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Metal halide perovskites of the general formula ABX,—where A is amonovalent cation
such as caesium, methylammonium or formamidinium; Bis divalent lead, tin or
germanium; and X is a halide anion—have shown great potential as light harvesters for
thin-film photovoltaics'>. Amongalarge number of compositions investigated, the
cubic a-phase of formamidinium lead triiodide (FAPbI;) has emerged as the most
promising semiconductor for highly efficient and stable perovskite solar cells®®,and
maximizing the performance of this material in such devices is of vitalimportance for the
perovskite researchcommunity. Here we introduce an anion engineering concept that
uses the pseudo-halide anion formate (HCOO") to suppress anion-vacancy defects that
are present at grainboundaries and at the surface of the perovskite films and to augment
the crystallinity of the films. The resulting solar cell devices attain a power conversion
efficiency of 25.6 per cent (certified 25.2 per cent), have long-term operational stability
(450 hours) and show intense electroluminescence with external quantum efficiencies of
more than10 per cent. Our findings provide a direct route to eliminate the most
abundant and deleterious lattice defects presentin metal halide perovskites, providing a
facile access to solution-processable films withimproved optoelectronic performance.

Perovskite solar cells (PSCs) have attracted much attention since their
first demonstration in 2009'°. The rapid expansion of research into
PSCshasbeen driven by their low-cost solution processing and attrac-
tive optoelectronic properties, including a tunable bandgap®, high
absorption coefficient'®, low recombination rate" and high mobility
of charge carriers'2. Within a decade, the power conversion efficiency
(PCE) of single-junction PSCs progressed from 3% to a certified value of
25.5%", the highest value obtained for thin-film photovoltaics. Moreo-
ver, through the use of additive and interface engineering strategies,
the long-term operational stability of PSCs now exceeds 1,000 hours
in full sunlight'*, PSCs therefore show great promise for deployment
as the next generation of photovoltaics.

Compositional engineering plays akey partin achieving highly efficient
and stable PSCs. In particular, mixtures of methylammonium lead trii-
odide (MAPbL;) with formamidinium lead triiodide (FAPbl;) have been
extensively studied®”. Compared to MAPbI,, FAPDI, is thermally more
stable and has abandgap closer to the Shockley-Queisser limit¢, render-
ing FAPbI, the most attractive perovskite layer for single-junction PSCs.

Unfortunately, thin FAPbI; films undergo a phase transition fromthe black
a-phasetoaphotoinactive yellow 6-phase below atemperature of 150 °C.
Previous approaches to overcome this problem have included mixing
FAPbI, with a combination of methylammonium (MA"), caesium (Cs*)
and bromide (Br") ions; however, this comes at the cost of blue-shifted
absorbance and phase segregation under operational conditions” .
Nevertheless, a-FAPbl; has recently emerged as the candidate of choice
for highly efficient and stable PSCs*'*'8, We have previously prepared
o-FAPbI, by spin-coating a precursor solution of FAPbl, mixed with excess
methylammonium chloride (MACI), and achieved a certified efficiency of
23.48% for the resulting mesoporous FAPbl, PSC. By fully exploiting the
absorption spectrum of FAPbl; together with proper light management,
acertified efficiency 0f23.73% was reported®—approaching the theoreti-
cal maximum—with ashort-circuit current density (/,.) 0of 26.7 mAcm™.
However, the open-circuit voltage (V,.) of around 1.15V for FAPbl; PSCs
still lags behind the radiative limit>'8, which suggests that more work is
needed to further reduce the density of defectsin the FAPbI, perovskite
films to suppress the non-radiative recombination of charge carriers.
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Fig.1|Characterization of the FAPbI;films. a, UV-vis absorptionand
photoluminescence (PL) spectra of the FAPDI, films. b, Time-resolved
photoluminescence of the FAPDI, films. ¢, d, SEM images of the reference

Bromide, chloride (CI") and thiocyanate (SCN") anions have com-
monly been used to improve the crystallinity and stability of perovskite
films®*11722 Another pseudo-halide anion, formate (HCOO"), hasalsobeen
investigated in connection with MAPbI, PSCs* 2, Two studies®** reported
that MAHCOO improves the quality of MAPDbI, films by controlling the
growth of the perovskite crystals, while others®? reported that formic
acid accelerates the crystallization of perovskites based on MA cations.
Previous work has therefore mainly dealt with the effect of formate on
the morphology, nucleation and growth of MAPDI,. There has also been
arecent report of a highly fluorescent methylammonium lead bromide
and formate mixture in water”. However, a fundamental understanding
of the effects of formate on perovskite films has yet to be achieved.

Here we uncover the key role of HCOO™ anions in removing halide
vacancies, which are the predominant lattice defects in FAPbI, perovs-
kite films. This enables the PCE of the PSC to exceed 25%, combined with
a high operational stability and external quantum efficiency (EQE) of
electroluminescence (EQEy, ) thatexceeds10%. lodide vacancies are also
the principal cause of the unwanted ionic conductivity of metal halide
perovskites, which has deleterious effect on their operational stability.
We provide insight into the mode of formate intervention. Formate
is small enough to fit into the iodide vacancy?®, thereby eliminating
aprevalent and notorious defect in the metal halide perovskite that
accelerates the non-radiative recombination of photogenerated charge
carriers, inturndecreasing both thefill factor and the V. of asolar cell.
We generated FAPbL, perovskite films withimproved crystallinity and
larger grain size by introducing 2% formamidine formate (FAHCOO)
into the precursor solution. The defect passivation and the improved
crystallinity are essential to attain the levels of efficiency and stability
that are demonstrated by our FAPbI;-based PSCs.

Characterization of the perovskite films

Thereference FAPbI, film, hereafter denoted ‘reference’, was prepared as
previously reported using a precursor solution containing a mixture of
FAPbI, powder with 35 mol% additional MACI". For the formate-doped
FAPDbI, (Fo-FAPbL;) film, x mol% (x < 4) FAHCOO was added to the refer-
ence precursor solution (for experimental details, see Supplementary
Information). At a later stage in this work, we quantify the amount of MA
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FAPDI; (c) and 2% Fo-FAPDI; (d) films. The insets show cross-sectional SEM
images. Scale bar, 2 um. e, f, Two-dimensional grazing-incidence XRD patterns
ofthereference (e) and 2% Fo-FAPbI; (f) films.

inthe resulting perovskite material to be 5%, but for simplicity we refer
to this sample as FAPbI,. Figure 1a shows the ultraviolet-visible (UV-vis)
absorption and photoluminescence spectraofthe FAPbI, perovskite films
(x=0,2and 4). The absorption threshold and photoluminescence peak
positionwereidentical for all films; however, there was an obvious decrease
in absorbance for the 4% Fo-FAPbI, film. We derived abandgap of 1.53 eV
for the films using the Tauc plot (Extended Data Fig. 1a). Fig. 1b shows the
time-resolved photoluminescence of the FAPbl, perovskite films. The 2%
Fo-FAPbI, perovskite film showed aslower photoluminescence decay than
the reference, which indicates a reduced non-radiative recombination
rate due to areduction in trap-mediated bulk or surface recombination.
By contrast, the 4% Fo-FAPbI, perovskite film showed a faster photolu-
minescence decay than the reference. A full photoluminescence decay
upto4 psisshowninExtended DataFig. 1b. A quantitative analysis of the
time-resolved photoluminescenceis presentedin Supplementary Note 1.
Scanningelectron microscopy (SEM) measurements were performed
toinvestigate the morphology of the perovskite film. Compared to the
reference film (Fig. 1c), the 2% Fo-FAPDI, film (Fig. 1d) had a slightly
larger grain size of up to 2 pm (Extended Data Fig. 1c). The insets of
Fig. 1c, d show the cross-sectional SEM images of the corresponding
perovskite films. Both the reference and 2% Fo-FAPDI, films showed
monolithic grains from the top to the bottom. Extended Data Fig. 1d,
eshowstheirregular grain size of the 4% Fo-FAPDI, films. Atomic force
microscopy measurements (Extended DataFig. 1f, g) revealed a surface
roughness of 41.66 nm and 57.47 nm for the reference and 2% Fo-FAPbI,
films, respectively. The slightly increased surface roughness of the
2% Fo-FAPDI, film is probably due to the slightly increased grain size.
X-ray diffraction (XRD) measurements (Extended Data Fig. 1h)
showed identical peak positions at around 13.95° and 27.85° for both
the reference and the Fo-FAPbI, perovskite films, corresponding to
the a-phase of FAPbl,. However, the XRD pattern of the 4% Fo-FAPbI,
film showed additional peaks, which are assigned to fluorine-doped
tin oxide (FTO) substrates and different orientations of a-FAPbI,. The
broader and lower-intensity diffraction peaks—resulting in a higher
relative noise level—indicate a poor crystallinity, which is consistent
with the poor optical measurements of the 4% Fo-FAPbI, film described
above. Synchrotron-based two-dimensional grazing-incidence XRD
measurements were also obtained for the FAPbI, films at a relative
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Fig.2|Solid-state NMR spectra and molecular dynamics simulations.
a,2”Pbsolid-state NMR spectra (recorded at 298 K and a magic-angle spinning
(MAS) rate of 15kHz) of a-FAPbI, (1), a-FAPbI, + 5% FABr (2) and a-FAPbI, + 5%
FAHCOO (3).In (1), asmallamount of the §-phase canbe seen, but thisis distinct
fromthe shoulderseenin (2), and is notseenin (3). b, *C solid-state NMR
spectra (recorded at100 Kand 12 kHz MAS) of FAHCOO (1), 6-FAPDbI, (2),
o-FAPbI, (3) and a-FAPbI; + 5% FAHCOO (4) (the top tracein (4) is an eightfold
maghnification). ¢, Calculated structureillustrating the passivationofanI”
vacancy at the FAPbI, surface byaHCOO™anion. All chemical species are shown
inball-and-stick representation. Pb*, yellow; I, pink; oxygen atoms, red;
carbon, green; nitrogen, blue; hydrogen, white.d, The relative interaction
strengths of different anions with the I" vacancy at the surface.
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humidity of around 100% at 30 °C in air. Figure 1e clearly shows the
presence of the §-phase in the reference, whereas this phase was absent
in the 2% Fo-FAPDbI, film (Fig. 1f). This provides strong evidence that
FAHCOO stabilizes the a-phase of FAPbI, against humidity. In addition,
the full-width at half-maximum of the a-phase peak was decreased
for the 2% Fo-FAPbI, film, which is hereafter denoted as ‘target”. The
integrated one-dimensional diffraction intensity is shownin Extended
DataFig. 1i. We infer from these data that including 2% FAHCOO in
the synthesis of the FAPbI, films strongly enhances their crystallinity.
We obtained solid-state nuclear magnetic resonance (NMR) spec-
troscopy measurements in order to elucidate the molecular mecha-
nisms thatlead to theimprovements afforded by the HCOO™ anions. We
prepared the samples by mixing formamidiniumiodide and Pbl, pow-
ders with 5mol% excess FAHCOO using a mechano-synthesis method.
Experimental details are provided in Methods. The 2’Pb spectrum is
sensitive to the nature of the anions that are coordinated to Pb* in
the perovskite crystal®. Figure 2a shows the ?’Pb NMR spectrum of
a-FAPbl,, inwhich the > ’Pb resonance appears at1,543 ppm. The addi-
tion of 5% FABr resultsinanotable shoulder onthe low-frequency side
oftheresonance, asshownin Fig.2a (2). This shoulder corresponds to
27pp in a [PbBrls] site, which resonates at lower frequency thanina[Pbl,]
site, because *’Pb in a [PbBr,] site in FAPbBr; resonates at 510 ppm?.
However, the?’Pb resonance of a-FAPbI, remained the same even when
5%FAHCOO was added during the synthesis, whichis strong evidence
that HCOO™ does not substitute foriodide anionsin the a-FAPbI; lattice.
Thisis also supported by the density functional theory (DFT) calcula-
tions of the formation energy (Supplementary Note 2).
Toexplorethelocal environment ofthe HCOO™ anionsin the Fo-FAPbI,
perovskite,'H-"*C cross-polarization experiments * were performed at
100 K. Figure 2b (1) shows ®*C resonance signals at 167.8 ppm and 158.5
ppm for the HCOO™ and FA" environments in FAHCOO, respectively.
Figure2b, (2) and (3) show the §-FAPbI,; and a-FAPbI, and C resonances

at157.6 ppmand153.4 ppm, respectively. Upon mixing 5mol%FAHCOO
with FAPbI,, the ®Csignal of a-FAPbI, remained unchanged at153.4 ppm
(Fig.2b (4)); thisfurther corroborates the lack of substitution of iodide by
HCOO inside the FAPbI, lattice, which would broaden the*C resonance
of FAPbl,. The HCOO™ peak, however, exhibited considerable broaden-
ing—indicative of adistribution of local environments—in contrasttothe
well-defined environmentin crystalline FAHCOO. Thisis consistent with
interaction of the HCOO™ anionwith undercoordinated Pb* to passivate
iodide vacanciesthatare present at the surface or the grain boundaries
ofthe perovskite, as predicted by molecular dynamics simulations (see
below). For the spin-coated target thin films, the formate*C signalis less
intense, appearing as a shoulder on the a-FAPbI; peak (Extended Data
Fig.2a,b). Thisis due toacombination of the lower initial formate concen-
tration and—because the exposed areais greater—the potentially greater
evaporation of formate during annealing in the thin films compared to
thatinthe powders; however, it should be noted that cross-polarization
spectra are not quantitative. The presence of FAHCOO in the a-FAPbI,
films is also supported by the time-of-flight secondary-ion mass spec-
trometry measurements (Extended DataFig. 2c, d). We further quantified
the composition of the spin-coated target films using directly detected
BCNMR at 100 K (Extended Data Fig. 2e). Integration of the FA"and MA*
resonances in the quantitative *C spectrum yields a concentration of
MA*in the final film of 5.1% (Supplementary Note 3).

Molecular dynamics simulations

To explore in more detail the unique role of HCOO™ anions, we per-
formed ab initio molecular dynamics simulations of a homogeneous
mixture of differentionsinthe precursor solution (see Extended Data
Fig.3a,band Supplementary Note 4)—comprising Pb**,1,, HCOO™and
FA*—and found that HCOO™ anions coordinate strongly with Pb? cations
(Supplementary Video 1). This strong coordination might help to slow
the growth process, resultingin larger stacked grains of the perovskite
film; thisis validated by the in situimages of the perovskite films with-
outannealing (Supplementary Fig.1). Compared to the reference film,
thetarget film showed a slower colour change from brown to black. We
also performed molecular dynamics simulations to understand the sur-
face passivation effects of HCOO™ anions. Extended Data Fig. 3c shows
asuper cell of a a-FAPbI, perovskite slab, in which surface iodides are
replaced by formate anions. We found that HCOO™ anions can form a
hydrogen-bonded network with FA*ions (Extended Data Fig. 3d, Sup-
plementary Video 2), in agreement with the hydrogen bonding that is
observed in FAHCOO crystal structures®. In addition, HCOO™ anions
can also form a bonding network on the Pb* ion-terminated surface,
owing to their strong affinity towards lead (Extended Data Fig. 3e,
Supplementary Video 3). Figure 2c shows a calculated structure that
illustratesan HCOO™ anion passivating an |~ vacancy at the FAPbI, sur-
face.l” vacancy defects are the most deleterious defects for halide
perovskites. They act as electron traps—inducing the non-radiative
recombination of charge carriers—and are responsible for the ionic
conductivity of perovskites that causes operational instability. We
estimated therelative binding affinities of different anions toI”vacan-
ciesatthe surface (Extended DataFig.4).The energies showninFig.2d
reveal that HCOO™ has the highest binding energy to I vacant sites in
comparison with CI, Br', I and BF,". Furthermore, we also calculated
thebondingenergies of FA" cations at theinterface with HCOO™ anions
and with other anions (Extended Data Fig. 5, Supplementary Note 5).
We found that FA" cations at the interface form stronger bonds with
HCOO™ than with the other anions. We therefore conclude that the
HCOO™ anion acts by eliminating anion-vacancy defects.

Photovoltaic performance of the PSCs

We further explored the photovoltaic performance of the PSCs. FAPbI,
PSCs were fabricated using a configuration as illustrated in Fig. 3a.
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Figure 3b shows current density (/)-voltage (V) curves of the reference
and target PSCs under both forward and reverse scans. The reference
cell had amaximum PCE of 23.92% with aJ,. of 25.72mAcm™,a V,. of
1.153 Vand afill factor of 80.69%. The target PSC had a maximum PCE
0f25.59% with aJ,. 0of 26.35 mA cm™2,a V,. 0of 1.189 V and a fill factor
of 81.7%. The detailed parameters are summarized in Extended Data
Table 1. A statistical distribution of the measured PCE of the reference
andtarget PSCs are showninFig.3c. To verify the efficiency, we sent one
of our best target PSCs to an accredited photovoltaic test laboratory
(Newport, USA) for certification. Supplementary Fig. 2 represents a
certified quasi-steady-state efficiency of 25.21%, witha V,.of 1.174 V, a
J..0f26.25mA cm2and afill factor of 81.8%.
EQE measurements (Fig.3d) were performed to verify the measured
Ji. The EQE of the target cell was higher than that of the reference cell
over thewhole visible-light absorptionregion. By integrating the EQE
over the AM1.5G standard spectrum, the projected /,. of the reference
and target PSCs are 25.75 mA cm 2 and 26.35 mA cm™, respectively,
which wellmatch the measured/,. under the solar simulator. Figure 3e
shows the EQE,, of the PSCs. Itisknown that the photovoltage ofasolar
cellisdirectly related to the ability to extractits internal luminescence™.
EQE, values have previously been successfully used to predict the V.
of PSCs. In this case, the EQE, of the reference cell was 2.2%, whereas
that of thetarget cellwas 10.1% for injection current densities of 25.5 mA
cm™and 26.5 mA cm (corresponding to the/,, measured under1sun

Light intensity (mW cm2)

illumination), respectively. Treatment with formate therefore results
inafivefold reductioninthe non-radiative recombinationrate. The V,,
of 1.21V that we obtained for the target cell (Extended Data Fig. 6a) is
96% of the Shockley-Queisser limit of 1.25 V*>**—to our knowledge,
this is the highest value yet obtained. To further confirm the role of
formate, we also measured the performance of devices fabricated using
formamidiniumacetate as an additive (Extended DataFig. 6b); however,
this additive had a negative effect on performance. For the devices
fabricated without MACI additives or passivation layers, those that
contained formate still showed an advantage (Extended Data Fig. 6¢, d).

Supplementary Fig. 3 shows a linear relationship (with a slope of
approximately 0.95) between /. and light intensity for both the refer-
ence and target PSCs—indicatinggood charge transport and negligible
bimolecular recombination—and Fig. 3f shows a linear relationship
between V, and the logarithm of light intensity. We fitted the data
points with a slope of n,.k; T/q, where n,4 is the ideality factor, ky is the
Boltzmann constant, Tis temperature and g is the electron charge.
Thereference cell had an i, 0f 1.52, whereas that of the target cell was
1.18—lower than the previously reported value® of 1.27. Asummary of
the detailed photovoltaic parameters can be found in Extended Data
Table 2. Thereductioninr,y, as well as the space-charge-limited current
measurements (Supplementary Fig. 4), further support our findings of
areduction in trap-assisted recombination®***. Because the fill factor

b
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critically depends® on 4, the reduction in i,y that we observe here also
contributes to theincreasein fill factor measured for the target PSCs.

Shelf-life and operational stability of the PSCs

To assess the stability of our PSCs, we measured first their shelf life
by storing the unencapsulated devices in the dark at 25 °C and 20%
relative humidity. Figure 4a shows that the PCE of the reference cell
decreased by about 35% after 1,000 h aging, whereas the target cell
showed a degradation of only 10% over this time. A heat-stability test
was also performed by annealing the unencapsulated PSC devices at
60 °C under 20% relative humidity. Figure 4b shows that the target
cell retained around 80% of its initial efficiency after 1,000 h aging,
whereas the reference cell retained only about 40%.

Wefurtherinvestigated the operational stability of the PSCs by aging the
unencapsulated devices under a nitrogen atmosphere, using maximum
power point (MPP) trackingunder asimulated 1-sunillumination. Figure 4c
shows the PCE of the PSCs under continuous light soaking using axenon
lamp. The PCE of the target cell remained above 24% after 10-h MPP track-
ing, whereas that of the reference cell decreased t022.8%. Figure 4d shows
thelong-term operational stability of the PSCs. The PCE of the reference
celldecreased by about 30%, whereas the target cell only lost around 15%
ofitsinitial efficiency. Note that during this experiment the temperature
of the PSCs was measured to be around 35 °C, as we did not cool the cells
duringillumination. Comparedtothe target PSC, the reference cell showed
aconsiderable decrease in/,. and fill factor over the 450-h MPP tracking
test (Extended DataFig.7), which suggests that reference perovskite layer
is less stable. We attribute the decline in fill factor to a de-doping of the
hole conductor due to Li*ion migration under illumination®.

The improvement in thermal and operational stability of the target
cellcompared with the reference cellis ascribed to the better crystallin-
ity of the perovskite filmand areduced concentration of halide defects,
because NMR experiments show that formate is not incorporated into
the bulk of the perovskite. It is known that crystallinity is crucial for the
stability of the perovskites, because the main degradation process starts
from defects near the grainboundaries. The high crystallinity and large
grain size of the formate-containing perovskite films—as validated by
SEM and XRD measurements—will contribute to their greater stability
and performance. Our simulations and calculations suggest that formate
anions have the highest binding affinity among all halides and pseudo
halides for iodide vacancy sites, and are therefore the best candidates
to eliminate the most abundant and deleterious lattice defects present
in halide perovskite films. This results in a marked reduction of
trap-mediated non-radiative recombination, which we validated by
EQE;,, time-resolved photoluminescence, n,, and SCLC measurements.
Alow level of halide vacancies is beneficial for the stability of solar cells,
because halide vacancies canlead to degradation as aresult of photoin-
ducediodineloss, especially under light illumination.

Overall, we demonstrate a-FAPbl,-based PSCs with a PCE of 25.6%
(certified 25.2%) and high stability, achieved through solution pro-
cessing by introducing 2% formamidinium formate into the FAPbI,
perovskite precursor solution. Our molecular dynamics simulations,
together with solid-state NMR spectroscopy analysis and in-depth
optoelectronic device characterization, provide an understanding of
therole of HCOO™ anions as passivating agents for FAPbI; perovskites.
Our findings pave the way for facile access to high-performance PSCs
approaching their theoretical efficiency limit.
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Methods

Materials

Formamidine acetate salt (99%), hydroiodicacid (HI, 57 wt% in water),
titanium diisopropoxide bis(acetylacetonate), 2-propanol (anhydrous,
99.5%), chlorobenzene (anhydrous, 99.8%), N,N-dimethylformamide
(DMF, anhydrous 99.8%,), dimethyl sulfoxide (DMSO, >99.5%),
2-methoxyethanol (anhydrous, 99.8%) and formic acid were procured
from Sigma-Aldrich and used asreceived. Methylamine hydrochloride
(MACI, 98%) was procured from Acros Organics. Fluorine-doped tin
oxide on glass (FTO glass, 7 Q sq*) was obtained from Asahi. Ethanol
(absolute, 99.9%) was procured from Changshu Yangyuan Chemicals.
Diethyl ether (extrapure grade) was procured from Duksan. TiO, paste
(SC-HT040) was procured from ShareChem. Leadiodide (Pbl,, 99.999%)
was purchased from TCI.

Materials synthesis

Formamidinium iodide (FAI) was synthesized as reported elsewhere®.
Inbrief, 25g formamidine acetate was directly mixed with 50 ml hydroi-
odic acid in a500 ml round-bottomed flask with vigorous stirring. A
light-yellow powder was obtained by evaporating the solvent at 80 °C
forlhinavacuumevaporator. Theresulting powder was then dissolved
in ethanol and precipitated using diethyl ether. This procedure was
repeated three times until white powder was obtained, and the white
powder wasrecrystallized fromethanol and diethyl etherinarefrigera-
tor. After recrystallization, the resulting powders were collected and
dried at 60 °Cfor 24 h. As reported previously'®, black FAPbl, powder was
synthesized by mixing the synthesized FAI (0.8 M) with Pbl, (1:1 molar
ratio) in 30 ml of 2-methoxyethanol with stirring. The yellow mixed solu-
tionwas heated with astirring barat120 °Cand thenrecrystallized using
theretrograde method. The resulting powder was filtered using aglass
filter and baked at 150 °C for 30 min. Formamidine formate (FAHCOO)
was synthesized by dissolving formamidine acetate inan excess of for-
micacid. Theresulting solution was dried at 80 °C by rotary evaporation
to remove most of the formic acid and acetic acid. A wet formamidine
formate powder was obtained. This wet powder was recrystallized with
asmallamount of ethanol. A transparent, plate-like crystal was formed
after the recrystallization, which was consecutively dried in vacuum for
10 hto obtain the final formamidine formate. Bulk perovskite samples
forsolid-state NMR are prepared by grinding the reactant (FAland Pbl,
with FABr or FAHCOO as appropriate) in an electric ball (Retsch Ball
MillMM-200) for 30 minat 25Hz, before annealing at 150 °C for 15min.

Substrate preparation

Asahi FTO glass (1.8 mm, 7 Q sq") was used as the substrate for the
devices. The substrates were cleaned using the RCA-2 (H,0,-HCI-H,0)
procedure for 15 min to remove metal-ion impurities. Then, the
substrates were cleaned sequentially with acetone, ethanol and iso-
propyl alcohol (IPA) in an ultrasonic system for 15 min. To deposit
the compact TiO, (c-TiO,) layer, 60 ml of a titanium diisopropoxide
bis(acetylacetonate)/ethanol (1:10 volume ratio) solution was applied
using the spray-pyrolysis method. Prior to the spraying process, the
FTO substrates were placed on a hot plate and the temperature was
increased to 450 °Crapidly. After the spray pyrolysis step, the substrates
were stored at 450 °C for 1h and then slowly cooled to room tempera-
ture. Ontop of the ¢-TiO, layer, a mesoporous TiO, (m-TiO,) layer was
deposited by spin-coating a TiO, paste dispersed in ethanol/terpineol
(78:22w/w). The TiO, nanoparticles have a diameter of approximately
50 nmand were purchased from ShareChem. The FTO/c-TiO, substrates
prepared with m-TiO, were heated at 500 °C on a hot plate for 1 h to
remove organic compounds first, and then slowly cooled to 200 °C.

Device fabrication
Forthefabrication of the perovskite layer, the whole process was carried
outatcontrolled roomtemperature (25 °C) and humidity (20% relative

humidity). The reference perovskite precursor solution was prepared
by mixing 1,139 mg FAPbI; and 35 mol% MACI in a mixture of DMF and
DMSO (4:1). For the Fo-FAPbI, perovskite film, extra FAHCOO was added
to the reference solution in the range of 1-4 mol%. For each sample,
70 pl of the solution was spread over the m-TiO, layer at 6,000 rpm
for 50 s with 0.1s ramping. During the spin-coating, 1 ml diethyl ether
was dripped after spinning for 10 s. The perovskite film was then dried
on a hot plate at 150 °C for 10 min immediately. See Supplementary
Video 4 for details of the fabrication of perovskite films. After cooling
the perovskite film on the bench, 15 mM of octylammonium iodide
dissolved inIPA was spin-coated on top of the perovskite filmat 3,000
rpmfor30s. The hole-transport layer was deposited by spin-coatinga
Spiro-OMeTAD (Lumtech) solutionat 4,000 rpm for 30s. Details of the
Spiro-OMeTAD solution was reported in the previous study'. Finally, a
gold electrode was deposited on top of the Spiro-OMeTAD layer using a
thermal evaporationsystem. The back and front contacts were formed
with 100-nm-thick Au films deposited under a pressure of 107 Torr.

Characterization of the solar cells

The solar cells without encapsulation were measured with a solar
simulator (McScience, K3000 Lab solar cell /-Vmeasurement system,
Class AAA) in aroom with relative humidity below 25% at 25 °C. An
anti-reflecting coating layer was used for the devices. The light intensity
was calibrated to AM1.5G (100 mW cm™) using a Si-reference cell certi-
fied by the National Renewable Energy Laboratory before performing
measurements. No light soaking was applied before the potential /-V
scans. AllJ-V curves were measured using a reverse scan (from1.25V
to 0V) and aforward scan (from O V to 1.25 V) under a constant scan
speed of 100 mV s’ The stabilized power output was measured at the
maximum power point using axenonlamp light source. Anon-reflective
mask with an aperture area of 0.0804 cm?was used to cover the active
areaofthedevicetoavoid the artefacts produced by the scattered light
(themask areais determined using amicroscope). EQE measurements
were obtained using a QEX7 system (PV Measurements). For the EQE,
measurements, different bias voltages or currents were applied to
the PSCs with a BioLogic SP300 potentiostat. The emitted photon
flux from the PSCs was recorded using a calibrated, large-area (1cm?)
Si photodiode (Hamamatsu S1227-1010BQ). All measurements were
performed in theambientenvironment (40% relative humidity, 24 °C).

Characterization of the device stability

For the stability tests, all PSCs were used without encapsulation. The
shelf-life stability was assessed by measuring the photovoltaic per-
formance of PSCs every tens of hours. The thermal stability test was
performed by ageing the solar cells onahot plate at 60 °C at 20% relative
humidity. The performance of the devices was periodically measured
after cooling the devicestoroomtemperature. The operational stability
was performed with a BioLogic potentiostat under an LED or alamp
that was adjusted to AM 1.5G (100 mW cm™). The PSCs were masked
and placed inside ahomemade sample holder purged with continuous
N, flow. The devices were aged with a maximum point power track-
ing routine under continuous illumination. The temperature-control
system was not activated during the measurements. /-V curves with
reverse voltage scans were recorded every 30 min during the whole
operational test.

Characterization of the perovskite film

UV-vis absorption spectra of the perovskite films were recorded on
aUV-1800 (Shimadzu) spectrophotometer. The SEM images of the
perovskite films were taken with a field-emission scanning electron
microscope (FE-SEM, S-4800, Hitachi). XRD patterns of the perovskite
films were performed using a D8 Advance (Bruker) diffractometer
equipped with Cu Ka radiation (A = 0.1542 nm) as the X-ray source.
Steady-state photoluminescence and time-resolved photolumines-
cence measurements of the perovskite films were conducted using a



PicoQuant FluoTime 300 (PicoQuant GmbH) equipped with aPDL 820
laser pulse driver. A pulsed laser diode (A =375 nm, pulse full-width at
half-maximum <70 ps, repetition rate 200 kHz-40 MHz) was used to
excite the perovskite sample. Surface roughness was assessed using
a Cypher S atomic force microscope from Asylum Research under
ambient conditions (24 °C, 50% relative humidity). An Olympus
AC240-TS tip was used, and the system was operated under tapping
mode. Two-dimensional grazing-incidence XRD of the perovskite films
was performed at the BL14B1 beamline of the Shanghai Synchrotron
Radiation Facility (SSRF) using X-rays with a wavelength of 0.6887 A.
Two-dimensional grazing-incidence XRD patterns were acquired by a
MarCCD mounted vertically at a distance of around 632 mm from the
samplewithgrazing-incidence angles of 0.4° and anexposure time of 30
s.For the time-of-flight secondary-ion mass spectrometry (TOF-SIMS)
measurements, the reference and 2% Fo-FAPbI, films were coated on
a glass substrate using anti-solvent methods. The samples were ana-
lysed by TOF-SIMS using a hybrid IONTOF TOF-SIMS instrument. Depth
profiling was accomplished with athree-lens 25-keV BiMn primaryion
gun and a Bi;" primary ion-beam cluster (1 pA pulsed beam current).
Measurements used a caesium-ionbeam for sputtering with an energy
of 500 eV (sputtering current 1-23 nA). Profiling was completed witha
100 x100 pm? primary-beam areaand a 300 x 300 pm?sputter-beam
raster. Non-interlaced mode was used to limit beam damage from the
primary ion-beam (1frame, 2 s sputter, 2 s pause).

Solid-state NMR measurements

Low-temperature (100 K) 'H-'3C cross-polarization and directly
detected *C (125.8 MHz) NMR spectra, and room-temperature *’Pb
(104.7 MHz) NMR spectra were recorded on a Bruker Avance I1111.7
T spectrometer equipped with a 3.2-mm low-temperature CPMAS
probe. 2°’Pb and *C spectra were referenced to Pb(NO,), at -3,492
ppmand the CH,resonance of solidadamantane at 38.48 ppm, respec-
tively, at room temperature. Room temperature *“Pb spectra were
recorded withaHahn echo and an effective recycle delay of 17 ms. The
low-temperature '"H-">C cross-polarization spectra of 5-FAPbI, and
o-FAPbl, wererecorded with1ms contact time, recycle delays of 1.5sand
4 s, respectively, and 12 kHz MAS. The low-temperature 'H-"*C spectra
of FAHCOO and Fo-FAPbI; were recorded with 2 ms contact time, 10 s
recycle delay and 12 kHz MAS. The quantitative, directly detected *C
experiment onascraped 2% Fo-FAPbI, film was performed with asingle
pulse experiment, 12 kHz MAS and a 10 s recycle delay, which is more
than 5 times the longitudinal relaxation time of *C (1s). Al *C spectra
were acquired with100 kHz 'H decoupling. The low-temperature 'H-C
cross-polarization spectrum of scraped 2% Fo-FAPbI, thin-film was
measured with 2 ms contacttime, 4 srecycle delay and 12kHzMAS.NMR
characterization was performed with 5% Fo-FAPbI,, because the greater
amount of formate in the sample provides higher sensitivity compared
to 2% Fo-FAPbI;. MACl was not included in the mechanosynthesized
samples for NMR spectroscopy, because this would lead to broadening
of the ®C and ’Pb resonances of FAPbI, (ref.?), owing to different local

environments with slightly different chemical shifts that arise from MA*
substitution of nearest-neighbour—and more distant—A-site cations.
This broadening would obscure the small changes in the >’Pb and *C
resonances that arise from the incorporation of formate. However,
given that the incorporation of MA" ions has a minimal effect on the
lattice structure, these findings also apply to the MA*-doped composi-
tion studied here.

Data availability

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Code availability

The code used for this study is available from the corresponding author
uponreasonable request.

Acknowledgements We thank W. R. Tress for discussions, and the staff at beamlines BL17B1,
BL14B1, BL11B, BLO8U and BLO1B1 of the SSRF for providing the beamline, and the Swiss
National Supercomputing Centre (CSCS) and EPFL computing center (SCITAS) for their
support. This research was supported by the Technology Development Program to Solve
Climate Changes of the National Research Foundation (NRF) funded by the Ministry of
Science, ICT & Future Planning (2020M1A2A2080746). This work was also supported by ‘The
Research Project Funded by U-K Brand’ (1.200030.01) of Ulsan National Institute of Science &
Technology (UNIST). D.S.K. acknowledges the Development Program of the Korea Institute of
Energy Research (KIER) (C0-2401 and C0-2402). L.E. acknowledges support from the Swiss
National Science Foundation, grant number 200020_178860. U.R. acknowledges funding from
the Swiss National Science Foundation via individual grant number 200020_185092 and the
NCCR MUST. A.H. acknowledges the Swiss National Science Foundation, project ‘Fundamental
studies of dye-sensitized and perovskite solar cells’, project number 200020_185041. M.G.
acknowledges financial support from the European Union’s Horizon 2020 research and
innovation programme under grant agreement number 881603, and the King Abdulaziz City
for Science and Technology (KACST).

Author contributions J.J., BW. and J.Y.K. conceived the project. J.J., Minjin Kim and H.L.
prepared the samples, performed the relevant photovoltaic measurements, analysed the data
and wrote the manuscript. J.S. synthesised the FAHCOO material. Minjin Kim and D.S.K.
certified the efficiency of the PSCs. Y.J. carried out photoluminescence and UV-vis
absorption spectroscopy. S.J.C. and LW.C. performed the time-resolved photoluminescence,
SEM and XRD measurements. Y.J. and H.L. collected the light-intensity-dependent J-V data.
P.A. and U.R. designed and performed all the DFT calculations and molecular dynamics
simulations. Maengsuk Kim and J.H.L contributed to the DFT calculations. A.M., M.A.H. and L.E.
conducted the solid-state NMR measurements and analysis. B.P.D. performed the atomic force
microscopy measurements. H.L. conducted the long-term operational stability
measurements, EQE;, measurements and analysed the data. Y.. performed the
two-dimensional grazing-incidence XRD measurements. FT.E contributed to the analysis of the
time-resolved photoluminescence data. S.M.Z. coordinated the project. A.H. and M.G.
proposed experiments and M.G. wrote the final version of the manuscript. A.H., D.S.K., M.G.
and JY.K. directed the work. All authors analysed the data and contributed to the discussions.

Competing interests The authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary material available at
https://doi.org/101038/s41586-021-03406-5.

Correspondence and requests for materials should be addressed to A.H., D.S.K., M.G. or J.Y.K.
Peer review information Nature thanks the anonymous reviewers for their contribution to the
peer review of this work.

Reprints and permissions information is available at http://www.nature.com/reprints.


https://doi.org/10.1038/s41586-021-03406-5
http://www.nature.com/reprints

Article

a b 10 c 25
— Reference = Reference
= 2% FO-FAPDl| = 5| 2% Fo-FAPDl,
. b= | —— 4% Fo-FAPDI, 3 T
= o = i
I - @ 15
S 205 N
> D 7]
= c c 10
[} o =
- 4
£ O os i |
| A 0.0 = ' 0.0
145150 155 160165 170 1.75 1.80 185 19 0 1000 2000 3000 4000
hv (eV) Time (ns)

4%F,
Top—

513

KIER 1506V 11.2mm x40 Ok SE(U

Intensity (a.u.)

i
____ 4%Fo-FAPDI, i Reference
g & © 8¢g=¢ FWHM = 0.16 nm"!
£ T . @88 ~ | 2%Fo-FAPbI;
;.___.-.._AJ_.J_M.J_. S | FWHM = 0.14 nm"!
S
2% Fo-FAPDI, -
| | H |
A c
[
Reference €
10 15 20 25 30 35 40 70 75 80 85 90 95 100 105 110
2 theta (°) q (nm1)

Extended DataFig.1| Characterization of the perovskite films with and
withoutFAFo. a, The Tauc plot of the 2% Fo-FAPbI, perovskite film. b, A full
photoluminescence decay of the reference, 2% Fo-FAPbl, and 4% Fo-FAPDI,
perovskite films. ¢, The distribution of the grain sizes of the reference and 2%
Fo-FAPbI; films. The box + whisker plots show the distribution of the grain sizes
forbothreferenceand 2% Fo-FAPDbI3 perovskite films. The distribution is based
on22datapointseach.d, e, Thetop-view SEMimage (d) and the cross-sectional

SEMimage (e) of the 4% Fo-FAPbI, perovskite film. f, g, AFMimages of the
reference (f) and the 2% Fo-FAPbI, (g) perovskite films. h, The XRD patterns of
thereference, 2% Fo-FAPbI;and 4% Fo-FAPbI, perovskite films. Peaks labelled
withanasterisk are assigned to the FTO substrates, which canbe seen for

the 4% sample owing to the lower intensity of the perovskite reflections.

i, Integrated one-dimensional grazing-incidence XRD pattern of the reference
and 2% Fo-FAPDI, films.



a C 10000 d 10000
—_si ——Si
a-FAPbl; + 5% FAHCOO Sl
Bulk Mechanosynthesised ——HCO00 o0
1000} 1000
Formit\e ‘ . é é
2 100 2 100
b oFAPb; +2% FAHCOO  § J e
| Thin film = = Wl
- - "u‘{"‘ it 'l“"“
| ) 10f ’ 10 J W
X32 ,-‘1 \pTFE )\ " \ |l1 il h IHUP
o/ Mermattpmotoodl || S ispmtgpneond S Mo h ” 'x"ql |‘| [ '| f r[ﬂ{fm o !
e , B VAP P AN
250 200 150 100 50 0 Y6700 750 20 250 300 30 400 50 100 150 200 250 300 350 400
13C Chemical Shift (ppm) Time (s) Time (s)
e CH(NHz)z*(FA*)
Spinning side Spinning side
Band - 1 Band - 2 EHgNHg"(MA")
e e T
300 250 200 150 100 S0 0

13C Chemical Shift (ppm)

Extended DataFig.2| The composition ofthe Fo-FAPbI; perovskite film. peak.Aminor signal arising from the PTFE thatis used to seal therotorisalso
a,b,'H-*C cross-polarization spectra of mechanosynthesized FAPbl, with 5% visible.c, d, TOF-SIMS measurements of the reference (c) and the 2% Fo-FAPbI,
FAHCOO (a) and ascraped thin film of 2% Fo-FAPbI, (b), recorded at 12 kHz MAS (d) films. e, Quantitative, directly detected *C solid-state NMR measurement
and100K.Inbthe formate signal canbe seenasaminor shoulder on the FAPbI, of 2% Fo-FAPbI;scraped thinfilmat12kHzMAS and 100 K.
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Extended DataFig.3|Abinitio molecular dynamics simulations.

a, Molecular dynamics snapshot showing the coordination of Pb* ions with
HCOO™anionsinthe perovskite precursor solution. As aguide to the eye, we
highlight only Pb?* and HCOO~ ions; the remaining ions and solvent molecules
areshownastransparent. b, The radial distribution functiong(r) between the
oxygenatoms of HCOO™ and Pb?* over the full ab initio molecular dynamics
trajectory of around 11 ps. ¢, Initial configuration of FAPbl; with surfaceiodide

replacedby HCOO™ anions.d, The top view of surface atoms on the
FA'-terminatedside. e, Thetop view of the surface atoms on the
Pb*-terminatedside. Pb>*~-HCOO™and FA*-HCOO bonding and
hydrogen-bonding networks areillustrated with magenta dashedlines. Allions
areshowninball-and-stick representation. Pb* ions, yellow; iodide, light pink;

oxygen, red; carbon, light blue; nitrogen, dark blue; sulfur, light yellow;
hydrogen, white.



Extended DataFig. 4 |DFT-relaxed slabs of FAPbI, with different anions iodide-vacancy site on the Pb-I(g) and the FA-I (h) terminated surface. All

adsorbed ataniodide-vacancy site onthesurface. a, Structure of apure chemicalspeciesare shown in ball-and-stick representation. Pb*, grey; iodide,
FAPbI,slabwithaPb-Iterminated surface onthe top and an FA-Iterminated violet; oxygen, red; carbon, dark brown; nitrogen, light blue; bromide,
surfaceonthebottomside. b-e, Front view of the CI” (b), Br (c), BF, (d) and red-brown; chloride, light green; boronatoms, dark green; fluoride, yellow;
HCOO™ (e) passivated surface.f, Anillustration of iodide-vacancy passivation hydrogen atoms, white.

byHCOO". g, h, DFT-relaxed FAPbI, slabwith HCOO™ adsorbed at the
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Extended DataFig.5|Bonding between formamidinium and different ball-and-stick representation. Pb*, grey; iodide, violet; oxygen, red; carbon,
anions on the surface of FAPbL;. a, Structure of a pure FAPbI; slab with FA-1 dark brown; nitrogen, light blue; bromide, red-brown; chloride, light green;
termination onthe top and Pb-I1termination onthe bottomside.b, ¢, The front boronatoms, dark green; fluoride, yellow; hydrogen, white. g, Relative

view (b) and the side view (c) of the HCOO ™ passivated surface.d-f, CI" (d), Br- desorptionstrength of FA* cations on different passivated surfaces.

(e) and BF,” () passivated surface. Allchemical species are shownin
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Extended DataFig. 6 | Photovoltaic performance of the PSCsunder
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Extended DataFig.7|/-Vmetrics of thereference and target PSCs during the operational stability test.a-c, The changein/,. (a), V,. (b) and fill factor (c) of
thereference and target cells over the 450-h MPP tracking measurement.



Extended Data Table 1| Detailed J-V parameters of the reference and target PSCs under both reverse and forward voltage
scans

Condition Jsc (mA/cm?) Voc (V) FF (%) PCE (%)
Reference_rev 25.72 1.153 80.69 23.92
Reference_for 25.31 1.156 75.69 22.13

Target_rev 26.35 1.189 81.70 25.59

Target_for 26.11 1.185 79.09 24 .47
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Extended Data Table 2 | Detailed J-V parameters of the reference and target PSCs under different light intensities

Light intensity

(mWicm?) Jsc (mA/cm?) Voc (V) FF (%) PCE (%)
100 25.49 1.151 771 22.62
50 13.69 1.128 78.1
Reference 31.6 8.65 1.109 78.4
10 2.98 1.061 77.8
5 1.55 1.030 76.1
100 25.60 1.174 83.4 25.06
50 13.33 1.151 84.4
Target 31.6 8.51 1.137 84.2
10 2.9 1.104 84.1

5 1.48 1.081 83.6
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