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ABSTRACT: Pseudohalide thiocyanate anion (SCN−) has been
used as a dopant in a methylammonium lead tri-iodide (MAPbI3)
framework, aiming for its use as an absorber layer for photovoltaic
applications. The substitution of SCN− pseudohalide anion, as
verified using Fourier transform infrared (FT-IR) spectroscopy,
results in a comprehensive effect on the optical properties of the
original material. Photoluminescence measurements at room
temperature reveal a significant enhancement in the emission
quantum yield of MAPbI3−x(SCN)x as compared to MAPbI3,
suggestive of suppression of nonradiative channels. This increased
intensity is attributed to a highly edge specific emission from
MAPbI3−x(SCN)x microcrystals as revealed by photoluminescence
microscopy. Fluoresence lifetime imaging measurements further
established contrasting carrier recombination dynamics for grain
boundaries and the bulk of the doped material. Spatially resolved emission spectroscopy on individual microcrystals of
MAPbI3−x(SCN)x reveals that the optical bandgap and density of states at various (local) nanodomains are also nonuniform.
Surprisingly, several (local) emissive regions within MAPbI3−x(SCN)x microcrystals are found to be optically unstable under
photoirradiation, and display unambiguous temporal intermittency in emission (blinking), which is extremely unusual and
intriguing. We find diverse blinking behaviors for the undoped MAPbI3 crystals as well, which leads us to speculate that blinking
may be a common phenomenon for most hybrid perovskite materials.

Over the last six decades, the field of photovoltaics has
witnessed numerous kinds of materials with diversified

architectures that endorse promise toward cleaner energy.
During the last couple of years, a newer class of absorber
material in the form of hybrid organic−inorganic perovskite
structure has shown unprecedented progress in light-to-energy
conversion efficiencies, either used as flat heterostructure or
under bulk-heterojunction configuration.1−3 In general, the
term perovskites represents a wide class of materials that are
generally inorganic and in the form of ABX3; where A and B are
usually metals, and X is oxygen or halogens. However, the
material responsible for the recent sensation in photovoltaics
belongs to an overlapping subset of metal organic frameworks
with Perovskite structure, for example, methylammonium lead
iodide (MAPbI3). This material and its analogues exhibit an
array of properties such as ambi-polar charge transport, high
absorption coefficient and reasonably good electron/hole
diffusion length, making them appropriate for photovoltaic
applications.4−8 The ease of synthesis and low temperature
crystallization suits well for its applicability in low cost
photovoltaic devices with high efficiencies. Apart from the
inherent toxicity due to the use of lead (Pb) in the material,
these materials are also a bit underprivileged in terms of
stability as of now.9,10

The use of formamidinium cation replacing methyl amine
group has been reported to improve the stability of the material
to certain extent.11 Very recently, Jiang et al., showed improved
stability by incorporating pseudohalide that replaces the halide
ions in the tetragonal sites of the perovskite unit lattice.12 The
pseudohalide thiocyanite (SCN−) anion has an effective ionic
radii of ∼217 pm, which is relatively closer to that of iodine’s
effective ionic radii of 220 pm and is expected to substitute a
fraction of iodine atoms in the parent material (MAPbI3).

13 In
this letter, we introduce a pseudohalide molecular anion, SCN−,
as a dopant in MAPbI3 structure as opposed to that reported by
Jiang et al.12 Lead thiocyante Pb(SCN)2 is used as the
precursor material to synthesize this chromophore and the
change in optical and electronic properties of the parent
material (MAPbI3) upon introduction of SCN− (MAP-
bI3−x(SCN)x) anion is studied. This material is tested for its
photovoltaics performance using mesoscopic titania as scaffold/
electron-transport layer and Spiro-OMeTAD as hole transport
layer under standard illumination conditions. We show that
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incorporation of pseudo-halide anion as dopants in the MAPbI3
structure severely affects optoelectronic properties of the host
material. As compared to MAPbI3, the optical band gap of the
SCN− doped material MAPbI3−x(SCN)x is increased by ∼80
meV, accompanied by a remarkable enhancement in the
photoluminescence (PL) emission quantum yield.
Interestingly, a recent report by deQuilettes et al.14 has

shown the existence of a significant spatial variation in PL
intensity and carrier lifetime, particularly at the grain
boundaries in comparison to the bulk of the material in
individual grains of crystalline films made of nonstoichiometric
organic−inorganic [CH3NH3PbI3−x(Cl)x] perovskites. Such
differences in PL intensity have been attributed to the
contiguous variation in radiative and nonradiative recombina-
tion dynamics. In contrast, using spectrally resolved PL
microscopy, here we show that the emission intensity (or
radiative recombination efficiency) is substantially higher at the
grain boundaries of MAPbI3−x(SCN)x as compared to the
interior regions of the crystals. PL lifetime imaging microscopy
demonstrates considerable diversity in carrier recombination
dynamics between the edges and the bulk of the crystal.
Moreover, our measurements reveal spatially heterogeneous
spectral properties of various nanodomains within individual
MAPbI3−x(SCN)x crystals. Finally, we show that local emissive
domains within perovskite microcrystals undergo unambiguous
dynamical fluctuations in emission between multiple intensity
levels, reminiscent of PL intermittency (or blinking) known to
occur for single emitters.15

Lead thiocyanate and methylammonium iodide (MAI) are
dissolved in N,N′-dimethylformamide (DMF) in a series of
molar ratios ranging from 1:1 to 1:5. The solution is spin
coated on porous Al2O3 coated (∼500 nm thick) glass substrate
or coverslips to form a thin film, depending upon the need of
the specific measurement. Films are then subsequently
annealed 363 K resulting in the formation of MAPbI3−x(SCN)x
perovskites. It is observed that a Pb(SCN)2 to MAI ratio of 1:1
and 1:2 results in complete conversion to the perovskite
structure, while a poorly crystalline perovskite material is
formed when a ratio of 1:3 (Pb(SCN)2:MAI) is maintained.
When the precursors are subjected to a 1:4 molar ratio, it
resulted in a highly crystalline material with an extinction
coefficient similar to that of MAPbI3. Further increase in the
MAI molar concentration results in poor quality material
formation. More details on the material fabrication method-
ology and the effect of various molar ratios in the film
formation (Figure S1) are provided in the Supporting
Information (SI). From the in situ X-ray diffraction (XRD)
study, it is observed that the material MAPbI3−x(SCN)x (1:4)
can be obtained at and beyond an annealing temperature of 333
K. However, to maintain the consistency in comparison with
MAPbI3, we have kept annealing temperatures of both samples
at 363 K. All details on materials, measurements, and
characterization techniques are provided in the SI.
The X-ray diffraction patterns of MAPbI3−x(SCN)x and the

host MAPbI3 material is shown in Figure 1. The MAPbI3 peaks
obtained here exactly match with the existing literature.16 It is
evident from Figure 1 that all major signature peaks of
MAPbI3−x(SCN)x are slightly shifted toward a lower 2θ value
(see inset; ∼0.2° shift for 110 peak) in comparison to the host
material. Similar shift in the XRD peak position has been also
found when chlorine was incorporated in the host MAPbI3,
forming MAPbI3−xClx.

17 This elucidates the presence of a
uniform strain throughout the lattice of the material due to

SCN incorporation. We also clearly observe the presence of a
strong SCN stretch18 at 2060 cm−1 in the Fourier transform
infrared (FT-IR) spectra that is completely absent in the parent
perovskite material19 (Figure S2, SI). These observations
strongly suggest that SCN anions have been incorporated in
the bulk of MAPbI3 material resulting in the formation of
MAPbI3−x(SCN)x.
To understand the changes in electronic structure of the

pseudohalide anion-doped variant with respect to the host
material, optical absorption and PL emission spectroscopy were
performed on MAPbI3 and MAPbI3−x(SCN)x under both
ambient and cryogenic conditions (Figure 2). At 298 K (Figure
2a), the absorption band edge onset of the undoped host
material is located at ∼790 nm, and we estimate (using a tauc
plot) the corresponding band gap to be 1.57 eV, in accordance
with prior reports.20,21 Upon doping MAPbI3 with SCN, the
absorption band edge onset undergoes a blue shift of ∼40 nm,
and the corresponding band gap is estimated to be ∼1.65 eV.
We note that the slope of the absorption edge from its onset
varies widely between both materials, i.e., the doped perovskite
has relatively shallow absorption edge (i.e., broader spectral
width) as compared to the host, indicating the presence of
defect or tail states. In addition, the optical absorption spectra
suggest that the incorporation of SCN results in considerable
reduction of the molar extinction coefficient, which was further
confirmed by absorptance measurements. The room-temper-
ature PL emission spectra for both the materials (Figure 2a,
solid lines) were acquired by excitation at 480 nm using a
halogen light source coupled with monochromator. Interest-
ingly, in spite of the much lower extinction coefficient for the
doped material, MAPbI3−x(SCN)x exhibits more than 10-fold
enhanced PL emission as compared to that of the host MAPbI3,
which suggests a much higher radiative recombination
efficiency in the thiocyanate-doped perovskite. The room
temperature PL peak position of MAPbI3 is centered at 776 nm
(1.597 eV), while that for MAPbI3−x(SCN)x is slightly blue-
shifted, with the peak located at 756 nm (1.64 eV), consistent
with earlier reports.20,22 We also find that at 295 K,
MAPbI3−x(SCN)x exhibits much larger (∼125 meV) Stokes
shift as compared to that for MAPbI3 (∼22 meV), which can
arise from a variety of reasons such as excitation migration to
low energy levels, dopant induced configurational energetic
disorder in the host or relaxation in the lattice which can cause
polaronic effects.22,23

We noticed that the PL emission spectral profiles (Figure 2a)
for both the host and the doped perovskite materials are
unsymmetrical and skewed to the higher energy side, which

Figure 1. XRD patterns of MAPbI3 and MAPbI3−x(SCN)x obtained at
room temperature.
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suggests the existence of multiple transitions buried underneath
the broad emission envelopes. To detect such underlying
transitions, PL emission spectroscopy was performed under
cryogenic conditions using a laser excitation at 532 nm (Figure
2b). For the host MAPbI3 material, two transitions at ∼744 nm
(1.67 eV) and ∼783 nm (1.58 eV) can be resolved at 18 K,
which could be fit to two Gaussians (Figure S3, SI). The lower
energy transition (∼1.58 eV) is located at a very similar
energetic position as that at room temperature (∼1.59 eV),
which suggests that this peak originates from the same
interband transition. The much narrower spectral line width
(∼50 meV) for the host material as compared to 295 K is
expected from reduction of phonon population at low
temperatures.24,25

Interestingly, the cryogenic emission spectral envelope for
the MAPbI3−x(SCN)x perovskite material is nominally different
from that at room temperature, with comparable line width
(∼100 meV) and a slight blue-shift of ∼20 meV. While the two
transitions could not be resolved even at 18 K, the shoulder at
the blue edge of the transition band is clearly more prominent

as compared to that at 295 K. The inability to resolve the two
transitions even at 18 K also raises the question on spatially
heterogeneous (site specific) emission from the doped
perovskite material. To elucidate such a possibility in
MAPbI3−x(SCN)x, PL microscopy measurements were per-
formed under conditions such that crystalline islands (grains)
of the material is spatially segregated when spin-cast out of
solution on a silica substrate. Figure 3 shows a characteristic PL
intensity image of MAPbI3−x(SCN)x crystals under 532 nm
laser excitation, obtained using a home-built spectrally resolved
epi-fluorescence microscopy setup26,27(for details, see SI). The
morphology of the crystalline grains observed in the PL images
are similar to that obtained from scanning electron microscopy
(SEM;Figure 3a (inset) and Figure S4, SI), with irregular
shaped disks of dimensions ranging between 3 and 6 μm.
Clearly, the MAPbI3−x(SCN)x crystals are typically found to be
much more emissive (>10 times) as compared to MAPbI3
crystals (Figure S5, SI), consistent with ensemble PL
measurements (Figure 2a). More importantly, PL imaging
reveals that there is a dramatic difference of spatial distribution

Figure 2. (a) UV−vis absorption and PL emission spectrum of MAPbI3 and MAPbI3‑x(SCN)x at room temperature (295K). (b) Normalized PL
emission of MAPbI3 and MAPbI3−x(SCN)x at 18 K.

Figure 3. (a) PL intensity image of spatially separated MAPbI3−x(SCN)x micro crystals spin-cast on a glass substrate. Inset shows a SEM image of
the same sample at a higher concentration. (b) 3D rendition of intensity profiles for three individual micro crystals marked 1−3 (dotted squares) in
panel a. (c) Intensity contour plots depicting the remarkable spatial variation in radiative recombination efficiency within individual microcrystals
(1−3). Intensity calibration bars (color coded) in all images are in counts per second (cps).
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of emission behaviors within individual crystals; as opposed to
the MAPbI3 (Figure S5a, SI), for the vast majority of
MAPbI3−x(SCN)x microcrystals (Figure 3a, and Figure S5b,
SI), the emission originating from the edges (or grain
boundaries) are typically much more intense as compared to
that from interior regions (bulk) of the crystals. The spatial
nonuniformity of emission characteristics are shown in 3D
intensity profiles (Figure 3b) and contour plots (Figure 4c) for
three individual crystals (marked 1−3 in Figure 3a), from which
it is evident that even different local nanodomains at the
boundaries have highly inhomogeneous emission. We note that
the PL images (Figure 3) are consistent with SEM images
(Figure 3a (inset), and Figure S4, SI) which depict higher
contrast at the grain boundaries of the doped crystals, and
suggests significant differences in optoelectronic properties at
the interior and edge regions of the pseudohalide-doped
MAPbI3.
To explore (spatial) variability of carrier recombination (CR)

dynamics within interior regions and boundaries as well as the
effect of SCN doping, fluorescence lifetime imaging microscopy
(FLIM) was performed on individual microcrystals of MAPBI3
and MAPbI3‑x(SCN)x under ambient conditions. Analysis of
FLIM images (Figure 4a,b) reveal that the average radiative
lifetime (τav) of individual MAPbI3 crystals are typically
between 1 and 4 ns. It should be mentioned that even for
the undoped MAPbI3 crystals, we observed both single and
biexponential (SI Figure S6) decay of photoexcited carriers
(from different spatial zones), although there is no particular
spatial dependence of the nature of CR dynamics. This suggests
that CR can occur via at least two mechanisms for different

locations of the MAPbI3 crystal, i.e., either through bimolecular
(electron−hole) recombination or via trap-assisted radiative
recombination processes.28,29 In contrast, the SCN-doped
perovskite exhibit considerably diverse CR dynamics with a
clear spatial correspondence for various zones within each
crystal (Figure 4b,c). At the boundaries where emission
intensities are high, the vast majority of the locally emissive
regions exhibit a slow, near-single exponential PL decay with
lifetimes ranging between 7 and 12 ns, while at the interior
(dark) regions, CR processes typically follow biexponential
behaviors with a dominant sub-nanosecond fast component
and a lesser contributing slow component (∼2−5 ns), which
results in a τav typically between 1 and 2 ns. Such biexponential
PL decay with dominant fast component indicates the high
density of nonradiative traps (chemical or structural defects)
within the interior regions for the doped MAPbI3. Further,
much slower single-component decay at the boundaries
suggests the presence of long-lived trap states that assist in
radiative recombination of charge carriers, which likely causes
enhanced emission from the edges.
It should be noted that the ensemble time-resolved

measurements in fact show an opposite trend in terms of CR
dynamics, where the PL decays faster in the doped material as
compared to MaPbI3 (Figure S7, Table T1, SI). This is likely
due to the prevalence of the bulk material (i.e., interior regions)
in micrometer-sized perovskite crystals as compared to the
boundary regions. The observed inconsistency of the ensemble
and spatially resolved studies also implies that ensemble PL
decay on such perovskite materials with spatially inhomoge-
neous (site specific) emission behaviors might not reflect the

Figure 4. Intensity-weighted PL lifetime images of spatially isolated microcrystalline grains of (a) MAPBI3 and (b) MAPbI3−x(SCN)x, collected using
a pulsed laser excitation at 470 nm and a bandpass filter (730−780 nm), up to a time-delay of 20 ns (c) Representative PL decay from three regions
at the interiors and boundaries of SCN-doped perovskite crystals. Black lines are single exponential (boundaries) and biexponential (interiors) fits to
time-resolved PL decay.

Figure 5. Spatially resolved PL emission spectroscopy from nanodomains within a single MAPbI3−x(SCN)x crystal. (a) PL image of a crystal through
a narrow slit via which emission spectra was collected. (b) Intensity color coded 3D profile of the spectrally resolved image obtained through slits as
shown in panel a. (c) Spatially resolved emission spectra from nanodomains at boundaries (solid lines, marked 1−2 in panel a) and interior (dashed
lines, marked a−d in panel a) of the microcrystal, along with spatially averaged PL spectra (dashed-dotted line) for the entire vertical strip.
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actual nature of CR mechanisms, and it is imperative to analyze
a large number of spatially resolved lifetime data to understand
the extent of nonuniformity in CR dynamics. Nonetheless, both
lifetime and intensity imaging on individual MAPbI3−x(SCN)x
microcrystals unambiguously point out to the remarkable
diversity in radiative recombination efficiency as well as CR
dynamics between the interior of crystalline grains and the
boundary regions.
This prompted us to investigate the spatial differences in

optical band gap (transition energies) within individual
MAPbI3−x(SCN)x crystals using spectrally resolved PL
microscopy under ambient conditions (Figure 5). A narrow
slit was used to spatially resolve the emission along a vertical
strip of an isolated crystal as depicted in Figure 5a, following
which the dispersed emission spectra of the entire strip (Figure
5b) was collected simultaneously using a transmission grating
based spectrograph coupled to a CCD detector.26,27 The
difference in emission behaviors, both at the boundaries as well
as the interior of the microcrystal were exemplified by
representative spectral profiles in Figure 5c, and are compared
with the spatially averaged emission spectra (dashed-dot line).
Interestingly, we find that the entire emission envelopes
obtained from two locations at the boundary (marked 1 and
2) are energetically shifted with respect to each other (Figure
5c), and there are similar spatial variations in the transition
energies (optical band gap) from interior regions (marked a−d)
as well. While we do find that on an average, the emission from
the edges (∼1.625 eV) are slightly lower in energy as compared
to that of the interior (∼1.647 eV), the range as well as
standard deviation of transition energies is quite significant as
compared to the mean values (Table T1, SI), suggesting
considerable spatial heterogeneity in the optical band gap of the
doped material. In addition, on an average, the PL emission line
widths (which reflect the density of states) obtained from the
boundary regions are more narrowly distributed (Table T2, SI)
and have slightly lower values (mean of ∼116 meV) as
compared to those from the interior of the crystals (mean of
∼134 meV). However, for the MAPbI3−x(SCN)x crystals that
we have investigated, no unequivocal correlation is observed

between optical band gap or density of states with the spatial
location of the nanodomains (i.e., interiors and boundaries).
It can be speculated that perhaps, the spatial inhomogeneity

in the electronic structure of SCN-doped perovskite crystals
results in diverse CR dynamics observed in FLIM measure-
ments. Indeed, the spatial variation in luminescence properties
can arise due to compositional variations and, possibly, the
extent of doping in various spatial locations. Segregation of
dopants to the edges of the crystal may cause such an effect that
can potentially alter defect density fluctuation between the
edges and the bulk regions of the sample. Another possibility is
that the strain in the lattice relaxes mostly at the edges of the
crystal, which is perhaps more realistic than only compositional
heterogeneity being the cause, and can explain the peak shift in
the XRD measurements as well.
Interestingly, apart from large spatial variation of the PL

emission in individual MAPbI3−x(SCN)x crystals, we find that
the emission originating from spatially separated nanodomains
is temporally nonuniform, i.e., the local emissive sites within the
crystals are optically unstable and undergo irregular oscillatory
behaviors, reminiscent of fluorescence intermittency (blinking)
in single-emitters. Figure 6a shows temporal snapshots of a
single MAPbI3−x(SCN)x crystal during a course of continuous
illumination. Representative emission intensity traces obtained
from four nanodomains within the crystal (marked 1−4) are
shown in Figure 6b, from which it is clear that certain regions
(marked 1 and 2) exhibit rather prominent temporal
fluctuations in PL intenisty. We also note that much smaller
amplitude intensity fluctuations, higher than the background
noise due to CCD (in absence of the crystals, Figure S8, SI) are
present throughout the crystal (marked 3 and 4). We find
similar blinking behaviors in a majority of MAPbI3−x(SCN)x
crystals.
While photoinduced blinking behaviors are commonly

observed for single semiconductor nanocrystals and fluorescent
molecules,30,31 and has also been reported for individual
radiative recombination centers in quantum-well heterostruc-
tures,26,32,33 until recently, PL intermittency has been rarely
observed in perovskite microcrystals.34 While there are a couple

Figure 6. Spatiotemporal dependence of PL intensity within a single MAPbI3−x(SCN)x crystal. The PL images (t1 to t5) are selected from 3rd, 30th,
85th, 101st, and 174th frames of the movie M1 provided in the SI showing PL intermittency (blinking) in nanodomains (marked using arrows and
circles) within the microcrystal. (b) PL intensity trajectories collected at 35 Hz from nanodomains marked 1−4 in panel a, demonstrating spatial
variability in blinking behaviors. The noise from the background signal in the absence of microcrystals show fluctuations of less than 10 cts/25 ms
(Figure S8 in the SI).
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of reports on relatively large (∼μm) emissive domains within
InGaN quantum-well heterostructures undergoing opitcal
instability,32,33 these observations are uncommon, and it is
quite surprising that such a high density of local submicroscopic
dominains within these perovskite crystals of several micro-
meters exhibits such unambiguous PL intremittency. More
importantly, the nature of optical instability observed for
MAPbI3−x(SCN)x crystals is also quite different from single
emitters, where fluctuations in emission intensity (blinking)
typically follows a two-state process, with rather sharp
transitions between a distinct on and an of f state.15,30,32 By
contrast, we always find the presence of a dim rather than of f
state in these perovskite crystals, i.e., oscillations in emission
intensity occurs on top of some base emission (Figure 6b).
Further, more often than not, the emission intensity fluctuates
over multiple bright states rather than a single on state. These
observations suggest the presence of multiple emissive sites
within each local submicroscopic domain undergoing uncorel-
lated intensity fluctuations, as would be expected for multiple
single nanocrystals within a diffraction limited emissive spot.
Alternatively, it is possible that photoexcited carriers undergo
migration to specific trap sites (a chemical or a structural
defect) where they are quenched nonradiatively,34 and the
spatial distribution/density of quenchers in local regions within
the crystal can result in a variety of temporal fluctuations over
multiple intensity levels.
It is important to note that the PL intermittency (Figure 5) is

not exclusively observed for the MAPbI3−x(SCN)x micro-
crystals, and we also noticed extensive blinking behaviors (of
similar characteristics) from localized emission spots within
MAPbI3 microcrystals (see Movies M3 and M4, SI). Therefore,
it is reasonable to speculate that such photoinduced optical
instability or blinking of emission centers might be a general
phenomenon for other perovskite nano/micro-crystals as well.
We are currently investigating a wide variety of perovskite
materials of different compositions to elucidate the origin of
such an intriguing observation.
In conclusion, we demonstrate that incorporation of

pseudohalide SCN anions as dopants in MAPbI3 is a valuable
addition to the organic inorganic hybrid perovskite family, with
unique optical properties. Quite surprisingly, we find spatially
heterogeneous, site specific PL emission from individual
MAPbI3−x(SCN)x crystals, where the grain boundaries most
often exhibit extremely high radiative recombination efficiency
as compared to the interior regions. Spatially resolved
spectroscopy and lifetime measurements reveal considerable
inhomogeneity in the local electronic structures and carrier
recombination dynamics among various nanodomains within
the interior regions and grain-boundaries. Intriguingly, we have
observed unambiguous dynamical fluctuations in emission
intensities (blinking) from local nanodoamains within micro-
crystalline grains for the doped materials as well as the undoped
perovskite host. Observation of such PL intermittency is highly
unusual for microcrystalline samples and has rarely been
observed earlier for perovskite materials. Our results indicate
that such a captivating phenomenon may not be compositional
or material specific, and can perhaps be generalized for other
perovskites as well.

■ EXPERIMENTAL SECTION
MAPbI3 precursor solution is prepared by mixing a equimolar
ratio of PbI2 and MAI in DMF, whereas MAPbI3−x(SCN)x
precursor is prepared dissolving a 1:4 molar ratio of

MAI:Pb(SCN)2 in DMF. All parent chemicals are purchased
off the shelf and used without further purification. Thin films of
these samples are prepared by spin-casting these precursors on
porous substrates followed by annealing at 363 K for 30 min.
These samples are then subjected to XRD measurements
directly, whereas for UV−vis and PL measurements, the
samples are further encapsulated using spin-casted poly(methyl
methacrylate) (PMMA) in chloro-benzene solution to
minimize degradation. Photovoltaic device performance (JV
characteristics) of MAPbI3−x(SCN)x is shown in Figure S9, SI.
Further details on the material synthesis, photovoltaic device
fabrication, and characterization methodologies are described in
the SI.
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