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ABSTRACT: One of the critical problems in fabrication of flexible perovskite
modules and resolving their reliability issue remains the necessity to utilize high
temperature annealing for synthesis of perovskite and electron transport layers.
Here, we provide a breakthrough in addressing these challenges by demonstrating
low temperature synthesis of both of these layers. HC(NH),Pbl; (commonly
known as FAPbI;) has two polymorphs, a high temperature-stable black FAPbI,
perovskite-type pseudocubic polymorph (@-phase) and a low temperature-stable
yellow non-perovskite hexagonal polymorph (5-phase). In order to understand the
crystallization kinetics of the FAPbI; black polymorph, a PbI,-NMP complex is
fabricated via solvent intercalation between the adjacent I-Pb-I layers. Utilizing
structural, electrical, and thermal analyses, the connection between solvent
intercalation and the crystallization of the FAPbI; black polymorph is established.
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It is found that the solvent intercalation in the PbI, crystal causes lattice strain and the induced strain energy could reduce the
activation barrier of the intermediate state and favor the crystallization of the FAPbI; black polymorph. The TiO, compact layer
with a smooth surface, high crystallinity, and superior electron transport is also fabricated at room temperature by using a TiO,
slurry composed of volatile solvents and TiO, nanoparticles. Using low temperature solution processed TiO, as electron
transport layer, the FAPbI;-based perovskite solar cell exhibits a conversion efficiency of 13.2% with significantly reduced
hysteresis effect, benefiting from the low electron and hole trap state density. The low temperature process developed in this

study holds great promise for flexible perovskite solar cells and perovskite tandem solar cells.

1. INTRODUCTION

The emergence of the inorganic—organic hybrid halide
perovskite solar cell (PSC) is regarded as a significant
breakthrough in photovoltaic technology, promising low-cost
and high-performance solar cells.' ™ Despite the process and
efficiency advantages, the critical challenges encountered in
PSCs are the stability issues including thermal stability, phase
stability, and chemical stability. The most commonly used
perovskite in PSCs is CH;NH;Pbl; (MAPbI,), which has been
shown to decompose at ~85 °C*' and undergo a phase
transition from tetragonal to cubic at ~55 °C.”° Recently,
HC(NH),Pbl; (FAPbI;) was suggested as an alternative to
MAPDI; due to its high thermal resistivity, superior light
absorption, and enhanced carrier transport.””'" Unfortunately,
the black FAPbI, perovskite-type polymorph (a-phase) is only
stable at a relatively high temperature over 160 °C, and at room
temperature, it converts into a yellow non-perovskite hexagonal
polymorph (8-phase) under ambient air.”'" This suggests that
the stabilization of the FAPbI; perovskite black polymorph at
room temperature is crucial for achieving stable PSCs. Recently,
composition engineering by incorporating mixed cation or
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halide has proven to be an effective method to stabilize the
FAPbI; black polymorph. Jeon et al. reported that incorpo-
ration of MAPbBr; into FAPbI; could effectively stabilize the
black FAPbI; perovskite and improve the conversion efficiency
to more than 18%.'" Other cation and halides such as Cs, MA,
FACI, and MACI have also been reported to modulate the
crystallization of black FAPbI; perovskite.'”'*~'* Besides
composition manipulation strategies, solvent chemistry has
been recently explored to modify the formation of the
perovskite layer. Liang et al. utilized a solvent additive of 1,8-
diiodooctane (DIO) in precursor solution to improve the
crystallization of the perovskite layer. They hypothesized that
the additive interacts with Pb** ion and modulates the
crystallization kinetics of perovskite.'” Wang et al. reported
that FAPbI; perovskite prepared from HPbI; shows a much
purer crystalline phase with strong (110) preferred orientation.
It was proposed that intercalation of H" in Pbl, crystals slows
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Figure 1. (a) Schematics of one-step synthesis reaction and two-step synthesis reaction. X-ray diffraction (XRD) pattern of FAPbI, layers prepared
through two-step synthesis method at different temperatures (b) before and (c) after 4 day storage in ambient air.

down the reaction and release of excess I” affects the
crystallization kinetics.'® Yang et al. reported the synthesis of
a PbL,(DMSO) complex, and through intramolecular exchange
between DMSO and FAI, the conversion efficiency of the
FAPbI;-based PSC was improved to over 20%.'” Although
various solvent additives have been employed to modulate the
synthesis of perovskites, the underlying mechanism governing
the effect of solvent interaction on the crystallization of the
perovskite layer is less understood.

The perovskite layer in PSCs could be fabricated at low
temperature by the facile solution-based process. In contrast,
the most commonly used TiO, electron transport layer needs
high temperature process (~5S00 °C) in order to obtain
requisite crystallinity and high electron transport. The high
temperature annealing process precludes the utilization of
temperature-sensitive substrates, such as polymer substrates
and silicon solar cells, thereby limiting the development of
flexible PSCs and monolithic perovskite tandem solar cells. To
realize a low temperature synthesis process for the TiO,
electron transport layer, Kim et al. fabricated a compact TiO,
layer by using the atomic layer deposition (ALD) technique.
The flexible PSC exhibited a conversion efficiency of 12.2%."®
Yang et al. fabricated an amorphous TiO, layer using DC
magnetron sputtering at room temperature, and a high
efficiency of 15.07% was obtained for the flexible PSC."
PSCs hold an advantage over silicon solar cells in providing a
simple and cost-effective process, but the preparation of the
TiO, layer by the vacuum deposition technique increases the
cost and complexity for PSC manufacturing. Thus, low-cost,
low temperature techniques for preparation of high efficiency
PSCs are still missing.

In this study, we synthesized Pbl,-DMSO and Pbl,-NMP
complexes via the solvent intercalation process and investigated
the effect of solvent interaction on the crystallization of FAPbI,
perovskites. It was found that the solvent intercalation leads to
lattice expansion along the c-axis and induces lattice strain in
Pbl, crystal. During the formation of FAPbI;, the release of

strain energy in Pbl, crystals favors the crystallization of the
FAPDI; black polymorph. Further, we developed a solution
processed TiO, compact layer with high crystallinity and
density at room temperature. The FAPbI;-based PSC was
prepared by using the room temperature fabricated TiO, film as
the electron transport layer. The low temperature FAPDI;-
based PSC shows reduced hysteresis, with a reverse-scan
efficiency of 13.2% and forward-scan efficiency of 11.8%.

2. EXPERIMENTAL SECTION

2.1. Materials. Fluorine-doped tin oxide (FTO) glass was
purchased from Nippon Sheet Glass; TiO, paste (18NR-T)
was from Dyesol; TiO, sol paste (Ti-Nanoxide T-L) was
obtained from Solaronix; Pbl, (99.99%) was purchased from
Alfa-Aesar; and HC(NH,),I (FAI), CH,NH;Br (MABr),
CH,NH,I (MAI), 2,2',7,7-tetrakis(IN,N-di-4-methoxyphenyl-
amino)-9,9’-spirobifluorene (Sprio-OMeTAD), and Co(III)
TFSI salt (FK209) were obtained from Luminescence
Technology Corp. Dimethylsulfoxide (DMSO), N-methyl-2-
pyrrolidone (NMP), N,N-dimethylformamide (DMF), titanium
isopropoxide (TTIP), tert-butyl alcohol, toluene, chloroben-
zene, a-terpineol, 2-propanol, ethanol, and acetonitrile were
purchased from Sigma-Aldrich.

2.2. Synthesis of Pbl, Complex Solution. For prepara-
tion of PbL,(DMSO) powder, S g of Pbl, was dissolved in 20
mL of DMSO, and then 40 mL of toluene was added into Pbl,
solution and stirred for 2 h. The generated white precipitation
was filtered and dried in vacuum oven for 3 days. Then, 1.3 M
PbL,(DMSO) complex powder was dissolved in DMF to form
PbL,(DMSO) solution. For the solution-based preparation of
Pbl, complex, PbL,-DMSO solution was fabricated by
dissolving 1.3 M Pbl, and 1.3 M DMSO in DMF; PbI,-NMP
solution was fabricated by dissolving 1.3 M Pbl, and 1.3 M
NMP in DMF.

2.3. Device Fabrication. Low temperature binder-free
TiO, slurry was prepared by mixing Ti-Nanoxide T-L paste
with DI water and tert-butyl alcohol, followed by stirring for 2 h
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Figure 2. (a) XRD and (b) UV—vis absorbance spectra of pristine Pbl,, PbL,(DMSO), PbL,-DMSO, and PbL,-NMP. (c) XRD of FAPbI, perovskite
layer synthesized by Pbl,-DMSO, Pbl,-NMP, and mixed composition FAPbI; perovskite synthesized by Pbl,-NMP, annealed at 100 °C for 10 min.

(d) Tlustration of reaction progress between Pbl, complex and FAL

and ultrasonic dispersing for 30 min. The low temperature
solution processed TiO, compact layer was fabricated by spin-
coating TiO, slurry at the speed of 6000 rpm for 30 s and
drying at room temperature. The conventional TiO, compact
layer was synthesized through spin-coating mildly acidic TTIP
solution at 2000 rpm for 20 s, followed by annealing at 500 °C
for 1 h. For a mesoporous architecture, TiO, paste prepared by
diluting 18NR-T paste with a-terpineol and ethanol was spin-
coated on the top of the TTIP TiO, compact layer, followed by
annealing at 500 °C for 1 h. The FAPbI; perovskite layer was
fabricated via a two-step method. First, Pbl, complex solution
was spin-coated on the TiO, electron transport layer at 3000
rpm for 20 s, followed by spin-coating of 465 mM FAI solution
in 2-propanol on the Pbl, complex film at 4000 rpm for 20 s.
For the mixed composition FAPbI; perovskite, 15 mol % of
MABr and 85 mol % of FAI were dissolved in 2-propanol, and
the mixture was spin-coated on top of the Pbl, complex film at
4000 rpm for 20 s. The annealing process was completed by
heating the sample on a hot plate at 100 or 150 °C for 10 min.
Spiro-OMeTAD solution was prepared by dissolving 90 mg of
spiro-MeOTAD in 1 mL of chlorobenzene, followed by mixing
45 uL of Li-TFSI/acetonitrile (170 mg/mL), 75 uL of FK209/
acetonitrile (100 mg/mL), and 10 uL of 4-tert-butylpyridine
(TBP). Then, Spiro-OMeTAD solution was spin-coated on the
perovskite layer at 4000 rpm for 20 s. Lastly, 80 nm of gold was
thermally evaporated as the metal electrode, keeping the active
area of each device at 0.096 cm?.

2.4. Characterization. UV—vis absorption spectra were
recorded by a UV—vis spectrophotometer (U-4100, Hitachi).
X-ray diffraction (XRD) patterns were measured by a Philips
Xpert Pro X-ray diffractometer (Almelo, The Netherlands).
The morphology of the film was examined by scanning electron
microscopy (SEM, Quanta 600 FEG, FEI). Atomic force
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microscopy (AFM) was performed using a scanning probe
station (Bruker Dimension Icon, USA). Raman spectra were
measured using a LabRam HR (JY Horiba) equipped with a
514.53 nm laser. A solar simulator (150 W Sol 2ATM, Oriel)
was employed to provide air mass (AM 1.5) illumination of 100
mW cm ™% A Keithley digital source meter (Model 2400) was
employed to provide linear potential sweep. J—V characteristics
of the solar cells were measured by both of reverse scan and
forward scan.

3. RESULTS AND DISCUSSION

The solution-based techniques for perovskite fabrication can be
divided into one-step and two-step syntheses. In a typical one-
step synthesis, the perovskite layer is deposited from the
precursor solution, whereas the two-step synthesis involves first
deposition of the Pbl, layer and then conversion into
perovskite during the sequential step deposition, as illustrated
in Figure la. Owing to the solid framework of Pbl, crystal
formed during the first step deposition, the crystallization of
FAPDI; is more readily achieved through insertion of FAI into
Pbl, crystals. Figure 1b shows the X-ray diffraction (XRD)
patterns of FAPbI; layers prepared through the two-step
synthesis method. The as-synthesized FAPDI; layer without
annealing treatment (denoted as RT) exhibits the pattern of “a-
phase FAPDI,”, but shows an anomalous color of light yellow.
With post-annealing at 100 and 150 °C, the color of FAPbI;
layers changes to brown and dark yellow respectively, whereas
the XRD pattern remains approximately identical with the RT
prepared one. When further increasing the annealing temper-
ature to 190 °C, the FAPbI, layer shows the normal black color
of a-phase FAPbL;. (Figure S1 presents the color evolution of
the FAPDI; layer annealed at 190 °C. The color changes from
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yellow to brown and to light brown, and then the color begins
to darken.) Comparing the XRD patterns of FAPbI, layers at
different annealing temperatures, the FAPbI; black polymorph
derived by annealing at 190 °C shows a stronger (110)
preferred orientation than the “a-phase FAPDbI;” prepared at
temperature below 150 °C, and the intensity ratio of the (220)
peak to the (202) peak is increased from ~1 to ~3.2 after the
color changes from yellow to black. Figure S2 shows the UV—
vis absorption spectra of FAPbI; layers prepared at different
annealing temperatures. The FAPbI; black polymorph with 190
°C annealing exhibits the absorption edge at ~821 nm, while
the FAPDI; layers annealed at RT, 100 and 150 °C show an
obvious blue shift of the absorption edge, and a decrease of the
absorption coefficient in the whole range. Figure 1lc presents
the XRD of FAPbI; layers after storage in ambient air (50%
humidity) for 4 days. The color of FAPbL; layers prepared at
temperature below 150 °C changed to bright yellow, while the
XRD patterns still remain the same. For the FAPbI; black
polymorph obtained at 190 °C annealing, the FAPbI; non-
perovskite polymorph (5-phase) begins to emerge owing to the
transition from perovskite a-phase to non-perovskite d-phase.
This result leads toward the conclusion that the yellow FAPbI,
layer prepared by annealing below 150 °C may be an
intermediate state during the phase evolution. Understanding
the origin of the intermediate phase needs more in-depth
studies. In PSCs, the FAPbI; black polymorph is required to
work as the light absorber, and the formation of J-phase
FAPDIL; or any other intermediate phase should be avoided.
From the results, it can be deduced that, through two-step
synthesis between Pbl, and FAI, sufficient thermal energy is
required for the formation of the FAPbI; black polymorph.
Perovskite crystallization can be induced by external stimuli,
e.g., electrical field, temperature, or pressure,zo_23 or internal
stimuli where the reactant materials also could affect the
crystallization kinetics. Here, we exploited the modification of
the Pbl, crystal structure to modulate the crystallization of
FAPDI, perovskites. Pbl, adopts a two-dimensional (2D)
layered hexagonal structure. Each stacking layer is composed
of octahedrally arranged lead ions, sandwiched between two
sheets of iodide ions. The sequence of the I-Pb-I plane forms a
molecular layer, and the adjacent molecular layers are bonded
by weak van der Waals interaction.”*”> Consequently, the
foreign molecule could be easily intercalated between the
adjacent I-Pb-I layers. Inspired by the work of Jo et al,”® we
utilized the solvents dimethyl sulfoxide (DMSO) and N-
methyl-2-pyrrolidone (NMP) as the guest molecules to
intercalate into the I-Pb-I layers via a solution-based method.
Figure 2a shows the XRD patterns of pristine Pbl, film,
PbL,(DMSO) film prepared via PbL,(DMSO) powder, Pbl,-
DMSO film, and Pbl,-NMP film prepared via the solution-
based method. The pristine Pbl, film shows (001) diffraction
peaks at 12.7° with lattice constant a of 4.56 A and ¢ of 6.98
A?” The intercalation of guest molecules in Pbl, layers leads to
lattice expansion along the c-axis. The (001) diffraction peaks of
PbL,(DMSO) film and PbL,-DMSO film are shifted to 9.8°, and
the calculated distance along the c-axis is increased to 9.04 A.
The result verifies the successful intercalation of DMSO into
the Pbl, lattice by the solution-based method. When DMSO is
replaced with NMP, due to the larger size of NMP, the (001)
peak of the PbL,-NMP complex is further shifted down to 8.1°,
and the distance along the c-axis is increased to 10.94 A. In
addition, we observed a small amount of pristine Pbl, with the
diffraction peak at 12.7° in PbL,(DMSO) complex film.

However, for the Pbl, complex synthesized via the solution-
based method, Pbl,-DMSO and PbI,-NMP show no pristine
Pbl, peak, revealing the reproducible preparation of the PbI,
complex. Figure S3 lists the physical dimensions and molecular
model images of DMSO and NMP. In DMSO, the distance of
C1-S1 and C2—S1 is 1.809 A, and the O1—S1 distance is 1.50
A. The lattice expansion (Ac) of the PbL,-DMSO complex is
2.06 A. Owing to the molecular rotation and van der Waals
bonding, the dimensions of DMSO are comparable to the
lattice expansion. For NMP, the distances of C5—C1 and C5—
C3 present the longest dimensions of NMP, which are 3.70 and
3.74 A, respectively. The lattice expansion (Ac) of the Pbl,-
NMP complex is 3.96 A. The dimension of NMP exactly
matches the lattice expansion of the Pbl,-NMP complex. As the
intercalation process is a topotatic reaction, the pristine layered
structure should be recovered by the deintercalation process.
Figure S4 shows the pictures of the samples, UV—vis
absorption spectra, XRD of the PbL)-NMP complex, and
PbL,-NMP after deintercalation. The PbL,-NMP complex shows
the light yellow color, whereas, after deintercalation, the color
changed to bright yellow (Figure S4a). From the UV—vis
absorption spectra, it is observed that, after deintercalation, the
absorption turns back to that of pristine Pbl,, showing an
absorption edge at ~520 nm (Figure S4b). As shown in Figure
S4c, the (001) diffraction peak of the PbL,-NMP complex is
located at 8.1°, whereas, after the deintercalation process, the
(001) peak moves to 12.7°. The Pbl, complex could be
recovered to pristine Pbl, after deintercalation, which further
confirms the intercalation of the NMP in Pbl, lattice.

Figure 2b shows the UV—vis absorption spectra of pristine
Pbl, film and Pbl, complex films. The pristine Pbl, film shows
an absorption edge around 520 nm, whereas, after the
intercalation of the DMSO molecule, the absorption onset
shows a blue shift, and the intercalation of the NMP molecule
can further shift the absorption edge to lower wavelength.
Lattice strain was demonstrated to be an effective way to tailor
the optical properties of 2D layered material.** ' Volumetric
strain can be caused by the bond distance change in a crystal
lattice. In the Pbl, complex, the expansion along the [001]
direction generates a uniaxial tensile strain in the Pbl, crystal
lattice, and the lattice strain could be enhanced by enlarging the
size of the guest molecule. The conduction band of Pbl, is
determined by p, states, and the valence band corresponds to I
s and p states and Pb s states.”” The lattice strain induced by
expansion would cause dislocations in the crystal and hence
perturb the spin—orbit coupling of I-Pb-, resulting in the band-
shifting of the Pbl, complex. To further confirm the existence
of lattice strain in the Pbl, complex, Raman spectroscopy was
performed (Figure S5). We chose the pristine Pbl, and its
complex with larger lattice strain (PbL,-NMP) for comparison.
Pbl, employed for PSC synthesis belongs to the 2H polytype
giving rise to four vibrational modes, which are symmetric
stretch (A;,), doubly degenerate (E,), asymmetric stretch
(A,,), and bend (E,), respectively.””** The pristine Pbl, shows
bands at 91, 104, and 213 cm ™, which can be attributed to Ay
E, and A,, modes, respectively.*>** Compared with pristine
Pbl,, there is a red shift of Aj, with Aw = § cm™ and a blue
shift of the E, mode with Aw = 3 cm™ observed for the Pbl,-
NMP complex. Upon NMP intercalation, there is lattice
expansion along the [001] direction. Compared with pristine
Pbl,, the corresponding structure expansion and the stacking
sequence disruption in PbL,-NMP will cause lattice strain, and
that will alter the Pbl, vibration and result in band-shifting.
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Here, the Raman band-shifting with NMP intercalation
confirms the induced lattice strain in the Pbl, complex.

As discussed above, FAPbI; perovskites have both the black
perovskite polymorph (a-FAPbL;) and the yellow non-
perovskite polymorph (5-FAPbL,), or they could exist as an
intermediate phase. 6-FAPDI; exists as a 1D chainlike structure
with hexagonal symmetry. Upon annealing at the temperature
of 150—160 °C, a phase transition occurs from 1D non-
perovskite phase to 3D pseudocubic perovskite phase.””’
Herein, we found that the crystal structure of Pbl, could affect
the formation of FAPbI; perovskites. Figure 2¢ shows the XRD
of FAPDI; perovskites synthesized by Pbl,-DMSO, PbIL,-NMP
reacting with FAI, and the mixed composition FAPbI;
perovskite by treating the PbL,-NMP film with FAI/MABr
mixed solution (molar ratio of FAI to MABr is 85:15, denoted
as MIX-FAPbL,), after a post-annealing process at 100 °C for
10 min. The XRD pattern of the FAPbI; layer synthesized with
PbI,-DMSO is dominated by the diffraction from the non-
perovskite 0-FAPDI; phase. For Pbl,-NMP, the peaks attributed
to the perovskite a-FAPbI; phase notably increased relative to
0-FAPDI;. This implies that compared with Pbl,-DMSO, Pbl,-
NMP is more favorable toward the crystallization of a-FAPbI;
perovskite.

For the synthesis of a-FAPbI; black perovskite, the reaction
between Pbl, and FAI needs to overcome the energy barrier of
the intermediate state to reach the final product. In the case of
pristine Pbl,, thermal activation with a temperature of 190 °C is
required to overcome the energy barrier (Figure 1b). For the
Pbl, complex, with the evaporation of the intercalated solvent
in I-Pb-I layers, the strain energy in Pbl, crystals will be
released. The released strain energy could raise the system’s
internal energy and reduce the energy barrier for the
crystallization of a-FAPDI; perovskite, as illustrated in Figure
2d. Owing to higher lattice strain, induced with the
intercalation of NMP, the larger strain energy in Pbl,-NMP
will facilitate the crystallization of a-FAPDbI; perovskites.
Assisted by the PbL,-NMP complex, the crystallization of a-
FAPDI; perovskite is favored. We further utilized composition
engineering by replacing 15 mol % FAI with MABr for
stabilization. It is observed that O-FAPbI; is completely
suppressed after annealing at 100 °C and only peaks attributed
to the a-FAPDI; perovskite structure are present in the XRD
spectrum, as shown in Figure 2c. The stabilization of the
FAPDI; black polymorph by composition engineering could be
ascribed to tuning the tolerance factor to a smaller value.'*

Figure 3a,b shows the top-view SEM of the PbL,-NMP layer
and the MIX-FAPbI; layer prepared by Pbl,-NMP. The Pbl,-
NMP layer is composed of uniformly distributed hexagonal-
shaped nanoplates. The formation of anisotropic nanoplates is
related to the hexagonally packed I-Pb-I layer. Owing to the low
index of the basal plane, the Pbl, crystal grows faster along in-
plane directions compared to the c-axis direction.”*™* The
loosely aligned hexagonal nanoplates are beneficial for FAI
solution penetration, thus assisting the formation of FAPbI;-
based perovskite. As shown in Figure 3b, the MIX-FAPbI; film
derived from PbI,-NMP exhibits a dense and well-formed grain
structure with a grain size around 300 nm. Figure 3¢ shows the
cross-sectional SEM of MIX-FAPbI; film deposited on the low
temperature processed TiO, compact layer. The thickness of
the TiO, compact layer and perovskite layer is approximately
90 and 500 nm, respectively. To elucidate the optical property
of the mixed composition perovskite, herein, we compare the
UV—vis absorption spectra of MAPbI;, FAPbI;, and MIX-
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Figure 3. (a) Top-view SEM of PbL,-NMP complex layer. (b) Top-
view SEM of mixed composition FAPbI, perovskite layer. (c) Cross-
sectional SEM of mixed composition FAPbI; perovskite deposited on
low temperature solution processed TiO, compact layer. (d) UV—vis
absorption spectra of MAPbI;, FAPbI; and mixed composition FAPbI,
perovskite layer.

FAPDI; film as shown in Figure 3d. FAPbI; and MIX-FAPbI;
perovskite are prepared through the Pbl,-NMP complex, which
is annealed at 150 and 100 °C to obtain pure a-FAPbI;. The
calculated band gap of MAPbI; and FAPbI; is 1.57 and 1.51 eV,
respectively. For MIX-FAPbI;, the absorption is slightly blue-
shifted, delivering a band gap of 1.53 eV.

Motivated by the feasibility of the low temperature solution-
based fabrication process for FAPbI; perovskites, we explored
the low temperature synthesis of the perovskite solar cell with
n-i-p architecture, as illustrated in Figure 4a. In this structure,
the TiO, compact layer was synthesized by spin-coating binder-
free TiO, slurry on FTO glass. The TiO, slurry is composed of
volatile solvents and nano-TiO, sol particles. During drying at
room temperature, owing to the dehydration process among
surface hydroxyl, closely interconnected TiO, nanoparticles
with high density were formed on the FTO glass substrate, as
shown in Figure S6a, which presents the top-view SEM image
of the TiO, compact layer. From the cross-sectional SEM
image of the TiO, compact layer (Figure S6b), it is observed
that the thickness of the TiO, compact layer is ~90 nm,
ensuring hole block and electron transport. Figure 4b,c displays
the atomic force microscopy (AFM) images of the FTO glass
substrate and TiO, compact layer/FTO glass. As TiO,
conformably fills the unleveled FTO crystal, the root-mean-
square (RMS) roughness decreases from 29.8 to 13.2 nm upon
the deposition of the low temperature TiO, compact layer on
FTO glass. The smooth TiO, surface enables the growth of a
uniform and compact perovskite layer. Figure 4d presents the
optical transmission spectra of FTO glass and TiO, compact
layer/FTO glass. It can be noted that the transparency of TiO,
compact layer/FTO glass is higher than that of empty FTO
glass over the visible light range. The result further confirms the
smooth surface of the TiO, compact layer, which reduces the
light reflection, and leads to the increase of light transmission.
The high transparency window substrate allows the perovskite
layer to absorb more light and generate photoelectrons.

Besides the optical property, high crystallinity of the TiO,
compact layer could facilitate the electron transport and hence
improve the photovoltaic performance of the solar cell. Figure
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Figure 4. (a) Schematic representation and energy level diagram of perovskite solar cell based on low temperature solution processed TiO, compact
layer. AFM images of (b) FTO glass substrate and (c) TiO, compact layer/FTO glass. (d) Transmittance spectra of FTO glass substrate and TiO,
compact layer/FTO glass. (e) XRD of low temperature solution processed TiO, compact layer with and without annealing. (f) Linear sweep
voltammetry of TiO, compact layer synthesized at different spin speeds.
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Figure S. (a) -V curves of MP cell, TTIP cell, HT cell, and LT cell recorded through reverse-scan (RS) and forward-scan (FS). Current—voltage
curve for (b) electron transport-only device and (c) hole transport-only device.

4e shows the XRD of the low temperature solution processed
TiO, compact layer with and without high temperature
annealing. The low temperature synthesized TiO, compact
layer shows pure anatase phase. With an additional annealing
process at 500 °C for 1 h, the XRD pattern still remains
identical, indicating high crystallinity of the TiO, compact layer
obtained by the low temperature solution process. In order to
evaluate electron transport property of the low temperature

26715

processed TiO, compact layer, linear sweep voltammetry
(LSV) of the FTO glass/TiO, compact layer/Au device was
measured, as shown in Figure 4f. The linear increase of current
with applied potential indicates Ohmic response of the TiO,
compact layer. We vary the thickness of the TiO, layer via
adjusting spinning speed, through which film thickness
decreases with the increase of spinning speed. In the case of
poor quality TiO, film with pinholes, the thermally evaporated
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Au electrode will contact the FTO glass, which will result in
identical voltage—current response between the TiO, compact
layer and FTO glass. Here, the current difference between the
TiO, compact layer and FTO glass, coupled with the
dependence of current with film thickness, suggests a high
density and pinhole-free TiO, layer obtained through the low
temperature solution process. The high temperature annealing
process not only facilitates TiO, crystal formation but also
enhances TiO, nanoparticle interconnection, which is believed
to improve electron transport through TiO, compact layer. In
order to demonstrate the annealing effect on electron transport
property, we compare the LSV of the TiO, layer synthesized at
6000 rpm, with and without high temperature annealing. It is
observed that the voltage—current response of the TiO,
compact layer does not change with additional annealing
processes, implying that the low temperature solution
processed TiO, compact layer exhibits high nanoparticle
interconnection and favorable electron transport property.

To elucidate the influence of the electron transport layer on
the photovoltaic performance of MIX-FAPbI; PSC, four
different device architectures were fabricated. One is the
mesoporous device (denoted as MP) employing mesoporous
TiO, (mp-TiO,) as the electron transport layer, which is
synthesized through our previously reported method.*" The
other three are planar devices which differ in the synthesis
method for the TiO, compact layer, as shown in the schematic
drawings of device architectures (Figure S7). The device
denoted as TTIP utilizes TiO, film synthesized by hydrolysis of
titanium isopropoxide (TTIP), followed by annealing at S00 °C
as the electron transport compact layer. The HT and LT
devices employ a low temperature solution processed TiO,
compact layer, which are treated with and without the high
temperature annealing process, respectively. Figure Sa presents
the current density—voltage (J—V) curves with different scan
directions for the four types of solar cells under simulated 1 sun
(AM 1.5G). The corresponding photovoltaic parameters are
listed in Table 1. The MP solar cell using mp-TiO, as electron

Table 1. Photovoltaic Parameters for MP Cell, TTIP Cell,
HT Cell, and LT Cell

solar cells V,. (V) Jic (mA cm™) FF efficiency (%)
MP-RS 1.04 20.54 0.72 15.5
MP-ES 1.01 19.72 0.66 13.7
TTIP-RS 1.06 20.23 0.70 15.0
TTIP-FS 1.02 20.24 0.62 13.0
HT-RS 1.04 19.10 0.66 132
HT-FS 1.08 18.94 0.63 12.0
LT-RS 1.06 18.79 0.66 132
LT-ES 1.04 18.76 0.60 11.8

transport layer exhibits the highest fill factor among the four
types of solar cells. In the mesoporous architecture solar cell,
due to the penetration of perovskites into TiO, mesoporous
film, the contact resistance between perovskite and TiO, is
smaller compared to the planar solar cell, thus leading to higher
fill factor. The hysteresis in the J—V curves of PSC with respect
to the different scan direction complicates the conversion
efficiency determination. Normally, due to the promoted
electron transport through mesoporous TiO, film, the
mesoporous PSC has less hysteresis in J—V curves as compared
to planar solar cells.*”** The MP PSC shows a reverse-scan
(RS) efficiency of 15.5% and a forward-scan (FS) efficiency of

13.7%, whereas, for the planar TTIP solar cell, it exhibits 15.0%
RS efficiency and 13.0% ES efliciency. The difference in the RS
efficiency and FS efficiency is similar between mesoporous and
planar architectures. This implies that the MIX-FAPDI,
perovskite would have more balanced electron and hole
transport that could favor the reduction of hysteresis.'" Further,
we replaced the conventional TiO, compact layer derived from
TTIP with our low temperature solution processed TiO,
compact layer. The HT solar cell shows RS efficiency of
132% and FS efliciency of 12.0%, whereas the LT solar cell
shows RS efficiency of 13.2% and FS efficiency of 11.8%. The
histogram of conversion efficiency of the LT solar cell derived
from 30 samples is summarized in Figure S8. More than 70% of
cells yield a conversion efficiency over 12.5%, and the average
efficiency of the low temperature perovskite cell is 13.0% +
0.3%, indicating high reproducibility in fabrication of the LT
perovskite solar cell. The comparable photovoltaic performance
between HT and LT solar cells indicates that an efficient charge
transport process occurred in the low temperature solution
processed TiO, compact layer, and the high temperature
annealing process could hardly further improve its photovoltaic
performance. Figure S9 shows the J—V curves of PSC fabricated
by PbL,-DMSO. The cell shows RS efficiency of 12.7% and FS
efficiency of 10.3%, which is lower than that of PbI,-NMP. As
PbL,-NMP has higher lattice strain than PbI,-DMSO, PblI,-
NMP facilitates the formation of the FAPbI; black polymorph.
The high-quality FAPbI;-based perovskite layer synthesized by
PbI,-NMP results in improved performance.

To reveal the origin of reduced hysteresis in MIX-FAPbI;
PSC, a control experiment using MAPbI; perovskite as the light
absorber was also conducted. Figure S10 shows the RS and FS
J—V curves of the low temperature MAPbI; perovskite solar
cell. In contrast, the MAPDI; perovskite shows severe hysteresis,
with RS efficiency of 12.4% and FS efficiency of 4.53%. The
differences mainly arise from the decline of open circuit voltage
and fill factor. Except for the perovskite layer, all other
components between MAPDbI; and MIX-FAPbI; PSC are
identical. This indicates that the suppressed hysteresis is
more likely coming from the intrinsic carrier transport property
of the mixed composition FAPbI; perovskites.

Regarding the underlying mechanism of hysteresis in PSC,
the charge trapping and detrapping process in bulk or at the
interface of éperovskite has been suggested as a possible
reason.””**™** Here, we estimate carrier trap density of the
mixed composition FAPbI; perovskite through space-charge
limited current (SCLC) measurements. In order to obtain both
electron and hole trap density, an electron transport-only
device and a hole transport-only device were constructed by
sandwiching the perovskite layer with electron transport layers
(PCBM) and hole transport layers (Spiro-OMeTAD),
respectively.47 As presented in Figure Sb,c, the I-V plot of
SCLC can be separated into different response regions. At low
voltage, the current is linearly proportional to the applied
voltage, which corresponds to Ohmic response. At higher
voltage, the applied voltage results in the formation of a trap-
filled limit (TFL) region, where all the available trap states were
filled by the injected carriers.***” The voltage Vi is linearly
proportional to the density of trap states, which can be
expressed through eq 1%

Vi, = eNL*/2e€, (1)

where e is the electron charge, N, is the trap density, L is the
thickness of perovskite film, g, is the vacuum permittivity, and &
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is the relative dielectric constant of the perovskite layer. The
value of € is found to be 32 for MAPbI, perovskite*” and 49.4
for FAPbI;-based perovskite.”>* The electron trap density N,
for MAPbI; perovskite was calculated to be 3.62 X 10" cm™,
and for FAPbI,-based perovskite, it was found to be 2.14 X 10'°
cm™>. Similarly, the hole trap density for MAPbI, perovskite
was calculated to be 7.25 X 10'® cm™>, and for FAPbI,-based
perovskite, it was found to be 4.11 X 10" cm™. It is noted that
compared with MAPDbI;, the FAPbI;-based perovskite shows
both lower electron trap density and hole trap density. Traps in
perovskite are crucial for the carrier life, and the decreased trap
density in FAPbI;-based perovskite could enhance charge
5% This may be one of the possible reasons
explaining the suppressed hysteresis of mixed composition
FAPbI; PSC.

extraction.

4. CONCLUSION

In terms of crystallization of the FAPbI; black polymorph, we
found the intercalation of solvent between the adjacent I-Pb-I
layers causes lattice strain in the Pbl, crystal, and the induced
strain energy could reduce the barrier for the intermediate state
which favors the crystallization of the black FAPbI; polymorph.
Owing to the larger size of NMP compared with DMSO, the
PbL,-NMP complex exhibits higher lattice strain and is more
favorable to the formation of the a-FAPbI; phase. With the
utilization of the PbI,-NMP complex and incorporation of
MABr in FAI, the black polymorph of mixed composition
FAPDI; was synthesized. A low temperature solution-based
process was developed to synthesize the TiO, compact layer.
The low temperature processed TiO, shows good crystallinity,
high optical transmission, and superior electron transport
property, which is found to be positive toward improving PSC
photovoltaic performance. The low temperature mixed
composition FAPbI; perovskite solar cell shows 13.2% RS
efficiency and 11.8% FS efficiency. In comparison to MAPbI,
perovskite, the lower electron and hole trap state density in the
mixed composition FAPbI; perovskite could account for the
reduced hysteresis. The study demonstrates a new perspective
toward modulating the crystallization kinetics of the black
FAPDI; polymorph and also provides a cost-effective method
for preparing the low temperature perovskite solar cell.
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