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ABSTRACT: Homogeneous and pinhole-free large-area perovskite films are required to
realize the commercialization of perovskite modules and panels. Various large-area
perovskite coatings were developed; however, at their film coating and drying stages, many
defects were formed on the perovskite surface. Consequently, not only the devices lost
substantial performance but also their long-term stability deteriorated. Here, we fabricated
a compact and uniform large-area MAPbI3-perovskite film by a slot-die coater at room
temperature (T) and at high relative humidity (RH) up to 40%. The control slot-die-
coated perovskite solar cell (PSC) produced 1.082 V open-circuit voltage (Voc), 24.09 mA
cm−2 short current density (Jsc), 71.13% fill factor (FF), and a maximum power conversion
efficiency (PCE) of 18.54%. We systematically employed a multi-functional artificial amino
acid (F-LYS-S) to modify the perovskite defects. Such amino acids are more inclined to
bind and adhere to the perovskite defects. The amino, carbonyl, and carboxy functional
groups of F-LYS-S interacted with MAPbI3 through Lewis acid−base interaction and
modified iodine vacancies significantly. Fourier transform infrared spectroscopy revealed that the C�O group of F-LYS-S interacted
with the uncoordinated Pb2+ ions, and X-ray photoelectron spectroscopy revealed that the lone pair of −NH2 coordinated with the
uncoordinated Pb2+ and consequently modified the I− vacancies remarkably. As a result, the F-LYS-S-modified device demonstrated
more than three-fold charge recombination resistance, which is one of the primary requirements to fabricate high-performance PSCs.
Therefore, the device fabricated employing F-LYS-S demonstrated remarkable PCE of 21.08% with superior photovoltaic parameters
of 1.104 V Voc, 24.80 mA cm−2 Jsc, and 77.00%. FF. Concurrently, the long-term stability of the PSCs was improved by the F-LYS-S
post-treatment, where the modified device retained ca. 89.6% of its initial efficiency after storing for 720 h in air (T ∼ 27 °C and RH
∼ 50−60%).
KEYWORDS: slot-die coating, sulfono-γ-AApeptide, large-area perovskite layer, defects, perovskite solar cells

■ INTRODUCTION
The laboratory-scale small-aperture area perovskite solar cells
(PSCs) exhibited remarkably high certified performance above
25% power conversion efficiency (PCE).1 However, the large-
area perovskite device efficiency and lab-to-lab reproducibility
are still lagging compared to small-area devices. In general,
even for small-area devices, there is a substantial performance
gap between the theoretically predicted and the current record
PSCs. The Shockley−Queisser (SQ) limit predicted that the
performance of PSCs with a band gap of 1.6 eV could deliver a
maximum PCE of 30.14% with short current density (Jsc) =
25.47 mA cm−2, open-circuit voltage (Voc) = 1.309 V, and fill
factor (FF) = 90.5%.2 However, until now, the record
perovskite device demonstrated a PCE of 25.7 ± 0.8% with
Jsc = 25.80 mA cm−2, Voc = 1.179 V, and FF = 84.6%.3 As is
seen from the values, the Voc and FF are critical to improving
the device performance to approach the SQ PCE limit, and the
Jsc has already reached the limit. One of the main causes for FF

and Voc loss is the concentration of defects in the polycrystal-
line perovskite, which cause severe non-radiative recombina-
tion in the surface and/or bulk of the perovskite.2 Moreover,
the interface between perovskite/hole transport layer (HTL)
and perovskite/electron transport layer (ETL) also resulted in
parasitic resistance, which limits the Voc and FF.3 PSCs
prepared by the spin-coating method produced the champion
performance; however, the technique is limited to small areas
and not efficient to produce large films. The performance of
spin-coated films deteriorated with increasing area; as a result,
this technique will not be directly employed to prepare large-
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area modules and panels.4 Higuchi fabricated a 354 cm2

aperture area MAPbI3-based sub-module by spin-coating;
however, the champion performance of the devices is limited
to 12.6% PCE.5 Consequently, alternative large-area perovskite
fabrication techniques, including thermal deposition, spray-
coating, ink-jet printing, bar-coating, blade-coating, solution
shearing, and slot-die coating, have been developed, aiming to
fabricate homogeneous and pinhole-free large-area perovskite
films to realize the highly efficient perovskite module.6−11

Among all the large-area coatings, the slot-die technique
provides accurate control over the film coating parameters,
leading to the production of homogeneous and uniform large-
area perovskite films. This is an important factor in fabricating
commercial large-area perovskite films with uniform thickness
and optoelectrical properties. The slot-die coater is a metered
instrument that has precise control over the coating speed,
coating gap, coating temperature, and coating flowrate;
particularly, the last parameter is present only in the slot-die
coater among the other large-area perovskite solution-
processing techniques.12 As a result, the slot-die coating is
much more reproducible, and the optimized coating processes
could be directly integrated into the industrial and commercial
setups, including the roll-to-roll (to fabricate perovskite on
flexible substrates) and sheet-to-sheet (to fabricate perovskite
on rigid substrates) processes.13

Recently, various perovskite precursor solutions were slot-
die-coated, aiming to fabricate large-area perovskite films and
demonstrating promising PCE. Whitaker et al. achieved 18%
PCE by slot-die MAPbI3 precursor [prepared by dimethylfor-
mamide/N-methyl pyrrolidone (8:9 v/v) solvents] on ITO/
SnO2.

12 Moreover, the sequentially slot-die-coated
Cs0.05MA0.4FA0.55Pb(I0.96Br0.04)3 produced 19% PCE,14 and
the MAI-free slot-die-coated Cs0.16FA0.84Pb(I0.88Br0.12)3 dem-
onstrated 18% PCE.15 The uniformity and homogeneity of
slot-die-prepared perovskite layer are influenced by a
combination of various processing conditions such as
precursor properties (precursor viscosity and meniscus
stability), coating parameters (coating gap, coating flow rate,
coating speed, and coating temperature), substrate surface
properties (surface tension and surface energy), and post-
processes (post-annealing temperature).11 Therefore, the
perovskite slot-die coating process required precise optimiza-
tion of such a large number of processing conditions to achieve
homogeneous morphology and uniform optoelectronic proper-
ties over a large area. The perovskite slot-die coating process
favors high surface energy and a smooth underlayer substrate
surface for uniform coating to achieve homogeneous film
morphology and uniform thickness over a large area.
In general, the perovskite films prepared by the slot-die

coating produced polycrystalline films like the spin-coating
perovskite layers; consequently, the films contained a high
density of defects, including antisites (such as PbI3−), cation
vacancies (such as MA+), halide vacancies (such as I−),
uncoordinated Pb2+, uncoordinated I−, and Pb clusters, or a
combination of defects.11,16 Such defects are the main source
of non-radiative recombination and negatively influences the
charge transport and extraction in the PSCs, which limits the
device performance.17 These defects also aggravated the
perovskite degradation and influenced the device long-term
stability. The uncoordinated ions in the defective perovskite
layer could migrate through the grain boundaries and cause
severe device hysteresis. Therefore, it is required to design
efficient passivation molecules to eliminate such defects for

superior PCE and device stability.11,18 In general, there are four
approaches to passivate the perovskite surface, grain boundary,
and electronic defects.11 These are (1) modifying the
perovskite bulk defects by additive engineering,19 (2) post-
surface passivation of the perovskite film,20 (3) pre-surface
passivation (before perovskite layer deposits),21 and (4) a
combination of pre-surface passivation and post-surface
passivation, in short, dual passivation, to modify both
interfaces. Correspondingly, various passivation molecules
were developed and demonstrated significant improvements
in the PCE and stability by modified halide vacancies,22−25

cation vacancies,23,26,27 and both cation and halide vacancies
from the perovskite layer.17,18,28−32 Passivation molecules,
including polymers, small molecules, and halide replacements
with different functional groups such as −C�O, −N, −S, −S−
N, −I, and −Cl were employed to modify the perovskite
defects.16 These molecules with a specified functional group
have coordinated with the uncoordinated Pb2+ of perovskite
and modified the halide vacancies.16 Recently, poly-BCP was
used to modify both the SnO2 electron-transport layer and
perovskite defects; as a result, a maximum PCE of 24.43% was
achieved.33 Ji et al. reported difunctionalized BTZI-TPA-
passivated perovskite with a champion PCE of 24.06%, where
the molecule formed a stronger interaction with uncoordinated
Pb2+ on the perovskite surface; consequently, the non-radiative
recombination of the perovskite was significantly reduced.34

−COO−, −C(�NH)NH2 functional group-containing (α-
m e t h y l g u a n i d o ) a c e t i c a c i d - p a s s i v a t e d ( FAP -
bI3)0.95(MAPbBr3)0.05 produced a maximum PCE of 22.6%.35

Post-treatment of Cs0.03(FA0.90MA0.10)0.97PbI3 by 2D oleylam-
monium iodide-based passivation demonstrated more than
24% PCE.36 Additionally, 3-(trifluoromethyl)phenethylamine
hydroiodide (CF3PEAI) was employed for post-surface
passivation, where it coordinated with the uncoordinated
Pb2+ and modified defects.37 Furthermore, some amino acid
molecules with amino, carboxyl, and carbonyl groups showed
effective coordination with the perovskite and modified defects
significantly.38−42

Unlike the small-area cells, there are only a few reports on
the passivation of slot-die-coated perovskite layers.21,43−46

Potassium thiocyanate (KSCN) was added to improve the
morphology of slot-die-coated MAPbI3, and as a result, large
perovskite grains were produced.19 The 12% dimethyl
sulfoxide-added MAPbI3 precursor produced a homogeneous
morphology of the slot-die-prepared MAPbI3 layer.

47 Likewise,
with respect to morphology improvement on the slot-die-
coated perovskite film, Yang et al. added diphenyl sulfoxide
add i t i v e to s l ow down the c ry s t a l l i z a t i on o f
FA0.83Cs0.17PbI2.83Br0.17.

48 All the above additives were directly
added to the perovskite bulk precursor, and they were slot-die-
coated together as a perovskite ink; as a result, the additives
could change the precursor viscosity and precursor stability
and could directly participate in the perovskite crystallization/
growth process; consequently, it is hard to understand the sole
advantage of the additives on the defect passivation.
Here, we report the post-surface passivation of the slot-die-

coated MAPbI3 layer with a newly synthesized artificial amino
acid, F-LYS-S, a sulfonoyl-γ-AApeptide with multiple inter-
action sites to modify the perovskite defects.49 F-LYS-S has
−COOH, −C�O, −NH, and −NH2, which can form
interactions with perovskite defects. To remove the influence
of ETL on the morphology/reproducibility of the slot-die-
coated perovskite, we developed a large-area c-TiO2 film using
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chemical bath deposition (CBD). To understand the sole
influence of the F-LYS-S on the perovskite film, we spin-coated
various concentrations of it on the surface of the slot-die-
coated perovskite layer. The interaction between perovskite
and F-LYS-S was systematically investigated with various
techniques, including Fourier transform infrared (FTIR)
spectroscopy, 2D grazing incidence wide-angle absorption X-
ray spectroscopy (2D-GIWAXS) and X-ray photoelectron
spectroscopy (XPS). The lone pair electrons of −COOH,
−C�O and −NH2 of the F-LYS-S coordinated with the
uncoordinated Pb2+ through Lewis acid−base interaction and
strengthened the Pb−I bond and blocked the formation of
halide vacancies; as a result, the I− vacancies were repressed
effectively.50 Additionally, the −NH formed strong hydrogen
bonding with the perovskite [PbX6]4− framework to further
passivate the halide defects.51−53 The additional −COOH,
−C�O, and −NH2 in the F-LYS-S strengthened the hydrogen
bonding compared with the previously reported amino-acid
passivated molecules. Such multiple interactions are verified
with FTIR; as a result, F-LYS-S significantly passivated the
halide vacancies and considerably lowered trap densities.
Moreover, the F-LYS-S considerably suppressed non-

radiative recombination, and the devices demonstrated
remarkable charge recombination resistance (tripled that of
the control cell); as a result, the F-LYS-S passivated-based
device demonstrated substantial improvement in the Voc and
FF and produced a champion PCE of 21.08%. Furthermore,
the F-LYS-S-modified device displayed excellent moisture
stability and maintained 89.6% of its original PCE after 720 h
in air (50−60% RH). This study will open a new avenue to
realize highly efficient roll-to-roll PSC fabrication at room
temperature in air.

■ EXPERIMENTAL SECTION
Materials. The FTO substrate, all the solvents, and all the

chemicals used in this study were purchased from the same supplier
mentioned in our previous report.11 The F-LYS-S passivation
molecules were designed and synthesized by our lab.

Device Fabrication. The FTO substrate cleaning procedure was
adopted from the literature.9 The c-TiO2 was prepared by the water
bath technique, following the literature.11 MAPbI3 slot-die ink was

prepared by mixing perovskite gel and acetonitrile (ACN) (1:1 v/v)
following the previous report.11 The perovskite gel preparation is
summarized below. Initially, in a 2.56 g MAI vial, 56 mL of ACN was
added and stirred at maximum stirring speed. Note that MAI is not
dissolved by ACN. Subsequently, 7.38 g of PbI2 was added, and
stirred continuously for 2 h. Then, the black perovskite powder was
collected by centrifugation at 6000 rpm for 5 min and dried in a
vacuum oven at 70 °C for 2 h.11 The perovskite powder (3 g) in an
open vial and 10 mL of methylamine gas in another open vial were
kept together in a closed 100 mL glass container for 4 h to form the
perovskite gel.11

Next, the perovskite ink was formulated and slot-die-coated on
large-area c-TiO2 at a flow rate of 2.28 μL s−1, a coating speed of 1.2
mm s−1, and a coating gap of 100 μm at 24−25 °C and 30% RH.
Afterward, the wet film was annealed at 100 °C for 10 min.

Subsequently, the perovskite film was treated with 2 mM F-LYS-S
in 2-propanol. The passivation was employed on 1.5 × 1.5 cm−2 area
cell, which was cut from the large-area slot-die prepared perovskite
film. The passivation molecule was spun at 4000 rpm for 30 s,
followed by low-temperature baking (70 °C for 10 min).11 To
complete the device, spiro-OMeTAD and Au (80 nm) were
sequentially prepared following the literature.17

Characterizations. The interaction between F-LYS-S and the
perovskite layer was investigated with FTIR and XPS. The structure/
phase of slot-die-coated perovskite were studied in detail by X-ray
diffraction (XRD) and 2D-GIWAXS. The morphology of the
perovskite layers was studied by scanning electron microscopy
(SEM). The optoelectrical properties of the films were investigated
by UV−vis, photoluminescence (PL), and time-resolved PL (TRPL).
The device I−V, external quantum efficiency (EQE), and electro-
chemical impedance spectroscopy (EIS) instruments and measure-
ment conditions were adopted from refs 11 and 17.

■ RESULTS AND DISCUSSION
Scheme 1 illustrates the fabrication of large-area (10 × 10 cm2)
MAPbI3 perovskite by a slot-die coater on large-area c-TiO2.
The c-TiO2 was prepared by CBD following our previous
report.11 The digital photograph of the large-area (10 × 10
cm2) slot-die-coated perovskite is presented in Figure S1. The
detailed large-area perovskite layer preparation by the slot-die
coater is given in Experimental Section. Subsequently, various
concentrations of F-LYS-S in 2-propanol were spun to modify
the defects of slot-die prepared MAPbI3. The slot-die coating,

Scheme 1. Illustration of Fabrication of the Large-Area Perovskite Layer by a Slot-Die Coater on Large-Area Water-Bath-
Prepared c-TiO2

11 and Passivation of Prepared Perovskite by Multi-functional Artificial Amino-Acid of F-LYS-S
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F-LYS-S molecular structure, post-surface modification by
spin-coating, and passivation mechanisms are demonstrated in
Scheme 1. Following, the coordination of F-LYS-S with
MAPbI3 systematically scrutinized with FTIR, 2D-GIWAXS,
and XPS.
FTIR spectroscopy was used to investigate the coordination

of F-LYS-S with perovskite (Figures 1a and S2a). For
comparison, the F-LYS-S powder FTIR is provided in Figure
S2b. The FTIR at 1662 cm−1 in the control sample assigned to
the C�O is significantly shifted to 1689 cm−1 for the F-LYS-S-
modified perovskite, which indicates the strong interaction
between uncoordinated Pb2+ ions and the carbonyl group of

the F-LYS-S through the Lewis acid−base interaction.
Moreover, the N−H stretching vibration (control perovskite
= 1579 cm−1) shifted to 1574 cm−1 for the F-LYS-S-modified
perovskite, which indicated the lone pair containing −NH2 in
the F-LYS-S could further interact with the uncoordinated
Pb2+ ions to suppress I− defects from the MAPbI3.

17,54

Subsequently, we studied the crystal orientation and phase of
the slot-die-coated standard and F-LYS-S-modified MAPbI3,
where both films exhibited extremely preferentially oriented
sharp peaks at (110), (220), and (224) without any remnant
PbI2 (Figure 1b). The UV−vis characterization (Figure 1c)
demonstrated the modification did not influence the

Figure 1. Investigation of the interaction between F-LYS-S and perovskite. (a) Control and F-LYS-S treated perovskite FTIR spectra, (b) control
and F-LYS-S treated perovskite XRD, (c) UV−vis of the control and F-LYS-S passivated MAPbI3, (d−f) control MAPbI3 2D-GIWAXS and its
azimuthally integrated intensity profile, respectively. The small spot indicated by the light orange arrow (d) corresponding to 0.895 Å−1 (e,f)
displayed uncoordinated Pb2+ in the standard MAPbI3. (g−i) F-LYS-S-modified MAPbI3 2D-GIWAXS and its corresponding azimuthally
integrated intensity profile, respectively.

Figure 2. High-resolution XPS peaks of the standard and F-LYS-S passivated perovskite layers. (a) C 1s, (b) N 1s, (c) Pb 4f, (d) I 3d, (e) O 1s, and
(f) Cl 2p.
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absorption, which implies that a very thin F-LYS-S layer
formed on the perovskite; moreover, the absorption onset of
the standard and F-LYS-S-modified perovskite is the same,
which suggests that the post-surface modification did not alter
the energy level/bandgap of the modified film. To understand
the structural orientation details of the control and F-LYS-S-
modified perovskite, we measure 2D-GIWAXS. Figure 1d−f
and g−i exhibited the GIWAXS and azimuthally integrated
intensity of the control and F-LYS-S-modified target perov-
skite, respectively. Both the control and F-LYS-S-modified
perovskite exhibited diffraction rings at 1, 1.4, 1.73, 2, 2.23,
2.45, 2.83, and 3 Å−1 corresponding to a 2θ of 14.1, 19.83,
24.48, 28.36, 31.76, 35, 40.55, and 43.18°, respectively.
However, we detected a bright spot at 0.895 Å−1 (light orange
arrow in Figure 1d) in the control perovskite film, which
indicates the presence of well-aligned but uncoordinated Pb2+
in the control perovskite (Figure 1e−f), which clearly revealed
there is an I− vacancies in the control slot-die-coated
perovskite film. The I− vacancies generated from the post-
annealing process and influence the thermodynamic stability of
the perovskite and PCE of the devices. Interestingly, the bright
Pb2+ spot and its associated peak were completely suppressed
for the F-LYS-S-modified perovskite (Figure 1h−i), which
infers the clear interaction between the F-LYS-S and
uncoordinated Pb2+ ions, which is consistent with the FTIR
result, which leads to reduced I− vacancy defects. Moreover,
both the control and modified perovskite 2D-GIWAXS rings
are bright and sharp, which indicates the formation of large
grain perovskite, and the strong bright spatter on the ring

implies the formation of a well-defined oriented perovskite
layer. Large perovskite grain-based perovskite solar devices are
known to provide high current density.
We employed high-resolution XPS to get more insight about

the interaction between F-LYS-S and perovskite. We measured
the C 1s, Pb 4f, O 1s, N 1s, I 3d, Cl 2p, and S 2p XPS spectra
of the control and F-LYS-S-modified MAPbI3 films (Figures
2a−f and S3a,b), where we traced the chemical composition
changes and distinguished the interaction between F-LYS-S
and perovskite based on the binding energy shifts. The C−C
peak at 284.84 eV is used to calibrate the XPS peaks.55 The C
1s spectra are presented in Figure 2a. The modified perovskite
exhibited an increase in the C/Pb ratio compared the control
perovskite because of the F-LYS-S contains many benzene
rings, carbonyls, and carboxyl groups, validating the presence
of F-LYS-S on the perovskite surface. The peak at 286.44 eV in
the bare MAPbI3 is assigned to C−N, which is shifted to
286.26 eV for the F-LYS-S passivated MAPbI3.

11,56 Further-
more, an additional peak at 289.59 eV was found for the
modified perovskite, which is assigned to C�O, which
unambiguously validated the interaction between F-LYS-S
and the perovskite.11,57

Figure 2b shows the N 1s spectra, where a single peak at
402.30 eV (Figure 2b) in the control perovskite is observed,
which is assigned to −NH3 that arises from the MAPbI3. Upon
F-LYS-S treatment, the −NH3 peak shifted to a lower binding
energy of 401.95 eV MAPbI3,

55 which implies the interaction
between F-LYS-S and perovskite.11 Intriguingly, in the N 1s
spectra of the F-LYS-S-modified perovskite, an additional peak

Figure 3. (a) Steady-state PL slot-die-coated perovskite/glass with and without F-LYS-S treatment. (b) TRPL of the standard and F-LYS-S treated
perovskite. (c) KPFM contact potential difference of the pristine and F-LYS-S-modified MAPbI3. (d,e) J−V curves of the electron-only device in
the dark [device architectures: FTO/c-TiO2/perovskite (with/without F-LYS-S)/PCBM/Au]. (f,g) J−V curves of the hole-only device in the dark
[device architectures: FTO/PEDOT:PSS/perovskite (with/without F-LYS-S)/spiro-OMeTAD/Au]. (h) SEM of the bare perovskite. (i) SEM of
the F-LYS-S-modified perovskite. (j) Energy level diagram of the F-LYS-S-modified perovskite device.
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at 399.94 eV was recorded, which is assigned to −NH2 that
originated from the F-LYS-S. The lone pair of −NH2 could
coordinate with the uncoordinated Pb2+ in the pristine
perovskite.54 These results clearly indicated the interaction
between F-LYS-S and perovskite.
Two Pb 4f XPS peaks at 143.27 and 138.43 eV were

detected for the standard perovskite, which are assigned to Pb
4f5/2 and Pb 4f7/2, respectively (Figure 2c). These peaks are
shifted to lower binding energies of 143.01 and 138.13 eV,
respectively, for the F-LYS-S treated MAPbI3, suggesting the
successful coordination of Pb−N/O/C�O.11,34 Figure 2d
showed the I 3d spectra of the control and F-LYS-S-modified
MAPbI3, where the peak at 630.85 eV assigned to I 3d3/2 and
the peak at 619.34 eV assigned to I 3d5/2 in the pristine
perovskite were shifted to lower binding energies of 630.43 and
618.97 eV, respectively, for the F-LYS-S passivated slot-die-
coated perovskite layer.11 Two O 1s peaks were detected for
both the standard and modified films at 532.46 and 533.54 eV,
which are assigned to O�C and C−O−C, respectively.58 Like
the C/Pb ratio in the O 1s spectra, the O/Pb ratio of the F-
LYS-S passivated MAPbI3 perovskite exhibited substantial
enhancement compared to the control perovskite because of
the extra O from the carboxyl (COOH) and carbonyl (C�O)
groups of the F-LYS-S, which further evidenced the perovskite
surface was passivated with F-LYS-S (Figure 2e).11,59

Additionally, the F-LYS-S-modified perovskite exhibited
additional peaks of Cl 2p (Figure 2f) and S 2p (Figure S3b),
which are not present in the standard perovskite and
undoubtedly deduce the successful surface treatment of
MAPbI3 with the F-LYS-S.11 All the binding energy shifts in
the XPS investigation, together with the FTIR and 2D-
GIWAXS findings, clearly confirmed the interaction between
F-LYS-S and perovskite.
Subsequently, we evaluated the optoelectrical properties of

the standard and F-LYS-S-treated perovskite layers to
investigate the passivation potential of F-LYS-S. Next, the
charge extraction of the standard and F-LYS-S-modified
perovskite films was studied by steady-state PL and TRPL
on glass/perovskite (with and without F-LYS-S). The
excitation light is guided from the perovskite side. However,
both the control and modified perovskite exhibited an emission
peak at 775 nm, and the PL intensity of the F-LYS-S-modified
perovskite was significantly enhanced (∼46%) compared to the
pristine MAPbI3 perovskite, which implies that non-radiative
recombination is considerably stifled by the F-LYS-S
modification, which is a prerequisite to the fabricate high
PCE device (Figure 3a).17,60 In addition, the F-LYS-S-modified
film exhibited a prolonged average carrier life time (53.17 ns)
compared to the pristine perovskite (44.42 ns), which signified
the potential of F-LYS-S to passivate defects (Figure 3b). The

Figure 4. (a) Schematic illustration of PSCs. (b) The champion reverse bias (RB) and forward bias (FB) I−V curves of the F-LYS-S-modified
device. (c) Champion RB and FB I−V curves of the pristine PSC. Box chart summary of the pristine and F-LYS-S-treated PSCs (d) Jsc, (e) Voc, (f)
FF, and (g) PCE. (h) Stabilized power output of the control device (at MPP = 0.77 V) and F-LYS-S-treated perovskite (at MPP = 0.85 V). (i)
Nyquist plots of the pristine and F-LYS-S-modified MAPbI3-based devices. (j) EQE of the control and F-LYS-S-treated cells.
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average carrier lifetime (τave) was calculated using eqs 1 and 2,
and the TRPL lifetimes are summarized in Table S1.
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Figure 3c showed the contact potential difference (CPD) of
the standard and F-LYS-S-modified perovskite measured by
Kelvin probe force microscopy (KPFM), where the CPD of
the modified perovskite demonstrated more than three-fold
enhancement compared to the pristine perovskite (ca. 150 vs
ca. 500 mV), which suggested there is a higher potential for
charge carrier transport in the passivated film than the standard
device, and enhancement in Voc is expected in the modified
devices. The Voc of the perovskite devices was influenced by
defects.
To quantify the number of electron and hole defects on the

standard and F-LYS-S-modified devices, we fabricated
electron-only and hole-only devices, respectively. The elec-
tron-only devices with the architecture of FTO/c-TiO2/
MAPbI3 (with/without F-LYS-S)/PCBM/Au were fabricated
following a literature report to quantify electron traps.11,61 The
number of traps (Ntraps) is determined using eq 3. The relative
dielectric constant of MAPbI3 was adopted from the literature
(ε = 32).11,62 ε0 and e are constants that represent vacuum
permittivity and elementary charge, respectively. The trap-filled
limit voltage (VTFL) of the respective devices was found from
the dark I−V curve. L is the perovskite film thickness before
and after the F-LYS-S modification.

=N
V

eL
2

traps
0 TFL

2 (3)

The double logarithmic I−V curves of the pristine and F-
LYS-S-treated electron-only cells are shown in Figure 3e,f,
where the Ntraps for the F-LYS-S-modified perovskite
significantly reduced by ∼58% from 3.47 × 1015 to 2.19 ×
1015 cm−3, which clearly confirmed the potential of F-LYS-S to
passivate electron defects. Similarly, the hole-only device, with
an architecture of FTO/PEDOT:PSS/perovskite (with/with-
out F-LYS-S)/spiro-OMeTAD/Au (Figure 3g,h) were fab-
ricated to quantify the number of hole traps in the respective
devices.11 The number of hole traps in the control hole-only
device was 3.05 × 1015 cm−3 and suppressed by ∼25% to 2.44
× 1015 cm−3 for the F-LYS-S-treated cell. The number of
electron and hole trap studies demonstrated that both electron
and hole defects are substantially passivated with the F-LY-S
treatment. All the FTIR, 2D-GIWAXS, and XPS already
confirmed the interaction of F-LYS-S with perovskite through
Lewis acid−base coordination; as a result, the uncoordinated
Pb2+ ions treated and I− vacancies significantly suppressed,
which is corroborated with the effective repression of electron
and hole Ntraps. The non-radiative recombination in the
modified perovskite is significantly reduced; as a result, Voc
and FF enhancement in the modified device are expected. The
Ntraps result is coherent with the PL and TRPL investigations.
A summary table of SCLC results is provided in Table S2.
The slot-die-coated perovskite produced a compact

morphology (Figure 3h). More homogeneous and compact
morphology was observed after the F-LYS-S treatment (Figure

3i). The energy level alignment of the pristine and F-LYS-S-
treated MAPbI3 film is presented in Figure 3j, where the
modified perovskite exhibited a higher work function than the
pristine perovskite, which could lead to better charge
extraction. As a result, nonradiative recombination could be
suppressed in the passivated perovskite.11,63

To assess the potential of F-LYS-S on device performance
and stability, a planar PSCs with the architecture of FTO/c-
TiO2/perovskite (with/without F-LYS-S)/spiro-OMeTAD/Au
was fabricated (Figure 4a). The PSC fabrication is briefly
expressed in the Experimental Section. First, we fabricated
PSCs with various F-LYS-S concentrations (0, 0.5, 1, 2, and 3
mM) to optimize the best passivation concentration for the
MAPbI3 film. The full concentration optimization is provided
in Figure S4. At low F-LYS-S concentrations, all the
photovoltaic parameters showed typical values, and the PCE
improved when the concentration was increased to 1 mM. The
best Jsc, Voc, and FF were achieved when a 2 mM F-LYS-S
concentration was employed. However, when the concen-
tration further increased to 3 mM, the device’s performance
deteriorated. The optimized 2 mM F-LYS-S-modified perov-
skite device (Figure 4b) produced remarkable photovoltaic
parameters of 1.104 V Voc, 24.80 mA cm−2 Jsc, and 77% FF
with the overall champion efficiency of 21.08% PCE, which is
one of the best performances among amino acid-based
modified perovskite layers (Table S3). Moreover, our PCE is
one of the best among passivated slot-die-coated-based PSCs
(Table S4). Furthermore, it also exhibited competitive
performance with spin-coated based devices (Table S5). The
pristine device displayed the highest PCE of 18.54% with 1.082
V Voc, 24.09 mA cm−2 Jsc, and 71.13% FF (Figure 4c). The
improvement in FF and Voc in the modified device clearly
suggested that the F-LYS-S treatment substantially suppressed
defects, which is consistent with the PL, TRPL, KPFM, and
Ntraps investigation. The hysteresis index (HI) of the pristine
and modified devices was calculated following HI = (PCERB −
PCEFB)/PCERB.

17 The control device exhibited an HI of 0.052.
Interestingly, the HI of the F-LYS-S-modified device reduced
to 0.026, which implied that the modification could suppress
surface/bulk defects and interstitial ion migration, which are
among the causes of device hysteresis.64,65 To check the
reproducibility of the results, we fabricated 15 control device
and 25 F-LYS-S-modified devices, where it is clear that the
modified device performance parameters enhanced consid-
erably (Figure 4d−g). Furthermore, achieving uniform and
compact perovskite over a large area is necessary for the
promising, efficient, and scalable coating process. Considering
this, we fabricated a large-area 10 × 10 cm2 perovskite film
using our slot die coating protocol. To investigate the
uniformity of the perovskite layer, we measured the UV−vis
of the perovskite film in 16 marked places, as seen in Figure
S5a. The UV−vis spectra of those perovskite films overlapped
each other (Figure S5b), which clearly indicated that uniform
perovskite film was formed. Moreover, we fabricated those 16
films after F-LYS-S modification in one batch (Au deposition)
process to maintain that every device fabrication step passess
through the same fabrication process. The coating area vs PCE
(%) of those 16 devices is summarized in Figure S5c,d. The
fabricated devices demonstrated narrow PCE distribution
(20.01 ± 0.58), which suggested a uniform large-area
perovskite film was achieved. The F-LYS-S formed strong
Lewis acid−base coordination with the perovskite (Pb−C�
O/N/O); therefore, the uncoordinated Pb2+ ions were
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substantially repressed, which leads to improvement in Voc and
FF. Moreover, the F-LYS-S could form hydrogen bonding with
the perovskite by the chloro group of the F-LYS-S (N−H···
Cl); as a result, the I− vacancy was directly repaired with the
Cl−; consecutively, the non-radiative recombination of the
modified perovskite was repressed further. The PL of the
passivated perovskite demonstrated significant enhancement in
photoluminescence that clearly revealed the defects of the
pristine perovskite, which were repressed considerably, leading
to enhancement of Voc and FF in the modified device. Figure
4h showed the stabilized PCE of the pristine and F-LYS-S
treated devices measured at their maximum power point
(MPP), where the pristine device performance decreased
drastically ∼12% from 18.54% PCE to 16.28% PCE in 190 s.
Intriguingly, the F-LYS-S-modified device exhibited remarkable
stabilized PCE where it maintained its original performance for
the same duration of time, which signifies that F-LYS-S not
only improved the cell efficiency but also considerably
improved the PSC stability.
The charge dynamics process in PSCs is a crucial

phenomenon and influences the charge transport and
recombination processes; consequently, we scrutinized the
charge recombination properties of the pristine and F-LYS-S
treated cells by EIS. The I−V curve of the EIS measurement
was recorded at 0.9 V bias at dark conditions (Figure 4i). The
inset shows their equivalent circuit. The semi-circle at the high
frequency of the Nyquist plot is attributed to the charge
recombination resistance and geometrical capacitance.11,66,67

The fitting results are summarized in Table S6. The pristine
device series resistance (Rs) is 32.63 Ω, which is decreased to
28.86 Ω for the F-LYS-S-modified device, which is consistent
with the FF enhancement for the modified device.
Furthermore, the charge recombination resistance (R2) of
the modified devices significantly improved (three-fold)
compared to the pristine device (4826 vs 1332 Ω), which
indisputably verified that the perovskite defects were effectively
suppressed by F-LYS-S passivation; thus, the photovoltaic
parameters were improved.

The EQE of the pristine and F-LYS-S passivated solar cells
produced an integrated Jsc of 21.32 and 21.56 mA cm−2,
respectively (Figure 4j). The inconsistency in the current
densities between the I−V and EQE measurements is in the
latter characterization; the Jsc measurement was performed at a
single wavelength with significantly lower intensity than the
one sun radiation.11,62 In general, the integrated Jsc with the
discrepancy within the 20% range of the I−V curve Jsc
suggested a reasonable correlation and reliability.11,68

Defects not only reduce the performance of the device but
also triggered device instability.16,69 As a result, we study the
stability of the pristine and F-LYS-S films and device. The
water contact angle of the pristine MAPbI3 layer is 53.4°
(Figure 5a). Upon F-LYS-S modification, the contact angel
increased to 69.1° (Figure 5b), which implies the modified film
could hamper the infiltration of moisture compared to the
pristine perovskite layer.11 To study the influence of F-LYS-S
modification on the long-term stability of the device, four
devices each from the control and F-LYS-S-modified were
studied to establish a fair and profound stability trend. The
pristine device Jsc, FF, and PCE rapidly declined (Figure 5c−f)
due to severe deterioration with moisture and only maintained
54.4% of their initial performance after a month. Remarkably,
the F-LYS-S-modified devices showed notable stability in air
and preserved ∼89.6% of their initial performance after 720 h.

■ CONCLUSIONS
In summary, we have successfully developed a multi-functional
artificial amino acid-sulfonyl-γ-AApeptide-based passivation
molecule to effectively modify the defects of slot-die-coated
perovskite films. It was found that the F-LYS-S passivation
molecule interacted with the MAPbI3 through multiple Lewis
acid−base coordination (Pb−C�O/−NH2/−O) and hydro-
gen bonding (N−H···Cl) to modify the uncoordinated Pb2+
ions and to directly replace I− ions vacancy, respectively.
Consequently, I− vacancy defects were suppressed effectively,
which was verified by the PL enhancement and curtailed Ntraps
for the F-LYS-S-modified film/device. Moreover, the charge
recombination resistance of the device considerably improved

Figure 5. (a) Water contact angle of pristine MAPbI3 and (b) water contact angle of modified MAPbI3. Long-term stability study of the pristine
and modified PSCs. Both the control and modified perovskite devices were stored in air at T ∼ 27 °C and RH = 50−60%, and their photovoltaic
parameters were tracked for 720 h. (c) Jsc, (d) Voc, (e) FF, and (f) PCE.
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(three fold) when the slot-die-coated perovskite layer was
modified with F-LYS-S. The PL, KPFM, and EIS studies
undoubtedly demonstrated that the non-radiative recombina-
tion of the slot-die-coated MAPbI3 films wa successfully
repressed by F-LYS-S post-surface passivation. As a result, the
F-LYS-S treated PSCs produced a champion PCE of 21.08%,
with 1.104 V Voc, 24.80 mA cm−2 Jsc, and 77.00% FF, which is
one of the highest results among the reported slot-die-coated
PSCs. Furthermore, the modified device exhibited superb long-
term stability in air (T = 27 °C and 50−60% RH), where it
retained ∼89.6% of its initial performance after 720 h.
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