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ABSTRACT

Ionic liquids (ILs) have been widely applied in the one-step fabrication of perovskite with noticeable
enhancement in the device performance. However, in-depth mechanism of ionic-liquid-assisted per-
ovskite film formation is not well understood for also important two-step perovskite fabrication method,
with better control of crystallization behavior. In this work, we introduced ionic liquid methylammonium
formate (MAFa) into organic salt to produce perovskite film via a two-step method. Systematic investi-
gations on the influence of MAFa on the perovskite thin film formation mechanism were performed.
Ionic liquid is shown to assist lowering the perovskite formation enthalpy upon the density functional
theory (DFT) calculation, leading to an accelerated crystallization process evidenced by in-situ UV-Vis
absorption measurement. A gradient up-down distribution of ionic liquid has been confirmed by time-
of-flight SIMS. Importantly, besides the surface passivation, we found the HCOO™ can diffuse into the per-
ovskite crystals to fill up the halide vacancies, resulting in significant reduction of trap states. Uniform
perovskite films with significantly larger grains and less defect density were prepared with the help of
MAFa IL, and the corresponding device efficiency over 23% was obtained by two-step process with
remarkably improved stability. This research work provides an efficient strategy to tune the morphology
and opto-electronic properties of perovskite materials via ionic-liquid-assisted two-step fabrication
method, which is beneficial for upscaling and application of perovskite photovoltaics.
© 2022 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by ELSEVIER B.V. and Science Press. All rights reserved.

1. Introduction

gap [2-6]. In the past decade, the PCEs of perovskite solar cells
gradually increased from the debut of 3.8% to 25.7%, comparable

As a promising printable solar technology [1], Hybrid organic-
inorganic perovskite solar cells (PSCs) have attracted extensive
research interests because of their ascendant power conversion
efficiencies (PCEs), excellent light absorption performance, low
manufacturing cost, facile production process, and tunable band-
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to commercial silicon solar cells [7-13]. PSCs with the long-term
operational stability [14], manufacturability [15] and outstanding
PCEs show great application potential for deployment as the next
generation of photovoltaic devices. Among all the different factors,
compositional engineering has always been regarded as an impor-
tant factor in affecting the stability and efficiency of PSCs. Enor-
mous effort has been made to investigate the influence of the
composition of perovskite on the performance of PSCs. In contrast
to the pure cation at the early development of perovskite, double
or multiple cation compositions have been widely applied in the
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perovskite materials to demonstrate improved device performance
both in the stability and efficiency [7]. Despite this, the defects
both in the bulk and at the surface of perovskite layer are the detri-
mental factors that limit the further improvement of long-term
stability and photoelectric performance of PSCs [16,17].

To overcome the abovementioned limiting factors, different
types of additives have been used in the perovskite precursor solu-
tion to control the crystal growth of perovskite and improve the
film morphology, so as to effectively suppress the defect density
[18-21]. Among all of them, ionic liquids (ILs) are the considered
environmentally friendly and green additives due to their non-
volatile characteristics [22,23]. In addition, ILs offer benefits like
materials availability, high carrier mobility, solvate capability, as
well as thermal and electrochemical stability, which have been
widely applied in perovskite solar cells [24-27], especially for
one-step fabrication method. Akin et al. employed 1-hexyl-3-
methylimidazolium iodide (HMII) IL as an additive in one-step
FAPbIs-based PSCs to regulate the film morphology [28]. Wei and
colleagues incorporated 1-ethyl-3-methylimidazolium trifluoroac-
etate (EMIMTFA) IL into PSCs through one-step fabrication method
to passivate the interfacial defects between the perovskite layer
and the electron transfer layer [29]. Bai et al. incorporated IL 1-
butyl-3-methylimidazolium tetrafluoroborate (BMIMBF,) into the
perovskite film in one-step fabrication method to increase the pho-
tovoltaic device efficiency and stability through the manipulation
of the crystallization and morphology, and revealed the indepent
effect of both [BMIM]* and [BF4]~ on the performance of PSCs
[30]. Moreover, ionic liquids with other anions such as bromine
(Br™), chloride (Cl7), and iodine (I7) have also been widely studied
for one-step fabrication of PSCs [28,31]. Recently, another pseudo-
halide anion, formate (HCOO™) in ionic liquids, has also been
demonstrated to control the grain size distribution in perovskite
film prepared by one-step method [32]. However, these ILs studies
dominantly focused on one-step perovskite films and resultant
devices. Compared to the one-step method, two-step perovskite
fabrication method is highly preferred by industry for scaling-up
process due to the higher reproducibility and better control of per-
ovskite material crystallization process [33]. Up to date, only few
studies have been carried out on the IL-assisted two-step per-
ovskite method and the in-depth mechanism of IL-assisted per-
ovskite film evolution is still poorly understood.

Here, we incorporate IL methylammonium formate (MAFa) into
organic salt to fabricate perovskite solar cells by two-step method,
and systematically investigate the function of HCOO™ on the crys-
tallization kinetics, defect states, thin film morphology, and the
resultant device performance. MAFa is shown to accelerate the per-
ovskite crystallization process evidenced by in-situ UV-Vis absorp-
tion measurement, which is attributed to the lowered IL-assisted
perovskite formation enthalpy, supported by the DFT calculation.
With the help of time-of-flight secondary-ion mass spectrometry
(TOF-SIMS), the distribution of IL has been confirmed in the verti-
cal direction with respect to the substrate surface. Most impor-
tantly, we discovered that the size of HCOO™ is small enough to
effectively reduce the defect density by filling up the halide vacan-
cies within the perovskite bulk materials. This can significantly
suppress the charge-carrier recombination and prolong the photo-
luminescence lifetime, resulting in remarkably improved device
performance. With the assistance of IL, we successfully demon-
strated a highly stable and efficient PSC with PCE exceeding 23%
via two-step sequential deposition method. The detailed under-
standing of IL assisted perovskite thin film evolution mechanism
revealed in this work, including the crystallization kinetics and
suppression of trap density of high-quality perovskite film forma-
tion via two-step deposition, which is beneficial for the upscaling
and deployment of PSCs in the near future.

600

Journal of Energy Chemistry 73 (2022) 599-606
2. Experimental section

Materials: ITO glass substrates with a sheet resistance of ca. 9 Q
sq~! were purchased from OPVTECH Inc. Formamidinium lodide
(FAI), methylammonium chloride (MACI), methylammonium bro-
mide (MABr), and ionic liquids MAFa were supplied from Xi’an
Polymer Light Technology Crop. Pbl, (99.8%), bis (trifluo-
romethane) sulfonimide lithium salt (Li-TFSI, 99%), 4-tert-
butylpyridine (tBP, 96%) and Csl (99.99%) were supplied from
Sigma-Aldrich. Tin (IV) oxide (SnO,) Quantum Dots (QDs) precur-
sor was prepared according to the previously reported references
[34]. DMF, DMSO, IPA and acetonitrile were purchased from TCI.
Spiro-OMeTAD (purity. 99.5%) was purchased from Feiming
Science and Technology Co., Ltd. All chemicals were used as
received without further treatment.

Devices fabrications: ITO substrates were sequentially rinsed by
sonication in detergent, deionized (DI) water, acetone, and iso-
propanol for 30 min, respectively, and then dried under nitrogen
gas. Cleaned ITO substrates were treated with ultraviolet-ozone
for 30 min, followed by deposition of a SnO, electron transporting
layer on the substrate by spin-coating the SnO, QDs precursor
(1.3 M) at 4000 r min~! for 30 s, and subsequently annealed at
150 °C for 30 min on a hotplate. The perovskite layer was fabri-
cated in the glovebox through a modified two-step sequential
method according to the literature. First, 1.3 M Pbl, precursor
was dissolved in 950 mL DMF and 50 pL Csl solution (1.5 M,
390 mg Csl was dissolved in 1 mL DMSO). The above solution
was then spin-coated on the SnO,/ITO substrate at 1500 r min !
for 30 s, and dried at 70 °C for 1 min. Thereafter, a mixture solution
of FAI:MABr:MACI (60 mg: 6 mg: 6 mg in 1 mL IPA and x pL MAFa,
x represents the volume of the ionic liquid, x = 0, 2 and 5) was
dropped on the Pbl, film at 1500 r min~! for 30 s. The as-cast per-
ovskite film was annealed at 105 °C for 30 min. The spiro-OMeTAD
solution was composed of 72.3 mg spiro-OMeTAD, 30 pL TBP, and
35 pL Li-TFSI solution (260 mg in 1 mL acetonitrile) in 1 mL
chlorobenzene, and then spin-coated on perovskite film at 4000 r
min~! for 30 s. Finally, a 100 nm Au electrode was deposited by
thermal evaporation.

Characterization: The time-resolved in-situ absorption measure-
ments were performed using an F20-UVX spectrometer equipped
with tungsten halogen and deuterium light sources (Filmetrics,
Inc.). Most of the measurements were performed with an integra-
tion time of 0.2 s (thin perovskite layer) and 1 s (thick perovskite
layer) per transmission spectrum. The UV-vis absorbance is calcu-
lated from the transmission spectrum, using the equation: A(Z) =
—log1o(T), where A(J) is the absorbance at a certain wavelength
(4) and T is the calibrated transmitted radiation.

The J-V characteristics of the PSCs devices were measured by
IVS-KA6000 Enlitech sunlight simulator equipped with an AM 1.5
filter at 100 mW cm 2 and Keithley SMU source after correcting
the light intensity with a standard calibration cell. The correspond-
ing EQE spectrum was acquired in air by a QE-R system from Enli
Technology Co. Ltd. Static PL and TRPL measurements of perovskite
film were recorded by Edinburgh FLSP1000 spectrophotometer
equipped with an excitation source of 440 nm picosecond pulsed
diode laser.

SEM studies were conducted on a Zeiss Sigma300 to observe the
morphology of perovskite thin film. AFM characterizations were
conducted on a Bruker Dimension ICON. X-ray diffractometer spec-
trum of perovskite film with scanning angle from 3° to 40° (20) was
recorded by Bruker D8 Advance.

TOF-SIMS experiments were performed using a TOF-SIMS V
spectrometer (IONTOF GmbH, Miinster, Germany). A pulsed
30 keV Bi* ion beam was used as the primary ion beam for all mea-
surements, with a target current of 1 pA. The analysis area was
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100 mm x 100 mm. For depth profiling, a 2 keV Cs ion source was
chosen to sputter the sample surface during analysis, with a sput-
ter area of 300 mm x 300 mm. The measurement was conducted in
the non-interlaced mode. Besides, an electron flood gun was used
to compensate for surface charging during all measurements. All
data were obtained and analyzed using the IONTOF instrument
software.

Computational method: All the calculations are conducted in the
framework of the density functional theory with the projector aug-
mented plane-wave method, which was carried out in the Vienna
ab initio simulation package. The generalized gradient approxima-
tion proposed by Perdew, Burke, and Ernzerhof is selected for the
exchange-correlation potential. The long range van der Waals
interaction is taken into account by DFT-D3 approach. The cut-off
energy for plane wave is set to 400 eV. The energy criterion is set
to 107 eV in iterative solution of the Kohn-Sham equation. Super-
cells containing 3 x 3 x 1 unit cells (324 atoms) are built to model
the defective structures. The Brillouin zone integration is per-
formed at the Gamma point. All the structures are relaxed until
the residual forces on the atoms have declined to less than
0.05 eV A"

3. Results and discussion

A Pbl, layer doped with Cs* was deposited on the ITO/SnO, sub-
strate. Then organic salts—FAI mixed with MABr and MACI—were
coated on top of the Pbl, layer, followed by thermal annealing to
convert into pristine perovskite film (Fig. S1). The doping of Cs*
ions enhances the light absorption and facilitates the formation
of larger grains for the perovskite film [7,35,36]. The introduction
of a small amount of MABr and MACI further improves the phase
stability of perovskite and assists in the growth of perovskite crys-
tals, respectively [37]. For IL-assisted perovskite photoactive layer,
IL MAFa was specially designed to mix with same organic salt mix-
ture to form IL-assisted perovskite film (Fig. S1). The scanning elec-
tron microscopy (SEM) was first utilized to examine the
morphology for both the pristine and IL-assisted perovskite films.
Compared to the pristine one (Fig. 1a), a 0.2% MAFa IL-assisted per-
ovskite film exhibits a more uniform morphology with a noticeable
increased grain size (Fig. 1b). The average grain size is 319.1 nm for
the pristine, while it remarkably increases to 798.0 nm for the
MAFa-assisted one as indicated by the insets of Fig. 1(a and b),
respectively. It is worth mentioning that relatively small grain-
size perovskite cannot be observed in the IL-assisted perovskite
thin film since the existence of IL can significantly inhibit the for-
mation of small perovskite grains. In our work, liquid micro-
domains contributed by the nonvolatile IL (MAFa) in the perovskite
or its intermediate film can directly facilitate the grain growth via
intensified Ostwald ripening [38] and coarsening process [39],
leading to increased grain size via prohibiting the small grain
growth as we discussed above. These results are very consistent
with the phenomenon that has been reported in [32,40]. The
increased grain size for the IL-assisted perovskite film is also con-
firmed by atomic force microscopy (AFM), as shown in Fig. S2. Fur-
thermore, the surface roughness of the IL-assisted perovskite film
decreased which is attributed to the increased grain size [40].

To study the effect of IL on the perovskite crystallization kinet-
ics, in-situ UV-Vis absorption measurements were performed sys-
tematically on both the pristine and IL-assisted samples at the
thermal annealing stage. The conversion processes of pristine and
IL-assisted samples during thermal annealing treatment were
tracked by time-resolved in-situ absorption spectroscopy in Fig. 1
(c and d), respectively. The results clearly show that the absorption
of the perovskite precursor film red-shifts at the early stage of the
thermal annealing process, indicative of the gradual solidification,
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and conversion processes of perovskite material. Finally, the
absorption spectrum stabilizes, attributed to the complete conver-
sion of perovskite. In contrast to the pristine one, we observed
prominent differences for the 0.2% MAFa IL-assisted one: the
absorption spectrum takes shorter time to stabilize comparing to
that of the pristine one. This difference reveals an accelerated per-
ovskite conversion process by the addition of a small amount of IL
into the organic salt. To clearly illustrate this observation,
extracted absorption intensities at 600 nm (as indicated by the
white dash lines in Fig. 1c and d) as a function of time were plotted
as shown on top of the corresponding in-situ absorption spectrum.
The solidification of perovskite for the control sample and 0.2%
MAFa IL-assisted sample are 40 and 20 s, respectively. Similar phe-
nomenon has been observed for the 0.5% MAFa IL-assisted sample,
exhibiting shorter conversion time, as shown in Fig. S3. These
results suggest that the addition of ionic liquids facilitates the for-
mation of perovskite, resulting in an accelerated perovskite crys-
tallization kinetics. To better elucidate this phenomenon, DFT
calculation has been applied to simulate the formation process of
perovskite with the halide vacancies occupied by HCOO™ as shown
in the chemical Eq. (1). From the DFT calculation results, the forma-
tion energy (enthalpy), as shown in chemical Eq. (2), and the bind-
ing energies for the HCOO™ substitution at the I vacancy site were
calculated to — 2.87 and — 5.04 eV, respectively, which show that
this is a spontaneous process. The DFT results agree well with the
above in-situ UV-Vis absorption results, which is also confirmed by
the faster conversion process for the IL-assisted perovskite as
recorded by the optical camera in supporting information Fig. S4.

FAHCOO + FAPbI5(V; + Vi) — FAPbI3(HCOO,) (1)

H = E[FAPbI;(HCOO,)]-E[FAHCOO]-E[FAPbI5(VI + Vy,)] )

TOF-SIMS signals with both negative and positive secondary
ions were performed to analyze ions depth distribution of IL MAFa
to probe perovskite structure with 0.2% MAFa. As expected, (CHs-
NH3),,(HCOO™), is not detected in the control sample (Fig. 2a)
whereas it exists in the 0.2% MAFa-perovskite sample (Fig. 2b).
Based on the ions profiling results from TOF-SIMS, the correspond-
ing 3D distributions of anion ions are drawn in Fig. 2(c and d) and
Fig. S5 to illustrate that MAFa IL mainly distributes near the sur-
face, decreases exponentially and reaches stable minimal value
(~2 x 10°) at a depth about half of the perovskite thickness. Sim-
ilar results can be obtained in the positive ion mode as shown in
Fig. S6. Movever, the existence of (CH3NH3),(HCOO™), in per-
ovskite film with 0.2% MAFa is observed in the mass spectra in
Fig. 2(e and f) and Fig. S7. These results prove that IL MAFa mainly
exists near the surface and grain boundaries of perovskite films,
which effectively passivate the corresponding defects, resulting
in the formation of high quality thin film.

For further investigation of the impact of the IL MAFa on the
perovskite film, X-ray diffraction (XRD) measurements were con-
ducted for perovskite films without and with 0.2% MAFa. The
XRD spectra in Fig. 3(a) show identical peak positions at around
14.02¢ for both control and 0.2% MAFa-perovskite film, which indi-
cates that the IL MAFa does not lead to polymorphism or variation
of lattice. Similar result has also been reported in perovskite thin
film prepared by one-step method when small amount of IL MAFa
is added into the precursor solution [32]. UV-vis absorption and
photoluminescence measurements were measured to show almost
identical absorption threshold and photoluminescence peak posi-
tion for both the control and 0.2% MAFa-perovskite films, demon-
strating the retention of lattice which is consistent to the XRD
findings (Fig. 3b and c). Interestingly, the PL intensity and photolu-
minescence lifetime of the 0.2% MAFa-perovskite film are stronger
and longer than that of the control sample, which is attributed to a
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Fig. 1. SEM images of (a) control and (b) 0.2% MAFa-perovskite film. The insets show the grain size distribution of the corresponding perovskite films. Time-resolved in situ
UV-vis absorption spectra of (c) control and (d) 0.2% MAFa-perovskite film in annealing process.

remarkably reduction in defect density and non-radiative recombi-
nation centers (Fig. 3c and d, Fig. S8). It is interesting to note that
perovskite film prepared by a higher MAFa concentration of 0.5%
exhibits a faster PL decay than that of the pristine one (Fig. S3).
It is believed that excessive addition of ionic liquid results in an
increase in defects by generating irregular grains within the per-
ovskite bulk material [41]. To further verify the effect of ionic liq-
uid in perovskite film on the reduction of non-radiation
recombination centers, EQEg; of the PSCs fabricated without and
with 0.2% MAFa IL were measured (Fig. 3e and f). The EQEg, values
of the control and the 0.2% MAFa-device are 1.16% and 3.63% under
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an injection current of 23.69 mA cm 2 and 24.23 cm 2, respec-
tively. These results effectively show that the trap density is
remarkably reduced and the non-radiative recombination is signif-
icantly suppressed beneficial to the addition of ionic liquids as
additives in the perovskite film formation process.

As a classical ionic crystal, perovskite materials always show
vacancy states, especially the halide vacancies, within its crystal
structure [42]. To shed further light on the impact of IL on the
halide vacancies in perovskite materials, density functional theory
(DFT) calculations (see the Experimental Section for computational
details) were performed on the pristine and IL-modifed perovskite
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perovskite with HCOO™ at the iodine vacancy site and (d) the corresponding density of states function. (e) Crystal structure of perovskite at the surface. (f) Charge density
difference between HCOO~ and perovskite surface modified by HCOO™~. Red and yellow color indicate charge accumulation and depletion, respectively. los values of

isosurfaces were set to 0.002 e borh3,

materials as shown in Fig. 4 and Figs. S9 and S10. The structure of
the perovskite with an iodine vacancy is illustrated in Fig. 4(a). The
trap states induced by iodide vacancy defects typically localized in
the nearby Pb atoms and located close to the bottom of the conduc-
tion band [43] (Fig. 4b). In the case of the IL-modified structure
(Fig. 4c), the HCOO™ turns out to occupy the vacancy site, leading
to a suppression of defect states, which recovers the ideal elec-
tronic structure of perfect perovskite material (Fig. 4d). The DFT
results indicate that the IL assists the growth of high-quality per-
ovskite material through the suppression of halide vacancy states.
Fig. 4(e and f) and Fig. S10 show pure and HCOO -modified sur-
faces of the perovskite. Charge transfer mainly takes place from
the Pb atom to the O atom, showing strong interaction, and HCOO~
species saturate the dangling bonds on the surface of the
perovskite.

The space-charge-limited current (SCLC) measurements were
also measured to evaluate the effect of 0.2% MAFa on the defect
densities of different perovskite films in devcies of the structure
ITO/Poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate)
(PEDOT:PSS)/perovskite/2,2',7,7'-Tetrakis[N,N-di(4-methoxyphe
nyl)amino]-9,9’-spirobifluorene (Spiro-OMeTAD)/Au. The defect
density (N;) is calculated by the equation of
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o 268V

N, t qu

3)

where €, is the relative dielectric constant and the value taken
here is 62.23 [44], g is the vacuum permittivity, V_ is the onset
voltage of the trap-filled limit region, g is the charge of an electron,
and L is the thickness of the perovskite film. Vyg (and the corre-
sponding defect density) values of the control and 0.2% MAFa-
perovskite film are 0.55 V (8.89 x 10" cm™3) and 0.27 V
(4.36 x 10" cm3), respectively, as shown in Fig. 5(a-c). These
results clearly show that the perovskite fabricated by adding 0.2%
MAFa IL exhibits a noticeably reduced defect density and is in a
good agreement with the DFT calculation that HCOO~ can effec-
tively occupy the halide vacancies for the perovskite crysal both
in the bulk and at the surface.

To further examine the influence of the addition of IL MAFa on
the device performance, the pristine and 0.2% MAFa-perovskite
film were applied to fabricate sandwich-like PSCs with a typical
architecture of ITO/SnO,/perovskite/Spiro-OMeTAD/Au as shown
in Fig. 5(d) As shown in the cross-sectional SEM image of MAFa
assisted PSC device, a uniform perovskite top layer with a thickness
of around 700 nm was equipped in the device. The J-V curves of the
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Fig. 5. Characterization of the photovoltaic performance of the PSCs. (a, b) J-V characteristics of the control and 0.2% MAFa-perovskite film derived from the SCLC
measurements with a structure of ITO/PEDOT:PSS/perovskite/Spiro-OMeTAD/Au. Vg is expressed as trap-filled limited voltage. (c) Statistics of defect density calculated by
SCLC measurements. (d) Cross-sectional SEM image of the perovskite device structure. (e) J-V curves of the PSCs with different concentrations of IL MAFa. (f) The distribution
of PCEs of the control and 0.2% MAFa-PSCs. (g) EQE and the integrated Jsc of the 0.2% MAFa-PSCs. (h) Normalized PCE evolution of the unencapsulated devices measured over
1000 h at 30 °C in ambient dry air (relative humidity ~15%+5%). The insets show the water contact angle of the control and 0.2% MAFa-perovskite film.

PSCs with different amounts of IL MAFa were measured (Fig. 5e).
The results show a systematic trend that addition of 0.2% MAFa
can improve the photovoltaic performance but excessive amount
of MAFa results in the deterioration in the device performance.
Statisticial analysis of the PSCs performance with different
amounts of MAFa are summarized in Table S1. The PSCs without
IL MAFa deliver an average efficiency of 21.26% with an open-
circuit voltage (Voc) of 1.17 V, a short circuit current (Jsc) of
23.69 mA cm2, and a fill factor (FF) of 0.767. In contrast, the
devices with 0.2% MAFa gain an obvious Voc and FF enhancement,
attributed to the lower defect density assisted by the passivation of
perovskite halide vacancy defects by HCOO™ and the suppression
of non-radiative recombination process. The champion device with
0.2% MAFa has a PCE of 23.11% accompanied by a high Vpc of
1.21 V, Jsc of 24.23 mA cm 2, and a FF of 0.788. The Jsc values
obtained from J-V curves match well with that derived from the
EQE results (23.08 mA cm™2), integrated over the solar spectrum
(Fig. 5g). Statistical distribution (from over at least 24 devices in
each condition) of the PCE for the pristine and the 0.2% MAFa-
PSCs are shown in Fig. 5(f). Not only the average PCE is significantly
improved but also the scattering of the PCE distribution is nar-
rowed for the devices prepared by 0.2% MAFa IL. Despite the
remarkable improvement in PCE, stability of PSC is another key
issue to address. ILs have been regarded as potential alternatives
to traditional additives for fabricating stable PSCs [45,46]. As dis-
cussed above, the reduction in defect density, especially the halide
vacancies, helps to suppress the ion migration and subsequently
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improve the device stability [47,48]. We found that MAFa modified
pervoskite surface provided a better moisture barrier for the bulk
perovskite material. The water contact angles of the pristine and
MAFa-modified perovskite surface are 53° and 61°, respectively,
as shown in the insets in Fig. 5(h). The stability of the unencapsu-
lated control and 0.2% MAFa-perovskite PSCs are evaluated by the
PCE as a function of time (Fig. 5h). The unencapsulated 0.2% MAFa-
perovskite device demonstrates a better long-term stability and
maintains 90% of its original PCE in ambient dry air conditions after
1000 h. Thus, our results show that the addition of MAFa IL with
optimal concentration of 0.2% can significantly improve the perfor-
mance of PSCs both the PCE and long-term stability, attributed to
the efficient passivation of halide vacancies.

4. Conclusions

In summary, we have explored the in-depth mechanism of
MAFa IL-assisted perovksite film formation process via two-step
deposition method, resulting in perovskite photovoltaics with
improved device performance. The addition of IL accelerates the
perovskite crystallization kinetics with a faster conversion process,
evidenced by the in-situ UV-Vis absorption spectroscopy. First-
principle DFT calculation shows that addition of 0.2% MAFa IL
can effectively lower the perovskite formation enthalpy. TOF-
SIMS technique probes the distribution of IL within the perovskite
layer in normal direction, showing a gradient vertical distribution.
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Besides the widely reported surface passivation, we proved that
the HCOO™ can diffuse into the perovskite crystals, fill up the
halide vacancies and effectively reduce the trap density, which
has been confirmed by DFT calculation. Experimentally, the results
from SCLC measurement also proved that the trap density has
decreased for IL-assisted perovskite film, leading to improved
optoelectronic properties. High-quality perovskite films with
noticeable large grain were fabricated with the help of ionic liquid
via sequential deposition approach. Upon these, we have demon-
strated the fabrication of MAFa IL-assisted PSCs of PCE over 23%
accompanied by improved stability, attributed to the enhanced
moisture barrier and defects suppression. This work provides an
effective strategy to manipulate the morphology and opto-
electronic properties of perovskite materials, which is beneficial
for upscaling manufacture of perovskite photovoltaics.
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