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Organo-metal halide perovskites have suffered undesirably from structural and thermal instabilities.

. Moreover, thermal annealing is often indispensable to the crystallization of perovskites and removal

. ofresidual solvents, which is unsuitable for scalable fabrication of flexible solar modules. Herein, we

. demonstrate the non-thermal annealing fabrication of a novel type of air-stable triple-cation mixed-

. halide perovskites, FA, ;MA, ;Cs, 1Pb(l5;sBry6); (FMC) by incorporation of Pb(SCN), additive. It is found

© that adding Pb(SCN), functions the same as thermal annealing process by not only improving the

. crystallinity and optical absorption of perovskites, but also hindering the formation of morphological

. defects and non-radiative recombination. Furthermore, such Pb(SCN),-treated FMC unannealed films

. present micrometer-sized crystal grains and remarkably high moisture stability. Planar solar cells built
upon these unannealed films exhibit a high PCE of 14.09% with significantly suppressed hysteresis

: phenomenon compared to those of thermal annealing. The corresponding room-temperature

. fabricated flexible solar cell shows an impressive PCE of 10.55%. This work offers a new avenue to low-

: temperature fabrication of air-stable, flexible and high-efficiency perovskite solar cells.

. Organo-metal halide perovskites have recently received exponentially increasing attention owing to their easy
© processability, low cost of materials, and excellent photovoltaic performance!~. To date, the record power conver-
. sion efficiency (PCE) of perovskite based solar cells has reached ~22.1%*. The general chemical formula of per-
. ovskites is ABX;, where A is monovalent organic cation such as CH3NH;’ (MA*), HC(NH, )3' (FA*)and Cs*, B
is divalent metal cation (e.g., Pb*", Sn?*) and X is halide anion (e.g., Cl~, Br~, I or their mixtures)®. Among them,
' methylammonium lead triiodide (MAPbI;) is the most widely studied perovskite system, and has achieved PCEs
- up to 19.3%°. However, MAPbI; is inevitably subjected to moisture, thermal and photo-instabilities, which largely
restrict its future commercialization”®. As an alternative, formamidinium lead triiodide (FAPbI;) has been
. recently developed because of its longer and broader light absorption along with better photo-stability than
© MAPDIL,’. Yet the black perovskite-type trigonal structure (i.e., a-phase) of FAPbI, readily transforms into the
. yellow non-perovskite hexagonal structure (i.e., §-phase) at room temperature!®. More recently, all-inorganic
cesium lead triiodide (CsPbl;) perovskites have drawn intensive research interest for its superior thermal
© stability'!. Unfortunately, its large band gap (~1.73 V) is not suitable for PV applications and it is unstable in the
: photoactive a-phase in ambient atmosphere!2.

: To enhance the stability of neat perovskites, mixed cations and/or halides have been introduced into per-
. ovskite compounds. For instance, the incorporation of MAPbBr; into FAPbI, stabilized the perovskite phase of
. FAPDI; and improved the solar cells up to >18% in PCE". Very recently, by partial replacement of FA by Cs, the
- resulting FA ,Cs, ,Pbl; exhibited significantly improved photo- and moisture stabilities'®. Most recently, Gritzel
. et al. presented triple-cation type perovskites of Cs (MA, ,FA ) (100 Pb(Io83Bro17); with high efficiency and
: more importantly, phase stability’>. However, for all the above examples, thermal annealing is indispensable to
© crystallizing perovskite phases, which is highly unfavorable for constructing flexible solar cells on polyethylene
. terephthalate (PET) substrate.

We have previously manifested the non-thermal annealing fabrication of efficient planar MAPbI; perovskite
: solar cells by inclusion of NH,Cl additive'®. Furthermore, we have shown that the addition of Pb(SCN), to
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MAPDI; led to increased crystal size, reduced traps and improved device stability!”. Herein, we demonstrate
such a type of air-stable triple-cation mixed-halide perovskites that exhibit highly efficient solar cell perfor-
mance without the need of thermal annealing process, which is enabled by addition of Pb(SCN),. By combi-
nation of FA, MA and Cs cations as well as mixed I and Br anions, the optimal FA,,;MA,Cs, ,Pb(I5/sBr,/6)3
(namely, FMC) is, by calculation, expected to form stable perovskite phases. By incorporation of Pb(SCN), addi-
tive, FA(,MA ,Cs,1Pb(Is6Br /6);_(SCN), (donated as FMC-SCN) perovskite readily yields the increased crystal
size and improved crystallinity in the absence of thermal annealing. Moreover, it aids to suppress the formation
of morphological defects and Pbl, phase. As a result, a high PCE of 14.09% is obtained in such FMC perovskite
based planar solar cells with alleviated hysteresis phenomenon.

Results

Theoretical calculation was first used to acquire the best composition formula of stable perovskite phase. ABX;
perovskites with A =FA, MA or Cs, B=Pb, and X =1 or Br compositions can adopt different crystal structures
depending on the size and interaction of the A cation and the corner-sharing [BX¢]*~ octahedral*. Goldschmidt
tolerance factor (f) is an empirical index for predicting stable crystal structures of perovskite materials, which can
be calculated from the ionic radius of the atoms using equation (1)'8.

Ty + 1y

= 2 (rg+ 1) (1)

where r,, 1, and ry are the effective ionic radii for A, B, and X ions, respectively. When the ¢ value lies in the range
of 0.8-1.06, cubic perovskite structures with high stability are formed'®. Otherwise, non-perovskite structures
may exist. In this work, we attempt to introduce an appropriate stoichiometric ratio of mixed MA, Cs, Br ions
into typical FAPDI; perovskite to obtain stable cubic-phases in the formula of FA,MA,Cs,_,_,Pb(L,Br, _,);. The
effective radius size of cation (r ,,) and anion (r,,;,,), effective tolerance factor (f.4) and octahedral factor (i) can
be estimated by equations (2-5)'%:

T cation = xFA +yMA + (l - X = )’)CS (2)
Tamion = 2+ (1 — z)Br~ (3)
t — T cation + T anion
& “/E(erzJr + runion) (4)
= Im
" anion (5)

According to the previous reports, the ionic radii of FAT, MAT, Cs*, Pb?*, I~ and Br™ are calculated as 2.53,
2.16,1.67, 1.02,2.20 and 1.96 A, respectively'2. As a result, the optimal composition formula with high stability
is FA;;MA,Cs, Pb(IssBr,s); (abbreviated as FMC) with a t.4 of 0.997 and . of 0.47, which falls in the range of
0.8-1.06 and over 0.41, respectively®.

Next, we added a small amount of Pb(SCN), into FMC perovskite solution to investigate the effects on optical
properties and crystalline morphology with/without thermal annealing. The one-step and ‘antisolvent’ methods
were utilized to obtain FMC based perovskite films?!. The precursor solution of FMC was prepared by dissolv-
ing a mixture of Pbl,, FAL, MAI, CsI and PbBr, in dimethylformamide (DMF) solvent with or without adding
5wt% Pb(SCN),. The mixed solution was then spin-coated on the substrate, immediately followed by exposure
to toluene to induce the crystallization and form uniform films?'. Thermal annealing was conducted at 100°C for
10 min. Consequently, five sets of perovskite films were prepared including typical FAPbI; (A), unannealed FMC
(B), annealed FMC (C), unannealed FMC with Pb(SCN), (D), and annealed FMC with Pb(SCN), (E).

X-ray diffraction (XRD) measurement was then employed to determine the roles of thermal annealing and
Pb(SCN), additive on the formation of perovskite phases and crystallization in the above five samples. As shown
in Fig. 1, all samples (A—E) exhibit two major peaks characteristic of perovskite at 14.34° and 28.61°, which are
assigned to (001) and (002) crystal planes, respectively?. For typical FAPbI, perovskite, two small peaks at 11.63°
and 12.85° corresponding to the photo-inactive hexagonal 6-phase (i.e., yellow phase) of FAPbI; and cubic Pbl,,
respectively, indicating the incomplete conversion of FAPbL; into the photoactive black phase'.

By contrast, after introducing small amounts of MA, Cs, Br mixed ions in proportion to FMC, both peaks of
yellow phase and PbI, completely disappears, suggesting the complete conversion into photoactive black phase. In
addition, all the peak intensities of annealed FMC are remarkably higher than those of unannealed FMC, which
emphasizes the critical role of thermal annealing during the formation of perovskite phase.

Intriguingly, after the addition of Pb(SCN),, even without thermal annealing, all the peaks are enhanced
in intensity than those of annealed FMC. This suggests that the addition of Pb(SCN), additive can completely
replace thermal annealing step to increase the crystallinity of perovskite phase. However, when the film of FMC
with Pb(SCN), is annealed at 100 °C for 10 min, the peak intensities become tremendously high and the Pbl,
phase unfortunately appear again, meaning that thermal annealing can further increase the perovskite crystallin-
ity yet at the expense of largely decomposing the perovskite phases.

Different crystallization dynamics of the above perovskites would strongly impact their optical properties.
Thus, we measured and compared their optical absorption spectra. As shown in Fig. 2a, all FMC samples without
or with Pb(SCN), exhibit notably stronger absorption at 400-750 nm than FAPbI; counterpart. Meanwhile, the
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Figure 1. XRD patterns for different perovskite thin-films. Annealed FAPbI; (A), unannealed FMC (B),
annealed FMC (C), unannealed FMC with Pb(SCN), (D), and annealed FMC with Pb(SCN), (E). Note that the
symbol * and **’ represents the 5-phase of FAPbI; and the cubic Pbl,, respectively.

absorption intensity of annealed FMC sample is considerably larger than that of unannealed analogue, indicating
the important role of thermal annealing process in the formation of perovskite phase. However, upon adding
Pb(SCN),, both unannealed and annealed FMC samples show almost identical absorption spectra, meaning that
perovskites phase can be successfully formed even at room temperature with the aid of Pb(SCN),.

In addition to crystalline structures, morphological defects or traps in perovskite films would also influence
optical properties. Therefore, the steady-state photoluminescence (PL) spectra of different FMC films without
or with Pb(SCN), were characterized. As shown in Fig. 2b, the PL intensity of annealed FMC samples is larger
than that of unannealed ones, implying the decrease of defects under thermal annealing®. In contrast, the PL
intensity of unannealed FMC is adversely higher than that of annealed one after the addition of Pb(SCN),, indi-
cating that more defects are formed during thermal annealing process. Time-resolved PL (TRPL) was further
measured to examine the recombination dynamics of the photo-excited states in different FMC films. Note that
the TRPL measurement was performed at 760 nm using a 485 nm incident laser, and the analysis of biexponetial
fit parameters for FMC based perovskites. The PL kinetics data are summarized in Supplementary Table S1. As
shown in Fig. 2¢, thermal annealing and addition of Pb(SCN), can both remarkably prolong the PL lifetime of
FMC perovskites from 53.82ns to 178.23 ns and 117.25 ns, respectively. However, after the perovskite of FMC
with Pb(SCN), is thermally annealed, the PL lifetime is only slightly increased to 71.97 ns. Therefore, both PL and
TRPL results indicate that adding Pb(SCN), as well as thermal annealing allows to significantly reduce crystal
defects and increase the PL lifetime, resulting in suppressed non-radiative recombination and improved charge
transport®,

Field-emission scanning electron microscopy (FE-SEM) was used to further verify the different roles of
thermal annealing process and Pb(SCN), additive on the film morphology and crystallization of FMC based
perovskites. As shown in Fig. 3a, annealed FAPbI; film shows a rough surface consisting of numerous packed
crystals. By contrast, smoother surface can be all obtained in the FMC based films (Fig. 3b—e). Moreover, by com-
paring Fig. 3b,c, thermal annealing can slightly increase the crystal size of FMC. Upon the addition of Pb(SCN),
and without thermal annealing, the crystal size significantly increases up to 1 um, suggesting that Pb(SCN),
additive results in enhanced crystallinity at room temperature (Fig. 3d). This is completely consistent with the
XRD and PL results and also in good accordance with our previous report'”. However, as shown in Fig. 3e, when
the film of FMC with Pb(SCN), is thermally annealed at 100 °C for 10 min, the crystal size approaches 2 ym while
rod-like Pbl, crystals are also formed and generate more morphological defects, which will severely undermine
the charge transport and device performance of perovskite solar cells. Moreover, energy dispersive X-ray (EDX)
analysis (Supplementary Figure S1) shows that the atomic weight of sulfur element in FMC with Pb(SCN), is
slightly decreased after thermal annealing, indicating that most of SCN™ remains, which is in accordance with
previous report!7-?-%7,

We then evaluated the moisture stability of FMC based perovskites. All the typical FAPbI; and FMC
based perovskites were first stored in air with high relative humidity (RH) around 80% at 20 °C. As shown in
Supplementary Figure S2, all the films exhibit black and smooth surface in the beginning. When the exposure
time is increased to 2h, a large area of FAPbI; (A) quickly turns yellow while FMC perovskites (B,C) preserve
blackish only with tiny white spots. It means the improved stability of FMC than FAPbI;, which is in accordance
with the calculation of tolerance factor. By contrast, Pb(SCN), treated FMC perovskite films turn slightly into
brownish without tiny spots during the exposure, indicating that the stability of FMC is largely preserved after
the addition of Pb(SCN),. However, all the above films degrade too fast to trace the degradation trend under high
RH. Therefore, their degradation mechanism under modest moisture—with RH of 65% at 20 °C—was carefully
examined by optical absorption studies. As shown in Supplementary Figure S3a, the absorption curve of FAPbI;
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Figure 2. Optical characteristics of different perovskite thin-films. (a) UV-vis absorption coeflicient (),
(b) steady-state photoluminescence spectra and (C) time-resolved photoluminescence profiles of annealed
FAPDI, (A), unannealed FMC (B), annealed FMC (C), unannealed FMC with Pb(SCN), (D), and annealed
FMC with Pb(SCN), (E).

500 nm 500 nm

Figure 3. FE-SEM images of different perovskite thin-films. (a) Annealed FAPbI; film, (b) unannealed and
(c) annealed FMC films, (d) unannealed and (e) annealed FMC films with Pb(SCN),.

immediately becomes flat after 120 min’s exposure in air. By contrast, the absorption intensities of annealed FMC
only slightly decrease after 1440 min while the unannealed FMC without Pb(SCN), first slightly degrades after
300 min and then rapidly decomposes after 1080 min (Figure S3b,c), suggesting that remarkably improved mois-
ture stability is achieved in FMC based films.

Next, we investigated the effects of thermal annealing and addition of Pb(SCN), on the FMC perovskites
based planar solar cells of ITO/PEDOT:PSS/perovskite/PCs;BM/Bphen/Al, as schematically depicted in Fig. 4a.
Figure 4b presents the photocurrent density-voltage (J— V) curves of the optimal devices with reverse scan
under simulated AM 1.5 G sunlight irradiation. The complete ] — V profiles with both reverse and forward scan
directions are shown in Supplementary Figure S4, and the photovoltaic parameters are summarized in Table 1.
In the FMC systems, thermal annealing assists to greatly increase the short-circuit current density (Jsc) from
6.98 to 14.01 mA/cm? at reverse scan with identical open-circuit voltage (Vo) of ~1.05V and fill factor (FF) of
~72%, which coincides well with the optical absorption results, and thus doubles the PCE from 5.52% to 10.15%.
However, hysteresis phenomenon still obviously exists in the annealed FMC cells as indicated in Figure S4b.

On the contrary, after adding Pb(SCN), and without thermal annealing, a significantly higher Jsc of 18.21
mA/cm? is obtained while preserving about the same V¢ and FF, resulting in the highest PCE of 14.09% at
reverse scan. Meanwhile, the hysteresis phenomenon is greatly suppressed in the unannealed device of FMC
with Pb(SCN),. These results explicitly suggest that the addition of Pb(SCN), is remarkably more effective in
improving not only crystalline morphology but also device performance than thermal annealing in FMC based
solar cells. Supplementary Figure S5 displays the efficiency histograms of 10 individual unannealed devices of
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Figure 4. Schematic of the device architecture, the photovoltaic performances of perovskite solar cells and
the image of a flexible cell. (a) Schematic configuration of FMC perovskites based bilayered solar cells, and (b)
their representative photocurrent density—voltage (J — V) characteristics of unannealed FMC (B), annealed
FMC (C), unannealed FMC with Pb(SCN), (D), and annealed FMC with Pb(SCN), (E) under light irradiation
of 100 mW/cm? at reverse scan. (C) Photograph and (D) J — V characteristics of D based flexible solar cell under
reverse and forward scans.

Reverse 5.52 6.98 1.10 71.87
X
Forward 5.17 9.11 1.08 52.59
FMC
v Reverse 10.15 14.01 1.00 72.49
Forward 9.51 16.95 0.94 59.67
Reverse 14.09 18.21 1.06 72.97
X
Forward 12.71 18.05 1.04 67.70
FMC + Pb(SCN),
. Reverse 591 15.24 0.68 57.05
Forward 3.96 13.84 0.62 46.19
Reverse 10.55 15.80 1.00 66.76
Flexible X
Forward 9.48 15.17 1.00 62.49

Table 1. Photovoltaic parameters of FMC based solar cells.

FMC with Pb(SCN), at reverse scans, which indicates the good reproducibility with an average PCE of 11.97%.
Moreover, such low-temperature processing will greatly accelerate the large-scale production of flexible perovskite
solar modules. As a demonstration, we therefore fabricated such a flexible solar cell of FMC with Pb(SCN)2 on
PET substrate at room temperature (Fig. 4c), which exhibits impressive PCEs of 10.55% and 9.48% under reverse
and forward scans, respectively, with little hysteresis (Fig. 4d).

However, when the device of FMC with Pb(SCN), is thermally annealed at 100 °C for 10 min, Jy is slightly
reduced to 15.24 mA/cm? at reverse scan while Vo and FF are dramatically decreased to 0.68 V and 57.05%,
respectively, resulting a much lower PCE of 5.91%. This agrees well with the obtained results of almost unchanged
optical absorption yet significantly increased defects, the latter of which is indicated from PL and SEM
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characterizations and originate from the largely deteriorated perovskite crystalline morphology and the forma-
tion of PbL, phase.

Lastly, we evaluated thermal stabilities of FMC with Pb(SCN), and their solar cells. The thermal gravimetric
analysis (TGA) profiles (Supplementary Figure S6) show that FMC displays a degradation temperature onset
at 200 °C and remains unchanged after the addition of Pb(SCN),. Furthermore, we investigated the effect of
modest thermal annealing on the cell performance. Upon adding Pb(SCN), and thermal annealing at 50 °C for
5 and 10 min, the PCE is only slightly decreased from 14.09% to 11.61% and 12.14%, respectively, at reverse scan
(Supplementary Figure S7 and Table S2). These results imply that the FMC with Pb(SCN), based devices exhibit
the same good thermal stability as those of FMC.

Discussion

In summary, we have shown a novel type of air-stable perovskites, FA,;MA,,Cs, ;Pb(I5Br,); where the influ-
ences of thermal annealing process and adding Pb(SCN), are comparatively studied. Both of them contribute
equally to not only increasing the crystallinity, optical absorption and PL lifetime of perovskites, but also hinder-
ing the formation of morphological defects and Pbl, phase, and suppressing charge recombination. In FMC per-
ovskites based planar solar cells, Pb(SCN), additive is found to enhance the device performance (in particular Jgc)
and suppress the hysteresis phenomenon more significantly than thermal annealing, yielding the best PCE of
14.09%. As such, the flexible solar cell based on unannealed FMC-SCN exhibits an impressive PCE of 10.55%.
This work offers a new yet scalable avenue towards fabricating efficient perovskite solar cells at room temperature
with good moisture and thermal stabilities.

Methods
Chemicals.  All chemicals were purchased from J&K Scientific, Ltd. (China) and Acros Organics unless indi-
cated, and used as received. The phenyl-C61-butyric acid methyl ester (PC4; BM) was obtained from Nano-C, Inc.

Fabrication of perovskite films. The one-step and ‘antisolvent’ methods were utilized to obtain FAPbI,
and FMC based films. FAPbI; perovskite solution was prepared by dissolving Pbl, (0.323 g), and FAI (0.120g) in
DME. The precursor solution of FMC was prepared by dissolving a mixture of Pbl, (0.346 g), FAI (0.121 g), MAI
(0.032g), CsI (0.026 g) and PbBr, (0.092g) in 1 mL of dimethylformamide (DMF) solvent with or without adding
5wt% Pb(SCN),. The mixed solution was then spin-coated at 4000 rpm for 30s on the substrate. After a specific
delay time (e.g., 65) during spin-coating, a second solvent of toluene was immediately added to the substrate.
Thermal annealing of FMC and FAPbI; was conducted at 100 °C and 175 °C for 10 min, respectively.

Characterization. Optical absorption and photoluminescence spectra of samples were acquired on Agilent
8453 UV-Visible spectrophotometer and a Horiba FluoroMax®-4 spectrofluorometer, respectively. X-ray dif-
fraction pattern data for 20 values were collected with a Bruker AX D8 Advance diffractometer with nickel
filtered Cu Ko radiation (A = 1.5406 A). Field-emission scanning electron microscopy images coupled with
energy-dispersive X-ray elemental analysis were acquired on Philips XL-30 field-emission gun at an accelerating
voltage of up to 30kV. Fluorescence lifetimes were measured using FluoroLog-3 modular spectrofluorometer
(HORIBA Scientific, Inc.) at 760 nm using a 485-nm incident laser. Thermogravimetry analysis was performed
on a TA Q500 at a heating rate of 10 °C/min from 25 to 600 °C under nitrogen atmosphere.

Device and measurements. Patterned indium tin oxide (ITO) on glass and polyethylene terephthalate
(PET) substrates (12 Q, Thin Film Devices, Inc.) were cleaned sequentially in an ultrasonic solvent bath of deion-
ized water, acetone, and isopropyl alcohol. After drying with a stream of nitrogen, the substrates were treated in a
UV Ozone (UVO) cleaner for 20 min. For the regular cells, a thin layer (~30nm) of PEDOT:PSS (CleviosTM P VP
AT 4083, Heraeus) was spin-coated onto the ITO at 5000 rpm for 60 s and then baked in air at 130 °C for 20 min.
The PEDOT:PSS-coated substrates were immediately transferred to a N,-filled glovebox for making the active
layer. After the formation of the perovskite layer, a second layer of PC¢;BM was spin-coated from chlorobenzene
solution (20 mg/mL) at 3000 rpm for 30s. The samples were then loaded into a glovebox-integrated deposition
chamber and pumped down to a pressure of <107°Pa. A sequence of Bphen (3nm) and Al (80 nm) layers was
deposited by thermal evaporation through a shadow mask at a rate of 1.3 and 1 A/s, respectively. The active area as
defined shadow mask is ~0.04 cm? The sample was mounted inside a nitrogen-filled sample holder with a quartz
optical window for subsequent measurements.

The light ] — V curves were measured on a Keithley 2400 source meter unit under AM 1.5 G light illumination
with a Newport-Oriel (Sol3A Class AAA Solar Simulator, 94043 A) solar simulator operating at an intensity of
100 mW cm 2. The light intensity was calibrated by a certified Oriel reference cell (91150 V) and verified with a
NREL calibrated, filtered silicon diode (Hamamatsu, S1787-04). The ] — V profiles were obtained under both
forward (—0.5V — +1.5V) or reverse (+1.5V — —0.5V) scans at a rate of 10 mV/s.

References

1. Kojima, A., Teshima, K., Shirai, Y. & Miyasaka, T. Organometal halide perovskites as visible-light sensitizers for photovoltaic cells. J.
Am. Chem. Soc. 131, 6050-6051 (2009).

2. Lee, M. M., Teuscher, J., Miyasaka, T., Murakami, T. N. & Snaith, H. J. Efficient hybrid solar cells based on meso-superstructured
organometal halide perovskites. Science 338, 643-647 (2012).

3. Chen, Y., He, M., Peng, J., Sun, Y. & Liang, Z. Structure and growth control of organic-inorganic halide perovskites for
optoelectronics: From polycrystalline films to single crystals. Adv. Sci. 3, 1500392 (2016).

4. (accessed: March 2017) http://www.nrel.gov/ncpv/images/efficiency_chart.jpg.

5. Gritzel, M. The light and shade of perovskite solar cells. Nat. Mater. 13, 838-842 (2014).

6. Zhou, H. et al. Interface engineering of highly efficient perovskite solar cells. Science 345, 542-546 (2014).

SCIENTIFIC REPORTS | 7:46193 | DOI: 10.1038/srep46193 6


http://www.nrel.gov/ncpv/images/efficiency_chart.jpg

www.nature.com/scientificreports/

7. Bass, K. K. et al. Influence of moisture on the preparation, crystal structure, and photophysical properties of organohalide
perovskites. Chem. Commun. 50, 15819-15822 (2014).
8. Conings, B. et al. Intrinsic thermal instability of methylammonium lead trihalide perovskite. Adv. Energy Mater. 5, 1500477 (2015).
9. Pang, S. et al. NH,CH = NH,Pbl;: An alternative organolead iodide perovskite sensitizer for mesoscopic solar cells. Chem. Mater.
26, 1485-1491 (2014).
10. Koh, T. M. et al. Formamidinium-containing metal-halide: An alternative material for near-IR absorption perovskite solar cells. J.
Phys. Chem. C 118, 16458-16462 (2014).
11. Eperon, G. E. et al. Inorganic caesium lead iodide perovskite solar cells. J. Mater. Chem. A 3, 19688-19695 (2015).
12. Sutton, R.J. et al. Bandgap-tunable cesium lead halide perovskites with high thermal stability for efficient solar cells. Adv. Energy
Mater. 6, 1502458 (2016).
13. Jeon, N. J. et al. Compositional engineering of perovskite materials for high-performance solar cells. Nature 517, 476-480 (2015).
14. Lee, J.-W. et al. Formamidinium and cesium hybridization for photo- and moisture-stable perovskite solar cell. Adv. Energy Mater.
5,1501310 (2015).
15. Saliba, M. et al. Cesium-containing triple cation perovskite solar cells: improved stability, reproducibility and high efficiency. Energy
Environ. Sci. 9, 1989-1997 (2016).
16. Chen, Y., Zhao, Y. & Liang, Z. Non-thermal annealing fabrication of efficient planar perovskite solar cells with inclusion of NH,CI.
Chem. Mater. 27, 1448-1451 (2015).
17. Chen, Y,, Li, B., Huang, W., Gao, D. & Liang, Z. Efficient and reproducible CH;NH;Pbl;_,(SCN), perovskite based planar solar cells.
Chem. Commun. 51, 11997-11999 (2015).
18. Li, Z. et al. Stabilizing perovskite structures by tuning tolerance factor: Formation of formamidinium and cesium lead iodide solid-
state alloys. Chem. Mater. 28, 284-292 (2016).
19. Nagabhushana, G. P, Shivaramaiah, R. & Navrotsky, A. Direct calorimetric verification of thermodynamic instability of lead halide
hybrid perovskites. Proc. Nat. Acad. Sci. 113, 7717-7721 (2016).
20. Travis, W,, Glover, E. N. K, Bronstein, H., Scanlon, D. O. & Palgrave, R. G. On the application of the tolerance factor to inorganic
and hybrid halide perovskites: a revised system. Chem. Sci. 7, 4548-4556 (2016).
21. Xiao, M. et al. A fast deposition-crystallization procedure for highly efficient lead iodide perovskite thin-film solar cells. Angew.
Chem. Int. Ed. 53, 9898-9903 (2014).
22. Zhumekenov, A. A. et al. Formamidinium lead halide perovskite crystals with unprecedented long carrier dynamics and diffusion
length. ACS Energy Lett. 1, 32-37 (2016).
23. Song, X., Wang, W, Sun, P, Ma, W. & Chen, Z.-K. Additive to regulate the perovskite crystal film growth in planar heterojunction
solar cells. Appl. Phys. Lett. 106, 039901 (2015).
24. Yuan, D.-X,, Gorka, A., Xu, M.-E,, Wang, Z.-K. & Liao, L.-S. Inverted planar NH,CH = NH,Pbl, perovskite solar cells with 13.56%
efficiency via low temperature processing. Phys. Chem. Chem. Phys. 17, 19745-19750 (2015).
25. Daub, M. & Hillebrecht, H. Synthesis, single-crystal structure and characterization of (CH;NH,),Pb(SCN),1L,. Angew. Chem. Int. Ed.
54,11016-11017 (2015).
26. Ganose, A. M., Savory, C. N. & Scanlon, D. O. (CH;NH,),Pb(SCN),,: A more stable structural motif for hybrid halide photovoltaics?
J. Phys. Chem. Lett. 6, 4594-4598 (2015).
27. Xiao, Z. et al. Photovoltaic properties of two-dimensional (CH;NH;),Pb(SCN),I, perovskite: A combined experimental and density
functional theory study. J. Phys. Chem. Lett. 7,1213-1218 (2016).

Acknowledgements
This work was supported by National Natural Science Foundation of China (NSFC) under grant No. 51473036.

Author Contributions

Z.L. conceived and designed the experiments. Y.S., J.P. and Y.C. prepared the perovskite solar cells and analyzed
the data. Y.Y. performed the stability tests. Y.S., J.P. and Y.C. wrote the manuscript together. All the authors
reviewed the manuscript and made the revision.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing Interests: The authors declare no competing financial interests.

How to cite this article: Sun, Y. et al. Triple-cation mixed-halide perovskites: Towards efficient, annealing-free
and air-stable solar cells enabled by Pb(SCN), additive. Sci. Rep. 7, 46193; doi: 10.1038/srep46193 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFIC REPORTS | 7:46193 | DOI: 10.1038/srep46193 7


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Triple-cation mixed-halide perovskites: towards efficient, annealing-free and air-stable solar cells enabled by Pb(SCN)2 additive
	Introduction
	Results
	Discussion
	Methods
	Chemicals
	Fabrication of perovskite films
	Characterization
	Device and measurements

	Additional Information
	Acknowledgements
	References


