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To make the jump from laboratories to commercial production for perovskite solar cells, it is necessary to
develop devices in an ambient environment using materials and methods that can be scalable. Here, blade
coating followed by vacuum quenching is used to manufacture the FACs-based perovskite solar cells with the
additive of MACI under an ambient environment (30%-57% RH), where FA is formamidinium and MA is
methylammonium. The vacuum allows quick removal of solvent to initiate the nucleation process and create the
intermediate phase. To control the nucleation and crystallization, the additive MACI is utilized to manipulate the
intermediate phase. Besides perovskites, another key component is the hole transport material. Although nickel
oxide exhibits good photostability and can be scalable for the inverted device architecture, the main drawback is
low cell efficiency. This work solves it by tuning the cation ratio of Pb?* to A" and light soaking, achieving a
champion efficiency of 19.5%. The encapsulated solar cells exhibit long-term photostability, maintaining 96% of
their original efficiency and 91.5% of their maximum efficiency over 648 h under one sun at 45°C and 50%-60%
relative humidity. This work demonstrates an economical and highly scalable process, promising for commercial-

scale manufacturing.

1. Introduction

Perovskite solar cells (PSC) have developed at a breakneck pace in
the last decade, reaching the power conversion efficiency (PCE) of
25.7% [1]. Such high PCE of PSCs is due to several properties, such as
strong absorption in the visible range, the long diffusion length of charge
carriers, and defect tolerance of hybrid inorganic-organic perovskites
[2-4]. To make the jump from laboratories to commercial production, it
is necessary to develop low-cost large-area devices in an ambient envi-
ronment. Traditional lab-scale fabrication methods, such as spin coating
in a nitrogen environment, are ill-suited for large-area manufacturing
processes. Many scalable techniques [5-9] were developed, among
which slot die [10-13] and blade coating [14-21] are attractive, as they
consistently achieve uniformity over large areas with high yield. Since
slot die wastes the first few mL of perovskite precursor in the slot die
head, a similar approach, namely blade coating, which wastes a negli-
gible amount, is typically applied at the beginning to optimize the ink.

A crucial challenge for blading uniform and mirror-like perovskite
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films is the nucleation and crystallization process. The literature and
general understanding of the crystallization process on blade coating for
cells and modules are much less than those on spin coating. Many factors
such as precursor solvent [22], temperature [23], humidity [24], and
solvent evaporation rate [25,26], all affect the nucleation and crystal-
lization process [27]. A further hurdle is that knowledge of nucleation
and crystallization using spin coating does not fully apply to blade
coating [28]. For example, dimethylformamide (DMF), dimethyl sulf-
oxide (DMSO), and their mixtures are typically used during spin coating.
But it is not straightforward to control their evaporation during blade
coating, in particular for FACs-based perovskite in air, where MA is
methylammonium. For better thermal stability, MA™ is substituted by
FA" (formamidinium), which has lower volatility, or a mixture of FA™
and Cs*. Compared with MA ink, FACs ink is more difficult to develop,
since FAPDI;3 favors the yellow phase at room temperature, especially in
air [29]. To bridge this gap, in this study, we use solvent N-methyl-2--
pyrrolidone (NMP) to replace the conventional co-solvent DMSO to
fabricate perovskite film under ambient environment. Compared with
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DMSO, NMP has a stronger interaction with FA, which can facilitate the
formation of a more stable FAlePbl,eNMP [10,30-32]. Furthermore,
NMP has lower vapor pressure compared with DMSO, which can slow
the crystallization speed, leading to a dense and uniform perovskite film.
Although NMP is not a “green” solvent, only a small amount of precursor
is needed: 5 pL for a 2x2 cm? substrate and 10 pL for a 5x5 cm?.

Moreover, antisolvent used to quickly extract the solvent during the
spin coating process is limited to small areas, making it highly unsuited
for large-scale manufacturing. Another drawback in the spin coating is
that the nucleation process, crucial to fabricate efficient PSCs, occurs
over only a few seconds, and is sensitive to the time when the antisolvent
is added, greatly hampering its reproducibility. One alternative consists
in using an air knife [33,34], applied to blade coating, to bring the
precursor to the intermediate phase in a few seconds. This approach is
very efficient for easily vaporized solvents. But as our solvents, e.g.,
NMP, are not easily vaporized, we use the vacuum assistant method [35]
to easily extract it from the wetting substrates. To upscale the vacuum
quenching in industry, since the pressure needs to be uniform, the air
can be easily extracted by uniformly distributed holes.

To fabricate high-quality film with larger grains and fewer grain
boundaries, thus improving PCE, several other methods, such as inter-
face engineering [36], compositional engineering [37], and additive
engineering [38], can be employed. Among these methods, a chlori-
nated molecule is a commonly used additive to improve the film
morphology of perovskite. It has been widely reported that MACI is a
good additive to increase the crystallization of a-phase by forming an
intermediate phase, which inhibits the formation of 5-phase of perov-
skite [39-41]. In our experiment, we found that MACI can also promote
the formation of more intermediate phases in the vacuum quenching
process. We observed that MACI alters the color of the film, after the
vacuum assistant method, making it more of a darker shade of brown,
while the film without MACI is of yellowish-brown color.

Besides the perovskite film, another key component is the substrate.
The premier choice has been the organic hole transport layer (HTL) poly
[bis(4-phenyl)(2,4,6-trimethylphenyl)amine (PTAA), which is
commonly used in the PSCs with the p-i-n device architecture, since the
PSCs incorporated with the PTAA HTL could produce high PCE and
negligible hysteresis. PTAA is, however, hydrophobic, which limits the
choice of solvents. In particular, NMP is quite ill-suited for using over
PTAA, as it cannot be uniformly spread after deposition. Therefore, we
use an inorganic semiconductor NiOx as the HTL. It has lots of benefits,
such as low cost, high photostability especially under the full light
spectrum, hydrophilic surface, and scalability, making it as one of the
best hole transport candidates for upscaling PSCs [42]. Many fabrication
methods have been reported for NiOx, such as spin coating [43,44], hot
spray [45], atomic layer deposition [46], and sputtering [47]. Among
these techniques, atomic layer deposition, sputtering, and hot spray are
all highly scalable, with the last one being our choice in this work. The
main drawback of NiOx is the relatively low open-circuit voltage (Voc)
caused by the interface defects and traps [48]. Also, the low conductivity
of NiOx impedes the performance of PSCs. There are a plethora of
methods to optimize NiOx, such as using Zn/Li/Mg/as a dopant to
improve its conductivity and the work function [45,49,50], and alkali
chloride (NaCl/KCl) to reduce defect/trap density and suppress the
interfacial recombination [51]. Based on the physical properties of
NiOx, in this work, we optimize by fine-tuning the ratio between Pb%*
and A" cation to improve the PCE of PSCs. It has been reported that
adding a slightly excessive amount of A" cation can compensate iodide
vacancies and suppress counterion migration and defect generation
during the long-term illumination [52]. McGehee’s group reported that
Ni=3 sites in NiOy thin film can react with AX, forming excess Pbl; at the
interface between perovskite and the NiOy HTL. The produced PbI, at
the interface will act as a hole extraction barrier, reducing device Vo¢
[53]. Here, we decrease the amount of Pbl; in perovskite precursors to
enhance perovskite crystallinity, which improves the Voc of PSCs.
Moreover, using femtosecond laser transient absorption and reflection

Solar Energy Materials and Solar Cells 246 (2022) 111894

spectroscopy, we find that light soaking can increase the carrier lifetime
at the NiOx/perovskite interface, which also improves the Vo¢ of PSCs.

Our work combined the above methods to create an economical,
easily controlled, and highly scalable process well-suited for
commercial-scale manufacturing. First, since at this scale depositing
perovskite layer occurs in air, as it is unfeasible to require a large ni-
trogen environment, a suitable solvent is needed. We solve this by using
NMP to lower the formation energy of o phase perovskite in air.
Removing this solvent at a commercial scale, however, cannot be
feasibly done using classical methods such as antisolvent: we opt for the
vacuum-assisted method. To control the nucleation and crystallization
during vacuum, we use the additive MACI to produce an intermediate
phase. Finally, for a process to be scalable, the substrate must be scalable
too. PTAA is the current go-to choice, but its hydrophobic nature makes
it hardly useable with NMP. An alternative is needed, and NiOx is our
premier choice. The only drawback is that PSCs exhibit low PCEs, which
we solve by fine-tuning the ratio of Pb?>* to A* cations and light soaking.
Therefore, this entire process, which focuses on being economical and
highly scalable, is promising for making the leap from laboratories to
commercial plants.

2. Results and discussion

2.1. The impact of additive MACI on the intermediate phase and device
performance

Fig. la displays the schematic illustration of blade coating, inter-
mediate phase after vacuum-assisted method, and perovskite thin-film
after thermal annealing. The additive MACI in the perovskite precur-
sor is utilized to increase the crystallization of a-phase by manipulating
the intermediate phase (FAI-Pbl;-MACI) with the vacuum-assisted
method. Thermal annealing at 150°C completely removes MACI from
the film. Fig. 1b (i-iii) displays the photos of intermediate phase of
FA(.gCsp 2Pbl3 with different amount of MACI (0%, 4%, 10% molar ratio
relative to Pb) after vacuum quenching. We can see they exhibit
different colors. The film without MACI shows a light-yellow brown
color, while the film with 4% MACI exhibits dark brown. Further
increasing the amount of MACI to 10% results in an even darker film.
The darker color represents that a more intermediate phase is produced
during the vacuum quenching process. Fig. 1b (iv) displays perovskite
films fabricated on substrates of two different sizes 2x2 cm? and 5x5
cm?, proving that this method of blade coating and vacuum-assisted
method can apply for large-area perovskite solar cell fabrication. The
scanning electron microscopy (SEM) images of perovskite films with
different amount of MACI were compared (Fig. 1 c-e). The film prepared
with 4% MACI exhibits significant larger grain size and fewer grain
boundaries. Fig. 1f displays the X-ray diffraction (XRD) pattern of
FAogCspoPbls perovskite with different amounts of MACL
FAg.8Cso.2Pbl3 has two cations, but the molar ratio of FA™ is much higher
than Cs™, so FAPbI; plays the main role of a framework, and it con-
tributes to the strongest peak in the XRD pattern. In the trigonal phase of
FAPDI3, the peaks at 14.03° and 28.05° correspond to the (001) and
(002) planes [4], respectively, indicating that the black phase was suc-
cessfully created. There is no signal at 11.8° in the XRD pattern, indi-
cating that the yellow 8-phase of FAPbI3 was not created during this
fabrication. For the polycrystalline thin film, a stronger peak intensity
represents a higher crystallinity. The peak intensity is obviously
increased upon the incorporation of 4% MACI into the precursor, which
means the crystallinity of perovskite is significantly improved by the
additive MACI (Fig. 1g). The crystallinity decreased when the amount of
MACI is further increased to 10%. The full width at half maximum
(FWHM) is inversely correlated with the crystallite size. Fig. 1g shows
the decreased FWHM of the (001) plane with the additive of 4% MACI,
suggesting a larger crystallite size. When MACI is increased to 10%, the
FWHM increases, which indicates that crystallite size is shrank. The
results from XRD and SEM are consistent, showing that 4% MACI results
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Fig. 1. (a) Schematic illustration of the blade coating followed by vacuum-assisted process and thermal annealing. (b) (i-iii) The photos of the intermediate phase
with different amounts of MACI after the vacuum-assisted process. (iv) The photos of blade-coated perovskite films on FTO substrates of two different sizes 2x2 cm?
and 5x5 cm? (after thermal annealing). SEM images of FA( gCs 2Pbl3 with (c) no MACI (d) 4% MACI (e) 10% MACIL. (f) XRD of FA gCsg oPbI3 with different amounts
of MACI on FTO substrate (To avoid the influence of extra Pbl, on XRD, the Pb to Al molar ratio is 0.9:1). (g) The intensity count and FWHM extracted from the XRD
pattern. (h) J-V characteristics of devices with different amounts of MACI (Pb to AX molar ratio is 1:1).

in better film quality. The absorption edge of UV-vis absorption spectra
and steady-state photoluminescence (PL) spectra are most red-shifted
with the incorporation of 4% MACI (Fig. S1), since it exhibits the
largest crystallinity and crystallite size. The time-resolved PL for the film
with 4% MACI also exhibits the longest lifetime (Fig. S1, Table S1). The
combination of additive MACl and vacuum assistant method allows us to
decouple the nucleation and crystallization process. The existence of
MACI slows down the crystallization, while the vacuum removes solvent
and drives the nucleation of the wet film. The number of nuclei needs to
be suitable. If the solvent evaporation speed is slow, the concentration of
the nucleus is low, leaving enough time to grow into large crystals, but
resulting in poor coverage. On the other hand, if the solvent evaporation
is fast, the time and space for crystal growth are limited. Here, 4% MACI
is observed to be the optimum composition.

We fabricated the inverted PSCs with the p-i-n device structure of
FTO/NiOx/FAg gCsg oPbl3/Cgo/BCP/Cu, since the PSCs with this device
structure can be upscalable. Scalable techniques were selected for
depositing all layers: hot spray for NiOx, blade coating for perovskite,
and thermal evaporation for C60/BCP/Cu. The current density versus
voltage (J-V) characteristics and the extracted device parameters of the
PSCs with 0%, 4%, and 10% of MACI are shown in Fig. 1h, S1, and
summarized in Table S2. The champion PSC without the additive MACI
displays a Vo of 0.91 V, a short-circuit current density (Js¢) of 22.4 mA/
cmz, a fill factor (FF) of 0.77, and a PCE of 15.7%. The best PSC with 4%
MACI shows improved performance, a Vo of 0.96 V, a Jgc of 23.6 mA/

cm?, a FF of 0.77, resulting in a higher PCE of 17.3%. When the amount
of MACI is increased to 10%, the PCE slightly drops. This PCE trend is
consistent with the XRD results, a large crystallinity resulting in higher
PCE.

2.2. The Pb-A ratio for perovskites on NiOx

Since NiOx can react with AX, producing excess Pbl; at the interface
[53], we varied the Pb-A ratio. XRD pattern (Fig. 2a) of FA( gCsg.oPbls
with different Pbl, to Al (A is FA gCsg.2) ratio were collected. When the
ratio of Pbl; to Al is 1:1, a peak at 12.7° appears on both fluorine-doped
tin oxide (FTO) and NiOx substrates. It suggests that even the molar ratio
of A* and Pb%* ions match equally in the perovskite precursor, there is
still some left Pbl, that do not participate in the formation of the
perovskite phase. In this case, the un-reacted PbI; not only suppresses
the formation of a-phase but also results in an intrinsic instability of the
film under illumination [52]. Once we decrease the amount of Pbl; by
8%, the Pbl, peak intensity in the XRD pattern becomes weaker. More
importantly, the peak intensity of the (001) plane strongly increases,
suggesting that the crystallinity of polycrystalline perovskite film im-
proves significantly. We also found that the peak intensity ratio of Pbl,
to the (001) plane is always higher on NiOx substrate than FTO sub-
strate, which means more PbI; on NiOx than on FTO substrate. This
result is due to the NiZ>* sites in NiOx thin films reacting with the
organic cation of perovskite, leaving Pbly on NiOx [53]. Further
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Fig. 2. (a-b) XRD patterns of FA gCso.2Pbl; perovskites with different Pbl, to Al ratios on FTO and NiOx substrates. (c) Intensity associated with Pbl, and (001) peak
as a function of Pb-A ratio. (d) Transient absorption spectroscopy of blade-coated FA gCso 2Pbls perovskite with 10% less PbI, on FTO substrate. (e) Normalized
transient absorption kinetics at 764 nm with regular PbI, and 10% less Pbl,. Circles and solid lines represent experimental data and fit, respectively. (f) SEM images
of perovskite films with regular Pbl; and 10% less Pbl,. J-V characteristics of devices fabricated under humidity (g) 30%-40% RH and (h) 57% RH.

decreasing PbI, by 10%, the signal associated with Pbl, on NiOx sub-
strate in the XRD pattern disappears (Fig. 2b and c), representing that all
the Pbl, participates in the reaction for the perovskite phase. Impor-
tantly, the (001) peak intensity is further increased, suggesting
enhanced crystallization. Further decreasing Pbly from 10% to 12%
results in decreased crystallinity (Fig. 2c).

To study the carrier lifetime, we carried out femtosecond laser
transient absorption spectroscopy. Fig. 2d displays representative tran-
sient absorption spectra of perovskite film. The positive feature at 764
nm corresponds to the ground state bleaching, while the negative
feature corresponds to the excited state absorption. Fig. 2e shows
extracted kinetics at 764 nm of perovskite films (regular film refers to
PblIy:Al= 1:1, and 10% less Pbl, refers to Pbl:AI=0.9:1). By fitting the
time traces with multiple exponential decays, we achieved the carrier
lifetime of 1 ns (weight ratio 81%) and 6.7 ns (19%) for regular
perovskite. The lifetime is increased to 2 ns (20%) and 30 ns (80%),
when the amount of Pbl; is decreased by 10%. The fast decay is due to
the nonradiative recombination caused by the traps, while the slow
decay is attributed to the radiative recombination of free electrons and
holes in perovskite film [54,55]. The longer lifetime arises from the
superior film quality, better crystallinity, and reduced trap density. The

scanning electronic microscope (SEM) displays that the grain surface of
regular Pbl, is rough relative to that with 10% less Pbl,, indicating that
unreacted Pbly might restrict the smooth crystal growth at the surface
(Fig. 2f). The results of XRD, transient absorption, and SEM all suggest
that less Pbl; is crucial to achieving efficient PSCs, in particular on NiOx
substrates.

We fabricated PSCs based on the less 10% Pb-A ratio in air with
humidity of 30%-57% RH. The best device (30%-40% RH) displays Voc
of 1.00 V, Jsc of 23.5 mA/cm?, FF of 0.79, resulting in a champion PCE of
18.6% (Fig. 2g). The above approach is also applicable to the high hu-
midity environment. We fabricated the same device in air with a hu-
midity of 57%. The champion PCE is 18.3% (Fig. 2h), suggesting that
this fabrication method also works in a high humidity environment.

2.3. Light soaking effect

We also found that light soaking with a few hours can further
improve the Vo of PSCs. The enhanced Voc could be from two factors:
one is the deactivation of defects in the bulk of perovskite, and the other
is trap filling or built-in electric field at the interface between NiOx and
perovskite [56]. To explore the origin of Voc improvement under
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illumination, we studied the light soaking effect on the bulk of perov-
skite and the NiOx/perovskite interface. XRD experiments were carried
out for perovskite films on NiOx with 2-day light soaking and without
light soaking (Fig. S2). The XRD pattern is not sensitive to the light
soaking time, suggesting that light soaking does not affect the crystal-
linity of perovskite in the bulk. We carried out transient absorption
spectroscopy to quantify the carrier lifetime under light soaking. Fig. 3a
displays the transient absorption spectra of perovskite on NiOx without
any light soaking. Fig. 3b shows the normalized kinetics at 764 nm of
perovskite films with different light soaking times (Oh, 2h, 12h). It is
clearly observed that with the increase in light soaking time from Oh, 2h,
to 12 h, both fast decay and slow decay time components on NiOx
substrate increased significantly. By fitting the kinetics, the carrier
lifetime is increased from 1 ns (47%) and 5 ns (53%) for 0 h, 1 ns (33%)
and 8 ns (67%) for 2 h, to 2 ns (30%) and 42 ns (70%) for 12 h. To further
probe whether it is substrate dependent, we carried out transient ab-
sorption spectroscopy on perovskite deposited on another substrate FTO
where the charge transfer is not significant (Fig. 3c, S3c-d). We found
that the carrier lifetime of perovskite on FTO is insensitive to the light
soaking (Fig. 3d), suggesting that the light soaking does not affect the
bulk property of perovskite, which is consistent with the XRD results.
The above results suggest that the enhanced carrier lifetime on NiOx
under light soaking is related to NiOx/perovskite interface.

To probe the interface, we applied transient reflection spectroscopy
for perovskite films on NiOx before (Fig. 3e) and after light soaking
(Fig. S3e), with the laser shining from the substrate side. The probe pulse
in transient absorption is transmitted through the entire film, while it is
reflected in the geometry of transient reflection. Therefore, the transient
reflection technique is more sensitive to the interface [57]. In transient
reflection, the negative feature is from the ground state bleaching, while
the positive feature is from the excited state absorption. The carrier
lifetime measured from transient reflection is typically shorter than that
from transient absorption, due to the surface recombination and the
carrier diffusion from the surface to the bulk [57]. Similar to transient
absorption spectra, transient reflection spectra exhibit a longer lifetime
under light soaking. By fitting the kinetics at 770 nm, the carrier lifetime
is increased from 0.48 ps (52.4%), 0.17 ns (14.3%), and 4.5 ns (33.3%)
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for 0 h light soaking, to 0.85 ps (50.7%), 3.6 ns (17.1%), and 66.7 ns
(32.2%) for 18 h light soaking (Fig. 3f). The enhanced carrier lifetime by
light soaking could originate from two factors. One possible reason is
that the migration of ions can change the built-in electric field, affecting
the charge accumulation at the interface [56]. The other is that photo-
generated carriers can neutralize the interfacial defects, suppressing the
non-radiative recombination at the interface, ultimately improving the
Voc [56]. Similar transient reflection experiments were carried out on
perovskite film deposited on another substrate FTO, before and after
light soaking (Fig. 3g, S3f). Different from the NiOx substrate, the carrier
lifetime on the FTO substrate is insensitive to the light soaking (Fig. 3h).
Since the charge transfer is much more pronounced at the per-
ovskite/NiOx interface than perovskite/FTO, we suspect that this light
soaking effect occurs at the charge transfer interface.

2.4. Device performance

After 6 h of light soaking, the PSCs with the highest PCE of 19.5%
(Fig. 4a) were obtained. External quantum efficiency (EQE) and inte-
grated Jgc are shown in Fig. 4b. The efficiency extracted from the J-V
curve is consistent with that from steady-state measurement (Fig. 4c).
Fig. 4d displays the statistical distribution of the PCE of four types of
devices (without MACI, with 4% MACI, 10% less Pbl,, under 6 h illu-
mination). We found that the higher averaged values were obtained with
a small amount of MACI and less Pbl,. The best encapsulated device
exhibits a good photostability (Fig. 4e) under a whole spectrum of 1 sun
light illumination at 45°C and humidity 50%-60% RH. After 648 h of
illumination, the PCE maintains 96% of the original value and 91.5% of
the maximum value. Table S4 compares the device efficiency and sta-
bility with perovskite fabricated by blade coating/slot die and NiOx as
the HTL. This work with efficiency 19.5% and photostability T90>648h
is among the top. In addition, our method is upscalable for each layer:
hot spray for NiOx, blade coating for perovskite, and thermal evapora-
tion for C60/BCP/Cu.
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Fig. 3. Transient absorption spectroscopy of FAq gCsg 2Pbls perovskite on (a) NiOx and (c) FTO substrates without light soaking. Normalized transient absorption
kinetics of perovskite on (b) NiOx and (d) FTO substrates with Oh, 2h, and 12h light soaking, extracted at 764 nm. Transient reflection spectroscopy of FAq gCso 2Pbl3
perovskite on (e) NiOx and (g) FTO substrates without light soaking. Normalized transient reflection kinetics of perovskite on (f) NiOx and (h) FTO substrates with Oh
and 18h light soaking, extracted at 770 nm. Circles and solid lines represent experimental data and fit, respectively.
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Fig. 4. (a) J-V curve of champion FAg gCsg 2Pbl; solar cell. (b) EQE and integrated Jsc. (c) Steady-state current density and PCE. (d) A statistical distribution of the
PCE for PSCs. (e) Normalized PCE of photostability test under the illumination of 1 sun at 45°C and 50%-60% RH. Inset is the inverted device architecture (p-i-n)

of PSCs.
3. Conclusion

In this work, the blade coating and vacuum-assisted method is
applied for inverted FACs-based perovskite solar cells in an ambient
environment (30%-57% RH). We investigate the use of the additive
MACI in FACsPbI3 perovskite to promote the formation of the interme-
diate phase during the vacuum quenching process. NiOx is selected as
the hole transport material, due to its high photostability, hydrophilic
surface, and scalability. Tuning the molar ratio between Pb?* and A* not
only affects the intrinsic property of perovskites but also accommodates
the negative effect of the un-reacted Pbl, caused by NiOx. Combined
with light soaking, the best vacuum-assisted blade-coated FACsPblg
device with a PCE of 19.5% was achieved. The encapsulated device
exhibits 96% of the original efficiency and 91.5% of the maximum ef-
ficiency, after 648 h under the whole spectrum of 1 sun at 45°C and
50%-60% RH. From the perspective of commercialization of PSCs, our
work provides a low-cost and scalable approach.

4. Experimental section

Materials: FAI (99.99%) and phenethylammonium chloride (PEACI)
were purchased from GreatCell Solar Materials. CsI (99.999%) and
nickel (I) 2,4-pentanediaonate (95%) were purchased from Alfa Aesar.
PbI; (99.99%) was purchased from Tokyo Chemical Industry (TCI). FTO
and MACI were purchased from Advanced Election Technology. C60
(99%) was purchased from Nano-C. BCP (99.99%) and all the solvents
(anhydrous) were purchased from Millipore Sigma.

Device fabrication and test: FTO is cleaned with detergent, deionized
water, alcohol, and acetone sequentially 15 min each using the ultra-
sonic and dried in an oven at 60 °C for 1 h. The cleaned FTO substrates
were treated with UV-Ozone for 15 min to remove organic residues on
the surface. Then the FTO substrates were heated on a hot plate with the
temperature gradually increased to 450°C. 7.5 mL solution of 4 mg/ml
nickel acetylacetonate dissolved in acetonitrile was sprayed on hot FTO
substrate to achieve NiOx layer around 20 nm. After spraying, the film
was heated at 450°C for another 15 min. After cooling down to room
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temperature, the NiOx coated FTO was further treated with UV-ozone
for another 3-5 min to completely oxidize NiOx. 0.96 M FAI, 0.24 M
Csl, and 1.05-1.2 M Pbl, were dissolved in DMF/NMP (5:1 in volume
ratio) solution. 0.3 mg/mL PEACI was added into the precursor to sup-
press the nonradiative recombination and improve stability [20], and
different amounts of MACI (0%, 4%, and 10% in molar ratio relative to
Pb) were added. For the substrate 2x2 cm?, 5 pL perovskite precursor
was used on NiOx coated FTO substrate for blade coating. The gap be-
tween substrate and blade coater was around 150 pm and the coating
speed was 3.5 mm/s. This process was completed in air with humidity
30%-57% RH. After the substrate was completely covered by perovskite
precursor, the wetting substrate was immediately transferred into a
vacuum chamber, which was pumped to a gauge pressure < -1 bar in 10
s and kept for 2 min. The film was annealed at 75°C for 5 min to crys-
talize the perovskite in a nitrogen-filled glove box and then transferred
to an ambient environment where the substrate was annealed at 150°C
for 10 min to completely change to black phase. After cooling down to
room temperature, 30 nm C60, 10 nm BCP, and 90 nm copper were
thermally evaporated at the pressure under 1.5x10~° Torr. The device’s
active area is 0.10 cm?. The I-V curves and steady-state power conver-
sion efficiencies were measured by Keithley 2612B source meter with a
Xenon solar simulator under AM 1.5G and 100 mW/cm? illumination.
The prepared solar cells were encapsulated with cover glass using epoxy
AB glue and aged overnight with pressure before the photostability test.
The photostability was tested under open circuit at 45°C and 50%-60%
RH, a full spectrum metal halide light bulb with an intensity of 100
mW/cm? calibrated by silicon cell [58].

Characterization: SEM image was acquired on a JEOL JSM-7100F
scanning electron microscope. XRD experiments were carried out
using PANalytical X-ray diffractometer under the step size of 0.01°. The
UV-vis linear absorption spectra were obtained by Agilent UV spectro-
photometer (Cary 60). The femtosecond transient absorption and
reflection were collected using a collinear pump-probe setup (Ultrafast
Systems), similar to the previous report [57]. The 400 nm pump was
produced by doubling the frequency of Ti:sapphire laser pulse (Coherent
Astrella, 800 nm, 5 KHz), while the supercontinuum white light probe
was generated by focusing a small part of laser fundamental onto a
sapphire. The pump and probe were overlapped onto the sample with
the pump-probe time delay controlled by a mechanical delay stage. The
cross-correlation between pump and probe was around 100 fs. The
external quantum efficiency (EQE) was obtained from the solar cell
quantum efficiency measurement system (QEX10) with a 300 W
steady-state xenon lamp as the source light.
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