processes in the PV
device. At VOC there is no net flow of current (J = 0 mA cm−2),
which means that all the photogenerated charge carriers should
recombine in the perovskite film. The corresponding charge
carrier recombination process is reflected by the value of
“n” determined by the slope of the VOC versus incident light
intensity; n(kT/q) where q is the elementary charge, k is the
Boltzmann constant, and T is the temperature.[56,57] VOC as a
function of incident light intensity (I) is plotted on a linear–
log scale as shown in Figure 4B (bottom) for 60% and 80% Sn
perovskite-based PVs. For bimolecular charge carrier recombination, this ideality factor n approaches unity. Whereas, when
the ideality factor n approaches 2, Shockley–Read–Hall (SRH)
type, trap-assisted recombination dominates.[56–59] In the
case of 60% Sn-based perovskite PV device, the slope of the
fall in VOC results in a δVOC 1.77(kT /q)ln(I ) at low incident
light intensities (up to 20 mW cm−2). Thus, resulting in n ≈
1.77 indicates SRH type of recombination in this irradiation
regime. However, at higher irradiance regime (between 20 and
200 mW cm−2) that includes standard AM 1.5 (100 mW cm−2),
we observe δVOC 0.93(kT /q)ln(I ) . Thus, resulting in n ≈ 0.93
indicates a bimolecular type of carrier recombination as demonstrated previously for highly efficient CH3NH3PbI3-based
perovskite PVs.[32,57–59] This further confirms that at AM 1.5
intensities, traps can be filled at thermal equilibrium condition,
where the overall recombination is mainly due to bimolecular
processes and that trap states do not affect the charge transport
enabling us to achieve high PCEs of ≈10% and VOC’s close to
the prediction of the S–Q model. However, for the 80% Sn content based perovskite PV, we observe only one regime from 1 to
200 mW cm−2 where δVOC 1.95(kT /q)ln(I ). Thus, resulting in
an n = 1.95 indicates an SRH type trap-assisted charge carrier
recombination process even at AM 1.5 intensities. This could
be a result of a higher electronic disorder in 80% Sn perovskites compared to 60% Sn counterparts and moreover, the poor
coverage (see the Supporting Information, Figure S9) would
result in more grain boundaries and, hence, defects. Combined
with the aforementioned light intensity dependence of JSC, the
poor performance of 80% Sn-based perovskite PV devices is
expected compared to their 60% Sn counterparts.
In summary, we have presented a comprehensive study
correlating the structural and photophysical properties of
CH3NH3(PbxSn1–x)I3 [0 ≤ x ≤ 1] perovskites. By substituting Sn
with Pb, the bandgap shows an anomalous bowing effect and
leads to lower bandgap (<1.2 eV) perovskites than the pure Snbased perovskite—CH3NH3SnI3. Using a novel elevated temperature processing method, we demonstrate uniform Sn–Pbbased low-bandgap perovskite thin films. We also highlight the
importance of different ways to measure sensitive absorption
and the differences in the results obtained, leading to quite contrary interpretations in the case of particular semiconductors. We
1604744 (6 of 8)
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use the Sn–Pb-based perovskite thin films in fabricating highly
efficient PVs using planar heterojunction architecture. The PV
devices using 60% and 80% Sn content materials with bandgaps
of ≈ 1.27 and 1.19 eV, respectively, demonstrated high PCEs.
PCEs reaching about 10% and VOC’s approaching the prediction
of the S–Q model were realized after accounting for the losses
incurred due to nonradiative recombination and entropy loss.
These performances lead us to the conclusion that high charge
carrier mobilities are essential to overcome the losses due to
recombination as seen in these perovskites to help achieve high
efficiencies. These high-performance low-bandgap perovskites
could potentially open up new optoelectronic applications in NIR
LEDs, lasers, and photodetectors.[27] Besides, they can also be
potentially employed in all perovskite tandem or singlet fission
PV architectures,[60,61] which promise to exceed the S–Q limit.

Experimental Section
CH3NH3(PbxSn1–x)I3 [0 ≤ x ≤ 1] Perovskite Precursors Preparation:
CH3NH3PbI3 precursor solution was synthesized by dissolving lead
iodide (PbI2) and MACl in a 1:1 molar stoichiometric ratio in N,Ndimethylformamide to obtain a 0.15 m solution, and CH3NH3SnI3
precursor solution was prepared from tin iodide (SnI2) and MAI instead.
The mixture, CH3NH3(PbxSn1–x)I3 [0 ≤ x ≤ 1] perovskite precursors,
was prepared by mixing the corresponding ratio of pure lead and tin
perovskite precursor solutions.
Device Fabrication: Prepatterned ITO substrates were cleaned with
acetone followed by isopropanol in an ultrasonic bath for 10 min each,
after which the cleaned substrates were treated under oxygen plasma for
10 min. PEDOT:PSS solution was then spun at 3000 RPM for 60 s and
annealed at 180 °C in nitrogen for 10 min. After 10 min of annealing
PEDOT:PSS, the temperature of hotplate was increased to 240 °C, which
was prepared for elevated temperature processing. CH3NH3(PbxSn1–x)I3
[0 ≤ x ≤ 1] perovskite precursor solutions were also heated on another
hotplate at 80 °C. Then the perovskite film was made in the nitrogen filled
glovebox by loading CH3NH3(PbxSn1–x)I3 [0 ≤ x ≤ 1] perovskite precursor
solutions on substrates with PEDOT:PSS taken from hotplate up to
240 °C and subsequently spinning at 4000 RPM for 10 s and shifting
immediately to hotplate at 100 °C for 10 min. On top of perovskite layer,
PC61BM was spun at 1500 RPM for 60 s from a 20 mg mL–1 solution in
chlorobenzene. In the end, 100 nm aluminum was evaporated as the top
electrode using thermal evaporation.
Photovoltaic Characterization: All the photovoltaic measurements
were done using an air-free device holder where devices sit in a nitrogen
atmosphere. Photocurrent density–voltage (J–V) measurements were
carried out using a Keithley 2636A source-measure unit in the dark
and under a Class A-Oriel 92250A solar simulator, after correcting
for spectral mismatch using a calibrated reference solar cell from
Fraunhofer Institute for Solar Energy Systems ISE (RS-OD4, SNo.
036–2011). The mismatch factor for such correction was obtained from
the EQE measurements. All measurements apart from the intensitydependent measurements were carried out under AM 1.5 illumination
at 100 mW cm−2. Light-intensity-dependent measurements were carried
out under the same solar simulator using a combination of a series
of attenuators (23%–100%) that changes the light level of the solar
simulator (0.02–1 sun). The measurements from 1 to 10 sun were done
using focusing lenses to increase the irradiation intensity. All the J–V
measurements were done using a scan speed of 10 mV s–1 and physical
mask that defines the pixel area of 4.5 mm2. More than 35 devices were
tested for the 60% and 80% Sn content PV devices.
EQE measurements were performed to measure the photoresponse
as a function of photon energy using light from an Oriel Cornerstone
260 monochromator. EQEs were calculated from this, comparing the
solar cell photoresponse to the response from a reference diode.
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