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ARTICLE INFO ABSTRACT

We report on compositional and morphological engineering of mixed methylammonium (MA) and formami-
dinium (FA) lead triiodide (MA;_FAPbI3) perovskite absorber layers to produce highly efficient planar and
flexible perovskite solar cells (PVSCs) with reduced hysteresis. Incorporation of FA into the MAPbI; extends the
absorption edge of the perovskite to longer wavelengths, leading to enhanced photocurrent of the resultant
PVSCs. Moreover, adding a small amount of lead thiocyanate (Pb(SCN),) additive into mixed perovskite
precursor solutions significantly enlarges the grain size and prolongs the carrier lifetime, leading to improved
device performance. With optimal compositional and morphological engineering, the average power conversion
efficiency (PCE) improves from 15.74 + 0.74% for pure MAPbI; PVSCs to 19.40 + 0.32% for MAy ,FA( 3Pbl;
PVSCs with 3% Pb(SCN), additive, exhibiting a high reproducibility and small hysteretic behavior. The best
PVSC achieves a PCE of 20.10 (19.85)% measured under reverse (forward) voltage scan. Furthermore, the
compositional and morphological engineering allowed the fabrication of efficient flexible PVSCs on indium-
doped SnO, (ITO)/polyethylene terephthalate (PET) substrates, with the best PCE of 17.96 (16.10)% with a V¢
of 1.076 (1.020) V, a Jgc of 22.23 (22.23) mA/cm2 and a FF of 75.10 (71.02)% when measured under reverse
(forward) voltage scan. Our approach provides an effective pathway to fabricate highly efficient and
reproducible planar PVSCs.
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1. Introduction

Organic-inorganic metal halide perovskite solar cells (PVSCs) have
gained tremendous attention in the past few years, [1-14] and the
record power conversion efficiency (PCE) has recently exceeded 22%.
[5-7] The bandgap (Eg) of the most commonly studied organic-
inorganic perovskite absorber material, methylammonium lead triio-
dide (MAPDI3) with Eg ~1.60 eV, is slightly higher than the optimal Eg
range (1.2-1.45 eV) for single junction solar cells per the Shockley -
Queisser limit [15,16]. A relatively smaller Eg is desirable for boosting
the performance by increasing the portion of photons absorbed,
thereby increasing the photogenerated current. Formanidinium lead
triiodide (FAPbI3) perovskite exhibits an Eg of ~1.45 eV,[17-20] which
is much more suitable for single junction solar cells. However, FAPbI;
perovskite films often contain a small portion of the undesirable yellow
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phase (8-phase) [7,21,22], which adversely affects the cell perfor-
mance. Combining different cations has been reported recently to
reduce the Eg of perovskite absorbers [4,5,20,21,23—-25]. Among these
methods, mixing MA and FA cations has shown promising results
[5,8,26], but it is challenging to obtain good device reproducibility due
to the facile formation of the undesirable §-phase of FAPbI;.[7,21]
Mixing MAPbI; with FAPbI3 precursors has been proven to be an
effective way to fabricate mixed FA and MA planar PVSCs [26].
However, a significant drawback of this approach is that the resultant
(MA;_FA,PbI3) perovskite thin films contain rather small grains,
hindering the use of relatively thick perovskite absorbers which is
needed for maximum light absorption. On the other hand, the high
annealing temperature of 150 °C for pure FAPbI; hinders its applica-
tion on flexible substrates, while mixing MA and FA will lower the
formation temperature to 100 °C which is more compatible for flexible
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PVSCs.

High-quality perovskite film is a requisite for fabricating high-
efficiency PVSCs. [27-29] PVSCs with small grains and low crystal-
linity typically exhibit poor fill factors (FF's), because absorber layers
exhibit high density of grain boundaries, which could cause charge
recombination [30,31]. Therefore, it is highly desirable to reduce the
density of grain boundaries [26,31,32] and/or passivate the grain
boundaries with other materials, such as (6,6)-phenyl-Ce;-butyric acid
methyl ester (PCBM) and PbI, [33—35]. Various works have been
reported to improve the performance of PVSCs, including perovskite
film quality improvement and interfacial engineering of the devices.
[36—-43] Recently, lead thiocyanate (Pb(SCN),) additives have been
employed in MAPbI; and FA;_,Cs,Pbl; perovskite films to enlarge the
grains and increase the perovskite crystallinity [24,44]. It was found
that Pb(SCN), additives can significantly increase the grain size of
perovskite films from about 200 nm to up to several micrometers, and
the grain boundaries are passivated with excessive Pbl, [24,44].

Here, we demonstrate that Pb(SCN), additives can also significantly
enlarge the grain size of mixed MA and FA lead triiodide
(MA;_ FAPbI3) perovskite thin films and lead to highly efficient
planar PVSCs. Mixtures of MA and FA cations extend the absorption
edge to longer wavelengths as compared to pure MAPbI3, leading to
enhanced short-circuit current densities (Jsc's). Adding a small amount
of Pb(SCN), additive into perovskite precursor remarkably increases
the grain size of perovskite thin film and thus prolongs the carrier
lifetime, which is responsible for the significantly enhanced device
performance. With optimal compositional and morphological engineer-
ing, the averaged PCE of our PVSCs increases from 15.74 + 0.74% for
pure MAPbI; PVSCs (0 wt% Pb(SCN)5) cells to 19.40 +0.32% for
MA.7FAy3Pbls PVSCs with 3 wt% Pb(SCN), additive. The best per-
forming PVSC shows a PCE of 20.10 (19.85) % with an open-circuit
voltage (Voc) of 1.121 (1.119) V, a Jgc of 22.85 (22.86) mA/cm? and a
FF of 78.46 (77.60) % when measured under reverse (forward) voltage
scan, respectively. Furthermore, the compositional and morphological
engineering allowed the fabrication of efficient flexible PVSCs on
indium-doped SnO, (ITO)/polyethylene terephthalate (PET) sub-
strates, with the best PCE of 17.96 (16.10)% with a V¢ of 1.076
(1.020) V, a Jgc of 22.23 (22.23) mA/cm2 and a FF of 75.10 (71.02)%
when measured under reverse (forward) voltage scan. Our results
demonstrate that Pb(SCN), additives can be used to effectively increase
the crystal quality of the mixed cation perovskite absorbers and
improve the photovoltaic performance of planar PVSCs with the
regular cell configuration.

2. Experimental section
2.1. Preparation of ESLs

FTO glass (Pilkington, NSG TEC-15) was cleaned with detergent,
facilitated by ultrasonication in water, acetone and iso-propanol baths
successively before deposition of SnO, ESLs. The SnO, layer was
deposited on the FTO substrates as reported previously.[45] Plasma-
enhanced atomic layer deposition (PEALD) process was done with an
equipment of Ensure Scientific Group AutoALD-PE V2.0 equipped with
a plasma generator. Tetrakis(dimethylamino)-tin(IV) (99%, TDMA-Sn,
Strem Chemicals Inc.) was used as the Sn precursor. Oxygen and Argon
are used as oxidizer and carrier gases, respectively. The temperature of
the reaction is fixed at 100 °C during the deposition process.

2.2. Perouskite precursor preparation

Lead iodide (Pbl,, Alfa Aesar, 99.9985%), methylammonium iodide
(MAI, Dyesol), formamidinium iodide (FAI, Dyesol), lead thiocyanate
(Pb(SCN),, Sigma-Aldrich, 99.5%), dimethyl sulfoxide (DMSO, Sigma-
Aldrich, 99.8%) and N,N-dimethylformamide (DMF, Sigma-Aldrich,
99.8%) are purchased and used without further purification. The
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perovskite precursor was prepared using a Lewis acid-base adduct
approach with the mixture of MAI, FAI, Pbl,, and DMSO in DMF,
where the molar ratio of DMSO and Pbl, is 1:1 [46,47]. A 45% by
weight precursor solution of MAPbI; was prepared with PbI,, MAI and
DMSO (molar ratio=1:1:1) in DMF. The solution was stirred for 12 h
on a 60 °C hot plate before deposition. The FAPbI3 precursor solution
was made in the same process. The MA; FA,Pbl3 precursor was
prepared by mixing two different solutions together with different
volume ratio, where the ratio of MAI and FAI is changed from 1:0 to
0:1 (x=0, 0.2, 0.3, 0.4, 0.6, 0.8, 1.0). The resulting mixed precursor
solution was stirred for one hour on a 60 °C hotplate and then purified
using a 0.45 um filter before spin-coating.

The precursors with Pb(SCN), additives are prepared with fixed
amounts of Pb(SCN), with respect to the weight of Pbl,, where the
content of Pb(SCN), ranging from 0% to 5%.

2.3. Fabrication of PVSCs

Ce0-SAM was deposited on PEALD SnO, as previously reported
[45]. The perovskite precursor solution was spin-coated on the ESL
first at 500 rpm for 3's, and then at 4000 rpm for 60 s using a fast
deposition-crystallization technique with diethyl ether as the anti-
solvent agent. After spin coating, the perovskite film was annealed at
65 °C for 2 min and then 100 °C for 5 min. All of these processes were
carried out in a N filled glove box.

2,2".7,7'-tetrakis(N,N’-di-p-methoxyphenylamine)-9,9’-spirobi-
fluorene (Spiro-OMeTAD) was used as the HSL and deposited on the
perovskite film at 2000 rpm for 60 s. The Spiro-OMeTAD was co-doped
using Co-TFSI and Li-TFSI. The Spiro-OMeTAD solution was prepared
by dissolving 72.3 mg Spiro-OMeTAD (Shenzhen Feiming Science and
Technology Co., Ltd., 99.0%) in 1 mL chlorobenzene (CB) with 28 pL
4-tert-butylpyridine (TBP) (Sigma-Aldrich, 96%), 18 pL Li-bis-(tri-
fluoromethanesulfonyl) imide (Li-TFSI) (Sigma-Aldrich, 99.95%)
(520 mg/mL in acetonitrile) and 18 uL. Co(II)-TFSI salt (FK102,
Dyesol) (300 mg/mL in acetonitrile). A layer of 80 nm gold (Au) was
then deposited on the top of Spiro-OMeTAD using thermal evapora-
tion. The working area of the devices was 0.08 cm? as defined by a
shadow mask during the Au evaporation.

2.4. Characterizations

J-V curves were measured using a Keithley2400 sourcemeter under
standard AM 1.5G illumination using solar simulator (PV
Measurements Inc.) with an output intensity of 100 mW/cm?. For
light intensity dependence test, the light intensity was later adjusted
between 1 and 100 mW/cm? using neutral density filters. EQE
measurement was carried out with an EQE system (PV
Measurements Inc,) using 100 Hz chopped monochromatic light ran-
ging from 300 nm to 900 nm under otherwise near-dark test condi-
tions. The top-view and cross section structures of perovskite films and
PVSCs were characterized with a field emission SEM instrument
(Hitachi S-4800). Crystallinity and the crystal structure of the per-
ovskite layer were analyzed with an Ultima III X-ray Diffractometer
using a Ni-filtered Cu K, x-ray source (Rigaku Corp.). Absorbance
spectra were obtained with a UV—vis spectrophotometer (PerkinElmer
Lambda 1050). Sheet resistance was measured using four-point probe
method resistivity test system (PRO4-440N, Lucas labs). For steady-
state photoluminescence (PL) and time resolved photoluminescence
(TRPL) measurements, perovskite films were fabricated by spin-coat-
ing perovskite precursors on glass substrates followed by coating
another encapsulating layer of polymethylmethacrylate (PMMA) after
thermal annealing. PL measurements were performed in ambient air at
room temperature. Samples were illuminated through the film side. A
532 nm continuous-wave laser (beam diameter =90 pym) at 40 mW/
cm? was used as an excitation wavelength for steady-state PL measure-
ment. PL signal was detected via Symphony-II CCD (from Horiba)
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detector after a 300 g mm™! grating monochromator (Integration time
=0.5 s). For TRPL measurements, samples were excited by a 532 nm
pulsed laser (pulse width =5 ps, beam diameter =150 pm) at 10%°
photons pulse™! ecm™2. TRPL measurements were performed with time
correlated single photon counting (TCSPC) module (Becker & Hickel
Simple Tau SPCM 130-E/M module) and the radiative recombination
events were detected (Integration time =600 s) via hybrid APD/PMT
module (R10467U-50). PL decays of perovskite films with x=0.3, 0.4,
0.6 and 0.8 are single exponential while bi-exponential PL decays are
observed in case of x=0, 0.2 and 1.0. In case of bi-exponential PL decay,
the photoluminescence intensity contribution of each component is
proportional to the product of amplitude (A;) and lifetime (t).
Therefore, the intensity average lifetime of bi-exponential PL decay is
calculated as

Amz + Ay ‘c%

Mean lifetime(t) =
AT+ AT

3. Results and discussion

The MA;_ FA,PbI; perovskite precursors were prepared by adding
a FAPbI3 precursor solution into a MAPbI; precursor with different
molar ratios. The composition of a perovskite film is defined by the
stoichiometry of mixed precursors.[5] The anneal temperatures of the
MA;_FA,Pbl; perovskite films are 100 °C for x < 0.4, 130 °C for x=0.6
and 0.8, 150 °C for pure FAPbI3. A slightly higher annealing tempera-
ture is used for the film with a higher FA content, because FAPbI; has a
yellow-to-black (8 to a) phase transition when heated to temperatures
of around 150 °C [17,18,48]. The steady-state photoluminescence (PL)
spectra of the perovskite film with different compositions are shown in
Fig. 1(a). As the FA content increases, the emission peak shows a red
shift from 775 to 814 nm, which confirms the alloying of FAPbI; and
MAPDbI;. The Eg calculated from the PL emission peak position
decreases linearly with the concentration increase of FA in MAPbI3
(Fig. 1(c)), consistent with previous work reported in literature.[23] In
addition, as shown in Fig. S1, the absorption onset of perovskite films
shifts from 775 nm to 814 nm as observed from UV—vis spectroscopic
measurements, in good agreement with the Eg trend obtained from the
PL results. It is worth noting that the mixed MA and FA perovskite
films show higher absorption compared to pure MAPbI3;, which is
beneficial for the enhancement of photogenerated currents.

In order to evaluate the effect of MA and FA alloy on the charge
carrier lifetime, time resolved photoluminescence (TRPL) measure-
ments were conducted to extract the photogenerated carrier lifetimes.
Fig. 1(b) shows the normalized PL decays of perovskite films with
various FA contents. PL decays of perovskite films with x=0.3, 0.4, 0.6
and 0.8 are single exponential indicating the absence of surface or
interface recombination while bi-exponential PL decays are observed in
case of x=0, 0.2 and 1.0. The mean lifetime first increases and reaches a
maximum value of 708 ns at x=0.4, suggesting a prolonged carrier
lifetime with the incorporation of FA. However, further increase in the
FA content 60% (x>0.6) leads to the decrease in carrier lifetime,
indicating the increased charge recombination, possibly due to the
decreased film crystallinity (see discussions below). The TRPL results
are summarized in Table S1.

X-ray diffraction (XRD) was carried out to evaluate the crystallinity
of the mixed MA and FA perovskite films, as shown in Fig. 1(d). The
(110) peak position shifts to lower angles with higher FA content,
shown in Fig. 1(e), corresponding to the increased lattice constants
after FA incorporation. This confirms the successful incorporation of
FA cation into the perovskite crystal lattice, since the FA cation has a
relatively larger ionic radius (1.9-2.2 A) than MA (1.8 A).[5] The full
width half maximum (FWHM) of the (110) diffraction peak increases
monotonically with increasing FA content. Typically, decreased grain
size and/or increased density of defects (lower crystallinity) are
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responsible for the increase of FWHM. Because the average grain size
increase as the FA content increases, the increased FWHM indicates
decreased film crystallinity, which is likely attributable to the fact that
the pure a-phase of FAPbI; is thermally unstable and it can easily
revert to the non-perovskite §-phase at ambient temperature, thus
disrupting the single-phase crystallinity [5,26]. Therefore, pure FAPbI3
perovskite is not ideal for fabricating highly efficient PVSCs due to the
lower crystallinity despite having a more suitable Eg value. It is known
that alloying FAPbI; with relatively stable perovskite materials, such as
MAPDbBTr; [5,8,49] and CsPbl3 [8,50] can stabilize the desirable a-phase
of FAPbI3, which may reinforce the observation that the films with
increasing MA content (x > 0.2) appear to have improved crystallinity
than the more FA-rich films. Although the MA;  FA,PblI3 perovskite
films exhibit improved light absorption compared to MAPbI; perovs-
kite films, their grain sizes are smaller, as shown in Fig. 1(g), (h) and
Fig. S2. The averaged grain size of the perovskite films with FA content
less than 0.8 appears to be similar, around 100-200 nm. This is
possibly due to the formation of Lewis acid—base adduct of FAI-Pbl,-
DMSO, which is relatively weaker than MAI-Pbl,-DMSO [46,47].
Therefore, the grain size is relatively small in the mixed MA and FA
perovskite films. Small grains would lead to thin films with high density
of grain boundaries, which could exhibit high charge recombination
[31]. For pure FAPbI3, although the grain size is large, the film is very
rough, likely due to the higher nucleus formation energy of FAPbI;,
leading to grains with large size but lower crystallinity [26]. Therefore,
it is highly desirable to increase the grain size and alleviate the charge
recombination in the MA; _,FA,Pbl; perovskite films in order to further
improve the PCEs of PVSCs.

We fabricated PVSCs using MA;_,FA,Pbl; absorbers with a planar
regular device structure of fluorine doped SnO, (FTO)/SnO,/Cgo-SAM/
MA;_(FA,PblI; perovskite/spiroOMeTAD/Au[51-53], where Cgo-SAM
is Cgo-self-assembled-monolayer and Spiro-OMeTAD is 2,2',7,7’-
tetrakis(N,N’-di-p-methoxyphenylamine)-9,9’- spirobifluorene. The
photovoltaic performances of the MA;_ FA,PbI3 PVSCs are summar-
ized in Fig. 2 and Table S2. The Vo of the PVSCs decreases, but the Jgc
of the PVSCs increases as the FA content increases due to the decreased
Eg, except for the case for x=1. From the photographs of these
perovskite films (Fig. S3), it is seen that the pure FAPbI; film is
obstructed from the backside (glass side), and therefore the illuminated
light is blocked, resulting in the reduction in the light harvesting and
the low photocurrent. The FF slightly increases when x increase from 0
to 0.4, likely due to the prolonged carrier lifetime. However, when x is
larger than 0.6, the FF deteriorates to below 70%. This may be due to
the poor crystallinity and short carrier lifetimes of these perovskite
films. As a result, the optimal device performance is obtained at x=0.3
(MAg 7FAg3Pbl3) due to both increased absorption and prolonged
charge carrier lifetime, generating an average PCE of 17.61 + 0.32%.
However, when the FA content is above 60% (x> 0.6), the device
performance decreases dramatically due to the significant drop in Voc
and FF, likely due to the poor film morphology and low crystallinity as
discussed above. The representative J-V curves of the best-performing
device for composition and the corresponding external quantum
efficiencies (EQEs) are shown in Fig. 2(e) and (f).

Various approaches have been proposed to increase the grain size of
perovskite thin films in order to improve the device performance
[30,31]. Previously, we have used Pb(SCN), additives to enlarge the
grain sizes of MAPbI3 and FA;_,Cs,Pbl; perovskites films to obtain
improved device performances [24,44]. Herein, we find that the
Pb(SCN), additives in combined MAPbI; and FAPbI; precursor solu-
tions can also effectively enlarge the grain size of MAg-,FA,3Pbl;
perovskite thin films. We incorporate various amounts of Pb(SCN),
additives ranging from 0 to 5 wt% with respect to Pbl, into the mixed
precursors to investigate the effect of Pb(SCN), additives on the film
morphology, crystalline, and device performance. We focused on the
composition of MA 7-FA 3PblI3 based on the above results.

Fig. 3(a) shows the absorbance spectra of MA, ,FAg 3Pbls perovs-
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Fig. 1. Characterizations of MA;_FAPbI; films with x varying from O to 1. (a) Steady-state PL spectra and (b) PL decays of MA;_,FAPbI; films. (c) Bandgap calculated from the PL
emission peaks and average photogenerated carrier lifetimes. (d) XRD patterns and (e) magnified XRD patterns of the (110) diffraction peak. (f) (110) diffraction peak position from
XRD and FWHM of (110) peak of MA;_,FAPbI; films. Top-view SEM images of (g) MAPbI3 and (h) MA, ,FA,3Pbl; films. (i) Average grain size obtained from SEM images with

different FA content.

kite films with various Pb(SCN), contents in the precursors, exhibiting
identical absorption edges at around 798 nm. This indicates that the
incorporation of Pb(SCN), additive in the precursors does not change
the Eg's of the perovskite absorbers, similar to our previous studies
[24,44]. Pb(SCN), additive in the precursors also leads to
MA, 7FAg 3Pbl; perovskite films with excessive Pbl, locating at the
grain boundaries, as verified by XRD and SEM. As shown in Fig. 3(b),
the intensity of (110) diffraction peak at 14.2° increased dramatically
compared to the MAy-FAy3Pbl; perovskite film without Pb(SCN),,
indicating higher crystallinity of the resulted films. Stronger Pbl, peaks
at 12.8° are observed for MAg 7,FAq 3Pbl; perovskite films with higher
Pb(SCN)> concentrations, indicating increased Pbl, in these perovskite
films. The FWHM values of the (110) diffraction peak of perovskite
films with various Pb(SCN), concentration are plotted in Fig. 3(c). It is
seen that the FWHM becomes smaller first and reaches a minimum
value at 3 wt%, and then increases. It can be inferred that the addition
of Pb(SCN), will increase the crystallinity, which is due to the
formation of large grain size with the addition of Pb(SCN), as discussed
in our previous works [24,44]. However, if the amount of Pb(SCN), is
too high, a large amount of Pbl, will be present in the resultant
perovskite films, which reduces the film phase purity and is detrimental
for the device efficiency. By comparing the SEM images of perovskite
films without (0 wt%) and with 3 wt% Pb(SCN),, it is seen that the
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average grain size is increased to 1760 nm for 3 wt% Pb(SCN),
perovskite from 142 nm for 0 wt% Pb(SCN), perovskite, implying an
increase of grain size by a factor of 12. The grains are much larger than
the film thickness (about 500 nm) of our typical perovskites layers as
shown in the cross-sectional SEM image (Fig. 3(f)), leading to less
horizontally oriented grain boundaries that may block charge trans-
portation [31]. A thin film with larger grains is expected to exhibit a
lower carrier recombination rate than a thin film with smaller grains,
resulting in an improved photovoltaic performance. The top-view SEM
images of perovskite films with other different concentrations of
Pb(SCN), are shown in Fig. S4. The average grain sizes are shown in
Fig. 3(c), with the grain sizes increasing as the Pb(SCN), concentration
increases. The grain size exceeds 2 um at 5 wt% Pb(SCN), additive.
However, the performance of PVSCs with 5 wt% Pb(SCN), additive
drops largely due to presence of a large amount of excessive Pbl.
Images of MAg-,FAg3Pbl; films with various concentration of
Pb(SCN), additive are shown in Fig. S5.

Several batches of PVSCs with different concentrations of Pb(SCN),
were fabricated. The statistical representations of the resulting photo-
voltaic parameters, calculated from 234 devices, are shown in
Fig. 4(a)—(d) and are also summarized in Table S3. The average Voc
first increases as the Pb(SCN), content increases and reaches a
maximum value of 1.108 + 0.008 V at 2 wt% Pb(SCN),. The V¢ starts
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Fig. 2. Photovoltaic performance of PVSCs based on MA;_,FAPbI; absorber with x varying from 0 to 1, showing the statistics of (a) Vo, (b) Jsc, (¢) FF and (d) PCE. (e) J-V curves and

(f) EQE spectra of best-performing MA; _(FA,PbI3 PVSCs.

to decrease when Pb(SCN), content further increases, due to the larger
amount of Pbl, at the surface of the perovskite film, which will form a
barrier between the perovskite and Spiro-OMeTAD layers. Pbl, has a
larger bandgap (~2.3 eV) [34] than perovskites, leading to relatively
low conductivity and suppressing effective transfer of holes from the
valence band of perovskite to the Spiro-OMeTAD. However, the Jgc
does not change significantly and is maintained at around 21-23 mA/
cm? regardless of the amount of Pb(SCN),. This is because the excess
PbI, crystallites are mostly located at perovskite grain boundaries and

(a) (b)

on film surfaces, rather than the light incident side, hence has no effect
on light illumination. The FF increases from 76.25% to over 78% by
increasing the Pb(SCN), concentration, achieving a maximum value of
78.81+£0.91% at 3 wt%, and then decreases slightly when the
Pb(SCN)> concentration further increases. As a result, the average
PCE increases from 18.25 + 0.50% for 0 wt% Pb(SCN), cells to 19.40 +
0.32% for the optimal 3 wt% devices. Higher concentrations of
Pb(SCN), (above 4 wt%) leads to reduced PCE of PVSCs, primarily
due to the reduced Vo although there is a slight decrease in Jsc for the

(c)
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Fig. 3. Characterizations of MA, ;FA 3Pbl; films with various content of Pb(SCN), additive. (a) UV-vis spectra, (b) XRD patterns, (c) FWHM of (110) diffraction peak and average
grain size of MA, ;FA, 3Pbl; films with various content of Pb(SCN), additive. Plane-view SEM images of (d) MAq ,FAq 3Pblz and (e) MAg ,FA( 3PbI3+3 wt% Pb(SCN), films. (f) Cross-

section SEM image of the planar structure PVSC.
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highest Pb(SCN), concentration devices. On the other hand, it is worth
mentioning that large perovskite grain sizes also reduce the observed J-
V hysteresis [44], The FF and PCE differences measured under reverse
and forward voltage scans [54], are shown in Fig. 4(e) and (f),
respectively. The FF and PCE differences (values measured under
reverse voltage scan — values measured under forward voltage scan)
decrease as the Pb(SCN), concentration increases, which can be
ascribed to the increased perovskite grain size that leads to reduced
density of grain boundaries and PbI, passivation of grain boundaries.
Representative J-V curves of MAg,FAg3Pbl; PVSCs with various

amounts of Pb(SCN), additive are shown in Fig. S6.

Fig. 5 shows the comparison of the photovoltaic performance of
PVSCs with absorbers of pure MAPbI;, MA,,FAq3Pbl; and
MA, 7FA( 3PbI3+3 wt% Pb(SCN), additive. Their representative J-V
curves under reverse and forward bias scans with a scan rate of 1 V/s
are shown in Fig. 5(a). The device with pure MAPbI; has a PCE of
16.49 (11.19) % with a V¢ of 1.102 (1.054) V, a Jgc of 19.99 (20.00)
mA/cm? and a FF of 74.85 (53.07) % measured under reverse
(forward) voltage scan. The PCE of the PVSC with MAg ,FAq 3Pbl; is
increased to 18.87 (17.27) %, with a Vo of 1.094 (1.075) V, a Jgc of
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Fig. 5. (a) J-V curves, (b) EQE spectra and (c) stabilized PCEs of PVSCs based on MAPbI3, MA 7FA, 3Pbl; and MAg ,FA( 3Pblz+3 wt% Pb(SCN),, respectively. (d) PL decays of three
perovskite films. (e) Voc and (f) Jsc versus light intensity of PVSCs with MAPbI3, MA, 7FA 3PbI3 and MA ;FAq 3PbI3+3 wt% Pb(SCN),.
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22.37 (22.37) mA/cm? and a FF of 77.11 (71.81) % measured under
reverse (forward) scan. It is clear that the Jgc significantly increases
due to the reduction in the Eg via FA substitution. With the Pb(SCN),
added into the mixed precursors, the MA, ,FAq 3Pbl; PVSCs shows a
Voc of 1.112 (1.098) V, a Jsc of 22.34 (22.34) mA/cm2 and a FF of
80.71 (78.87) %, generating a PCE of 20.03 (19.35)% under reverse
(forward) scan direction. The integrated Jsc's from the EQE spectra are
18.64, 22.08 and 22.24 mA/cm?® for PVSCs with pure MAPbI;,
MAy7FAg3Pbl; and MAg,FAq3PbI3+3 wt% Pb(SCN),, respectively,
which are in good agreement with the Jgc's obtained from their J-V
curves shown in Fig. 5(b). The PVSCs show increased stabilized power
output with these alterations in the perovskite layer (Fig. 5(c)). The
stabilized PCEs are 12.3%, 17.4% and 19.2% for the PVSCs with pure
MAPbls, MA07FA03Pb13 and MA07FA03Pb13+3 wt% Pb(SCN)Z, re-
spectively. The enhancement in Voc and FF can be ascribed to the
enlarged grain size (Fig. S4) and prolonged carrier lifetime, as obtained
from TRPL results in Fig. 5(d). The average carrier lifetimes obtained
from the fit are 470ns, 635ns and 1071 ns for pure MAPbI;,
MAy 7FAp3Pbl3, and MAgy-FAj3PbI3+3 wt% Pb(SCN),, respectively.
The dependence of V¢ and Jgc on light intensity ranging from 1 to
100 mW/cm2 is shown in Fig. 5(e) and (f). The Voc has a linear
relationship with natural logarithmic light intensity, giving the fitted
slopes of 1.55, 1.42 and 1.34 kT/q for PVSCs of pure MAPbDI;,
MAy 7FAp3Pbl; and MAg,FAq3PbI3+3 wt% Pb(SCN),, respectively.
The results reveal the presence of Shockley—Read—Hall recombination
in these PVSCs. However, the PVSC with MAg,FAg3PbI3+3 wt%
Pb(SCN), shows lower trap-assisted recombination (lower slope) than
the PVSC with MAg ,FAg 3Pbls, which is still lower than for the PVSC
with pure MAPbI;. The power law dependence of Jsc on the light
intensity shows a linear relation in a double logarithmic scale. The
fitted slopes (a) of these three PVSCs are 0.957, 0.959 and 0.973 for
PVSCs of pure MAPbI3, MAy,FAq3Pbl; and MAg,FAq 3PbIs+3 wt%
Pb(SCN)s,, respectively. It has been reported that a solar cell with no
space charge limited photocurrents will give a slope of 1 [55]. The
PVSC with MAg ,FAg 3PbI3+3 wt% Pb(SCN), has more balanced charge
carrier transportation than the pure MAPbI; and MA,,FAq3Pbls
PVSCs due to the improved perovskite film quality. Fig. S7 shows
cross-sectional SEM images of devices with three different absorbers,
MAPbL;, MA,,FAq sPbls, and MAgFAo5Pbls+3 wt% Pb(SCN),. The
absorber layers have a very similar thickness of about 500 nm. The
MAPDI3 and MAg ,FAg 3Pbl; thin films have small grains with sizes
smaller than the film thickness. Therefore, the absorbers contain
horizontal grain boundaries, presenting a significant risk for recombi-
nation of photogenerated electrons and holes when they travel through
the absorber layer. However, the MA, ,FA( 3PbI3+3 wt% Pb(SCN), film
shows much larger grains with sizes larger than the film thickness. The
absence of horizontal grain boundaries should result in a much lower
rate of carrier recombination, leading to improved device perfor-
mances.

Our best-performing PVSC with MAg 7,FAg 3PbI3+3 wt% Pb(SCN),
shows a PCE of 20.10 (19.85) % with a Vo of 1.121 (1.119) V, a Jic of
22.85 (22.86) mA/cm? and a FF of 78.46 (77.60) % measured under
reverse (forward) voltage scan, showing a very small degree of J-V
hysteresis (Fig. 6(a)). The corresponding EQE spectrum and integrated
current density under a standard AM 1.5 G spectrum are shown in
Fig. 6(b). The EQE-integrated Jgc is 22.60 mA/cm?, consistent with the
Jsc obtained from the J-V curve. Fig. 6(c) shows the maximum power
output of ~19.8% measured using the maximum power point tracking
method. The power output of this PVSC is very stable under one sun
illumination for 600 s without any isolation from the ambient environ-
ment, during which time no significant degradation was observed. The
current density (~21.7 mA/cm?) hardly changed while the voltage
increased slightly in the first several seconds under illumination then
achieved a stable value of 0.91 V. The stable power output is consistent
with the value obtained from J-V curve.

The low-temperature fabrication process is particularly beneficial
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for making flexible PVSCs. We have fabricated flexible PVSCs on
indium-doped SnO, (ITO)/polyethylene terephthalate (PET) sub-
strates. The compositional and morphological engineering conditions
optimized for PVSCs fabricated on glass substrates are suitable for
flexible PVSCs on PET substrates. The J-V curves under reverse and
forward scans of the best-performing flexible PVSC are shown in
Fig. 7(a), exhibiting a PCE of 17.96 (16.10)% with a Vo of 1.076
(1.020) V, a Jgc of 22.23 (22.23) mA/cm? and a FF of 75.10 (71.02)%
when measured under reverse (forward) voltage scan with a sweep rate
of 1 V/s. The degrees of hysteresis of the flexible PVSCs are higher than
the PVSCs fabricated on rigid FTO glass substrates. This is likely due to
the relatively higher sheet resistance of the ITO/PET substrate (~45 Q/
o) compared to that of FTO glass substrate (~15 Q/o). The integrated
current density from the EQE spectrum of this flexible PVSC is
21.90 mA/cm? as shown in Fig. 7(b), in good agreement with the Jgc
value obtained from J-V curve. The XRD pattern and SEM image of the
MA, 7FA( 3Pbl; +3 wt% Pb(SCN), perovskite film deposited on ITO/
PET substrate are shown in Fig. 7(c), revealing the successful forma-
tion of high quality perovskite film. We have also measured the effect of
bending fatigue cycles on device performance on as shown in Fig. 7(d),
(e) and (f). The J-V curve of flexible PVSC under reverse scan shows
that FF decreases significantly with the increase number of bending,
which can be ascribed to the dramatically increased sheet resistance of
the flexible ITO/PET substrate as shown in Fig. 7(e), which leads to the
increased series resistance of the PVSC. This is consistent with Fig. S8,
showing no obvious change on the film morphology after 340 times
bending. After 340 bending with a minimum radius of curvature of
5 mm, the PCE is maintained at 14.30%, approximately 80% of its
initial PCE of 17.96%, indicating a good flexibility endurance of our
flexible PVSCs. The image of our flexible PVSC is shown as the inset of
Fig. 7(f). Therefore, higher performance flexible PVSCs are expected if
flexible substrates with higher conductivity and better bending endur-
ance become available [56].

4. Conclusion

We have employed compositional and morphological engineering of
mixed MA;_FAPbl; perovskite absorber layers to improve the
performance of planar PVSCs. The alloying of FA and MA extends
the absorption edge of the perovskite absorbers to longer wavelengths,
leading to enhanced Jgc. The introduction of a small amount of
Pb(SCN), into the perovskite precursors enlarges the grain size and
prolongs the charge carrier lifetimes in the perovskite films, leading to
significant improvement in Vpc's and FFs in the resultant devices. With
optimal compositional and morphological engineering, the average
PCE improves from 15.74 + 0.74% for pure MAPbI3; PVSCs to 19.40 +
0.32% for MAg -FAq.3Pbl; PVSCs with 3% Pb(SCN), additive. Our best-
performing planar MA, ,FA, 3Pbl; PVSC (with 3% Pb(SCN), additive)
has achieved a PCE of 20.10 (19.85) % when measured under reverse
(forward) voltage scan. The flexible PVSC shows a very high efficiency
of 17.96% under reverse scan. Our results suggest that incorporating
Pb(SCN), additive in the precursors is an effective approach for
fabricating highly efficient planar mixed cation PVSCs with reduced
hysteresis and high reproducibility.
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