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ABSTRACT
Organic–inorganic  metal  halide  perovskites  have  attained  extensive  attention  owing  to  their  outstanding  photovoltaic
performances,  but  the  existence  of  numerous  defects  in  crystalline  perovskites  is  still  a  serious  constraint  for  the  further
development  of  perovskite  solar  cells  (PSCs).  In  particular,  the  rapid  crystallization  guided  by  anti-solvents  leads  to  plenty  of
surficial  and  interfacial  defects  in  perovskite  films.  Herein,  we  report  the  adoption  of  a  pseudo-halide  anion  based  ionic  liquid
additive, 1-butyl-3-methylimidazolium thiocyanate (BMIMSCN) for growing ternary cation (CsFAMA, where FA = formamidinium
and  MA  =  methylammonium)  perovskites  with  large-scale  crystal  grains  and  strong  preferential  orientation  via  the  enhanced
Ostwald  ripening.  Meanwhile,  a  novel  halide-free  passivator,  benzylammonium formate  (BAFa),  was  employed  as  a  buffering
layer  on  the  perovskite  films  to  suppress  surface-dominated  charge  recombination.  As  a  result,  the  cooperative  effects  of
BMIMSCN additive and BAFa passivator  lead to significant  enhancements on fluorescence lifetime (from 79.41 to 201.01 ns),
open-circuit  voltage  (from  1.13  to  1.19  V),  and  photoelectric  conversion  efficiency  (from  18.90%  to  22.33%).  Moreover,  the
BMIMSCN/BAFa-CsFAMA  PSCs  demonstrated  greatly  improved  stability  against  moisture  and  heat.  This  work  suggests  a
promising  strategy  to  improve  the  quality  of  perovskite  materials  via  reducing  the  surficial  and  interfacial  defects  by  the
synergistic effects of lattice doping and interface engineering.
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 1    Introduction
Organic–inorganic metal halide perovskites have attracted intense
interests  owing  to  their  outstanding  properties  in  photo-physics,
such  as  tunable  bandgap,  large  light  absorption  coefficient,  long
radiative  lifetime,  and  low  exciton  binding  energy  [1–4].  The
photoelectric  conversion  efficiencies  (PCEs)  of  perovskite  solar
cells (PSCs) have rapidly increased from 3.8% to 25.7% during the
past decade, making them highly competitive material candidates
for solar energy harvesting devices [5–10]. However, the existence
of numerous surficial and interfacial defects in perovskites remains
a  key  issue  for  further  improving the  photoelectric  performances
[11, 12].  To  produce  highly  efficient  PSCs  with  fewer  defects,
various kinds of techniques have been proposed, such as additive
engineering,  surface  passivation,  and  doping  of  specific  X-site
anions [13–17].

Recently,  ionic  liquids  (ILs),  as  typical  organic  molten  salts  at
room temperature with high boiling points, have been adopted in
PSCs to alleviate the defect formation in perovskite absorber layer.
Snaith  et  al.  introduced  an  IL  additive,  1-butyl-1-

methylpiperidinium tetrafluoroborate (BMIMBF4), to suppress the
formation of impurity phases and pinholes in perovskite absorber
layer  [18].  Liu  et  al.  demonstrated  that  Pb-cluster  and  Pb-I  anti-
site  defects  can  be  effectively  passivated  by  1,3-dimethyl-3-
imidazolium  hexafluorophosphate  (DMIMPF6)  IL  through
bonding  with  the  Pb2+ ions,  thus  restraining  the  non-radiative
recombination of carriers [19]. Shahiduzzaman et al. reported the
embedment  of  1-hexyl-3-methylimida-zolium  chloride
(HMIMCl)  IL-modified  CH3NH3PbI3 (MAPbI3)  nanoparticles  in
perovskite films for assisting the crystallization [20]. On the other
hand, surface passivation by ammonium halide additives has been
demonstrated to be an effective strategy to improve the stability of
perovskite films [21–23]. You et al. reported the post-treatment of
mixed  perovskites  by  phenethylammonium  iodide  (PEAI)  to
suppress  the  formation  of  surface  defects  [15].  However,  when
heating  at  100  °C,  PEAI  would  convert  into  a  two-dimensional
(2D) phase PEA2PbI4 and result  in the performance degradation.
Furthermore,  Grätzel  et  al.  demonstrated  that  surface  treatment
with  4-tert-butyl-benzylammonium  iodide  (tBBAI)  significantly
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accelerated  the  charge  extraction  from  perovskite  into  2,2’,7,7’-
tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene
(spiro-OMeTAD) hole-transporter, whose bulky tert-butyl groups
prevented  the  unwanted  aggregation  by  steric  repulsion  [24].  To
date,  although  many  organic  halide  passivators  have  been
proposed,  non-halide  or  pseudo-halide  additives  and  passivators
for  suppressing  the  defect  formation in  perovskites  are  still  to  be
further explored [25–27].

In this work, we report a novel strategy to reduce surficial and
interfacial  defects  of  ternary  cation  perovskites
Cs0.05(FA0.85MA0.15)0.95Pb(I0.85Br0.15)3 (CsFAMA,  where  FA  =
formamidinium and MA = methylammonium) by synergistically
utilizing  1-butyl-3-methylimidazolium  thiocyanate  (BMIMSCN)
additive  for  grain  enlargement  and  benzylammonium  formate
(BAFa)  for  post-treatment,  respectively.  High-quality  perovskite
films  were  prepared  via  an  Ostwald  ripening  process  with  the
assistance  of  BMIMSCN.  In  this  way,  the  crystal  grains  of
perovskite  were  adequately  grown,  and  the  decreased  grain
boundaries  greatly  slowed  down  non-radiative  recombination
rates  with  a  significantly  prolonged  fluorescence  lifetime  (from
79.41 to 201.01 ns).  Furthermore,  BAFa was then spin-coated on
the  perovskite  films  to  passivate  the  residual  interfacial  defects.
Different  from  traditional  benzylammonium  iodide  (BAI),  BAFa
prefers  to  form  a  buffering  layer  on  the  surface  and  grain
boundary  interfaces  of  perovskite  films,  thus  effectively
suppressing  the  formation  of  2D  phases.  With  the  cooperative
effects  of  BMIMSCN  additive  and  BAFa  passivator,  the  defect
formation  in  perovskite  films  was  greatly  suppressed,  achieving
low-defect  PSCs  with  greatly  improved  efficiency  and  stability.
Consequently,  the  open-circuit  voltage  (VOC)  of  the  PSCs  was
increased  from  1.13  to  1.19  V,  and  the  champion  PCE  was
increased  from  18.90%  to  22.33%.  Moreover,  the
BMIMSCN/BAFa-CsFAMA PSCs demonstrated favourable long-
term  operation  life  and  thermal  stability  at  ambient  and  heat
conditions.

 2    Experimental
Chemicals  and  materials. Formamidinium  iodide  (FAI,  99.9%),
methylammonium  bromine  (MABr,  99.9%),  lead  iodide  (PbI2,
99.9%), and lead bromide (PbBr2,  99.9%) were  purchased from
Advanced Election Technology Co. Ltd., China. Benzylamine
(BA,  98%),  formic  acid  (≥  98%),  hydroiodic  acid
(55.0% ‒58.0%),  and  ethyl  acetate  (EA,  99%)  were  purchased
from  Aladdin.  1-Butyl-3-methylimidazolium  thiocyanate
(BMIMSCN,  ≥  99.5%)  was  purchased  from  Shanghai  Bide
Pharmatech  Co.  Ltd.,  China.  SnO2 colloidal  solution  (15%  in
H2O  colloidal  dispersion)  and  N,N-dimethylformamide  (DMF,
99.9%) were purchased from Alfa Aesar. 2,2’,7,7’-tetrakis-(N,N-di-
p-methoxyphenylamine)9,9’-spirobifluorene  (spiro-OMeTAD,  >
99.8%)  and  tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)-
cobalt(III) tris(bis(trifluoromethylsulfonyl)imide)) (FK-209 Co(III)
TFSI  salt,  ≥  99%)  were  purchased  from  Xi’an  Polymer  Light
Technology  Co.  Ltd.,  China.  Bis(trifluoromethane)sulfonimide
lithium salt (LiTFSI, 99.95%), 4-tert-butylpyridine (tBP, ≥ 96.0%),
and  dimethylsulfoxide  (DMSO,  99.9%)  were  purchased  from
Sigma-Aldrich.  All  chemicals  were  used  without  further
purification.

Synthesis  of  BAFa  and  BAI. For  the  synthesis  of  BAFa,  BA
(1000 mg, 9.3 mmol) was dissolved in deionized water (10 mL) in
a round-bottle  flask and stirred at  room temperature for 10 min.
Formic  acid  (644.4  μL,  14.0  mmol)  was  then  added  dropwise  to
the BA solution. The resulting mixture was stirred in an ice water
bath  for  3  h  until  the  mixture  completely  reacted.  The  solution
was  then  frozen  to  ice  and  freeze-dried  at  −50  °C  for  48  h  to
obtain a solid product. The as-prepared product was poured into

diethyl ether, and the obtained precipitate was filtered and washed
with  diethyl  ether  and  dried  by  reduced  pressure  rotary
evaporation  at  0  °C  for  1  h  to  obtain  the  BAFa  product  as
crystalline  white  solid.  The  yield  of  BAFa  is  1268.6  mg
(8.28  mmol,  88.74%).  The  BAI  control  sample  was  synthesized
using  a  similar  method,  except  the  formic  acid  was  replaced  by
hydroiodic  acid.  The  yield  of  BAI  is  1857.5  mg  (7.90  mmol,
84.67%).

Preparation of SnO2 electron transfer layer (ETL) on fluorine-
doped tin oxide (FTO) glass substrate. The FTO glass substrates
(2 cm × 2 cm) were first etched by Zn powder and 4.0 M HCl to
produce  desirable  patterns.  Then,  the  patterned  substrates  were
sequentially  cleaned  by  ultra-sonication  in  acetone,  ethanol,  and
deionized water for 15, 15, and 30 min, respectively. After drying,
the substrates were treated with oxygen plasma at 60 mW for 30 s
to  remove  any  residual  contamination.  The  as-purchased  SnO2
colloidal  dispersion  was  diluted  with  water  and  isopropanol
(SnO2:H2O:IPA = 1:3:1 in weight) and then spin-coated onto the
cleaned substrates at 3000 rpm for 30 s twice, and then annealed at
150 °C for 30 min.

Preparation of mixed perovskite films. The preparation of the
mixed perovskite films was carried out in a N2 filled glovebox. The
perovskite  precursor  solution  was  prepared  by  dissolving  a
mixture of CsI (0.07 M, 18.2 mg), FAI (1.13 M, 194.4 mg), MABr
(0.20  M,  22.3  mg),  PbI2 (1.18  M,  546.2  mg),  PbBr2 (0.22  M,
79.4 mg),  and BMIMSCN (10 mM, 2.0  mg) in 1  mL of  a  mixed
DMF/DMSO solvent (DMF:DMSO = 4:1 in volume) under mild
heating  conditions  at  ~  70  °C.  The  CsFAMA  perovskite  active
layer  with  3.8%  excess  PbI2 was  deposited  using  an  anti-solvent
method,  with  EA  as  the  ant-solvent.  The  perovskite  precursor
solution  was  deposited  on  the  freshly  prepared  FTO/SnO2
substrate,  and  a  two-step  spin-coating  method  was  applied.  The
first step was carried out at 2000 rpm for 5 s, and the second step
was  carried  out  at  5000  rpm  for  30  s.  Then,  EA  (200  μL)  was
dripped  onto  the  substrate  at  12  s  before  the  end  of  the  second
step, and the substrate was annealed at 100 °C for 40 min. For the
interfacial passivation treatment, 20 mM BAFa (or BAI) dissolved
in  isopropanol  solution  was  spin-coated  on  the  surface  of  the
perovskite  film  at  4000  rpm  for  20  s  without  an  additional
annealing procedure.

Preparation  of  the  hole  transport  layer  and  gold  counter
electrode. The  precursor  solution  for  hole  transport  layer  was
prepared  by  dissolving  73  mg  of  spiro-OMeTAD  into  1  mL  of
chlorobenzene, followed by the addition of 18 μL of LiTFSI (pre-
dissolved in acetonitrile as a 520 mg·mL−1 stock solution), 29 μL of
FK-209  (pre-dissolved  in  acetonitrile  as  a  300  mg·mL−1 stock
solution)  and  30  μL  of  4-tert-butylpyridine.  Then,  45  μL  of  the
precursor  solution  was  spin-coated  on  the  mixed  perovskite  film
at 3000 rpm for 30 s. After drying, a layer of 80 nm-thick gold film
was thermal-evaporated onto the substrate to serve as the counter
electrode.

Characterizations. The  X-ray  diffraction  (XRD)  spectra  were
obtained by a Bruker D-8 Advance diffractometer with a Cu Kα X-
ray  source.  Both  the  top-view  and  cross-sectional  scanning
electron  microscopy  (SEM)  images  were  obtained  with  a  FEI
Nano Nova-450 instrument. Energy dispersive X-ray spectroscopy
(EDX)  analysis  was  performed  with  a  Bruker  QUANTAX
accessory attached to the SEM. X-ray photoelectron spectroscopy
(XPS)  analyses  were  carried  out  with  a  PHI-5000 VersaProbe X-
ray  photoelectron  spectrometer  with  an  Al  Kα X-ray  source.
Before the photovoltaic tests, the PSCs were illuminated under air
mass  1.5  global  (AM  1.5G)  simulated  solar  light  by  a  solar
simulator  (100  mW·cm−2,  NOWDATA  SXDN-150E)  for  15  min
in  advance  for  activation.  The  ultraviolet–visible  (UV–Vis)
absorption  spectra  of  the  perovskite  films  were  measured  by  a
Shimadzu  UV-2600  spectrophotometer.  The  photoluminescence
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(PL) spectra and PL decay curves were recorded on a home-built
wide-field fluorescence microscope under an excitation wavelength of
450 nm. The density–voltage (J–V) curves were measured with a
Keithley  2400  Source  Meter  under  simulated  AM  1.5G
illumination.  The  light  intensity  was  calibrated  with  a  standard
single-crystalline Si solar cell. Typically, the active area of the PSCs
in  this  study  was  0.09  cm2.  Both  forward  and reverse  scans  were
measured  with  a  scanning  speed  of  200  mV·s−1.  The  incident
photon-to-electron  conversion  efficiency  (IPCE)  measurements
were carried out using a Hamamatsu S1337-1010BQ silicon diode,
calibrated  at  the  National  Institute  of  Metrology,  China.  Fourier-
transform  infrared  (FTIR)  spectra  were  collected  by  a  Bruker
Vertex 70 IR spectrometer  in  the  transmittance mode within the
range of 400–4000 cm−1.

 3    Results and discussion
Typically, we adopted an anti-solvent method for the preparation
of  CsFAMA  perovskites,  where  environmentally  friendly  ethyl

acetate was employed as the anti-solvent. The molecular structures
of  BMIMSCN  and  BAFa,  and  the  schematic  illustration  of  the
interactions  between  these  molecules  and  perovskites,  are  shown
in Figs.  1(a) and 1(b).  When  doped  with  a  little  BMIMSCN  IL
based  on  highly  compatible  pseudo-halide  SCN− anions,  large-
grain perovskite crystals were successfully formed via an Ostwald
ripening  process  to  reduce  non-radiative  recombination  of  PSCs
[28, 29].  Then,  the  BAFa  passivator  dissolved  in  isopropanol
solution was spin-coated on the surface of  as-prepared CsFAMA
perovskite  film.  The  schematic  processes  of  BMIMSCN-guided
grain  growth  and  BAFa-assisted  interfacial  passivation  were
shown in Fig. 1(c). The [BMIM]+ and SCN− introduced in the wet
perovskite  films  greatly  increased  the  interfacial  energy  of  crystal
grains  while  annealing.  The  SCN− anions  coordinate  to  Pb2+

cations  on  the  grain  boundaries  of  perovskite  crystals,  which
would  disintegrate  the  face-sharing  octahedrons  and  induce  the
transition  to  the  corner-sharing  architectures  of  α-phase
perovskites  [30].  After  the  annealing  process,  the  perovskite
crystals  with  higher  interfacial  energy  mutually  swallowed  one
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Figure 1    BMIMSCN  additive  and  BAFa  passivator  for  reducing  surficial  and  interfacial  defects.  (a)  Molecular  structures  of  BMIMSCN  and  BAFa.  (b)  Schematic
mechanism of BMIMSCN additive and BAFa passivator interacted with perovskite material for improving the stability against ambient environment. (c) Schematic
processes of BMIMSCN-guided grain growth via Ostwald ripening and BAFa-assisted interfacial passivation. SEM images and particle size distribution histograms of
(d) pristine CsFAMA, (e) BMIMSCN-CsFAMA, and (f) BMIMSCN/BAFa-CsFAMA perovskite films.
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another to reduce the systemic energy, resulting in the formation
of  large-grain  perovskite  film  [31].  Due  to  the  consistency  of
crystal  orientation,  the  non-radiative  recombination  rates  in
perovskite  film  slow  down,  and  thus  the  photoelectric
performances  of  PSCs  could  be  improved  substantially.  On  the
other hand, the BAFa passivator provided BA+ and HCOO− as the
Lewis  acid  (electron  acceptor)  and  Lewis  base  (electron  donor),
respectively,  to  simultaneously  bond  with  X− anions  and  B2+

cations  at  the  interfaces  of  perovskite  film,  which  can  effectively
inhibit  or heal A+-site vacancies and B2+-related defects,  as well  as
prevent  the  movement  of  X− anions.  Since  we  mainly  study  the
effects of anions (SCN− and HCOO−), the typical cations (BA+ and
BMIM+)  are  employed  in  the  ionic  liquid  additives  and  the
ammonium salt passivating agents here [32, 33].

To investigate the effects of BMIMSCN and BAFa, we prepared
four  different  perovskite  materials  for  detailed  comparisons:  (1)
BMIMSCN  and  BAFa  synergistically  adopted  in  CsFAMA
perovskite  (termed  BMIMSCN/BAFa-CsFAMA),  (2)  BMIMSCN
and  BAI  synergistically  adopted  in  CsFAMA  perovskite  (termed
BMIMSCN/BAI-CsFAMA),  (3)  only  BMIMSCN  adopted  in
CsFAMA  perovskite  (termed  BMIMSCN-CsFAMA),  and  (4)
pristine  CsFAMA  perovskite  (termed  pristine  CsFAMA).  The
BAFa  and  BAI  (as  a  control  sample)  in  the  form  of  crystalline
bright  white  powder were synthesized by the reaction of  BA and
formic acid (or hydro-iodide acid), as presented in Figs. S1(a) and
S1(b) in the Electronic Supplementary Material (ESM). The FTIR
spectra  of  BAFa,  BAI,  and  BA  were  measured  (Fig. S1(c)  in  the
ESM).  The strong,  wide,  and disperse  absorption bands  emerged
between  2400  and  3200  cm−1 were  assigned  to  the  stretching
vibration  absorption  of  N–H bonds  in –NH3

+ groups,  indicating
the successful synthesis of BAI and BAFa. Typically, organic halide
salts,  such as  FAI,  methylazanium iodide  (MAI),  and BAI,  suffer
from poor air stability, because I− are easily oxidized to I2 [34]. As
shown in Fig. S2 in the ESM, the BAI solution turned yellow after
aging in air  for 48 h,  but this  problem would not occur to BAFa
owing to the absence of I− ions.

The  BMIMSCN-CsFAMA  perovskites  added  with  different
amounts  (0.0,  2.0,  4.0,  6.0,  and  8.0  mg·mL−1)  of  BMIMSCN
additive  were  characterized  by  XRD  to  identify  their  crystal
structures  (Fig. S3(a)  in  the  ESM).  The  XRD  peaks  situated  at
14.08°, 19.98°, 24.50°, 28.38°, 31.82°, 40.56°, and 43.16°, which can
be  indexed  to  (110),  (012),  (013),  (220),  (310),  (224),  and  (314)
crystal  facets  of  cubic  perovskites,  respectively.  The  texture
coefficient (Tc) defined by Berube and Esperance has been used to
quantitatively  determine  the  preferred  orientations  of  perovskite
crystals according to the following equation [35]

Tc(hkl) =
I(hkl)
I0(hkl)

× ∑ I0(hkl)
∑ I(hkl)

× 100%

where I(hkl)  is  the  intensity  of  the  (hkl)  reflection  and  ΣI(hkl)  is
the  sum  of  all  intensities  of  all  the  reflections  monitored.  The
index 0 refers to the intensities of  the peaks of  pristine CsFAMA
perovskites,  and  a TC value  greater  than  1.0  indicates  the  crystal
grows  preferentially  in  this (hkl) direction.  In Fig. S3(b)  in  the
ESM, the texture coefficients (TC) of the (110) and (220) facets of
BMIMSCN-CsFAMA with 2.0,  4.0,  and 6.0  mg·mL−1 BMIMSCN
additive  were  calculated  to  be  higher  than  1.0,  which
demonstrated that the perovskites grew along the [110] and [220]
crystal  orientation,  unlike  those  without  additives.  However,
excessive  amount  (8  mg·mL−1)  of  BMIMSCN  additive  inhibited
this  preferential  growth,  suggesting  that  the  content  of  additive
should  be  moderate.  The  [110]  and  [220]  orientations  of
perovskite  crystal  parallel  to  the  substrate  can  promote  the
migration  of  carriers  and  increase  the  carrier  mobility  and

collection  efficiency  at  the  interfaces  between  the  perovskite  and
hole/electron  transport  layers  (HTL/ETL).  The  favourable  crystal
orientation  provides  more  efficient  migration  of  carriers,  thereby
achieving  a  substantial  improvement  for  photoelectric
performances of PSCs [36]. Furthermore, in Fig. S3(a) in the ESM,
the  diffraction  peak  of  BMIMSCN-CsFAMA  at  12.62°
disappeared,  suggesting  the  complete  consumption  of  PbI2.  The
full  width  at  half-maximum  (FWHM)  of  the  (110)  diffraction
peak was narrowed due to the enhanced Ostwald ripening guided
by BMIMSCN IL. This is  consistent with the enlarged perovskite
crystal  grains  of  BMIMSCN-CsFAMA  compared  to  those  of
pristine  CsFAMA,  as  presented  in  the  SEM  images  of Figs.
1(d)–1(f).  In Fig. 1(e),  the  grain  size  distribution  of  BMIMSCN-
CsFAMA  was  concentrated  at  approximately  800  nm,  much
larger  than  that  without  additive  (Fig. 1(d)).  Moreover,  with
BMIMSCN,  the  perovskite  film  exhibited  fewer  pinholes  and  a
smoother surface. After BAFa passivation, the even fewer pinholes
and a flatter surface in perovskite films were presented in Fig. 1(f).
As measured by atomic force microscopy (AFM) characterizations
in Fig. S4  in  the  ESM,  the  root  mean  square  (RMS)  surface
roughness values of pristine CsFAMA, BMIMSCN-CsFAMA, and
BMIMSCN/BAFa-CsFAMA  films  were  estimated  to  be  38.44,
35.26,  and  30.18  nm,  respectively.  The  BMIMSCN/BAFa-
CsFAMA  films  exhibited  the  lowest  RMS  surface  roughness,
resulting in the best interfacial contact to HTL.

The  as-prepared  perovskite  films  were  characterized  by  XRD
after  heating  treatment  at  100  °C,  as  shown  in Fig. 2(a).  For
BMIMSCN/BAI-CsFAMA  film,  a  diffraction  peak  was  observed
at 4.79°, suggesting that there was a 2D phase (BA2PbI4) existing in
the  crystalline  perovskites.  After  BAFa  passivation,  the  XRD
spectrum  of  BMIMSCN/BAFa-CsFAMA  exhibits  no  additional
diffraction  peaks,  suggesting  that  BAFa  was  employed  as  an
amorphous buffering layer. This result indicates a chemical trend
where BAFa layer exists on the surface/interface of perovskite film,
rather  than being  within  the  crystal.  BMIMSCN/BAFa-CsFAMA
perovskites  with  stronger  Pb–HCOO  bond  show  increased
resistance  to  the  cation  exchange  and  prefer  to  only  form  a
surficial termination layer, leading to inhibition of 2D phases [37].
The  XRD  results  in Fig. S5  in  the  ESM  suggest  that  the  BAI  is
converted  into  the  BA2PbI4 phase  during  the  thermal  annealing
process. When the perovskite/BAI layer is annealed at 100 °C for
5 min, the diffraction peak of BAI totally disappears.  It  is  known
that BAI has much better passivation effect than the 2D perovskite
BA2PbI4 [15].  Fortunately,  the  BMIMSCN/BAFa-CsFAMA  film
did  not  show  the  diffraction  peaks  of  2D  perovskites,  suggesting
the  better  passivation  effect  of  BAFa  than  that  of  BAI.  The
disappearance  of  the  peak  of  BMIMSCN-CsFAMA  at  12.62°
suggests  the  complete  consumption  of  PbI2,  which  is  mainly
attributed to the introduction of SCN−. When AX and PbX2 form
the perovskite phase in a strict molar ratio of 1:1, a small amount
of PbI2 cannot fully react at the grain boundaries and would lead
to  phase  precipitation;  while  the  introduced  SCN− ions  can
coordinate with PbI2 at the grain boundaries during the annealing
process,  driving  further  reaction  of  PbI2 with  surrounding  AX
[30].

XPS  and  EDX  measurements  were  performed  to  study  the
chemical compositions of the as-prepared perovskites, as shown in
Figs. 2(b)–2(f) and Figs. S6 and S7 in the ESM. After setting the C
1s  peaks  of  adventitious  carbon to  284.6  eV (Fig. 2(c)),  the  high-
resolution XPS spectra at S 2p, Pb 4f, I 3d, N 1s, O 1s, Br 3d, and
Cs 3d regions were obtained, as shown in Figs. 2(d)–2(f) and Fig.
S6  in  the  ESM.  The  characteristic  binding  energies  of  these
elements  were  determined  and  summarized  in  Table  S1  in  the
ESM.  In  the  C  1s  core-level  spectra  (Fig. 2(c)),  we  observed  an
evident  C=O  peak  (287.8  eV)  for  pristine  CsFAMA  film,  which
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was  attributed  to  the  chemical  reaction  between
CH3NH3

+/CHN2H4
+ and  adsorbed  oxygen/moisture;  while  the

BMIMSCN/BAI-CsFAMA  and  BMIMSCN-CsFAMA  films
showed  a  weak  peak  at  this  position,  suggesting  that  the
passivation  by  bulk  organic  cations,  such  as  BMIM+ and  BA+,
could effectively block the intrusion of the active components and
thus  suppress  the  degradation  of  perovskites  [38].  However,  a
distinct peak at ~ 280.1 eV was observed for the BMIMSCN/BAFa-
CsFAMA  film,  which  was  associated  with  the  HCOO− anion  in
BAFa, in agreement with the O 1s peaks in Fig. S6(b) in the ESM.
With  the  addition  of  BMIMSCN,  the  SCN− anions  disintegrated
the face-sharing octahedrons of PbI2 around the grain boundaries
and  induced  the  transition  to  corner-sharing  architectures  of  α-
phase  perovskites.  Eventually,  the  SCN− anions  were  evaporated
and  substituted  by  halide  ions  during  annealing,  resulting  in  the
disappearance  of  S  2p  peaks  in Fig. 2(d).  For  the
BMIMSCN/BAFa-CsFAMA  film,  the  Pb  4f  peaks  shift  to  lower
binding energies compared with other samples (Fig. 2(e)), which is
attributed to the electron donation from HCOO− anions [39, 40].
The increase of electron clouds density of Pb2+ leads to a decrease
of  the  electron  donation  of  I− to  Pb2+,  thus  the  electron  cloud
density  of  I− increases  after  the  passivation,  resulting  in  the
decrease of binding energies of I 3d bands (Fig. 2(f)). Furthermore,
the  uniform spatial  distributions  of  the  characteristic  elements  in
BMIMSCN/BAFa-CsFAMA  perovskite  film  were  confirmed  by
EDX mapping, as shown in Fig. S7 in the ESM.

To  investigate  the  effects  of  BMIMSCN  doping  and  BAFa
passivation  on  photo-physical  properties  of  perovskite  samples,
UV–Vis  light  absorption  spectra  of  the  as-prepared  perovskite
films  were  measured,  as  shown  in Fig. 3(a).  The  light-absorption

close edges of all these perovskite samples were at a wavelength of
~  775.5  nm.  These  results  suggest  the  BMIMSCN  additive  and
BAFa  passivator  rarely  changed  the  photo-absorption  of
perovskites. Figure  3(b) shows  the  plots  of  (Ahν)2 versus  photo-
energy (hv) converted from the UV‒Vis absorption spectra (A:
absorbance  of  the  UV-Vis  spectrum).  Accordingly,  the  bandgaps
of all perovskite samples were calculated to be ~ 1.62 eV similarly,
which suggests that the BMIMSCN additive and BAFa passivator
did not obviously change the bandgaps of perovskite materials.

The  steady  PL  spectra  of  these  perovskites  deposited  on
ordinary glass substrates measured at an excitation wavelength of
450 nm are presented in Fig. 3(c).  While  the PL quantum yield
(PLQY) of pristine CsFAMA is only 13.32%, the BMIMSCN-
CsFAMA, BMIMSCN/BAI-CsFAMA, and BMIMSCN/BAFa-
CsFAMA samples could exhibit much high PLQYs of 16.77%,
19.59%,  and  22.48%  under  the  same  excitation  conditions,
suggesting  their  highly  improved  photo-response  properties.
The  emission  peaks  at  767.2,  765.8,  765.2,  and  765.1  nm  for
BMIMSCN/BAFa-CsFAMA,  BMIMSCN/BAI-CsFAMA,
BMIMSCN-CsFAMA, and pristine CsFAMA perovskite films
were  observed,  respectively.  The  wavelengths  of  these
emission  peaks  are  roughly  equal  to  the  light-absorption
edges  measured  by  UV ‒Vis  spectra.  Time-resolved
photoluminescence  (TRPL)  spectroscopy  was  performed  to
explore the charge-recombination kinetics in perovskite films
(Fig. 3(d)). The fitted values of A1, τ1, A2, τ2, and the calculated τAva
were listed in Table S2 in the ESM, as modelled from the following
bi-exponential decay equation [41]

y(t) = A1 exp(−t/τ1)+A2 exp(−t/τ2)

 

(a) (b)

(c) (d)

(e) (f)

Figure 2    Structural and compositional characterizations. (a) XRD patterns, (b) Survey XPS spectra, (c)–(f) high-resolution XPS spectra at the (c) C 1s, (d) S 2p, (e) Pb
4f, and (f) I 3d regions of BMIMSCN/BAFa-CsFAMA, BMIMSCN/BAI-CsFAMA, BMIMSCN-CsFAMA, and pristine CsFAMA perovskite films.
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where A1 and A2 are the decay amplitudes,  and τ1 and τ2 are the
decay  times  of  the  trap-assisted  recombination  at  grain
boundaries/interfaces  and  the  radiation  recombination  of  free
carriers.  The  average  PL  decay  time  (τAva)  was  further  estimated
using the following equation

τAva = A1τ1+A2τ2

Accordingly,  the  average  lifetime τAva of  BMIMSCN/BAFa-
CsFAMA  perovskite  was  calculated  to  be  201.01  ns,  significantly
longer  than  those  of  BMIMSCN/BAI-CsFAMA  (133.83  ns),
BMIMSCN-CsFAMA  (109.39  ns),  and  pristine  CsFAMA
(79.41  ns)  samples.  This  result  indicates  the  favourable  effects  of
BMIMSCN additive  and  BAFa  passivator  on  suppressing  photo-
induced charge recombination.

To further  investigate  the band structures  of  these perovskites,
ultraviolet  photoelectron  spectroscopy  (UPS)  analysis  was
performed by using the He(I) (21.22 eV) emission line, as shown
in Fig. 3(e).  The  energy  levels  of  the  valence  band  maximum
(EVBM)  of  these  perovskites  are  equivalent  to  their  work  function
(Ws), which can be calculated by the following equation [42]

hv−Ws = Ecutoff −EFermi

where hν is  the  energy  of  incident  photon  (21.22  eV),  and Ecutoff
and EFermi are the binding energies of the secondary electron cutoff
and  Fermi  level,  respectively.  Therefore,  the EVBM values  of
BMIMSCN/BAFa-CsFAMA,  BMIMSCN/BAI-CsFAMA,
BMIMSCN-CsFAMA,  and  pristine  CsFAMA  perovskites  were
calculated  to  be  −5.48,  −5.56,  −5.69,  and  −5.76  eV,  respectively.
According  to  the  above  UV–Vis  and  UPS  analyses,  the
conduction  band  minimum  (ECBM)  energy  levels  of  these
perovskite  materials  were  determined  to  be  −3.86,  −3.94,  −4.07,

and  −4.14  eV,  respectively.  This  result  demonstrates  that  the
passivation by BAFa or BAI leads to an upward bending of EVBM
at  the  perovskite  surface  close  to  spiro-OMeTAD,  which  is
favorable for hole collection due to deceased charge accumulation
and  suitable  energy  band  alignment  [22, 43].  Moreover,  the
surface  passivation  of  BAFa  or  BAI  can  eliminate  the  vacancy
defects (i.e., δ+ and δ−), and thus prevent the recombination at the
vacancy defect sites.

To evaluate the electron trap-density (nt) via the space-charge-
limited current (SCLC) model, the current–voltage (I–V) curves of
electron-only  devices  in  dark  state  were  measured,  as  shown  in
Fig. S8  in  the  ESM.  The  dark I–V curves  were  processed  by
logarithm to obtain the trap-filled limit voltage (VTFL), and nt was
reckoned in accordance with the equation [44]

nt =
2εε0VT F L

eL2

where e is  the  electron  charge, L is  the  thickness  of  perovskite
layer, ε0 is  the  vacuum  dielectric  constant,  and ε is  the  relative
permittivity  of  perovskites.  The VTFL of  the  electron-only  device
based  on  pristine  CsFAMA  perovskite  (without  BMIMSCN)  is
0.63  V,  and  the  corresponding nt is  4.94  ×  1015 cm−3.  After  the
addition of BMIMSCN, the VTFL decreased to 0.41 V and resulted
in  a  less  density  of  3.21  ×  1015 cm−3,  which  demonstrated  that
BMIMSCN can effectually reduce the defects of perovskites.

Planar  n-i-p  PSC  devices  with  the  configuration  of
FTO/SnO2/perovskite/spiro-OMeTAD/Au  were  fabricated,  as
shown in  the  optical  photograph and cross-sectional  SEM image
of Fig. S9  in  the  ESM.  The  energy  band levels  of  each  functional
layer  in  the  whole  device  are  summarized  in Fig. 4(a),  which
displays  the  electron  extraction  from  the  CBM  of  perovskites  to

 

(a) (b)

(c) (d)

(e)

Figure 3    Photo-response characterizations. (a) UV–Vis absorption spectra, (b) (Ahv)2 versus hv curves, (c) steady PL spectra, (d) TRPL spectra, and (e) UPS cutoff
spectra of BMIMSCN/BAFa-CsFAMA, BMIMSCN/BAI-CsFAMA, BMIMSCN-CsFAMA, and pristine CsFAMA perovskite films.

  6 Nano Res.  
 

 

 | www.editorialmanager.com/nare/default.asp



that  of  SnO2 ETL  and  the  hole  extraction  from  the  VBM  of
perovskites  to  that  of  spiro-OMeTAD  hole  transfer  layer  (HTL).
The  structure  model  and  photocurrent J–V plots  of
BMIMSCN/BAFa-CsFAMA,  BMIMSCN/BAI-CsFAMA,
BMIMSCN-CsFAMA, and pristine CsFAMA PSCs are presented
in Fig. 4(b),  and  the  detailed  photovoltaic  parameters  under
100 mW·cm−2 AM 1.5G illumination are summarized in Table S3
in  the  ESM.  The  BMIMSCN/BAFa-CsFAMA  based  PSCs
outputted  a  champion  PCE  of  22.33%  along  with  an VOC of
1.19 V, a short-circuit current density (JSC) of 23.94 mA·cm−2, and
a  fill  factor  (FF)  of  78.43%,  significantly  higher  than  those  of
BMIMSCN/BAI-CsFAMA  (20.81%),  BMIMSCN/BAI-CsFAMA
(20.19%), and pristine CsFAMA (18.90%) based PSCs. According
to Table S3 in the ESM, there was only 0.43 V of VOC loss (Eg/q –
VOC)  at  the  absorption  threshold  (Eg =  1.62  eV).  Moreover,  the
VOC and FF of BMIMSCN/BAFa-CsFAMA based PSCs increased
obviously  compared  to  those  of  other  perovskite  samples  due  to
the reduction of surficial and interfacial defects and suitable band
alignment.  The  record  optoelectronic  parameters  of  the  PSCs
fabricated with different concentrations of passivators and additive
were  summarized  in  Table  S4  in  the  ESM,  and  the  optimal
concentrations of BMIMSCN, BAI, and BAFa were determined to
be 6 mg·mL−1, 20 mM, and 20 mM, respectively.

The improved performances of PSC devices were attributed to
the  synergistic  effects  of  thiocyanate  ionic  liquid  additive  and
ammonium  formate  passivator.  The  BMIMSCN  increased  the
grain  size  by  Oswald  ripening  and  grew  the  perovskite  crystals
preferentially along the [110] and [220] orientations parallel to the
substrates. Therefore, the photo-generated carriers passed through
fewer  grain  boundaries  along  this  direction.  Moreover,  HCOO−

derived from BAFa passivator could heal X−-site vacancies on the
surface of perovskite film by strongly coordinating with Pb2+.  It is

well  known  that  crystal  defects,  including  grain  boundaries  and
lattice  vacancies,  are  typical  non-radiative  recombination  centers
of charge carriers. Reducing the surficial and interfacial defects of
perovskite  film  and  regulating  the  band  structure  can  efficiently
reduce  the  energy  loss  of  carriers  flew  into  ETL  or  HTL.  As  a
result, the optimized PSC devices achieved much higher VOC and
FF.

The J–V plots of the as-prepared PSCs measured under forward
and  reverse  scan  directions  were  shown  in Fig. S10  in  the  ESM.
The  hysteresis  index  (HI)  was  calculated  according  to  the
following equation

HI = (PCER −PCEF)/PCER

where  R  and  F  represent  the  reverse  scan  and  forward  scan,
respectively.  As a  result,  BMIMSCN/BAFa-CsFAMA based PSCs
showed  a  lower  HI  value  of  2.61%,  much  lower  than  those  of
BMIMSCN/BAI-CsFAMA  (4.14%),  BMIMSCN-CsFAMA
(6.39%), and pristine CsFAMA (6.61%) based PSCs. Additionally,
the VOC, JSC,  FF,  and  PCE  distributions  collected  from  32  ×  4
individual  PSCs  were  presented  in Fig. S11  in  the  ESM.  The
ideality factors (nid) of as-prepared PSCs were calculated from the
illumination  intensity-dependent VOC plots  (Fig. 4(c))  to
investigate the recombination dynamics, according to the equation

VOC = nidkBT/e× ln(I0/I)+Eg/e

where kB represents  the  Boltzmann  constant, T is  the  Kelvin
temperature  of  operation  environment, I0/I is  the  relative
illumination  intensity, Eg is  the  bandgap  of  perovskite  material,
and e is the elementary charge. Superior reproducibility of device
fabrication  was  confirmed  by  the  narrow  distribution  of
photovoltaic  parameters.  As  shown  in Fig. 4(c),  the nid value  of
BMIMSCN/BAFa-CsFAMA  based  PSCs  is  1.31,  much  less  than

 

(a) (b)

(c) (d)

(e) (f)

Figure 4    Device  configuration  and  photovoltaic  performances  of  PSCs.  (a)  Energy  level  diagrams,  (b)  reverse-scan J–V plots  and  schematic  configuration,  (c)
illumination intensity-dependent VOC plots, (d) IPCE spectra, (e) stable output plots, and (f) Nyquist plots of planar n-i-p PSCs based on BMIMSCN/BAFa-CsFAMA,
BMIMSCN/BAI-CsFAMA, BMIMSCN-CsFAMA, and pristine CsFAMA perovskites.
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those  of  BMIMSCN/BAI-CsFAMA (1.43),  BMIMSCN-CsFAMA
(1.63),  and  pristine  CsFAMA  (1.71)  based  PSCs,  indicating  that
BMIMSCN/BAFa-CsFAMA  based  PSCs  have  fewer  defects  and
lower non-radiative recombination rates [45, 46].

The  IPCEs  of  the  PSCs  were  measured,  obtaining  integral JSC
values  of  23.58,  23.24,  23.09,  and  22.52  mA·cm−2 for
BMIMSCN/BAFa-CsFAMA,  BMIMSCN/BAI-CsFAMA,
BMIMSCN-CsFAMA,  and  pristine  CsFAMA  PSCs,  respectively
(Fig. 4(d)). These values are in good agreement with the JSC values
obtained from the J–V plots in Fig. 4(b). All IPCE spectra showed
an  onset  at  approximately  810  nm  (≈  1%  IPCE)  and  exhibited
high quantum efficiency values of over 80% from 380 to 750 nm.
In Fig. 4(e),  the  as-prepared  PSCs  delivered  stabilized  PCEs  of
21.58%  (for  BMIMSCN/BAFa-CsFAMA),  20.14%
(BMIMSCN/BAI-CsFAMA),  and 18.19% (for  pristine  CsFAMA)
at the maximum power point, respectively, which are very close to
the PCEs obtained by J–V scans.

Electrochemical  impedance  spectroscopy  (EIS)  analyses  were
performed under dark conditions with a potential  bias of  −0.5 V
and a frequency range from 105 to 1 Hz to study the surface and
interface  charge  transfer  dynamics.  The  corresponding  Nyquist
plots  are  shown  in Fig. 4(f),  and  the  fitted  parameters  are
summarized  in  Table  S5  in  the  ESM.  The  increased  composite
resistance  (Rre)  and  reduced  transport  resistance  (Rtr)  of
BMIMSCN/BAFa-CsFAMA  (2448.1  and  88.3  Ω)  based  PSCs
relative  to  BMIMSCN/BAFa-CsFAMA  (1,151.7  and  100.5  Ω),
BMIMSCN/BAFa-CsFAMA  PSCs  (950.4  and  157.4  Ω),  and

pristine  CsFAMA  (937.2  and  158.4  Ω)  based  PSCs  indicate  less
charge recombination and stronger electron extraction capabilities
[47].  The  enhancement  of  charge  transport  properties  and  the
decrease  in  non-radiative  recombination  rates  result  in  the
enhanced VOC and FF of BMIMSCN/BAFa-CsFAMA based PSCs.

To  investigate  the  humidity  resistance  improvement  derived
from  BMIMSCN  addition  and  BAFa  passivation,  the  contact
angles  of  deionized  water  droplets  on  different  perovskite  films
were  measured,  as  presented  in Fig. 5(a).  The  BMIMSCN/BAFa-
CsFAMA film exhibited a larger contact angle of 65.4° than those
of  BMIMSCN/BAI-CsFAMA  (60.4°),  BMIMSCN-CsFAMA
(54.5°), and pristine CsFAMA (51.9°), which should be attributed
to  their  hydrophobic  surface  and  minimized  PbI2 impurity.
Furthermore,  these  perovskite  films  were  exposed  to  a  humid
environment  with  relative  humidity  (RH)  >  90%  for  96  h  (Figs.
5(b) and 5(c)), and the BMIMSCN/BAFa-CsFAMA film exhibited
the best stability against moisture, as shown in the corresponding
optical  photographs  (Fig. 5(b))  and  UV–Vis  spectra  (Fig. S12  in
the ESM). The BMIMSCN/BAFa-CsFAMA films remained black,
corresponding  to  the  high  UV–Vis  absorbance  from  550  to
760  nm  in Fig. S12(b)  in  the  ESM,  confirming  that  BAFa
passivation  provided  excellent  moisture  stability.  Meanwhile,
BMIMSCN/BAI-CsFAMA  and  BMIMSCN-CsFAMA  films
partially  degraded,  and  pristine  CsFAMA  film  turned  yellow
absolutely. These results suggest that the BMIMSCN additive and
BAFa  passivator  are  favourable  to  improving  the  stability  of
photoactive  phase  by  increasing  the  energy  barrier  of  the  phase
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Figure 5    Stability  tests  of  PSCs.  (a)  Contact  angle  measurements  of  deionized  water  droplets  on  different  perovskite  films.  (b)  Optical  photographs  and  (c)
corresponding experimental setup of the perovskite films exposed to a humid environment by placing in an enclosed chamber with RH > 90% for 96 h. (d) and (e)
Normalized  PCE  retentions  of  the  PSCs  under  (d)  ambient  condition  (60  ±  10%  RH  and  25  ±  5  °C)  and  (e)  continuous  heating  condition  (60  ±  10%  RH  and
60 ± 5 °C).
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transition  from  black  photosensitive  phases  to  yellow  non-
photosensitive phases [48].

To  gain  insight  into  the  structural  and  thermal  stability  of  as-
prepared PSCs in ambient environments, the encapsulated devices
were  imposed  to  ambient  environments  with  different  humidity
and  temperature.  The  long-term  device  stabilities  of  these  PSCs
under  ambient  conditions  (60  ±  10%  RH  and  25  ±  5  °C)  were
investigated  for  approximately  two  months  (Fig. 5(d)).  The
BMIMSCN/BAFa-CsFAMA based PSCs demonstrated favourable
performance  stability  over  1200  h  with  only  a  9.68%  PCE  decay
relative  to  the  initial  value.  In  contrast,  the  BMIMSCN/BAI-
CsFAMA,  BMIMSCN-CsFAMA,  and  pristine  CsFAMA  based
PSCs degraded more rapidly,  reaching > 10% PCE loss over 240,
384,  and  912  h,  respectively.  These  results  indicated  that
BMIMSCN  additive  and  BAFa  passivator  could  efficiently
improve the quality of perovskite film by filling the defects on the
surface  and  interfaces  of  perovskites,  thus  significantly  extending
the  lifetime  of  PSCs.  In Fig. 5(e),  the  thermal  stability  tests  were
performed  under  constant  heating  at  60  °C  and  60%  RH.  As  a
result,  the  BMIMSCN/BAFa-CsFAMA  based  PSCs  exhibited
excellent damp and heat stability, maintaining 84.88% of the initial
PCEs  after  500  h,  while  the  BMIMSCN-CsFAMA  and  pristine
CsFAMA based PSCs showed less  than 50% of  initial  PCEs after
312 and 250 h, respectively. For BMIMSCN/BAI-CsFAMA based
PSCs,  the  PCEs  dropped  rapidly  during  the  first  48  h,  and  then
slowly  dropped  to  73.23%.  It  was  because  that  BAI  entered
perovskite lattices and formed 2D phases at first, but did not occur
to the BMIMSCN-CsFAMA and pristine CsFAMA samples.

 4    Conclusions
In  summary,  we  proposed  a  synergistic  strategy  of  employing
BMIMSCN  IL  with  pseudo-halide  anion  for  grain  enlargement
and BAFa with formate anion for surface passivation to construct
modified  CsFAMA  ternary-cation  perovskites.  High-quality
perovskite  films  with  large-scale  crystal  grains  and  strong
preferential  orientation  were  prepared  via  BMIMSCN-promoted
Ostwald  ripening,  and  then  BAFa  was  employed  as  a  buffering
layer  to  effectively  passivate  the  surficial/interfacial  defects.  The
BMIMSCN additive induced the preferential growth of perovskite
crystals  at  [110]  and  [220]  orientations  parallel  to  the  substrate,
thus  facilitating  the  carrier  migration  and  increasing  the  photo-
charge  collection  efficiency  at  the  interfaces.  Different  from
traditional  BAI,  the  BAFa  passivator  formed  an  amorphous  film
on the surface/interfaces of perovskite film, efficiently suppressing
the formation of 2D phases. The synergistic effects of BMIMSCN
additive  and  BAFa  passivator  suppressed  the  surficial  and
interfacial  defects  of  perovskite  films,  thereby  realizing  obvious
improvement for photovoltaic performances. A champion PCE of
22.33% along with negligible  hysteresis  and favourable  long-term
moisture/heat  stability  was  attained.  We  hope  this  work  can
inspire new insights and inspirations on the configuration of high-
quality  perovskite  material  via  suppressing  the  surficial  and
interfacial  defects  by  the  synergistic  effects  of  lattice  doping  and
interface engineering.
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