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ABSTRACT: Research on solvent chemistry, particularly for
halide perovskite intermediates, has been advancing the develop-
ment of perovskite solar cells (PSCs) toward commercial
applications. A predictive understanding of solvent effects on the
perovskite formation is thus essential. This work systematically
discloses the relationship among the basicity of solvents, solvent-
contained intermediate structures, and intermediate-to-perovskite
α-FAPbI3 evolutions. Depending on their basicity, solvents exhibit
their own favorite bonding selection with FA+ or Pb2+ cations by
forming either hydrogen bonds or coordination bonds, resulting in
two different kinds of intermediate structures. While both
intermediates can be evolved into α-FAPbI3 below the δ-to-α
thermodynamic temperature, the hydrogen-bond-favorable kind
could form defect-less α-FAPbI3 via sidestepping the break of strong coordination bonds. The disclosed solvent gaming mechanism
guides the solvent selection for fabricating high-quality perovskite films and thus high-performance PSCs and modules.

■ INTRODUCTION
Solvents play essential roles in chemical, physical, and
biological processes.1−5 A deep understanding of solvent
chemistry is beneficial to the development of solution-
processed material systems and their devices. For example,
in-depth solvent chemistry studies of electrolytes within Li ion
batteries help to improve the performance and boost the
industrialization process of energy storage.6,7 Similarly, solvent
chemistry cannot be overemphasized in the recently emerging
system of solution-processed organic−inorganic halide perov-
skites (OIHPs).8−12 The ABX3 structure of OIHPs is
composed of a three-dimensional network of corner-shared
BX6 octahedra and A+ counter cations situated in the voids.

13

With the ability to bind to the precursors of OIHPs, Lewis
basic solvent molecules [e.g., dimethyl sulfoxide (DMSO), N-
methylpyrrolidone (NMP), and N,N-dimethylformamide
(DMF)] play critical roles in regulating the perovskite film
crystallization from solution phase to achieve a high power
conversion efficiency of the resulting perovskite solar cells
(PSCs) over 25%.14−19 A comprehensive understanding of
solvent effects is thus highly needed for the preparation of
high-quality OIHP films, which is still, however, far from being
satisfactory and complete.
Among various OIHPs, formamidine lead iodide (FAPbI3)

has been proven as an ideal candidate for high-performance
PSCs,20−25 and the critical Lewis basic solvent molecules work
through solution-processed FAPbI3 formation, sequentially

referring to the chemical origin of the intermediate structure,
crystallization kinetics, and structural evolution of the
intermediate-to-perovskite phase transition.26,27 According to
the Lewis acid−base theory, while cationic FA+ and Pb2+ sites
with Lewis acidic properties have different trends of combining
with Lewis basic solvents to form various intermediate
structures,28,29 such as PbI2−DMF, PbI2−NMP, and (FA···
DMF)PbI3, predictively regulating FAPbI3-based intermediate
structures from different solvent molecules is still unrevealed at
present.30 In addition, the FAPbI3 structure commonly
processes two totally different phases, including 3C α-FAPbI3
(P3m1 space group) with corner-shared PbI6 octahedra and
2H δ-FAPbI3 (P63mc space group) with face-shared PbI6
octahedra. The photoinactive δ-FAPbI3 phase requires a high
transition energy (e.g., annealing at 150 °C) to be
reconstructed into the photoactive α-FAPbI3 phase.31−33

Although the final perovskite formation would be tremen-
dously determined by intermediate structures,34−38 a principal
explanation on intermediate-involved α-FAPbI3 growth is still
lacking.39,40 Hence, revealing chemical principles of inter-
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mediate structures behind the solvent dependence would
further highly advance the rational growth of α-FAPbI3 films
toward high-performance devices.
In this work, we report that the solvent-contained FAPbI3-

based intermediate structures are classified and correlated to
the basicity of solvents. Two related physicochemical
parameters of solvent basicity, the Gutmann donor number
(DN) and Kamlet−Taft β value, are demonstrated to show a
competitive selection to determine the structures of solvent-
contained intermediates: when β ≥ DN* (DN* = DN/38.8),
solvents integrate with FA+ cations to form hydrogen bonds
within the (FA···solvent)PbI3 lattice; when β < DN*, solvents
coordinate with Pb2+ to form the PbI2−solvent lattice, but FA+
cations are excluded. Subsequently, the different intermediate
structures based on solvent gaming directly affect the
thermodynamics and kinetics of α-FAPbI3 formation; while
both intermediates (e.g., (FA···NMP)PbI3 and PbI2−2DMSO
+ FAI) can transfer into α-FAPbI3 below the thermodynamic
temperature of the traditional δ-to-α phase transition, it is

found that the hydrogen-bond-favorable intermediates (β ≥
DN*) sidestep the breaking of strong coordination bonds and
assist the formation of defect-less α-FAPbI3 films. The revealed
solvent gaming mechanism provides a rational guide toward
high-performance PSCs with enhanced stability.

■ RESULTS AND DISCUSSION
In this work, the widely used O-donors, Lewis basic solvents
with similar oxygen-containing double bonds (abbreviated as
OXRs: X, C, S, and P; R, alkyl and alkylamine), are the main
focus. It should be noted that the basicity of OXRs can be
commonly evaluated by DN41,42 and β values.43,44 The higher
the DN, the stronger the coordination ability; high-DN OXRs
are expected to combine Pb2+ cations to form strong
coordination bonds. Similarly, the higher the β, the stronger
the hydrogen-bonding interaction; hydrogen bonds should be
easily formed between FA+ cations and high-β OXRs.45,46

Common OXRs used for the preparation of FAPbI3-based
solutions are selected in this work, and their DN and β values

Figure 1. Inductive formation rule of PbI2−OXR or (FA···OXR)PbI3 structures. (a) Solvent gaming scheme and two interaction types between
Lewis acidic FA+/Pb2+ cations and Lewis basic OXRs, depending on the solvent basicity in terms of DN* and Kamlet−Taft β values. Color legend:
dark gray, Pb; plum, I; brown, C; ice-blue, N; hermosa pink, H. (b) Summary of solvent gaming results and as-formed intermediate structures.
When β < DN*, PbI2−OXR forms; when β ≥ DN*, (FA···OXR)PbI3 emerges from FAPbI3-based solutions. The mole ratio of Pb and OXR is
omitted here, and dashed boxes show the examples studied in details inf ra. Molecular abbreviation: tris(N,N-tetramethylene) phosphoric acid
triamide, TPPO; hexamethyl phosphoryl triamide, HMPA; diethyl sulfoxide, DESO; N,N-dimethylpropyleneurea, DMPU; 1,3-dimethyl-2-
imidazolidinone, DMI; N,N-dimethylacetamide, DMA; tetramethylene sulfoxide, TMSO; 2-pyrrolidinone, PDI. (c) Crystal structure of PbI2−
2DMSO. (d) Demonstration of the Pb−O bond within the PbI2−2DMSO structure by Raman spectra. (e) Crystal structure of (FA···NMP)PbI3.
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are adopted from the previous literature or measured results
(Figure S1 and Tables S1−S3). While there is a positive
relationship among DN and β values, the different measure-
ment methods limit the direct comparison of these two
parameters of Lewis basicities. For a straightforward
comparison, the DN value of hexamethyl phosphoryl triamide
(HMPA, whose DN and β are 38.8 kcal/mol and 1.0,
respectively) was used as a reference to give a normalized DN*
(defined as DN/38.8) for predicting the chemical interaction
of OXRs with Lewis acids. Such interaction between FA+/Pb2+
and OXRs behind solvent gaming chemistry is predicted to
result in two types of intermediate structures, i.e., PbI2−OXR
and (FA+···OXR)PbI3, depending on the DN* and β relative
values of OXRs (Figure 1a).
As expected, the PbI2−OXR intermediates were easily

formed from the solutions containing PbI2 and OXRs,
confirmed by the XRD data (Figure S2). However, the
competition among FA+/Pb2+ cations and OXRs takes place in
the copresence of FA+ and Pb2+ cations (i.e., FAPbI3 + OXRs
solutions). Compared to pure OXR, the introduction of FAI or
PbI2 into OXR can trigger the shift of 16O NMR (Figure S3),
demonstrating that the existence of FA+···OXR or Pb2+−OXR
interaction in the solution phase. However, during the growth
of intermediate crystals from the solutions, the dynamic
equilibrium between two interactions would be broken,
resulting in final crystal structures with the thermodynamically
most stable state. Therefore, the solvent gaming phenomenon
forming Pb2+−OXR or FA+···OXR couples was observed:
while PbI2−OXR intermediates grew in the case of β < DN*,
another kind of (FA···OXR)PbI3 intermediates were disclosed
for the OXRs with β ≥ DN*. Thus, an inductive formation rule
is described in Figure 1b: (1) OXRs with β < DN* tend to
strongly coordinate with Pb2+ to form B-site intermediates (i.e.,
PbI2−OXR); (2) OXRs with β ≥ DN* weaken the
coordination interaction with Pb2+ and enhance the hydrogen
bonding with FA+ to form A-site intermediates [i.e., (FA···

OXR)PbI3]. Note that the simultaneous presence of FA+···
OXR and Pb2+−OXR couples was not revealed in the obtained
intermediate structures. Combining the two physicochemical
parameters of solvent basicity should help to predict the
gaming results for forming either PbI2−OXR or (FA···
OXR)PbI3 intermediates.
The molecular structures of most of the above intermediates

were determined by single crystal X-ray analysis and classified
into two types (Figures S4 and S5; see detailed parameters of
crystals in Tables S4 and S5). In the following discussion, two
commonly used solvents with different basicity types, DMSO
(β < DN*) and NMP (β > DN*) for the preparation of α-
FAPbI3, are chosen as examples to differentiate their intrinsic
structures in detail. The PbI2−2DMSO crystal consists of one-
dimensional single chains made of edge-shared PbI4O2
octahedra (Figure 1c). While two DMSO molecules occupy
the unshared vertices of each octahedron via the Pb�O
coordination, four I− vertices are coordinated and shared by
each neighboring octahedron. The strong Pb�O coordination
bond (2.51 Å) between DMSO and Pb2+ cations excludes FA+
as part of the PbI2−2DMSO structure and was identified by
the Pb�O Raman characteristic peak at 150 cm−1 (Figure
1d). By contrast, the (FA···NMP)PbI3 crystal consists of one-
dimensional PbI3− chains with face-shared PbI6 octahedra. The
void space among the PbI3− chains is occupied by an
equimolar ratio of FA+ counter cations and NMP molecules
(Figure 1e). Note that the (FA···NMP)PbI3 intermediate
displays a similar structure, Pb�I vibration, and optical
absorption (Figure S6) to δ-FAPbI3.31 No Pb�O signal is
observed in (FA···NMP)PbI3, except for the enlarged cells due
to the intercalated NMP molecules. In addition, the observed
short distance of ∼2.81 Å between the N atom (from �N�H
of FA+) and O atom (from �C�O of NMP) implies the
existence of FA+···NMP hydrogen bonds. The attenuated total
internal reflectance Fourier transform infrared spectra (ATR-
FTIR) and room-temperature and temperature-dependent 1H

Figure 2. Structural evolution from two types of intermediate structures to α-FAPbI3. (a) DSC curves of (FA···NMP)PbI3, PbI2−2DMSO + FAI
(grinding mixture), and δ-FAPbI3 powders. In situ temperature-dependent Raman spectra of (b) PbI2−2DMSO + FAI (grinding mixture) and (c)
(FA···NMP)PbI3. α-FAPbI3 formation from PbI2−OXR (with FAI addition) or (FA···OXR)PbI3 to α-FAPbI3 referring to (d) DFT calculations
and (e) structural evolutions. Color legend: dark gray, Pb; plum, I; red, O; yellow, S; brown, C; ice-blue, N; hermosa pink, H.
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NMR characterizations (Figure S7) of (FA···NMP)PbI3
demonstrated that the formation of �N�H···O�C� is
key to the stable NMP intercalation in the as-formed (FA···
NMP)PbI3 lattice at room temperature.
The structural evolution of the intermediate-to-perovskite

phase transition is sequentially studied. The δ- to α-FAPbI3
transition at only 77 °C has been proven to be theoretically
thermodynamics-favorable33 but experimentally dynamics-
unfavorable.31 The two above-mentioned solvent-contained
intermediates with different chemical bonding types provide a
rational guide for in-depth studies of their α-FAPbI3 formation
pathways. Note that PbI2−2DMSO needs to be mixed with
equimolar FAI for its α-FAPbI3 formation. Experimentally,
differential scanning calorimetry (DSC) curves in Figure 2a
show that, for the α-FAPbI3 formation routes from PbI2−
2DMSO + FAI (grinding mixture) and (FA···NMP)PbI3
powders, similar endothermic peaks appeared below 150 °C
compared to those from δ-FAPbI3, and (FA···NMP)PbI3 has a
slightly lower α-FAPbI3 formation temperature (90 °C) than
the case of PbI2−2DMSO + FAI (100 °C). As revealed by in
situ Raman characterizations (Figure 2b,c and Figure S8a,b),
both cases of PbI2−2DMSO + FAI (grinding mixture) and
(FA···NMP)PbI3 display an obvious disappearance of the Pb−
I vibration (110 and 103 cm−1, belonging to respective Pb−I
polyhedra) and appearance of the α-FAPbI3 characteristic
vibration at 135 cm−1 around 90−100 °C, demonstrating their
α-FAPbI3 formation below the thermodynamic temperature of
the δ-to-α transition (i.e., 150 °C; Figure S8c). Different
behaviors toward α-FAPbI3 might imply different structural
evolutions and were experimentally revealed. While the pure
PbI2−2DMSO crystals exhibited a strong (110) diffraction
peak, PbI2−2DMSO + FAI (grinding mixture) showed a
decreased crystallinity (Figure S8d). When one PbI2−2DMSO
crystal was attached by FAI and subjected to heating at 100 °C,
the interface gradually changed from yellow to orange and
finally black (Figure S9). The remaining part of the PbI2−
2DMSO crystal only changed to yellow due to its partial
decomposition. The DSC data from the sample by simply
mixing PbI2−2DMSO + FAI powders (without grinding)
displays two endothermic peaks: the low-temperature peak
corresponds to α-FAPbI3 formation, and the high-temperature
one corresponds to PbI2−2DMSO decomposition (Figure
S10a−c). The decreased temperature of α-FAPbI3 formation
from PbI2−2DMSO + FAI is similar to the reported result that
the expanded (001) distance between adjacent I−Pb−I
sandwiches promoted the kinetic process of PbI6 octahedra
reconstitution.47 In the (FA···NMP)PbI3 case, the thermogra-
vimetric analysis and in situ ATR-FTIR determined the
dissociation temperature of NMP molecules from (FA···
NMP)PbI3 lattices (Figure S10d−f). Single crystal XRD
patterns of a (FA···NMP)PbI3 crystal before and after heating
at 90 °C confirmed that driving out NMP from the (FA···
NMP)PbI3 lattice directly triggered α-FAPbI3 formation. In
comparison, δ-FAPbI3 only turned black at 150 °C (Figure
S11).
Density functional theory (DFT) calculations (Figure 2d)

further revealed that the conversion from (FA···NMP)PbI3 to
α-FAPbI3 + NMP required 0.59 eV for each unit cell, lower
energy input than α-FAPbI3 + 2DMSO from PbI2−2DMSO +
FAI (0.88 eV; Table S6). The slight difference in formation
energy is consistent with the above thermodynamic trend
(Figure 2a−c). A transition-state structure of face-shared PbI6
octahedra (abbreviated as the meta-phase) was built by

removing all of the NMP molecules from the (FA···NMP)PbI3
lattice (Figure S12a). The energy difference among the meta-
phase and α-phase was calculated to be only 0.18 eV; the ab
initio molecular dynamics further confirmed that the meta-
phase structure gradually connected with adjacent ones by a
corner-shared mode of the I-vertex and exhibited the favorable
conversion trend to corner-shared ones of α-FAPbI3 at 90 °C
(Figure S12b). Hence, both intermediates favor the α-FAPbI3
formation in terms of similar thermodynamic states but
undergo totally different kinetic structural evolutions. Gen-
erally, α-FAPbI3 from PbI2−OXR + FAI involves the breakage
of Pb−O bonds, reformation of Pb−I bonds, intercalation of
FA+ counter cations, and reconstruction of PbI6 octahedra
behind thermodynamic behaviors. In contrast, removing OXRs
from the (FA···OXR)PbI3 lattice directly triggers the α-FAPbI3
formation (Figure 2e). Both PbI2−OXR (with FAI addition)
and (FA···OXR)PbI3 structures, including PbI2−DMPU,
(FA···2DMF)PbI3, (FA···2.5DMI)PbI3, (FA···0.5DMA)PbI3,
and (FA···HMPA)PbI3, demonstrated thermodynamic behav-
iors similar to those of the respective PbI2−2DMSO and (FA···
NMP)PbI3 (Figure S13). More interestingly, ethyl acetate,
used as an antisolvent to extract OXRs from (FA···OXR)PbI3,
could promote the rapid formation of black α-FAPbI3 at room
temperature (Figure S14a−c). However, a similar phenomen-
on was not observed in the PbI2−OXR + FAI case, due to the
hindered kinetic behaviors simultaneously referring to OXR
dissociation, FAI intercalation, and structural reconstruction
(Figure S14d). These results identify that the two intermediate
structures with different solvent-binding modes differentiate
the thermodynamic and kinetic pathways of α-FAPbI3
formation, explaining the decreased temperature required for
α-FAPbI3 formation by solvent-atmosphere treatment.48 In
short, the relationships among the basicity of OXRs, FAPbI3-
based intermediate structures, and α-FAPbI3 formation
pathways have been successfully built. The altered α-FAPbI3
formation pathways would affect the quality of perovskite
films.49,50

Starting from (FA···NMP)PbI3 or PbI2−2DMSO + FAI, the
kinetic difference of α-FAPbI3 formation can be further
reflected and compared in α-FAPbI3 film quality at a close
thermodynamic temperature. Herein, 2-methoxyethanol
(2ME; DN* = 0.51, β = 0.62), with a weaker binding force
in FAPbI3 than DMF (DN* = 0.68, β = 0.69), was chosen as a
dispersion cosolvent to disperse (FA···NMP)PbI3 and PbI2−
2DMSO (with FAI addition) intermediates and to assist the
growth of α-FAPbI3 films by a vacuum-flash-assisted blade-
coating technology (Figure S15a). Surface and bulk statuses of
both films were systematically studied to gain insight into their
quality. The (FA···NMP)PbI3 intermediate film after vacuum
flashing exhibited a larger grain size (Figure S15b,c) and higher
crystallinity (Figure S15d,e) than PbI2−2DMSO + FAI. After
annealing, both films also exhibited increased grain sizes
(Figure S15f,g). Note that, with heating of the (FA···
NMP)PbI3 film at 90 °C or upon treating it with ethyl
acetate, the black α-FAPbI3 film formed in a short time
(Videos S1 and S2) with a tiny amount of δ-FAPbI3. By
contrast, the PbI2−2DMSO (with FAI addition) intermediate
film upon heating at 100 °C or treating by ethyl acetate was
transferred to tiny α-FAPbI3 accompanied by major δ-FAPbI3
(Figure S15h,i). The difference of α-FAPbI3 formation
between powders and films might be due to the restricted
kinetic behavior from the inevitable stress between the
substrate and as-deposited film. A small dose of Cs+ and
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PbCl2 additives was introduced to eliminate δ-FAPbI3 and
improve film quality (Figure S16a,b). The additive-contained
FAPbI3-based film from (FA···NMP)PbI3 heated at 90 °C
(denoted as NMP-film) showed smaller roughness than that
from PbI2−2DMSO (with FAI addition) heated at 100 °C
(denoted as DMSO-film; Figure S16c,d). The appearance of
minor undesirable δ-FAPbI3 and PbI2 phase was still observed
in the DMSO-film but not in the NMP-film (Figure 3a). X-ray
photoelectron spectra (XPS) from the integral area of Pb 4f
and I 3d peaks (Figure 3b and Figure S16g,h) reflect that the
NMP-film has an obviously higher I/Pb mole ratio than the
DMSO-film, proving the fewer iodide vacancies from NMP-
film. In addition, the improved surface potential value of the
NMP-film (Figure S16e,f) indicates the increased Fermi level
of its surface, benefiting from decreased hole traps at crystal
boundaries.51 These features facilitate the efficient hole
transport within the NMP-films, confirmed by their longer
carrier lifetime and higher fluorescence intensity (Figure 3c
and Figure S16i,j). The differentiated quality of α-FAPbI3 film
could be attributed to different kinetic behaviors of α-FAPbI3
formation.
Both the NMP-films and DMSO-films were assembled into

complete PSCs with a configuration of FTO/ETL/perovskite/
HTL/Au. The current density−voltage (J−V) characteristics
(Figure 3d) show that the PSCs from the NMP-films
(abbreviated as NMP-PSCs) achieved an optimized power
conversion efficiency (PCE) of 23.43% in reverse scan
conditions (RS) and 22.47% in forward scan conditions
(FS), superior to the devices based on the DMSO-films
(abbreviated as DMSO-PSCs, with an optimized PCE of
20.57% in RS and 19.41% in FS; summarized in Table S7).
Reasonably, the α-FAPbI3 film from the PbI2−2DMSO + FAI
route showed better quality and performance than the one
directly converted from δ-FAPbI3 film via annealing at 150 °C

(Figure S17). The nonradiative recombination in PSCs was
compared by the plots of the light intensity-dependent VOC
(0.1 sun ≤ light intensity ≤ 1 sun). The lower linear slope of
the NMP-PSC (1.71kBT/q) than that of the DMSO-PSC
(2.21kBT/q) illustrates that the trap-induced nonradiative
recombination process is effectively suppressed within the
NMP-PSC (Figure 3e), in good agreement with results of the
space-charge-limited current (SCLC) analysis as shown in
Figure S18a.52 Mott−Schottky plots (Figure 3f) intuitively
explicate an improved flat band potential in the NMP-PSC. A
dark current test (Figure S18b) also demonstrates that the
leakage current of the NMP-PSC was of one order magnitude
lower than that of the DMSO-PSC, and the photocurrent
densities calculated from the incident photon-to-electron
conversion efficiency (IPCE) spectra (Figure S18c) were
24.0 and 23.8 mA cm−2 for NMP- and DMSO-PSCs,
respectively. All of these improved parameters are attributed
to the formation of high-quality and defect-less films. The
unencapsulated NMP-PSC exhibited outstanding stability
(Figure S18d) within 1000 s under continuous steady-state
output (∼50 °C and ∼50% RH), superior to the DMSO-PSC.
Twenty individuals were fabricated and displayed relatively
little error with 23.12 ± 0.21% and 20.28 ± 0.26% from NMP-
and DMSO-PSCs (Figure S18e), respectively. Also, PSCs
prepared from (FA···2DMF)PbI3, (FA···0.5DMA)PbI3, and
(FA···2.5DMI)PbI3 intermediate films exhibited a superior
performance to the DMSO one (Figure S18f). In summary, the
superior PSC performance from as-guided (FA···OXR)PbI3
demonstrates the importance of the solvent gaming chemistry
of halide perovskite intermediates in solar cells.
The defect-less FAPbI3-based films from (FA···OXR)PbI3

are available for the fabrication and stability assessment of
large-scale modules. The smooth NMP-films (6 × 6 cm2) were
readily prepared by blade coating in an ambient atmosphere,

Figure 3. Performance evaluation of FAPbI3-based films prepared from different intermediates and corresponding PSCs. Quality assessments of
FAPbI3-based films by (a) XRD patterns, (b) I/Pb relative mole ratio on the perovskite surface from XPS, and (c) TRPL measurements. (d) J−V
characteristics of PSCs. (e) Open-circuit voltage as a function of light intensity. The linear plots are fitted by the equation VOC = n(kBT/q) ln(light
intensity) + A (n, ideal factor; kB, Boltzmann constant; T, absolute temperature; q, elementary charge; A, constant). (f) Mott−Schottky analysis of
PSCs from different intermediate films.
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and an optimized structure of the series connection was
designed for large-scale modules (Figure S19a,b). The best
NMP-module (18 cm2 aperture area) with Spiro-OMeTAD as
HTL exhibited a PCE of 18.55% in RS and 18.23% in FS
(Figure 4a), ahead of the DMSO-module (Table S8). The
larger scale of perovskite films and modules, the more defects
influencing the modules’ stability. The protected NMP-module
(Figure 4b), adapting a polyisobutylene (PIB)-based blanket
encapsulation strategy,53 showed a favorable continuous
steady-state output (maintaining 95.0% of initial PCE) upon
maximum power point tracking within 40 000 s (under 1 sun
condition in an ambient atmosphere, ∼50 °C and ∼50% RH).
In contrast, the PCE of the DMSO-module decreased to 40.7%
within 20 000 s (Figure 4c). To further improve the modules’
stability under harsh aging conditions, the unstable Spiro-
OMeTAD was replaced by nickel phthalocyanine (NiPc) with
high thermal stability.54 An aging operation following the
ISOS-O standard at 85 °C and 85% RH in the dark state
(Figure 4d) was adapted to distinguish the stability differ-
ence.55 While the NMP-module maintained 90.0% of the initial
PCE after 1000 h under the harsh damp-heat environment, the
DMSO-module fell to 46.9% of the initial PCE. The higher
stability of NMP-modules was also demonstrated under the
maximum power point at harsh conditions (85 °C and 50%
RH; Figure S19c). The enhanced stability of modules from
defect-less NMP-films can be attributed to the suppressed
vacancy-assisted migration of iodide ions.56,57

■ CONCLUSION
In brief, the disclosed solvent gaming chemistry behind halide
perovskite intermediates sequentially clarifies the chemical
origin of FAPbI3-based intermediate structures, structural
evolutions from solvent-contained intermediates to perov-
skites, and low-temperature preparation of defect-less films for
high-performance devices. It is expected that the exploited
solvent gaming chemistry can guide the predictive selection of

intermediate structures and designable thermodynamic and
kinetic regulation of perovskite formation, and be applied to
other solution-processed perovskite systems, such as CsPbI3,
Sn-based, or two-dimensional perovskites for different
applications.
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