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a-FAPDbI3 is a front-runner perovskite material for highly efficient solar cells,
although its preparation typically requires high-temperature annealing. Chen et al.
report a facile method for fabricating high-quality a-FAPbl; films at room
temperature and reveal the mechanism of the formation of a-FAPbI; through
theoretical and experimental methods.
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o-FAPbl; Films for Efficient Perovskite Solar Cells

Zhiliang Chen,’? Hengkai Zhang,' Fang Yao,” Chen Tao,” Guojia Fang,”* and Gang Li'-3*

SUMMARY

Formamidinium lead iodide (FAPbI3) perovskite is a front-runner
material for efficient perovskite solar cells (PSCs) due to its high
light-absorption coefficient, narrow band gap, and superior photo-
stability and thermostability. High-quality FAPbI; perovskite forma-
tion typically requires an >160°C annealing process to induce phase
transition from the photoinactive yellow phase (3-FAPDbIs) to the
photoactive black phase (2-FAPbI3). However, this high-tempera-
ture annealing can induce defects in the films and hinders applica-
tion in flexible solar cells. Here, we report a facile method to fabri-
cate high-quality «-FAPbI; perovskite films at room temperature,
without thermal annealing or vacuum-assisted processes. Combined
computational and experimental results reveal the crystallization
mechanism of a-FAPbI; formation at room temperature. We demon-
strate PSCs with a power-conversion efficiency of 19.09%, which is
the highest efficiency for room temperature PSCs to the best of
our knowledge. This study may offer a cost-effective way to fabri-
cate highly efficient PSCs at room temperature.

INTRODUCTION

Organic-inorganic hybrid perovskite solar cells (PSCs) have been developing rapidly
over the last decade thanks to the low material and fabrication cost and high power-
conversion efficiency (PCE). Since the first report in 2009, the PCE of PSCs has risen
dramatically, from 3.8% to 25.2%,'” rivaling that of the commercialized silicon-
based solar cells. To date, PSCs with PCEs of >22% mainly use formamidinium
lead iodide (FAPbl3)-dominated perovskite as a light absorber due to their superior
opto-electrical properties® ' '—narrower band gap, longer charge-diffusion length,
and better photostability and thermostability.'*'® However, when preparing the
FAPbl3-based perovskite films, high-temperature annealing is indispensable to
induce phase transition from the photoinactive yellow phase (3-FAPbl3) to the pho-
toactive black phase (a-FAPbl3)."” Such annealing is incompatible with the common
low-cost plastic substrates such as poly(ethylene terephthalate) (PET) and poly(eth-
ylene 2,6-naphthalate) (PEN). The high-temperature annealing process increases the
fabrication cost and extends the energy payback time for photovoltaics, which will
hinder the commercialization of this photovoltaic technique. Recently, efforts have
been made to lower the annealing temperature of FAPbl; perovskite. For instance,
incorporating other cations (methylammonium [MA], Cs) to develop mix-cation
perovskite has been proven to be an effective approach to prepare high-perfor-
mance PSCs with lower annealing temperatures.'®?* In addition, FAPbl3-dominated
mixed-phase perovskite systems ((FAPbI3),(MAPbBr3);) have been widely studied
due to its facile preparation at lower temperatures and good phase stability.?’*°
However, the band gaps of these mixed-phase perovskite systems become larger
(1.58-1.62 V), close to or larger than that of the primary perovskite MAPbl;, which
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Figure 1. Schematic lllustration of Fabrication of FAPbI;-Based Perovskite Films

. B

The experimental procedure of fabricating a-FAPbl; perovskite films at room temperature using a facile spin-coating method.

is unprofitable for developing highly efficient PSCs with narrow band-gap perov-
skite. Therefore, forming narrow band-gap perovskites at low temperatures for high-
ly efficient PSCs is desirable for pushing the commercialization of this promising
photovoltaic technology.

In the present work, we develop a facile method for fabricating high-quality
o-FAPbI; perovskite films at much lower temperatures (i.e., room temperature),
free from any thermal annealing or vacuum-assisted processes. Specifically, FMSCN
(formamidinium thiocyanate [FASCN] and methylammonium thiocyanate [MASCN]
in an optimal molar ratio) are introduced into the perovskite precursor solution to
form the formamidinium iodide (FAI)-SCN™-Pbl, intermediate phase, which can
convert to a-FAPbl; perovskite at room temperature. Computational and experi-
mental results clarify the crystallization mechanism of a-FAPbI; at room tempera-
ture. Applying this strategy, we demonstrate room temperature PSCs with an effi-
ciency of 19.09%. As far as we know, this is the best result reported to date for
room temperature-processed PSCs®'~/ (see Table S1).

RESULTS AND DISCUSSION

Fabrication and Characterization of Room Temperature Formed a-FAPbI3;
Films

The facile fabrication method for a-FAPbl; perovskite film formation at room tem-
perature is illustrated in Figure 1. The precursor solution with or without FMSCN
was first spin coated onto the substrate/ITO (tin-doped indium oxide)/SnO,. During
the antisolvent process, the film from the precursor solution containing FMSCN
gradually turned to dark brown with time, while the film from the pristine precursor
solution (without FMSCN) remained light yellow even after a long spin.

The optical images of the resultant films from the precursor solution containing
different amounts of FMSCN (0, 10, 20, 30, 50, and 70 mol%) are shown in Figure 2A.
The film presented smoother and darker as the content of FMSCN in precursor so-
lution increased, suggesting a gradual crystallization of black-phase perovskite in
the films. This was confirmed by the X-ray powder diffraction (XRD) patterns in Fig-
ure 2B. For convenience, the composition FAPblz+x mol% FMSCN (see
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Figure 2. Characterization of the Room Temperature Films
(A) Photographs, (B) XRD patterns, and (C) Tauc plots of room temperature formed perovskite films prepared from precursor solution containing
different amounts of FMSCN.

Experimental Procedures) is abbreviated as x-FMS throughout the article, in which x
is the molar percentage of FMSCN in the precursor solution and FMS represents
FMSCN. 0-FMS means perovskite precursor solution without FMSCN. The 0-FMS
film exhibited strong diffraction peaks at ~11.8°, indicating the formation of yellow
phase (3-phase) perovskite in the film,?® which is considered not applicable for
photovoltaic devices. When 10 mol% FMSCN was added, the 11.8° diffraction
peak relatively diminished and became narrower compared to the 0-FMS sample.
Meanwhile, weaker peaks at 13.95°, 19.85°, 24.3°, 28.15°, 31.55°, 34.7°, 40.3°,
and 42.85° emerge, indicating the formation of cubic phase a-FAPbI; in the
film.*?*© When the content of FMSCN increased to an appropriate level (30 mol
%), the 11.8° peak disappeared, and the film exhibited a-FAPbl; perovskite phase,
suggesting that highly crystalized a-FAPbl; perovskite films were formed without
any annealing treatment. However, further increasing the content of FMSCN to
higher levels (50 and 70 mol%), the 11.8° peak emerges again, indicating the phase
instability of the films when excess FMSCN was incorporated in the precursor solu-
tion. The ultraviolet (UV)-visible absorption spectra of the 0-FMS and 30-FMS films
are shown in Figure S1. The band gaps of all room temperature formed perovskite
films using Tauc analysis are depicted in Figure 2C and Table S2. The band gap
decreased from 2.43 (3-FAPbl3) to 1.56 eV (a-FAPbI3) when the content of FMSCN
increased from 0 to 30 mol%, and slightly increased to 1.58 eV (a-FAPDbI3-3-FAPbI3
mix) when the content of FMSCN further increased to 70 mol%, which are in line with
the optical images and XRD results above.

Mechanism of Formation of a-FAPbI; at Room Temperature

Adding an appropriate amount of FMSCN in the precursor solution can result in
highly crystalized a-FAPbl; perovskite film at room temperature. As the FMSCN
incorporation lies in the center of the phenomenon, the key point in this perov-
skite-formation process is expected to be the strong affinity of SCN~, Pbls*~, and
FA*. In the conventional precursor solution with N,N-dimethylformamide (DMF)
and dimethyl sulfoxide (DMSO) as the solvent, the Pbl,-DMSO-FAI intermediate

Cell Reports Physical Science 1, 100205, September 23, 2020 3



Cell Reports

¢? CelPress Physical Science
OPEN ACCESS

A B c 3 3
1 I
1 I
| ‘ i ’
g - U R HoL
=
1 I o
| PbL-DMSO-FAI ! E (*y .K** A*
o | aa |
1 | g
il i‘ ‘i £ without FMSCN e+ (o
s - —— with FMSCN (stage I)
. i i £ —— with FMSCN (stage IT) ) 00
sov - oo IR o
intermediate phase a-FAPbI, t*/ ﬂ.L
T T T
D E 1000 1500 2000 2500

500 1000 1500 2000
Time (ns) Voltage (V)

T g e
z £ Col 0 BBLH € A
" o
S e (05 (o0

Figure 3. Schematic lllustration and Characterization of the Room Temperature Perovskite Film and Corresponding Photovoltaic Devices

(A) The schematic illustration of the formation of a-FAPbl3 from different intermediate phases.

(B) FTIR spectra of the perovskite films on KBr substrates.

(C) Electron difference density for Pbl,-SCN™-FAI (top) and Pbl,-SCN™-FAI (bottom). Isosurfaces are set at 0.018\e|/A3. Magenta and cyan regions
denote the electrons obtained and lost, respectively.

(D and E) TRPL spectra of perovskite films on glass (D) and J-V curves of PSCs (E) based on a precursor solution containing different amounts of FMSCN.

phase exists in the precursor film-drying process, which then converts to perovskite
film after annealing.”' We speculated that compared to DMSO, SCN™ has a stronger
interaction with Pbls*~ and FA*. When SCN ™ is in the precursor solution, there is the
Pbl,-SCN™-FAl intermediate phase instead of the Pbl,-DMSO-FAIl. After the antisol-
vent dripping, SCN™ is easily released from the spinning film in the form of HSCN
due to the unstable property of this adduct®’**?; then, the Pbl,-SCN™-FAl interme-
diate phase converts to a-FAPbl; perovskite at room temperature. For the conven-
tional perovskite-formation process, since the boiling point of DMSO s relatively
high, the thermal annealing process is necessary to remove DMSO so that the
Pbl,-DMSO-FAI intermediate phase can convert to the resultant FAPbl; perov-
skite.*' The mechanism discussed above is illustrated in Figure 3A.

Fourier transform infrared spectroscopy (FTIR) was performed to verify the proposed
hypothesis. Figure 3B shows the FTIR results of different samples. It can be observed
that the precursor film without FMSCN exhibits a characteristic peak at ~1,012 em™’,
which stems from the stretching vibration of S=O in the FAI-DMSO-Pbl, complex.43
When 30 mol% FMSCN is incorporated, the precursor film, which is formed immedi-
ately after the antisolvent dripping (stage 1), exhibits a strong vibration peak at
2,061 cm™", which belongs to the stretching vibration of C=N in SCN™. Meanwhile,
the stretching vibration at 1,012 cm™ that belongs to the S=O almost disappears,44
which indicates the stronger interaction of SCN™ with Pbl, and FAI than DMSO.
When the precursor film is further spun for a certain time (stage ll), the C=N vibra-
tion also disappears, implying that the SCN™ is released from the precursor film dur-
ing the spinning. The energy-dispersive X-ray spectroscopy (EDS) in Figure S2 shows
that only a little S (0.33 mass%) is present in the resultant film, confirming that most of
the SCN™ is released from the 30 mol% FMSCN-incorporated film.
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Figure 4. Scanning Electron Microscopy (SEM) Images of Room Temperature Perovskite Film

(A-F) SEM images of room temperature deposited perovskite films prepared from precursor solution (A) without and with (B) 10 mol%, (C) 20 mol%, (D)

30 mol%, (E) 50 mol%, and (F) 70 mol% FMSCN. Scale bar, 1T um.

The relative interaction of SCN™ and DMSO with Pbl, and FAI was further investi-
gated using density functional theory (DFT) based on the first principle. The electron
difference density of the proposed model was carried out in Atomistix ToolKit (ATK)
code, and the results are presented in Figure 3C, where magenta and cyan regions
denote the obtained and lost electrons, respectively. As we can see, the charge den-
sity of SCN™ and FA* was connected (Figure 3C, top) to each other, suggesting that
mass electron transfer occurs between the SCN™ and FA, which confirms the strong
interaction between SCN™ and FA*. However, the case of DMSO and FA" is different
from that of SCN™ and FA*; the charge densities of DMSO and FA" are isolated (Fig-
ure 3C, bottom), suggesting less electron transfer between DMSO and FA*. These
results provide solid evidence that SCN™ exhibits much stronger interaction with
FAI than with DMSO.

Effect of the Content of FMSCN on the Perovskite Films and Solar Cells
Time-resolved photoluminescence (TRPL) measurement was performed to investi-
gate the impact of the content of FMSCN in precursor solution on the charge carrier
dynamics of the room temperature formed perovskite films. The TRPL decay curves
of the perovskite films on glass are shown in Figure 3E and the bi-exponential func-
tion fitted parameters are presented in Table S3. In this case, the short lifetime 74 was
dominated by bimolecular recombination, while the long lifetime 1, was dominated
by trap-assisted recombination.*>"*” The 30-FMS film exhibits longer 7, than the 0-,
10-, and 20-FMS samples, implying less charge recombination in the perovskite film,
which agrees with the compact and pinhole-free morphology of the 30-FMS films
that are of higher quality and have fewer defects (Figure 4D). The 50- and 70-FMS
films exhibit decreased 7 lifetimes compared to the 30-FMS film, which indicates
that excess FMSCN would result in more trap states in the perovskite films, leading
to charge recombination and degrading the performance of the prepared photovol-
taic devices.

Cell Reports Physical Science 1, 100205, September 23, 2020 5
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To verify the applicability of the room temperature-processed perovskite in photo-
voltaic devices, a series of PSCs were fabricated using a planar configuration of ITO/
SnO,/perovskite/Spiro-OMeTAD/Au. It was found that the proportion of FASCN in
FMSCN could be neither too high nor too low to fabricate high-performance PSCs
(Figure S3; Table S4). Adding moderate FASCN was conducive to efficiency
improvement, but excess FASCN would dramatically decrease the performance of
the devices. We optimized the molar ratio of MASCN and FASCN, fixing it to
8.8:1.2 before further optimization of the content of FMSCN. The representative
J-V curves of PSCs prepared from the precursor solution with a different content
of FMSCN are depicted in Figure 3F, and the corresponding photovoltaic parame-
ters are summarized in Table S5. All of the photovoltaic parameters, especially short-
circuit current density (Jsc) and fill factor (FF), are greatly improved when increasing
the content of FMSCN to 30 mol%. These improvements could stem from the sup-
pression of 3-FAPbl; and the formation of a-FAPbI; in the perovskite films, respec-
tively, which can facilitate light absorption and hence, photogenerated charge car-
riers in PSCs. In addition, the pinhole-free and compact morphology of the
perovskite films (30 mol%) can reduce the charge recombination, contributing to
the improved open circuit voltage (Voc) and FF. However, when excess FMSCN
(50 mol%, 70 mol%) was incorporated in the precursor solution, Jsc, FF, and Voc
of the resultant devices simultaneously decreased moderately, which may be due
to the re-appearance of 3-FAPbl; (Figure 2B) and the morphologies of the perovskite
films (Figures 4E and 4F).

Performance of the Champion Devices

An ultra-thin interlayer of butylamine hydrobromide-2-phenylethylamine hydroio-
dide (BABr-PEAI) complex was introduced between the perovskite and Spiro-OMe-
TAD layers to improve the performance of the room temperature PSCs (Figure 5A).
After carefully optimizing the experimental process, we achieved high PCEs of
19.09% (19.04%) with a Ve of 1.07 V (1.07 V), a Jsc of 23.84 mA cm~2 (23.4 mA
cm™2), and a FF of 0.74 (0.76) under reverse (forward) scan directions for the best-
performing room temperature PSCs (Figure 5B). The incident photon-to-current
conversion efficiency (IPCE) spectrum and integrated Jsc curve of the corresponding
device was plotted in Figure 5C, which shows a photocurrent onset at 835 nm. The
band gap (1.56 eV) calculated from the IPCE spectrum is consistent with the value
obtained from the absorption spectrum (Figure S4). The integrated Jsc (22.83 mA
cm™2) from the IPCE spectrum matches well with that extracted from the J-V curves,
showing a very slight 3% mismatch with the mean value of Jsc under reverse and for-
ward scan directions, which confirms the reliability of the measurement results. The
IPCE spectra of PSCs with different contents of FMSCN were plotted in Figure S5. It
can be seen that the onsets of the IPCE spectra, which correspond to the band gaps
of the perovskite film, showed the same shift trend as the results in Figure 2C. We
performed a thermal stress test to examine the stability of the room temperature
PSCs, in which the epoxy-sealed devices were put on an 85°C hot plate, covered
with an opaque Petri dish to keep out the light, and tested periodically. The tempo-
ral evolution of the PCEs is shown in Figure 5D. In the thermal stress test, poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) was used instead of Spiro-OMeTAD to
focus on the perovskite stability,”*%*? and the J-V curves are shown in Figure S6. Un-
like the evolution trends in other works that the PCE dropped drastically in the first
several hours and then decreased gradually,>*° the PCE here showed a slight in-
crease and remained constant at the beginning (within 8 h) of 85°C heating, followed
by a ~10% "burn-in" drop until 24 h. The PSC became relatively stable under thermal
stress, slightly decreasing from 90% to 83% of its initial efficiency after ~265 h of
thermal stress test in this stage. We speculate that the thermal stress test has an
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(A) Schematic structure of the champion device. From top to bottom are Au, Spiro-OMeTAD, BABr-PEAI, perovskite, SnO, quantum dots (QDs), and ITO.

(B) J-V curves of the champion device measured under reverse and forward scan directions.
(C) IPCE spectrum and the integrated current density curve of the best-performing devices.

(D) The thermal stability test results of one epoxy-sealed device, in which Spiro-OMeTAD was replaced by PTAA for thermal testing and BABr-PEAI

complex interlayer was absent.

influence on the PSCs in two aspects: one is the thermal modification of the room
temperature formed perovskite film, the other is the thermal decomposition of the
whole PSCs. For the former, the thermal annealing would lead to increased perov-
skite grain size and hence improved performance of the PSCs. This improvement
is finite and will reach the limit when the perovskite layer achieved an optimal status.
However, the decomposition of the functional layers of the PSC, including perov-
skite layer, hole transport layer, and Au back contact, under thermal stress is contin-
uous as time goes by. In the early stage, the thermal modification played a major part
in the two aspects, so the PCE of the devices slightly increased. When the thermal
modification reached the limit and the thermal decomposition dominated, the
PCE then showed a burn-in drop. This unique temporal evolution trend of the
PCEs at the early stage of thermal stress test is related to a compromise of the ther-
mal "healing” modification of the perovskite films and the thermal decomposition of
the solar cells. We transferred room temperature formed perovskite films to a hot
plate for annealing at 100°C for 1 h. The perovskite film exhibited increased grain
size, improved crystallinity, and the same compact morphology after annealing (Fig-
ures S7 and S8), which would lead to fewer grain boundaries and hence a decreased
possibility of charge recombination in the perovskite film, resulting in higher perfor-
mance of the PSCs. The devices based on annealed perovskite films showed slightly

Cell Reports Physical Science 1, 100205, September 23, 2020 7
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increased performance (mainly FF and PCE) compared to the room temperature
formed PSCs (Figure S9), which is consistent with the thermal stress result. These re-
sults may inspire research into increasing the lifetime of photovoltaic devices under
thermal work conditions.

In summary, we developed a novel facile method for fabricating high-quality perov-
skite films at room temperature for efficient PSCs. Using FMSCN as a precursor ad-
ditive, highly crystalized compact a-FAPbl; perovskite films can be obtained without
any thermal annealing or vacuum-assisted processes. The room temperature crystal-
lization mechanism is clarified by computational and experimental results. Finally,
we demonstrate room temperature PSCs with efficiencies as high as 19.09%. To
the best of our knowledge, this is the highest efficiency reported for room temper-
ature PSCs. Our work offers an effective method for preparing high-performance
PSCs at room temperature, which will favor the development of highly efficient
and low-cost flexible photovoltaic devices.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

For any information on this work, please communicate with the Lead Contact, Prof.
Dr. Gang Li (gang.w.li@polyu.edu.hk).

Materials Availability
The authors did not produce any new kind of reagent in this work.

Data and Code Availability

The authors declare that the experimental data discussed in the work here can be
found in the article and the Supplemental Information. All other data can be ob-
tained from the Lead Contact upon reasonable request.

Materials

ITO glass substrates (8 Q sq~') were purchased from Xiang Science & Technology.
The SnO; nanoparticle (15% in H,O colloidal dispersion) was purchased from Alfa
Aesar. Pbl, (99.99%, trace metals basis), MASCN (>97%), and FASCN (>97%) were
purchased from TCIl. PbBr; (99.999%, trace metals basis), bis(trifluoromethane) sul-
fonimide lithium salt (Li-TFSI) (99.95%, trace metals basis), 4-tert-butylpyridine (tBP)
(98%), DMF (anhydrous, 99.8%), DMSO (anhydrous, >99.9%), acetonitrile (anhy-
drous, 99.8%), 2-propanol (anhydrous, 99.5%), toluene (anhydrous, 99.8%), and
chlorobenzene (anhydrous, 99.8%) were purchased from Sigma-Aldrich. FAI, meth-
ylammonium bromide (MABr), BABr, and PEAI were purchased from Greatcell Solar
Materials Pty. Spiro-OMeTAD (99.5%) was purchased from Advanced Election
Technology. PTAA was purchased from Xi’an Polymer Light Technology, and Au
was purchased from Chow Sang Sang Jewelry. All of the materials were used as
received.

Device Fabrication

The ITO glasses were cleaned using a standard operating procedure. Specifically,
the ITO glasses were sonicated with hot detergent and then scrubbed with a dust-
free cloth, followed by sonication with deionized water, acetone, and isopropyl
alcohol, respectively, for 15 min. The cleaned ITO glasses were dried by nitrogen
flow and then treated with UV-ozone for 20 min before the deposition of electron
transporting layers (ETLs). The SnO, colloid solution was diluted with deionized wa-
ter and spin coated onto the substrates at 4,000 rpm for 30 s. Then, the substrates
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were annealed at 150°C for 30 min. Before the deposition of the perovskite layer, the
substrates were treated with UV-ozone again for 15 min to obtain a better surface-
wetting property. A total of 1.4 M FAPbl;, 0.14 M Pbl,, and 0.07 M MAPbBr; were
dissolved in a mixture of DMF and DMSO (8:1, v:v). Then, different amounts (0-70
mol%) of FMSCN (FASCN and MASCN in 1.2:8.8, mol:mol) were added to obtain
the final perovskite precursor solution. For the deposition of the perovskite layer,
the filtered solution was dripped on the ITO/SnO; substrates, followed by a spin-
coating process of 1,000 rpm for 5 s and 5,000 rpm for 120 s. After the high-speed
process started for 10's, 150 pL. Coomassie Blue (CB) was dripped quickly on the cen-
ter of the substrates. The obtained brilliant black perovskite film was kept in a dry
box for at least 6 h to obtain a dry film. The BABr-PEAI complex precursor solution
was prepared by mixing BABr solution (3 mg mL™" in isopropyl alcohol [IPA]) and
PEAI solution (5 mg mL~" in IPA) with a volume ratio of 1:1 and then spin coated
onto the perovskite surface at 5,000 rpm for 30 s. The substrates should be held
30 min before the deposition of the hole transport layer to obtain better surface wet-
ting. The hole transporting layer was deposited by spin coating the Spiro-OMeTAD
solution (72.3 mg mL™" in chlorobenzene) with 28.8 pL tBP and 17.5 pL Li-TFSI solu-
tion (520 mg mL~" in acetonitrile) onto the perovskite film at 3,000 rpm for 30 s. For
the device thermal stability test, the PTAA layer was deposited by spin coating the
PTAA solution (10 mg mL™" in toluene) with 2 pL tBP and 2 pL Li-TFSI solution
(520 mg mL™" in acetonitrile) onto the perovskite film at 4,000 rpm for 30 s. The de-
vice was finished by thermal evaporating 80 nm Au as back contact. The active area

was 4 mm?.

Characterizations and Measurements

The XRD patterns were collected with a Rigaku SmartLab X-ray diffractometer. The
FTIR measurement was performed on a Perkin-Elmer 2000 FTIR spectrometer. TRPL
spectra were obtained by using an Edinburgh FLSP920 spectrophotometer installed
with the excitation source of a 485-nm pulsed laser. The absorption spectra of the
perovskite films were measured using a UV-visible spectrophotometer
(CARY5000, Varian). The performance of the solar cells was tested using an Enlitech
measurement system with a SUN 2000 solar simulator equipped with an AM 1.5 filter
at 100 mW cm~2. The IPCE spectrum was measured in air using a QE-R3011 system.
The morphologies of PSCs were investigated using a high-resolution field emission
scanning electron microscope (JEOL JSM-6335F).
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