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One of the critical issues in perovskite solar cells (PSCs) is the open-circuit voltage
(Voc) deficit due to surface or grain boundary defects. A dual-ion passivation
strategy using TFA™ and DPA" achieved supramolecular passivation, resulting in a
power conversion efficiency (PCE) of 25.63% and a Voc of 1.191 V. Large-area
modules also showed high performance, with 22.47% and 20.88% PCE for 25 and
64 cm?, respectively. This highlights the importance of non-covalent interactions
of pseudohalides in enhancing the efficiency and stability of PSCs.
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SUMMARY

In this work, we reveal the role of non-covalent interactions, which
are known to play important roles in supramolecular phenomena,
in achieving efficient perovskite surface and grain boundary passiv-
ation. By using a series of pseudohalides, we find that trifluoroace-
tate (TFA™) provides the strongest binding to iodide vacancies
by means of non-covalent hydrogen bonding and dispersion
interactions. By exploiting additional non-covalent dispersion and
hydrophobicinteractions in aromatic 3,3-diphenylpropylammonium
(DPA*), we present a dual-ion passivation strategy that not only
minimizes the non-radiative recombination center and local chemi-
cal inhomogeneities but also induces preferentially oriented
growth of a-FAPDblI; lattice. This leads to an outstanding power con-
version efficiency (PCE) of 25.63% with an exceptional open-circuit
voltage of 1.191 V in a perovskite solar cell with a small area, while
perovskite solar mini modules with aperture areas of 25 and 64 cm?
achieved PCE of 22.47% (quasi-steady-state [QSS]-certified 20.50%)
and 20.88%, respectively, with outstanding stability under high-hu-
midity conditions.

INTRODUCTION

Since the seminal report in 2009, organic-inorganic hybrid perovskites have wit-
nessed remarkable advancements for solar cell applications owing to their
outstanding optoelectronic properties and prospects for low-cost device fabrication
via solution processing.1'2 In particular, formamidinium (FA)-based lead triiodide
(FAPbI3) perovskite, with a narrow band gap of about 1.5 eV, is suitable for single-
junction solar cells with improved thermal stability than the prototypic methylammo-
nium (MA) counterpart,” > making them the current leading materials for high-per-
formance perovskite solar cells (PSCs) with a champion power conversion efficiency
(PCE) of 26.08%.°

Notwithstanding the achievements, significant rooms for further improvements exist
in terms of the PCEs of PSCs, considering the fundamental Shockley-Queisser limit
of 31% for this band gap’; they also lag behind those of silicon solar cells (highest
PCE record at 26.7%).° One of the main challenges in improving this efficiency lies
in cutting the deficitin open-circuit voltage (Voc). Voc loss can stem from various fac-
tors, such as extended defects and charge transport layers, but one of the primary
contributors is crystalline point defects such as antisites, interstitials, and halide va-
cancies.” '? Notably, substantial amounts of such defects are known to form in the
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CONTEXT & SCALE
Formamidinium (FA)-based lead
triiodide (FAPbls3) perovskites
have attracted great attention
owing to their outstanding
optoelectronic properties.
Despite the achievements,
perovskite solar cells (PSCs) still
lag behind silicon solar cells. One
of the main challenges in
improving the efficiency of PSCs
lies in cutting the deficit in open-
circuit voltage (Voc), primarily
caused by crystalline point defects
such as iodide vacancies (V).

Herein, by using pseudohalide as
our proof of concept, we shed
light on the role of non-covalent
interaction and control defects on
perovskite crystallite surfaces
through a strategy we termed
supramolecular passivation. As a
result, PSCs with this strategy offer
outstanding efficiency and
stability in both small-area PSCs
and large-area perovskite mini
modules. Our work unveils the
neglected role of non-covalent
interactions for perovskite surface
defect and grain boundary
passivation, essential for
designing effective additives
toward efficient and stable PSCs.
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polycrystalline perovskite structure—particularly at the surface and grain bound-
aries—as a result of solution processing.'' These defects not only dissipate substan-
tial photogenerated charge carriers via non-radiative recombination but also
compromise the crystallinity and chemical homogeneity (i.e., via halide segregation)
in the perovskite matrix, significantly curtailing the optoelectronic performances,
including the Vo deficit and carrier transport ability.134 °Thus, developing effective
strategies to comprehensively regulate the perovskite defects and thereby minimize
the non-radiative recombination center to mitigate carrier loss is imperative to pro-
vide a breakthrough by unlocking the full potential of PSCs.

lodide vacancies (V), which are known to be abundant in the surface and grain
boundaries of perovskite films due to their relatively low formation energies,
are one of the most problematic among such defects: they not only leave
uncoordinated Pb?* as an additional defect species but also cause dynamic degra-
dation of the matrices and optoelectronic performances and stability due to their
mobile nature.’®"'® Given the anionic nature of the halides, straightforward filling
and passivation of V; can be expected with various types of small molecular an-

ions, 19-22

which are commonly called pseudohalides due to their similarities in
size, but with extra opportunities for forming stronger bonds due to their asym-
metric molecular structure bestowing dipole moment-based bonds such as
hydrogen bonds.?®?*” For instance, a state-of-the-art PSC with an outstanding
performance of 25.6% has been successfully demonstrated by manifesting
comprehensive defect passivation and improved perovskite crystallinity upon

formate (HCOO™) incorporation.28

Although extensive investigations on V, passivation based on pseudohalides and
other larger organic/inorganic passivating agents have been reported to date,””
the attention was mostly paid on the nature of terminal anchoring groups in deter-
mining the binding ability of passivating agents toward the defects. By contrast,
the effect of (presumably non-trivial) non-covalent interaction, often between the
functional groups within the rest of passivating species and the neighboring perov-
skite scaffold (i.e., Pb~I sublattice), not to mention the additional synergistic effect
between these species and other functional ligands on the perovskite surface, has

been left relatively unexplored.??:*°

Herein, by using pseudohalide as a model system, we shed light on the role of non-
covalent interaction in controlling efficient passivation of perovskite crystallite sur-
faces. It is shown that the binding energy of pseudohalides to the perovskite surface
is governed not only by the bonding action of terminal anchoring group toward the
V, defects but also by non-covalent interactions with surrounding FA and Pb-I sub-
lattice through non-covalent interactions, which are known to be important for con-
trolling supramolecular phenomena.?'*? We explicitly screen the possible pseudo-
halide molecular landscape with ab initio methods, which identify trifluoroacetate
(TFA™) anion as the pseudohalide candidate with the largest effective molecular vol-
ume interacting with the perovskite sublattice. Furthermore, we extend this concept
of supramolecular non-covalent interaction to cation passivating agents as well to
achieve a dual-ion passivation strategy: we employ 3,3-diphenylpropylammonium
(DPA™), a molecule with two phenyl rings which has previously been proven to pro-
vide strong dispersion and hydrophobic interactions.?® Thus, we achieve a supramo-
lecular passivation of a-FAPblz perovskite lattice by incorporating both ions into the
precursor solution. We term this DPA-TFA passivation, by which a surface defect-
passivated lattice with a preferred orientation along the vertical direction, greatly
mediating the local phase and chemical inhomogeneities. Such features collectively
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Figure 1. DFT calculations predict non-covalent interactions between pseudohalides and perovskite
(A) The pseudohalide structures with two groups: a non-covalent interaction group (R) and an anchoring group (X).

B) The binding energies (AE,) of X* depend on A and B terminations.

(
(C) Non-covalent interactions with the relationship between van der Waals interaction (AEZ)"W) and the effective volume (V,) of X* on the FAPbl3 surface.
(D)

D) Schematic illustration of non-covalent interactions of TFA™ on the FAPbl; surface, hydrogen bonding, and van der Waals interaction.

offer efficient charge transport pathway while minimizing non-radiative recombina-
tion, benefiting the optoelectronic performance of the perovskite film.

As a result, PSCs with a supramolecular-passivated perovskite matrix offer an
outstanding PCE of 25.63% as well as impressive Voc of 1.191 V, along with PCE
of 22.47% (quasi-steady-state [QSS]-certified PCE of 20.50%) and 20.88% in large-
area PSC mini modules with a respective aperture area of 25 and 64 cm?. Further-
more, the supramolecular-passivated PSCs exhibited outstanding shelf-life stability,
maintaining 92% of the initial efficiency for 10,000 h. Even under high-humidity con-
ditions, these PSCs showed remarkable efficiency with 82% of the initial efficiency
remaining after 1,000 h. Our work unveils the hitherto neglected role of supramolec-
ular non-covalent interactions for perovskite surface defect and grain boundary
passivation and renders key chemical principles necessary for designing effective
molecular additives toward the realization of high-performance PSCs.

RESULTS

Energetic contribution of non-covalent interactions to surface binding of
pseudohalides

By utilizing density functional theory (DFT) calculations, we first explored the coordi-
nating action of the candidate pseudohalides to the stoichiometric defects V, through
the anionic functional group (i.e., anchoring group) and non-covalent interactions be-
tween the end groups and the neighboring perovskite scaffold in the vacancy pocket
(i.e., non-covalent interaction group). Chloride (CI") and five different pseudoha-
lides—nitrate (NO37), thiocyanate (SCN™), formate (HCOO™), acetate (Ac”), and
TFA —were selected as candidates (denoted as X*), and their binding energies
onto V; pocket in FAPbl;-based perovskites were calculated (Figure 1A), based on
the observations that X* preferentially resides on the perovskite crystallite surface
(Figure S1; Table S1). We then calculated the binding energies (AE,) of X* on the V|
at FAPDbl; surface (Figures S2 and S3). Irrespective of FA iodide (FAI)- or Pbl-exposed
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surface (A and B terminations, respectively), all selected species exhibited
negative AE, values, indicating that binding to the perovskite surface was thermody-
namically preferred for all X* (Figure 1B). The calculated binding energies monoton-
ically increase with the following trend: CI~ < SCN™ < NOj3~ < carboxylates
(HCOO™ < Ac™ < TFA™). We note that although values of AE,, are principally deter-
mined by the chemical nature (i.e., functional group) of the X* species on the order
of ~eV, subtle differences in AE, also exist across the three carboxylate-based X*
(HCOO™, Ac, and TFA"). This strongly suggests that non-covalent interactions
such as dispersion (van der Waals) forces, steric effects, and hydrogen bonding, which
all involve the non-covalent moieties of the pseudohalide and the perovskite scaffold
upon its coordination, also play a non-negligible role in the binding action of X* to-
ward V, (Figure S4).

To ascertain this hypothesis, we conducted crystal orbital Hamilton population
(COHP) analysis to separately evaluate the contribution of non-covalent interactions
and the covalent bonding between pseudohalides and Pb?* on the surface of FAPbl;
(Figure S5). The calculated "“integrated COHP" value showed similar positive values
forall pseudohalides, while TFA™ showed the smallest value. This demonstrates that
the strong binding energy of TFA™ is largely contributed by non-covalent interac-
tion. Furthermore, we examined the relationship between the effective volume
(Vx) of the three carboxylate-based X*s and binding energy by van der Waals inter-
action (AE}"), which should be proportional to the size of electron clouds in the X*
and thus should scale with Vx. The corresponding data in Figure 1C and Table S2
confirm this hypothesis: AE}{?" scales approximately linearly with Vi. As Vy of pseu-
dohalide increases, the expanded X* can interact more effectively with the neigh-
boring FA™ and Pb-I through van der Waals interaction. This trend is not only limited
to the carboxylate anions but applies equally well to other X* candidates such as CI~,
SCN™, and NO3™. Furthermore, as shown in Figure 1D, TFA™ stands out here with
the largest Vi that can exhibit stronger interactions than other candidates. Addition-
ally, the presence of highly electronegative fluorine atoms in the -CF3 group sug-
gests a feasibility of hydrogen bonding with the protons in neighboring FA™, culmi-
nating in stronger non-covalent interactions, as shown in the final relaxed surface
structures (Figure Sé). These results collectively suggest that the TFA™ can establish
the strongest non-covalent interactions with the perovskite sublattice, enabling to
construct supramolecular-passivated perovskite matrix with a more complete sur-
face defect passivation.

For the choice of cation, we further exploit the theme of supramolecular interaction
in binding and functionalities of passivating agents to ameliorate the problem of
phase transition in FAPbl; perovskites by reaction with moisture (vide infra). Mois-
ture protection would require molecules with strong hydrophobic interaction as
well as strong binding afforded by dispersion interaction, making aromatic mole-
cules the best candidate for this functionality: we previously reported that the incor-
poration of DPA™, a cation with two phenyl rings, to perovskite nanocrystals simul-
taneously enhances the electrical conductivity across the perovskite surface as
well as bestows more stable environmental durability by blocking action of bulky
phenyl groups toward moisture penetration.”® We also note that the —CF3 group
in TFA™ may also open up possibilities for additional supramolecular non-covalent
interactions involving fluorine, such as fluorine-T interactions (attractive interactions
between the aromatic m electron cloud and electronegative fluorine atom),
hydrogen bonding to aromatic C-H moieties, and extra dispersion interactions,
which could be exploited to strengthen the binding of unsaturated aromatic mole-

cules to perovskite surfaces.®*
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Thus, taken collectively, we predict that DPA-TFA passivation would bestow several
favorable properties to the perovskite surface: (1) efficient surface passivation for V,
through tightly bound DPA™ and TFA™ by means of strong dispersion interaction be-
tween the molecules and the perovskite lattice; (2) possible synergistic binding of
both molecules by intermolecular interactions among DPA* and TFA™; and (3)
enhanced phase stability by blocking moisture penetration through hydrophobic
interactions.

Atomistic-scale surface binding mechanism of DPA-TFA

Based on the above computational prediction and concepts in supramolecular inter-
actions, we focused on the optimization of FAPbl; perovskite film formation by incor-
porating DPA-TFA into the precursor solution. Probing the proposed supramolecu-
lar non-covalent interactions in perovskite films is, however, not straightforward due
to the relatively low concentration and absence of long-range periodicity in arrange-
ment of these molecular species relative to the perovskite bulk. In addition, finding
spectroscopic evidence for such interaction requires techniques capable of probing
the interatomic proximities; hence, we opted for solid-state nuclear magnetic reso-
nance (NMR) experiments to verify their existence.

Figure 2A shows the '°F direct excitation solid-state NMR spectra of pristine DPA-
TFA salt, which shows a single broadened peak at —82.1 ppm. Since there are no
other fluorine environments in this system, this peak must arise from the trifluoro
(-CF3) functional group in TFA™, where the broadening presumably arises from
poorly averaged strong 'H-""F and "?F-'°F dipolar coupling in the DPA-TFA salt, a
result of using a relatively slow magic-angle spinning frequency of 10 kHz (no
external 'H decoupling was applied during acquisition). When this DPA-TFA salt is
added to the perovskite film, a new sharp '°F peak appears at —81.5 ppm, which
is ascribed to the perovskite-bound TFA™; a clear narrowing of the peak, in this
case, is likely an effect of TFA salts being separated from the DPA cations by binding
to the perovskite surface, contrary to the case in the pristine salt.

Further evidence of this passivation, as well as intermolecular interactions involving
DPA-TFA, can be found via '3C cross-polarization (CP) experiments. Briefly, these
experiments allow selective detection of '3C species in spatial proximity to either
"H ("H-"3C CP) or "F ("?F-"3C CP). Since these experiments rely on dipolar coupling,
which does not require electron sharing (as in J-coupling), signals from '3C species
both covalently and non-covalently bonded to "H/'F are detected on these spectra.
Figure 2B shows the H-3c cp spectra of pristine FAPbl;, DPA-TFA salt, and DPA-
TFA passivated FAPbl;, with the spectra labeled in color scheme matching the
atomic positions in the molecule in Figure 2A. As expected, the passivated sample
shows signal coming from FA as well as DPA™ (i.e., molecules with "*C covalently
bonded to "H); atthe same time, however, it shows a '*C signal at 162 ppm matching
with that of TFA™ carbonyl signal. Since there are no protons in TFA™, this peak sig-
nifies that TFA™ molecules are in close proximity to proton-containing molecules,
which in this case must be either FA™ or DPA", thus confirming the existence of su-
pramolecular interactions in the system.

Further evidence for this interaction is also found by examining the '”F-"3C CP, which
provides an alternative window through which this interaction can be probed. Fig-
ure 2C shows the ""F-'3C CP spectra of pristine FAPbls, DPA-TFA salt, and DPA-
TFA passivated FAPbl3, with the spectra again labeled in color scheme consistent
with that of Figure 2A. Note that the FAPbl; spectrum was obtained with "H-"3C
CP (same to (B)) and is provided as a reference only. As expected, the spectrum of
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Figure 2. ldentification of non-covalent interaction between DPA-TFA and perovskite realizing

comprehensive surface defect passivation

(A-C) Solid-state NMR spectra of DPA-TFA film, measured with (A) "9F direct excitation, (B) "H-"3C
P ("H decoupled), and (C) EBSCCP("F decoupled). NB: the FAPbI; spectrum was obtained with

"H-"3C CP (same to B) and is provided as a reference. Peaks are labeled with color scheme

consistent with shown in (A).

(D) XPS Pb 4f core-level spectra of the reference and DPA-TFA perovskite film.

(E) The absorption spectra and steady-state PL spectra of the reference and DPA-TFA perovskite

film.

(F) Time-resolved PL decay of the reference and DPA-TFA perovskite film.

DPA-TFA salt is of little significance as it only shows the TFA™ peaks. However, the
passivated FAPbl; sample clearly shows FA™ signal at 156 ppm, even though FA*
does not contain any fluorine atoms. Considering the selectivity of '”F-'3C CP, this
means that the FA™ molecules are in a close proximity—presumably via a non-cova-
lent interaction—to TFA™ molecules, which are the only species containing '°F.
Regarding the possible cooperative binding of TFA and DPA molecules (vide supra),
we note that the aromatic DPA peaks are absent in '7F-"*C CP spectrum; this likely
arises from inability to decouple on "H and '?F channels simultaneously due to lim-
itations in our NMR probe, significantly broadening the DPA peaks to render
them unobservable. Thus, although further experimental efforts are required to
clarify and fully elucidate the nature of this supramolecular cooperative binding
by use of advanced NMR spectroscopic methods, our '?F-'3C CP data provide an
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unambiguous evidence of supramolecular non-covalent interaction between FA™
and TFA™, in agreement with the computational predictions above.

In addition, X-ray photoelectron spectroscopy (XPS) measurements were conducted
to explore how the chemical structure of the perovskite films is affected by the intro-
duction of DPA-TFA. A ~0.3 eV downshift of binding energy as well as the suppres-
sion of metallic Pb® peak were observed in Pb 4f core-level XPS spectra upon DPA-
TFA incorporation (Figure 2D). Given the weaker covalent bond strength of Pb-TFA
than Pb-l, it is likely that the electron density of the Pb?" is increased upon TFA
coordination, resulting in the observed downshift. Concurrently, the high electron
density of CF3 in TFA™, as well as its large effective volume upon filling the V), can
increase partial electron density of the neighboring I and FA™ in the perovskite lat-
tice scaffold and/or uncoordinated Pb species at the perovskite surface.”'*’ This su-
pramolecular interaction can lead to the increased electron densities in | and N ele-
ments in the TFA-coordinated perovskite, which is corroborated by the concurrent
spectral downshiftin I 3d and N 1s core-level XPS spectra (Figure S7). The reduction
of Pbl, species—known to undergo photolysis by X-ray beam during XPS experi-

ments>®4°

—upon DPA-TFA incorporation could also be responsible for the disap-
pearance of Pb® peaks. Overall, these results clearly support our hypothesis that
DPA-TFA incorporation manifests comprehensive surface defect passivation via

strong non-covalent interaction with perovskite lattice.

To study the influence of DPA-TFA on optical properties, we measured ultraviolet-
visible (UV-vis) absorption and steady-state photoluminescence (PL) of the perov-
skite films (Figure 2E). At an optimal DPA-TFA concentration of 0.5% that does
not notably compromise the perovskite grain sizes (Figure S8; Note S4), the absorp-
tion spectra showed a similar onset and optical band gap of 1.54 eV as confirmed by
the Tauc plot (Figure S9), suggesting that the incorporation of DPA-TFA does not
compromise the absorption range of the perovskite film. On the other hand, the
DPA-TFA-incorporated film exhibited a 1.25-fold increase in PL intensity, indicating
a reduction in non-radiative recombination center by surface defect passivation by
DPA-TFA.*" Time-resolved PL (TRPL) decay measurements were conducted to quan-
titatively compare charge recombination. The PL decay curves in Figure 2F were esti-
mated via bi-exponential decays, consisting of a fast component (r;) and a slow
component (1,). 71 represents the PL decay affected by carrier loss via non-radiative
recombination induced by trap states formed due to the surface defects, while T,
represents the PL decay affected by free charge carriers.””** The reference film
showed 71 of 278.8 ns and 7, of 795.9 ns, while the DPA-TFA-incorporated film ex-
hibited extended 71 of 625.6 ns and 7, of 1,292.9 ns (Table S3), corroborating our
hypothesis that DPA-TFA effectively passivated defect sites on the surface of the
perovskite crystallite and suppressed non-radiative recombination centers.**

Crystallographic properties upon DPA-TFA binding

It is known that the orientation of perovskite lattices is greatly influenced by the mo-
lecular interaction in the precursors during crystallization, which can also be mani-
fested by the supramolecular lattice control with DPA-TFA.?”4>%¢ \We further imple-
mented 2D grazing-incidence wide-angle X-ray scattering (GIWAXS) experiments to
explore the crystallographic structures of the perovskite films. Two different inci-
dence angles—0.1° and 0.5°—were utilized, allowing to further compare the crystal-
lographic structures at the foremost surface (<5 nm) and the bulk of the perovskite
films with different DPA-TFA concentrations, as, respectively, shown in Figures 3A,
3B, and S10.7+%% At an incidence angle of 0.1°, the Debye-Scherrer rings at g =
~1.0A" (corresponding to a-FAPbl; (100)) with different local contrasts in intensity
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Figure 3. Supramolecular lattice passivation offers the preferred crystal orientation of perovskite matrix along the vertical direction while
minimizing local phase and chemical inhomogeneities

(A and B) 2D GIWAXS patterns at an incident angle of 0.1° for (A) the reference and (B) 0.5 mol % DPA-TFA films.

(C) Azimuthally integrated GIWAXS intensity profiles of the perovskite films along the ring at g ~ 1.0 A~!, corresponding to the (100) facet of a-FAPbls,
extracted from (A) and (B).

(D) Surface and bulk (¢ = 0.1° and 0.5°, respectively) g, GIWAXS line-cut profiles of the reference and 0.5 mol % DPA-TFA films. Insets show respective
populations and distributions of local impurity phases in the corresponding film.

(E-H) (E and G) SEM images and (F and H) Pbl, (A = 508 nm) and perovskite CL (A = 808 nm) maps (1 nm bandwidth) for (E and F) reference and (G and H)
DPA-TFA-incorporated films, respectively, collected by hyperspectral CL microscopy (scale bars, 500 nm).

(I) Local and averaged CL spectra for the corresponding perovskite films.

were observed in all cases, suggesting the perovskites exhibit preferential lattice ori-
entations at the surface. Azimuthally integrated intensity profiles clearly reveal that
DPA-TFA incorporation manifests preferentially oriented a-FAPbI; lattice along the
vertical direction compared with the reference counterpart (Figure 3C). This is likely
associated with the controlled crystallization of a-FAPbl; by bulky ammonium cat-
ions—here, DPA*—that promotes the preferential growth of the perovskite lattice.”
This can mitigate the emergence of defects at grain boundaries, thereby allowing
efficient charge transport while minimizing recombination loss.

Additionally, two distinctive scattering signals at g = 0.85 and 0.9 A~ '—assigned to
be 3-FAPbI; and Pbl,, respectively—exclusively emerged along the g, direction in
the reference film. This indicates that these impurity phases emerged along the
face-on orientation at the perovskite surface, which are detrimental to device perfor-
mance and stability.'**? These signals become reduced with increasing DPA-TFA
concentrations up to 2.0 mol %, as clearly visualized in the g,-directional line-cut
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profiles from the GIWAXS patterns of the corresponding films (Figures 3D and S11).
This clearly shows that DPA-TFA also effectively mitigates such phase inhomogene-
ities, thereby rendering a high-quality perovskite film suited to device applications.
Note that both the Pbl, 3-FAPbI; signals become lower and negligible, respectively,
in the bulk GIWAXS collected at 0.5° incidence angle. These observations suggest
that such phase impurities mainly emerged at the top surface, highlighting the addi-
tional role of surface defect passivation that deters the emergence of local phase in-

homogeneities compromising photovoltaic performances.’**”

The spectroscopic observations confirm that the supramolecular interaction by DPA-
TFA incorporation renders a more complete surface defect passivation. The phase
and chemical inhomogeneities—local distribution of vacancy defects—in the perov-
skite lattice are known to emerge and be aggravated by those defects.'**® Thus,
these observations further hint that such inhomogeneities could be mitigated by
the supramolecular interaction. We further explored the nanoscopic phase and
chemical inhomogeneity in the perovskite matrices via hyperspectral cathodolumi-
nescence (CL) microscopy.14 For the reference film, intense 508 nm CL is observed
from the ~500 nm-width crystallite at the perovskite surfaces shown in Figures 3E
and 3F. This indicates that local Pbl, impurities emerge at the perovskite surface, re-
sulting in degraded optoelectronic performances and stability of the perovskite ma-
trix.'**? Also, the uneven a-FAPbl; CL signal across the scanned area suggests that
the perovskite grains are chemically inhomogeneous, rendering distinctive contrast
in local defect densities, likely resulting in non-trivial energetic disorder at the perov-
skite surface that causes inhomogeneous local charge transport through the ma-
trix.'*" By contrast, the DPA-TFA film exhibits not only a cleaner perovskite surface
where the local Pbl, CL is greatly suppressed but also lower CL contrast in a-FAPbl;
grains (Figures 3G and 3H). This indicates that effective phase and chemical homog-
enization of the perovskite matrices are achieved upon DPA-TFA incorporation (sta-
tistical analysis of this homogenization is shown in Figure S12). Spectrally, we further
observed a shoulder in the perovskite CLat ~710 nm that is likely associated with the
construction of a/8 phase junction by the emerged 3-FAPbl3,>*?
suppressed upon DPA-TFA incorporation (Figure 3I). Overall, these observations

which is largely

clearly suggest that the supramolecular lattice control by DPA-TFA incorporation
effectively homogenizes the chemical composition in the perovskite matrix while
suppressing the emergence of the phase impurities—the latter consistent with
GIWAXS results. This subsequently renders a smooth charge transport pathway,
minimizing non-radiative recombination in both the perovskite matrix and perov-
skite/HTLinterface, thereby boosting optoelectronic performances.®*® At a macro-
scopic perspective, we observed 2.28- and 2.34-fold enhancements in perovskite PL
intensity for the half and full device stacks, respectively (Figure S13), further corrob-
orating our hypothesis.

Device performance and characterization

To investigate photovoltaic performance of the supramolecular-passivated perov-
skite matrix, we fabricated the solar cell devices with n-i-p structure (Figure S14).
Reference device without DPA-TFA in FAPbI; layer was also fabricated for compar-
ison. Figures 4A and 4B show current density-voltage (J-V) curves and external quan-
tum efficiency (EQE) spectra of the champion devices, respectively. The reference
device exhibited a short-circuit current density (Jsc) of 25.75 mA cm™2, Ve of
1.166 V, fill factor (FF) of 80.79%, and PCE of 24.26%. By contrast, the device with
DPA-TFA has a higher PCE of 25.63% (certified PCE 25.44%; Figure S15) with Jsc
of 26.00 mA cm™2, Vo of 1.191 V, and FF of 82.77%. The integrated Js¢ values
from the EQE spectra for both the reference and DPA-TFA devices were found to
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Figure 4. PSCs with supramolecular-passivation perovskite lattice manifest outstanding performances and stabilities

(A'and B) (A) J-V curves (inset: statistical Voc and PCE distribution, 40 devices for each device) and (B) EQE spectra (with integrated Jsc) of the reference
and DPA-TFA PSCs.

(Cand D) (C) J-V curves and (D) photographs image (viewed from the top electrode side) of the DPA-TFA PSC mini modules with an aperture area of 25
and 64 cm?, respectively.

(E) MPP tracking for encapsulated devices under continuous one-sun illumination.

(F) Stability of PSCs under humid condition (intentionally increase the humidity up to 80%).

be in good agreement with the those from the J-V measurement (25.40 and 25.86

mA cm~?

, respectively; Figure 4B). The enhancements in both V¢ and FF are mainly
responsible for the improved PCE of solar cells as a result of the exploitation of su-
pramolecular lattice interactions through the non-covalent interaction of DPA-TFA,
and comprehensive surface defect passivation, homogenized phase and chemical
compositions, as well as preferentially vertical-oriented growth of a-FAPbI; lattice
synergistically render a cleaner and smoother charge transport pathway with a mini-
mized recombination loss. We observed a significant suppression of hysteresis
behavior in DPA-TFA device with a calculated hysteresis index of 0.94% compared
with that of the reference device (7.01%; Figure S16). This strongly suggests that
the charge accumulation behaviors—associated with the internal defects and/or
local phase impurities at grain boundaries and/or buried surface with charge trans-
port layer—in device operation have been substantially mitigated by incorporating
DPA-TFA."**7:5¢758 This in turn highlights the powerfulness of DPA-TFA-based su-

pramolecular passivation in regulation of local phase inhomogeneity, subsequently
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establishing a better charge transport environment across the perovskite matrix that

bestows excellent solar cell performances.’**7:2¢-¢°

We assessed the performances and reproducibility of the solar cells utilizing
different (pseudo)halides, 1™ and Ac™ (Figures S17 and S18). Both devices with
DPA-I and DPA-Ac reproducibly rendered improved PCEs with nominal Voc en-
hancements (1.177 and 1.174 V for DPA-I and DPA-Ac, respectively), which are lower
than those of DPA-TFA-based devices. Additionally, to confirm the independent ef-
fect of TFA™, we evaluated the device performance by incorporating FA-TFA (Fig-
ure S19). The device with FA-TFA showed improved efficiency, primarily due to
a significantly increased Voc. These observations further corroborate that the
comprehensive surface binding action of TFA™, which fully exploits its inherent
non-covalent interaction capability as supramolecular interaction, is the primary fac-
tor in performance enhancements of PSCs; the incorporation of DPA-TFA substan-
tially passivates the surface defects, thereby suppressing the non-radiative recombi-
nation and manifesting unprecedent Vo improvements.

The effect of DPA-TFA concentration in the perovskite precursors (up to 2.0 mol %)
on the device performance was explored (Figure 520). Gradual PCE increases—
mainly attributed top Voc and FF enhancements—were observed up to the DPA-
TFA concentration of 0.5 mol %, which starts to drop with further increasing the con-
centration; the device with 2.0 mol % DPA-TFA plummeted to significantly low PCE
of 15.88%. These observations strongly align with the hypothesis from the corre-
sponding SEM images (Figure S8), where the increases of void densities and local
phase inhomogeneities negate the functionalities of the DPA-TFA additive. At an
optimal DPA-TFA concentration (0.5 mol %), operational stability of the encapsu-
lated PSC was assessed by maximum power point (MPP) tracking (Figures 4E and
521), following the test protocols of the International Summit on Organic Photovol-
taic Stability (ISOS-L-1).°" The DPA-TFA device maintained 86% output from the
initial PCE (22.62%) after 360 h of irradiation (at 263 h, the program was shut
down and restarted immediately), while that of the reference device (21.95%) was
reduced to 75%. These results also highlight the efficacy of supramolecular lattice
passivation with DPA-TFA for demonstration of high performance and stable oper-
ation of PSCs, likely attributed to improved charge extraction and suppression of
interfacial charge accumulation.

To understand how the comprehensive surface defect passivation realized by supra-
molecular lattice control upon DPA-TFA incorporation—evidenced by Voc enhance-
ments—practically affects the charge transport and recombination behaviors,®? light
intensity dependence of Vo for the solar cell devices was explored (Figure S22). The
ideality factor (n;4) of each device was deduced from the slope of the corresponding
plot, providing insights into the charge recombination behaviors in devices under
open-circuit conditions—as the value approaches two, the contribution of trap-as-
sisted recombination becomes significant.?® the n;y of the DPA-TFA device was
calculated to be 1.078, showing a great suppression of trap-assisted recombination
process compared with the reference device (corresponding njq of 1.715) as a result
of comprehensive surface defect passivation. The longer carrier lifetime in solar cell
with DPA-TFA measured by transient photovoltage (TPV) experiments also corrob-
orates this (Figure $23).?*? To quantify the trap densities in the perovskite films,
space-charge-limited current (SCLC) behaviors (Figure S24) were analyzed. Indeed,
the trap density of the DPA-TFA perovskite film is markedly lower (2.75 x 10"® cm~3)
than the reference counterpart (7.41 x 10"° em™3). Together, these observations
clearly demonstrate the powerfulness of exploiting the supramolecular interaction
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on perovskite surface defect passivation, which is deemed to be achieved by the

substantial non-covalent interactions of TFA™ with perovskite lattice.?**?

The phase and chemical homogenization effect through comprehensive surface
passivation action of DPA-TFA indeed realizes excellent small-area PSC perfor-
mances, which also benefits in demonstrating high-performance large-area PSC
mini module, a genuine goal of PSC toward ubiquitous realization. Figures 4C and
4D show J-V curves and photographs for the DPA-TFA PSC mini module with an
aperture area of 25 and 64 cm?, achieving PCE of 22.47% and 20.88%, respectively
(details in Figure S25; Table S4). In comparison, reference PSC mini modules with the
same aperture areas demonstrated lower performance, with PCEs of 20.12% and
18.60% for an aperture area of 25 and 64 cm? mini modules, respectively (Fig-
ure S26). For the certification of the DPA-TFA PSC mini module, we entrusted the
certification to an independent laboratory (OMA Company, Korea) and obtained ef-
ficiencies of 22.21% and 20.86% for an aperture area of 25 and 64 cm?, respectively
(Figures S27 and 528). Moreover, DPA-TFA PSC mini module with an aperture area
of 25 cm? achieved a PCE certification of 20.50% through QSS current-voltage (QSS-
IV) measurements conducted by the National Renewable Energy Laboratory (NREL)
and Newport (Figures 529 and S30). These results stand as one of the best perfor-
mances among PSC mini modules (Figure S31; Table S5). These achievements
strongly suggest that the supramolecular lattice passivation with DPA-TFA effec-
tively manifests phase and chemical homogenization in the perovskite matrix across
the large area, thereby realizing the scalable production of efficient PSC modules.

Stability of perovskite films and devices under ambient and humid conditions
Perovskite suffers from rapid phase transition to the photo-inactive 8-FAPbl; phase
under ambient conditions—particularly moisture, where the presence of surface de-
fects significantly accelerates this degradation.®®** Therefore, regulating the den-
sity of the surface defects is a crucial factor to realizing stable perovskite films and
devices. We scrutinized the phase stability of the reference and DPA-TFA-incorpo-
rated perovskite films under exposure of ambient air with a 50% + 10% relative hu-
midity (RH). Figure S32A shows photographs of the perovskite films stored in the
controlled environment. Clearly, DPA-TFA perovskite film maintained the initial
a-FAPbl; (black) phase for 50 days, whereas the reference film gradually changed
its color to yellow over time as a result of a-to-d phase transition due to degradation.
Quantitatively, we monitored the changes in 3-FAPbl; (010) to a-FAPbI3 (100) XRD
peak intensity ratios. For the reference film, a gradual increase of 3-FAPbl; (010)
peak at the expense of a-FAPbI; (100) peak was observed, resulting in the «/3 inten-
sity ratio of 31.8% after 50 days under exposure to ambient conditions (Figure S32B).
In a stark contrast, no appreciable emergence of 3-FAPbl; (010) peak was observed
in the DPA-TFA-incorporated film. These results clearly suggest that the incorpora-
tion of DPA-TFA enhances the phase stability of perovskite even under ambient hu-
midity conditions, synergistically achieved by the comprehensive surface defect
passivation of TFA™ through substantial non-covalent interaction and lattice protec-
tion against external stressors by bulky DPA* 234

Inspired by the outstanding ambient phase stability of the DPA-TFA-incorporated
perovskite film, we further explored the stability of the PSCs under humid air environ-
ments, which are known to accelerate the phase transition and thereby devastate the
longevity of the devices.®*** DPA-TFA PSCs maintained over 92% of their maximum
PCE (24.96%) for 10,000 h without encapsulation under dark conditions (ISOS-D-1)
and in a controlled environment with <10% RH (Figure S33). However, for the refer-
ence device, only 77% of the maximum PCE (24.12%) was retained after 10,000 h.
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Additionally, notable changes were observed upon 1,000 h of storage under various
high-humidity conditions (i.e., 30%-80% RH; Figure 4F). Strikingly, the DPA-TFA-
incorporated device maintained 98% of the initial PCE (24.42%) after 350 h under
~30% RH, which was subsequently dropped to 82% of the initial PCE after an addi-
tional 650 h under ~80% RH. By contrast, the reference device rapidly degraded and
lost 16% of initial PCE (24.03%) after the first stage evaluation (under ~30% RH),
which subsequently reached to 35% of the initial PCE after finishing the second stage
of the stability test (under ~80% RH). Unequivocally, these observations indicate
that such outstanding and unprecedent device stability is synergistically achieved
by distinctive binding actions of DPA-TFA toward the perovskite surface.

DISCUSSION

Maximizing non-covalent interactions as design principles for perovskite
passivating agents

Non-covalent interactions are well-known types of bonding to play an important role
in the field of supramolecular chemistry, a field of study that concerns “chemistry
beyond the molecule,” i.e., systems comprising of multiple molecules and their col-
lective structural/functional behavior.®® In supramolecular chemistry, interactions
between molecules as well as molecules and their matrix scaffold are of principal
concern, a problem that closely resembles that in perovskite passivation, namely,
the interaction between passivating (molecular) species and the perovskite scaffold.

Since supramolecular chemistry is already a mature field with many of the governing
non-covalent interactions well-known to chemists, exploiting these interactions
could open a new pathway for efficient passivation of perovskite surfaces. For
instance, our current study shows that hydrogen bonding and dispersion (van der
Waals) interactions, two bonding interactions that play key roles in important supra-
molecular phenomena such as DNA folding, drug binding, and molecular dock-
ing, 6568

demonstrated the significance of hydrophobic interactions between moisture and

are also crucial for pseudohalide passivation; our previous work has also

aromatic DPA™ cation for providing film stability against humid environments, a
finding that directly translates to our present devices.>* However, the key finding
of our current study suggests that dispersion interaction plays a major role in deter-
mining the binding energy, which may serve as a design principle for discovering
novel passivating agents. In addition, considering the plethora of other known
supramolecular non-covalent interactions such as electrostatic, halogen bonding,

-7, and cation/anion-T interactions,®”’°

our work thus presents a new challenge
for computational and synthetic chemists to predict and design a new family of
strongly binding passivating agents exploiting these interactions, as well as mate-
rials scientists to build a “supramolecular assembly” of these molecules for efficient

surface passivation of perovskite devices.

Conclusions

In summary, we present supramolecular non-covalent interactions as a design prin-
ciple for efficient passivation of perovskite lattices. By using pseudohalides as a
proof of concept, previously neglected non-covalent interactions such as hydrogen
bonding and dispersion interactions are shown to be crucial in determining the bind-
ing ability of passivating species. Computational screening of pseudohalides predict
TFA™ to be the strongest passivating agent for V, at the perovskite surface and grain
boundary, owing to the largest effective volume and ability to form non-covalent
bonding through fluorine. On the cation side, we exploit the additional dispersion
and hydrophobic interactions in DPA", which confer moisture stability as well as
enhanced charge transport. Experimentally, our synergistic DPA-TFA passivation
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indeed realizes comprehensive surface passivation and also manifests a homoge-
nized a-FAPbI; lattice preferentially grown toward vertical direction, thus construct-
ing a supramolecular-passivated perovskite matrix. Our discovery of DPA-TFA as a
passivating agent in PSCs allows several remarkable performance metrics such as
a PCE of 25.63%, a Voc of 1.191V, and stability over 1,000 h without encapsulation
under humid environments, which translates to PSC modules with outstanding PCEs
of 22.47% (QSS-certified at 20.50%) at 25 cm? and 20.73% at 64 cm?. Considering
the well-understood and essential nature of non-covalent interactions in supramo-
lecular chemistry, our discovery unlocks a design principle for tuning the surface
binding of functional passivating agents for perovskite-based devices such as solar
cells, light emitting diodes, photodetectors, and transistors.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Hyosung Choi (hschoi202@hanyang.ac.kr).

Materials availability
This study did not generate new unique reagents.

Data and code availability
This study did not generate or analyze datasets or code.

Materials

Fluorine-doped tin oxide on glass (FTO glass, 7 Q sq’1) substrate (Asahi), 2,2',7,7'-
tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene (Spiro-OMeTAD) was pur-
chased from Lumtec. 3,3-Diphenylpropylamine (97%), hydroiodic acid (HI, 57 wt %
in Hy0), trifluoroacetic acid (CF3CO,H, 99%), 2-methoxyethanol (2-ME, anhydrous
99.8%), 2-propanol (IPA, anhydrous, 99.5%), titanium diisopropoxide bis(acetylaceto-
nate) (75 wt % in IPA), chlorobenzene (CB) (anhydrous, 99.8%), N,N-dimethylformamide
(DMF, anhydrous 99.8%), dimethyl sulfoxide (DMSO, >99.5%), acetonitrile (ACN, anhy-
drous 99.8%), tetrahydrofuran (THF 99.9%), 4-tert-butylpyridine (tBP), lithium carbonate
(LioCO3), ethylenediaminetetraacetic acid (EDTA) solution, bis(trifluoromethane)sulfoni-
mide lithium salt (Li-TFSi, 99.95% trace metals basis), tris(2-(1H-pyrazol-1-yl)-4-tertbutyl-
pyridine) cobalt(lll) (FK209), were purchased from Sigma Aldrich. Methylammonium
chloride (MACI, 98%) was purchased from Acros Organics. Octylammonium iodide
(OAl), FAl were purchased from GreatCell Solar. Acetic acid (99.5%), ethanol (absolute,
99.9%), and diethyl ether (extra pure grade) were purchased from Duksan. Aqueous so-
lution of poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS, Clevios
Al 4083) was purchased from Heraeus. Lead(ll) iodide (Pbl,, 99.9985%) was purchased
from Tokyo Chemical Industry (TCI). Tin(IV) oxide (SnO5, 15 wt % in H,O colloidal disper-
sion) was purchased from Alfa Aesar.

Synthesis of pseudohalide-based salts with DPA*

DPA-TFA was prepared by slowly adding CF3CO,H (20 mmol) to a solution of 3,3-
diphenylpropylamine (2.11 g, 10.0 mmol) in THF (10 mL) with ice-bath cooling and
stirring. The resulting solution was stirred for 1 h at room temperature and then
concentrated using a rotary evaporator. The remaining solid was washed three times
with ethyl ether. Drying the product in a vacuum oven at 100°C yielded an off-white
solid (3.21 g, 98.7% yield). Similarly, 3,3-DPA-Ac was prepared using the same
experimental method as DPA-TFA, but acetic acid (1.20 g, 20 mmol) was used
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instead. The product obtained was an off-white solid (2.55 g, 94.0% yield). 3,3-DPA
iodide (DPA-I) was prepared using our previously reported method.*

Preparation of FAPbI; perovskite

FAPDbI; black powder was synthesized, and 1.72 g FAl and 4.61 g Pbl, (1:1 molar ra-
tio) were dissolved in 2-ME (0.6 M) first and then filtered using a polyvinylidene fluo-
ride (PVDF) filter with 0.45 pm pore size. The filtered solution was placed in a flask
incubated in an oil bath at 120°C for 1 h under slow stirring. The resulting black pow-
der was filtered using a glass filter and dried at 100°C for 24 h.

Computational calculation

All ab initio calculations were performed with the Vienna Ab initio Simulation Pack-
age (VASP 5.4.4).”"7* The projector augmented wave (PAW) method”®7¢ was em-
ployed, and exchange-correlation interactions were treated through Perdew-Burke-
Ernzerohf (PBE)’’ functional under the generalized gradient approximation (GGA).
We used a I'-centered 3 X 3 X 3 k-point mesh in each primitive lattice vector of
the reciprocal space for bulk structure geometric optimization and changed the
mesh as a Monkhorst-Pack 2 X 2 x 1 k-point mesh for surface structure geometric
optimization, respectively, for Brillouin zone sampling.”® In addition, to adjust
non-covalent interactions in our system, we used DFT-D3 dispersion correction
methods to reflect the vdW (van der Waals) correlation in the FAPbI; system with
considering the spin-polarization effect.””’? A plane-wave cutoff energy of 500 eV
was used lattice constants and internal atomic positions were fully optimized until
the residual forces were less than 0.04 eV/A. The detailed information on structure
modeling and estimated properties related to FAPbl; was explained in Notes S1-S3.

Fabrication of PSCs

FTO glass (Asahi) was cleaned using the RCA-2 (H,05:HCI:H,O = 1:1:5) procedure
for 15 min in an ultrasonic bath and then washed sequentially with acetone and
IPA for 10 min each. For fabricating the compact TiO, (c-TiO5) layer, which was
deposited by spray coating, 40 mL of a titanium diisopropoxide bis(acetylaceto-
nate)/ethanol (1:10) solution was sprayed using a spray gun at 450°C for 20 min
with oxygen at a speed of 4 L/min. After completing the c-TiO; layer, the substrates
were stored at 450°C for 1 h. The thickness of ¢-TiO; is about 20 nm. Long time and
low-concentration spray-coating process is recommended for a well-defined c-TiO,
layer. In the case where the SnO; layer was deposited by spin-coating, SnO, was
diluted 20 times with distilled water and then mixed with EDTA solution (1 mg/
mL) under stirring at 80°C for 2 h. The resulting solution was spin-coated onto the
c-TiO; layer at 4,000 rpm for 30 s. The substrates were heated at 100°C for 30 min
under a vacuum condition. Before spin-coating the perovskite layer, the substrate
was treated with Li,CO3 (0.5 mg/mL) and annealed at 100°C for another 30 min un-
der a vacuum condition. The perovskite precursor solution was prepared by dissolv-
ing 1,446 mg FAPbl; black powder and 46.6 mg MACI with 1 mL DMF/DMSO (4:1).
For DPA-X* incorporation, appropriate amounts of the DPA-X* salts with targeted
concentrations (mol % with respect to FAPbl3) are added to the precursor solution.
The perovskite solution was filtered with a PVDF filter (0.2 pm), and then 70 pL of the
filtered perovskite solution was spread onto different electron transport layers at
8,000 rpm for 50 s. Before coating, the substrates were treated with plasma for
5 min. During the spin-coating, 1 mL diethyl ether was dropped on the perovskite
film at 10 s using a homemade pipette. The resulting film was annealed at 150°C
for 15 min and 100°C for 30 min on a hotplate. After the substrates cooling
down, OAl in IPA solution (15 mM) was spin-coated on the perovskite layer at
3,000 rpm for 30 s. For the hole transport layer was deposited by spin-coating,
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the Spiro-OMeTAD solution was spin-coated on the perovskite layer at 4,000 rom for
30 s. Spiro-OMeTAD (90 mg/mL in CB) was doped with 39 uL tBP, 23 uL Li-TFSI
(520 mg/mL in ACN), and 5 pL FK209 (180 mg/mL in ACN). All these processes
were carried out in ambient environment at strictly controlled 25% RH and at
25°C. Finally, the gold electrode was deposited onto the Spiro-OMeTAD layer using
a thermal evaporation system. 80 nm thick gold was deposited at 2 A/s under a pres-
sure of 107 Torr.

Characterization of the perovskite films

SEM images of perovskite films were taken using a FE-SEM, S-4800 (Hitachi). The 2D-
GIWAXS measurements were carried out at the 9A beamline (U-SAXS) at the Pohang
Accelerator Laboratory in Pohang, Republic of Korea. The beam energy used was
11.07 KeV, and the incident angles were set at 0.12°. The samples were spin-coated
onto an FTO/c-TiO,/SnO, substrate. UV-vis absorption spectra were obtained using
a UV-vis spectrometer, UV-2600 (Shimadzu). Steady-state PL and TRPL measure-
ments of the perovskite films were performed using a PicoQuant FluoTime 300 sys-
tem (PicoQuant) equipped with a PLP-10 laser diode head and an M10306 driver. A
pulsed laser diode operating at a wavelength of 375 nm, with a peak power of 600
mW, a pulse width of 50 ps, and a repetition rate of 80 MHz, was utilized. The laser
pulse diameter was set at 8 mm. TRPL measurements were conducted under an exci-
tation fluence of 4.775 x 10* mJ/cm?. NMR measurements were performed at 9.4 T
(KBSI Western Seoul Center) using a 4 mm Bruker HXY probe. Perovskite films with
DPA-TFA treatment were prepared by spin-coating the precursor solution on glass
substrates and which were subsequently scraped to obtain powder of thin films.
The collected powder was packed in zirconia rotors and spun at 12.5 kHz magic
angle spinning (MAS) using vespel caps. '>C spectra were acquired using "H-">C
and "F-"3C Hartmann-Hahn CP sequence with 100 kHz SPINAL64 "H or ""F decou-
pling. "*C and "°F shifts were referenced to tetramethylsilane and CF3CO,H (—76.55
ppm), respectively. Recycle delays of 10 s were used for all spectra. XPS measure-
ments were carried out with a K-alpha photoelectron spectrometer (Thermo Fisher
Scientific) at the Hanyang LNC 3.0 Analytical Equipment Center (Seoul). The X-ray
source utilized for the measurements was Al Ko (1,486.7 eV). XRD patterns of the
perovskite films were obtained using a Rigaku SmartLab diffractometer. Hyperspec-
tral CL microscopy data were collected by using an environmental SEM instrument
(FEI, Quattro) with a Delmic Sparc CL collection module. A parabolic mirror is utilized
to collect the CL signals upon e-beam excitation. An e-beam with an acceleration
voltage of 5 kV (beam current of 28 pA) with a short acquisition time of 150 ms
was used for CL measurements. A fixed 40 x 40 nm? pixel size was used. All mea-
surements were conducted in a low vacuum environment of 0.02 Torr with H,O va-
por, which effectively alleviated sample charging while minimizing electron-beam-
induced damage.

Fabrication of perovskite solar mini modules

For the perovskite mini modules of 25 and 64 cm?, FTO etching was performed, with
three different process recipes (denoted P1, P2, and P3). In the P1 process, FTO sub-
strates of sizes 6.5 cm x 6.5 cm and 9.5 cm X 9.5 cm were patterned using a pico-
second laser (Advance Optowave, AMT 532) with a power of 1.7 W, employing a
scribing width of 20 pm and connecting 10 and 16 strips in series. The fabrication
of the electron transport layer (ETL) involved spray-coating c-TiO, and spin-coating
SnO,, following the same procedure as for the small-size cells. For the deposition of
the perovskite layer, 1,329.3 mg of FAPbl3 and 49.6 mg of MACI were dissolved in
1 mL of DMF/DMSO (4:1). Subsequently, 150 pL of the filtered solution was applied
to the substrate and spin-coated at 5,000 rpm for 50 s. The coated perovskite layer
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was then baked at 150°C for 15 min and 100°C for 30 min. The hole transport layer
was deposited using the same method as described above. In the P2 process, laser
scribing with a power of 0.8 W and a width of 56 pm was performed, with a distance
of about 5 pm between P1 and P2. Finally, the Au counter electrode was deposited
with a thickness of 80 nm. In the P3 process, the Au layer was scribed with a width of
25 um, and the distance between P2 and P3 was approximately 40 um.

Characterization of the perovskite devices

The PSCs were measured using a solar simulator (Newport-Oriel 94083A, Class AAA)
in conjunction with a Keithley source meter 2400 while maintaining ambient condi-
tions (25% RH at 25°C). The light intensity was calibrated to 100 mW/cm? using an
NREL-certified Si-reference cell. To restrict the active cell area to 0.0803 cm?, the
PSCs of a specific size were masked using a shadow metal mask. For mini modules
with sizes of 25 and 64 cm?, voltage ranges were set at 12.5-0V and 200V, respec-
tively. In the case of the PSC mini module, it was precisely cut to the desired size us-
ing a laser, and the edges were covered with black tape. The stabilized power output
was measured at the MPP using a xenon lamp as the light source. EQE measure-
ments were carried out for the PSCs using a QEX7 system (PV Measurement) The
PSCs were measured using a solar simulator (Newport-Oriel 94083A, Class AAA)
in combination with a Keithley source meter 2400. MPP tracking of the PSCs was con-
ducted under continuous illumination, while the temperature was maintained at
20°C during the measurements. Reverse-scanned J-V curves were recorded at inter-
vals of 1's. In order to evaluate the operational stability of the encapsulated devices,
the cells were measured under the MPP tracking condition in an ambient environ-
ment with 25% RH at 25°C (Solixion A-45-TE, SOLARONIX). The TPV measurements
were conducted using a home-built setup consisting of a pulsed Nd:YAG laser
(VIBRANT 355 LD, OPOTEK) with a repetition rate of 10 Hz and a pulse width of
5 ns, an oscilloscope (Agilent DSO3202A), and additional light output from a xenon
lamp.?*®" The Vo generated by the continuous light was monitored using a Keith-
ley 2400 sourcemeter. A small perturbation using a laser pulse with a wavelength of
532 nm was applied to the samples, and the fluence was modulated using a series of
neutral-density filters. A 1 MQ input terminal resistor was connected to the oscillo-
scope for TPV measurements. The SCLC measurements of the hole-only devices
(FTO/PEDQOT:PSS/perovskite/Spiro-OMeTAD/Au) were conducted with a Keithley
2400 sourcemeter. Based on the J-V curves, V¢ was calculated as follows:

gN,L?

2eeq

Vie = (Equation 1)

where Vg, is the trap-filled limit voltage, g the elementary charge, L the thickness of
the perovskite film, & the relative dielectric constant (46.9), and &o the vacuum
permittivity.®?
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