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The degradation of perovskite solar cells in the presence of trace water and oxygen poses a challenge for their commercial
impact given the appreciable permeability of cost-effective encapsulants. Point defects were recently shown to be a major
source of decomposition due to their high affinity for water and oxygen molecules. Here, we report that, in single-cation/halide
perovskites, local lattice strain facilitates the formation of vacancies and that cation/halide mixing suppresses their formation
via strain relaxation. We then show that judiciously selected dopants can maximize the formation energy of defects responsible
for degradation. Cd-containing cells show an order of magnitude enhanced unencapsulated stability compared to state-of-art
mixed perovskite solar cells, for both shelf storage and maximum power point operation in ambient air at a relative humidity
of 50%. We conclude by testing the generalizability of the defect engineering concept, demonstrating both vacancy-formation

suppressors (such as Zn) and promoters (such as Hg).

solar cells (MA =CH,NH;*) has improved rapidly in the

past five years'~”. However, instability in MAPDI, limits this
active material’s applicability in perovskite solar cell (PSC) tech-
nology®. Notable progress toward increasing the stability of PSCs
was recently made via the engineering of interfaces’'! and of car-
rier selective layers'"’. Developing even more stable perovskite
active layers is now a topic that requires further effort. The incor-
poration of low-dimensional structures is an attractive approach
to improve the stability of perovskites'*"*, but, at present, compro-
mises PCE.

Replacing MA with FA (HC(NH,),*) has been found to pro-
duce perovskites relatively stable against decomposition at high
temperatures'®; however, at room temperature, FAPbI, is structur-
ally unstable owing to the large size of the FA cation: it spontane-
ously transforms into a yellow, non-functional phase. The structural
instability of FAPbI, was recently addressed by engineering the
Goldschmidt tolerance factor in perovskites via the partial substitu-
tion of MA and/or Cs for FA, and Br for I (refs'”-**). Cation/anion
mixed PSCs were shown to operate stably at maximum power point
(MPP) conditions under continuous illumination and nitrogen flow
for hundreds of hours**.

The structural stability of mixed perovskites can be understood in
terms of steric effects””” and energy gain from entropy of mixing*~"';
nevertheless, the mechanisms that prevent the decomposition of
these perovskites remain incompletely understood. Understanding
the factors governing stability against decomposition will enable
fabrication of PSCs that are more tolerant to ambient air. The need
for air-tolerant solar cells arises from the high water vapour and oxy-
gen transmission rates of cost-effective photovoltaic encapsulation
materials, which until now have been insufficient for the protection
of PSCs™; in contrast, the best alternative atmospheric barriers work

_|_he power conversion efficiency (PCE) of MAPbI;-based

well with perovskites, but add cost*** (Supplementary Table 1). The
development of air-ambient-tolerant perovskite active layers will
ensure that practical encapsulation technologies can be applied.

Here, we report that, in single-cation/halide FAPbL,, local lat-
tice strain induces the formation of point defects, recently shown
to be a major source of degradation in PSCs. We then show that
incorporation of Cs/MA/Br ions in the state-of-art CsMAFA
perovskite (Cs,sMA,;5FA,sPbl, 5;Br, ,5)*** increases the formation
energy of vacancies, consistent with this material’s impressive ini-
tial performance. However, we also show that such defects, even if
rare, have a high affinity for water and oxygen molecules; and that
even a small density of these defects is highly detrimental. Further
increasing the Cs/Br content blueshifts the bandgap, which works
against the PSC power conversion efficiency. We therefore sought
new strategies to suppress vacancy formation, and report herein the
incorporation of judiciously selected B-site dopants into the lattice
of mixed perovskite crystals. We incorporate cadmium (Cd) into a
mixed perovskite lattice, releasing the remaining lattice strain and
further increasing the energetic cost associated with the forma-
tion of vacancies. The resultant unencapsulated PSCs show signifi-
cantly extended stability: they maintain >90% of their initial PCE
after 30 days of storage in ambient air at a relative humidity of 50%.
They also show an order of magnitude longer operating MPP life-
time under these same ambient air and relative humidity conditions
compared to state-of-art CsMAFA perovskite solar cells.

Properties of CSMAFA single crystals

We sought first to understand why mixed CsMAFA perovskites
perform better in solar cell active layers than MAPbI, or FAPbI,
(refs*"*). To exclude the effects of grain boundaries that are abun-
dant in thin films, we first studied the properties of CsMAFA single
crystals. The powder X-ray diffraction patterns of ground crystals
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Fig. 1| Characterization of CSMAFA single crystals. a, X-ray diffraction of a ground crystal, confirming the single phase. The inset shows a

~7mmx 7 mmx 3 mm CsMAFA crystal. The peaks were indexed with a cubic crystallographic phase and a=6.25 A, slightly smaller than that of FAPbl,
(a=6.36 A)*, indicating the successful incorporation of Cs and Br within the crystal lattice. b, XPS of Cs 3d levels in a cleaved CsSMAFA crystal. The solid
curve represents a Gaussian fit. ¢, Solid-state '"H NMR revealing the presence of both FA and MA cations. The spectrum was deconvolved using Gaussian

fitting. d, PL lifetime traces of CSMAFA and FAPbI, single crystals fitted with biexponential decay.
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Fig. 2 | Formation energies of antisites and Schottky vacancies. a, The
supercell used in DFT calculations. b, Formation energies of antisites and
Schottky vacancies in FAPbl; and CsMAFA perovskites. Compositions
simulated using DFT: FA4gPb;ggl3,4 (FAPDIS); Cs,MA,FAG,Pb 0eBrssl 6o
(CsMAFA"); CsgMA ,FA4¢Pb,osBresl e (CSMAFA).

showed a single cubic phase (Fig. la). We found an elemen-
tal composition in the crystal similar to that in the feed solution
(Fig. 1b,c, Supplementary Fig. 1 and Supplementary Table 2).
Photoluminescence (PL) lifetime measurements of CsMAFA single
crystals (Fig. 1d) revealed remarkably long carrier lifetimes (~0.3
and ~3.7 ps of the fast and slow components, respectively), six times
greater than those of identically grown black FAPbI, single crystals
(Fig. 1d), pointing to substantially reduced trap states in CsMAFA.
This finding agrees with the improved performance of mixed
perovskites relative to single-cation/halide perovskites?'.

Lattice strain relaxation mechanisms in perovskites
To gain insight into the origins of improved stability of CsMAF.
we calculated the formation energies of FAPbI, and CsMAFA as well
as antisites and Schottky vacancies (stoichiometric amount of anion
and cation vacancies) for large supercells (Fig. 2a) using density
functional theory (DFT, see Methods and Supplementary Data 1).
We did not find a notable difference in the formation energies of the
compounds (Supplementary Table 3). Similarly, the formation of
Pb-T antisites, the most probable deep electronic traps™, is equally
unlikely given their high formation energies (Fig. 2b).

In contrast, we found a significant difference in the formation
energies associated with lead iodide vacancies (Fig. 2b). In FAPbIL,,
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Fig. 3 | Mechanisms of lattice relaxation. a-c, Schematic illustrating the
local strain (b), which is reduced either by the formation of point defects
(c) or by the incorporation of small ions (a). The distortion angle (6=180° -
angle(B-X-B") decreases via strain relaxation. d, Schematic demonstrating
the strain in the (002) plane, which is reduced by incorporation of small
B/X-site ions. e, B/X isovalent candidates for incorporation.

this energy is remarkably low (~0.25eV), corresponding to an
equilibrium Pbl, vacancy density of ~3x 10" cm™ (Supplementary
Table 4). When FA and I are partially replaced with Cs/MA and Br,
respectively, the Pbl, vacancy formation energy is increased more
than threefold, corresponding to reducing the vacancy concentra-
tion by an estimated factor of 10°.

We account for this through the pathways of lattice strain relax-
ation depicted in Fig. 3a—c. Strain originates from the jonic size mis-
match between the A cation and the lead halide cage size resulting
in cage distortions and BX; octahedra tilting (Fig. 3b). The strain
in FAPbI, is reduced by point defect formation in FAPbI, (Fig. 3¢
and Supplementary Fig. 2); this mechanism of lattice relaxation via
vacancy formation has been observed in oxide perovskites™.

To elucidate further the role of lattice strain relaxation on the
formation of vacancies, we expanded the cage by 2% (this decreases
the Pb-I-Pb distortion angles, a result also achieved by the incor-
poration of small ions; Supplementary Fig. 3) in FAPbI, and found
that the Pbl, vacancy formation energy increases by 0.55eV. This
suggests that the incorporation of small ions prevents the forma-
tion of defects by opening a new lattice strain relaxation pathway in
CsMAFA (Fig. 3a), which is otherwise reached by vacancy forma-
tion in single-cation/anion perovskites.
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Fig. 4 | Characterization of CSMAFA perovskite films with and without dopants. a, Normalized PL intensity of hydroethidine aliquots in which films were
aged under light and oxygen blow at 610 nm, representing the yield of superoxide generation. The dotted lines are guides for the eye. b, Time-integrated
PL spectra. ¢, Time-dependent PL traces fitted with a biexponential. d,e, Surface (d) and cross-section (e) scanning electron micrographs of Cd-containing

PSCs. Scale bars, 500 nm. ITO, indium tin oxide.

The role of vacancies in degradation of perovskites

Though perovskite vacancies are shallow electronic traps™, they hold
the potential to cause the formation of deep traps if they react with the
ambient environment. The absorption of water and oxygen molecules
at vacancy sites is significantly more favourable than at pristine sur-
faces®™”, accelerating perovskite degradation via the vacancy-assisted
decomposition mechanism. We explored experimentally the results
of our computational studies by measuring the rate of superoxide
generation, an indicator of the density of vacancies in perovskites,
using a hydroethidine fluorescent probe**: we found the superox-
ide yield to be significantly reduced in CsMAFA films compared to
MAPbI, and FAPbI, films (Fig. 4a and Supplementary Fig. 4).

The vacancy-assisted mechanism of perovskite decomposition
suggests a means to increase further the stability of perovskites in
ambient air. Our concept is to relax the remaining lattice strain
on B/X sites (Fig. 3d) to maximize further the formation energy
of the most abundant defect without introducing electronic traps.
We therefore chose isovalent dopants as candidates (Fig. 3e and
Supplementary Table 5), noting that heterovalent dopants may
introduce more defects™.

Suppression of vacancies via incorporation of Ci
We start with incorporation of Cl~ as a promising test case for this
purpose, as it is isoelectronic with I~ and may further decrease the
lattice strain due to its small ionic radius. Previous reports found
that Cl blended into MAPDI, solution enhances the carrier trans-
port in the ultimate perovskite film**'. Recent studies established
that there is no Cl in the final crystal lattice*? and that Cl may reside
only at the interface®%; thus, its role was attributed to the morpho-
logical evolution of MAPDI, (refs*~*°). Here, we explore instead CI
incorporation within the CsMAFA lattice with the goal of prevent-
ing the formation of vacancies, identifying a new role for Cl that
enables air-ambient-tolerant perovskites.

We first carried out DFT calculations to investigate the role
of Cl in relaxing the lattice strain and reducing the vacancy den-
sity. We found that when I was partially replaced by Cl, the Pb-X
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bond lengths decreased, as did the Pb-X-Pb distortion angles™
(Supplementary Fig. 3), and the I vacancy formation is sup-
pressed by>0.3eV (Supplementary Fig. 5). The formation of a
charged defect favours the formation of a counter-charged defect
in perovskites, which subsequently form charge-neutral Schottky
defect pairs (Supplementary Fig. 6)°'.

We then fabricated Cl-containing CsMAFA films using PbCl, as
a Cl source mixed in solution (see Methods). The reduced super-
oxide generation indicates that Cl suppresses the density of defects
(Fig. 4a). In particular, in ambient air with a relative humidity of
50%, CsMAFA films degraded within less than 7 days, while the
films with Cl remained dark (Supplementary Fig. 7). We also
observed improved stability of Cl-containing CsMAFA films over
control CsMAFA films when subjected to thermal stress (85°C) in
ambient air (Supplementary Fig. 8).

To ascertain whether Cl is incorporated within the crystal struc-
ture, we grew single crystals in the presence of Cl, and performed
X-ray photoemission spectroscopy (XPS) of the cleaved interior
of the crystal. The results showed the successful incorporation of
Cl within CsMAFA perovskite (Supplementary Fig. 9). Thus, in
contrast with MAPbI,, CsMAFA is able to host Cl; we explain this
by noting the ~1/6 occupancy of the CsMAFA halide site with Br
(Br-based perovskites can form solid solutions with both I and Cl)*
and the presence of Cs (CsPbl, can host Cl at levels near the solubil-
ity of Cl in CsPbl;)>.

Suppression of vacancies via incorporation of Cd

The mechanism of lattice strain relaxation via the incorporation of
small monovalent halogen anions (Cl) suppressed the formation of
vacancies and, consequently, enhanced the stability. However, the
incorporation of additional Cl will increase the bandgap, undesir-
able for solar cells (Supplementary Fig. 10). We therefore expanded
our concept of lattice strain relaxation to include B-site dopants
(Fig. 3¢c). We chose Cd, which is isovalent to Pb but has a smaller
ionic radius (Supplementary Table 5), the prerequisites for further
strain relaxation without introducing traps.
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Fig. 5 | Performance of CsMAFA PSCs with and without dopants. a, PCE statistics of 30 fresh PSCs for each composition, fabricated in four identical
runs. The boxes indicate the 25th and 75th percentiles. The whiskers indicate the 5th and 95th percentiles. The median and mean are represented by the
line dividing the boxes and the open square symbols, respectively. The cross symbols represent the maximum and minimum values. b, Evolution of PCEs
of solar cells on ageing in ambient air (relative humidity of 50%) for six devices. The shaded regions connect the error bars, which are defined as the
standard deviation for six devices. ¢,d, Operation of unencapsulated PSCs under MPP conditions with a 420 nm cutoff UV filter in ambient air (¢) and in a

nitrogen atmosphere (d).

DFT calculations showed that Cd incorporation indeed relaxes
the lattice strain (Supplementary Fig. 3) and suppresses the forma-
tion energy of I vacancy by >0.5eV (Supplementary Fig. 5); that is,
to an appreciably greater extent than does Cl incorporation.

We measured a significantly further-reduced rate of superoxide
generation in the films with Cd (Fig. 4a). We also observed suc-
cessful incorporation of Cd within the perovskite crystal lattice
(Supplementary Fig. 9), in agreement with previous findings™.
We note that Rb-containing CsMAFA showed no reduction in the
rate of superoxide generation (Fig. 4a). This may arise due to a fail-
ure of Rb to incorporate within the crystal lattice™.

Incorporation of Cl and Cd increased the PL intensity of films
fivefold and tenfold, respectively (Fig. 4b). PL lifetime measure-
ments revealed that Cl and Cd incorporation decreases twofold
the integrated contribution of the short recombination term
and notably increases the integrated counts of the long recombi-
nation term (Fig. 4c and Supplementary Fig. 11). Identical X-ray
diffraction patterns and scanning electron micrographs (Fig. 4d,e
and Supplementary Fig. 12) indicate that the lattice parameters
and morphology are preserved at the Cl and Cd concentrations
used herein.

PSC performance and stability

With the goal of improving the stability in Cl and Cd films, we
sought to quantify the impact of Cl and Cd integration on PSC
devices. We fabricated PSCs in planar architecture following the
recently reported CsMAFA PSCs on Cl-capped TiO, with 20.1%
certified PCE” that also served as a control device.

Freshly fabricated CsMAFA, Cl- and Cd-PSCs showed similar
average PCEs of ~20.5%, open-circuit voltages (V,.) of 1.16 V, fill fac-
tors of ~80% and short-circuit current densities (J,.) of ~22 mA cm™
(Fig. 5a and Supplementary Fig. 13); the J,_ agrees with the external
quantum yield (EQE) measurements (Supplementary Fig. 14).

The devices showed a large difference in stability when stored in
ambient air at a relative humidity of 50% (Fig. 5b). Unencapsulated
Cl- and Cd-PSCs retained >95% of their initial PCE after storage
in the dark in ambient air for 30days. In contrast, CSMAFA PSCs
retained only 60% of their initial PCE and exhibited bleaching
(Supplementary Fig. 7).

We also investigated the photostability of unencapsulated PSCs
under MPP operation and continuous illumination in ambient air.
CsMAFA cells showed a rapid loss of PCE with relative —1.5% min™
of linear slope*, while Cl and Cd cells extended the lifetime by a
factor of 6 and 15, respectively (Fig. 5c and Supplementary Fig. 15).
The extended stability of Cd-containing PSCs agrees with our com-
putational results as well as our experimental measurements of
the superoxide generation rate. In a nitrogen atmosphere, all PSCs
retained >90% of their initial PCE after continuous MPP for tens of
hours (Fig. 5d), indicating that the moisture and oxygen in air play
a vital role in their decomposition.

Defects in perovskites assist segregation of halides under illumi-
nation, leading to hysteresis”’. In agreement with the finding herein,
we found large hysteresis in MAPbI,- and FAPbI,-based PSCs,
whereas hysteresis for mixed PSCs was negligible (Supplementary
Table 6). The CsMAFA treatment with MACI and vinyl benzyl
chloride also enhanced PL peaks as a result of surface passivation
(Supplementary Fig. 16); however, devices showed poor performance
and large hysteresis (Supplementary Table 6 and Supplementary
Fig. 17). We attribute this to off-stoichiometric surface composi-
tion after treatment. Engineering of defects in the bulk and at the
surface is likely to be crucial to the combination of performance and
stability in PSCs.

In light of the proposed vacancy engineering mechanisms, we
also explored the effect of other divalent dopants such as hard Lewis
acids (Group 2: Ba, Ca and Sr) and soft/intermediate Lewis acids
(Group 12: Hgand Zn) on the performance of PSCs (Supplementary
Fig. 18). Hard Lewis acids showed a notably decreased time-zero
PCE, probably due to a lack of incorporation and formation of
traps; this agrees with the Pearson hard and soft acid and base the-
ory whereby soft I~ base forms a stronger bond with soft acid Pb**.
Zn-doped PSCs showed promising stability; however, the time-zero
PCE of devices was slightly decreased, a subject for future studies.
Hg-containing PSCs exhibited an opposite trend: comparable initial
PCE, but substantial degradation within a few days, probably due
to the formation of heterovalent Hg* that introduces more vacan-
cies”. These findings agree with our DFT findings (Supplementary
Fig. 5) that Zn suppresses the formation of vacancies, while Hg is a
vacancy-formation promoter.
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Conclusions

As the standard photovoltaic encapsulation materials transmit
water and oxygen at a rate sufficient for complete degradation of
perovskites within a few days (Supplementary Table 1)*, it is desir-
able to realize PSCs that exhibit enhanced operating stability in
ambient air to ensure that realistic encapsulation technologies can
be used. Mixed CsMAFA perovskite is less prone to form vacan-
cies compared to single-cation/anion perovskites, and therefore is
more stable against decomposition. Suppressing atomic vacancies
via incorporation of Cd and CI within the CsMAFA lattice further
enhances the ambient-air MPP operational stability of state-of-art
PSCs by an order of magnitude. This in turn significantly relaxes
the requirements for encapsulation materials and their processing
conditions. The proposed degradation mechanism and vacancy
engineering strategy via lattice strain relaxation open a new avenue
to enable continued progress toward PSCs with a 25-year operating
lifetime with practical encapsulants.

Methods

Chemicals. Anhydrous lead iodide (Pbl,), lead bromide (PbBr,), lead chloride
(PbCl,), cadmium iodide (Cdl,), hydroethidine, 4-vinylbenzyl chloride (VBCI),
gamma-butyrolactone (GBL), anhydrous dimethylsulfoxide (DMSO), anhydrous
dimethylformamide (DMF), anhydrous isopropyl alcohol (IPA), chlorobenzene
(CB), anhydrous toluene, methylamine (33 wt% in absolute ethanol), hydrochloride
acid (37 wt% in water) and hydroethidine were purchased from Sigma Aldrich.
Formamidinium iodide (FAI) and methylammonium bromide (MABr) were
purchased from Dyesol. All salts and solvents were used as received without any
further purification.

MACI was synthesized by reacting methylamine and hydrochloride acid with
the molar ratio of 1.2:1 in an ice bath for 2h. The reaction mixture was dried at
50°C for 2h under vacuum. Then the collected powder was purified twice by
recrystallization from ethanol solution with diethyl ether. Finally, the white powder
was dried under vacuum at 60 °C overnight.

Crystal growth. Crystals were synthesized using inverse temperature
crystallization®-*% To grow Cs,,sMA,:FA,4Pbl, ;;Br, ,; crystals, 52 mg CsI
(0.2mmol), 67 mg MABr (0.6 mmol), 550 mg FAI (3.2 mmol), 220 mg PbBr,

(0.6 mmol) and 1.54 g Pbl, (3.4 mmol) were dissolved in 4ml GBL and placed in an
oil bath at 60 °C. Then the temperature was gradually increased at a rate of 10Kh,
until 110°C. The solution was kept at this temperature for 4h, and then the crystals
were collected.

Preparation of solutions for solar cell fabrication. The Cl-capped TiO, was
prepared following the procedure reported elsewhere®. For the CsSMAFA, CsI,
MABr, FAI, Pbl, and PbBr, were dissolved in a DMSO/DMF (1:4) mixture
solution in the following molar ratios: PbL,/PbBr,=0.85:0.15, CsI/FAI/
MABr=0.05:0.80:0.15 and (FAI+ MABr + CsI)/(PbI, + PbBr,) = 1:1 to get the final
concentration of 1.4 M.

For CsMAFA-ClI, 28 mg PbCl, was dissolved in 1 ml of CsMAFA solution to get
5% Cl-containing solution. Lower concentrations of Cl-containing solutions were
prepared by mixing the desired ratio of CsMAFA and 5%-Cl-containing solutions.

For CsMAFA-Cd, 10 mg CdI, was dissolved in 1 ml of CsMAFA solution to get
a Cd-containing solution.

One square metre of such a PSC module will have less heavy metals (Pb and Cd)
than a 1-cm-thick slice of natural soil of the same area®.

Spiro solution was prepared in chlorobenzene with 65 mgml~ Spiro-OMeTAD
and 20 ulml~! tert-butylpyridine, as well as 70 ul ml~" bis(trifluoromethane)
sulfonimide lithium salt (170 mgml~ in acetonitrile).

PSC fabrication. Pre-patterned indium tin oxide (ITO, TFD Devices)-coated glass
was cleaned by acetone and isopropanol. The Cl-capped TiO, was then spin-coated
on ITO substrate, and annealed on a hot plate at 150 °C for 30 min in ambient air.
The perovskite films were deposited onto the TiO, substrates with a two-step spin-
coating procedure. The first step was 1,000 r.p.m. for 10s with an acceleration of
2001.p.m.s™". The second step was 6,000 r.p.m. for 20 s with a ramp-up of
2,000 r.p.m.s™". Chlorobenzene (150 ul) was dropped on the spinning substrate
during the second spin-coating step at 5s before the end of the procedure. The
substrate was then immediately transferred onto a hotplate and heated at 100°C
for 30 min. The spiro was deposited following a dynamic spin-coating method'*:
during spin-coating at 4,000 r.p.m. for 30s, 70 ul of Spiro solution was dropped
onto the substrate 20s before the end. Finally, a 100 nm Au contact was deposited
by electron-beam evaporation.

Surface-treated films were obtained by spin-coating MACI/TPA (1 mgml™') or
VBCI/IPA (1mgml™) on CsMAFA films at 4,000r.p.m. for 35s, and annealing at
100°C for 10 min.
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FAPDI, films were deposited from a 1.4 M solution of FAPbI, in DMSO/DMF
(1:4) at 6,000 r.p.m. for 20 s (CB was dropped onto the substrate 5s before the end),
followed by 20 min annealing at 150°C.

MAPbI, films were deposited from 1.4 M solution of MAPbI, in DMSO/DMF
(1:1) at 5,000 r.p.m. for 60 s (CB was dropped onto the substrate 5s before the end),
followed by 20 min of annealing at 100°C (ref. **).

Solar cell characterization. The J-V characteristics were measured using a Keithley
2400 sourcemeter under the illumination of a solar simulator (Newport, Class A)
at a light intensity of 100mW cm™ Unless otherwise stated, the -V curves were
measured in a nitrogen atmosphere with a scanning rate of 50mV s~ (voltage step
of 10mV and delay time of 200 ms). Note that a faster scan rate increases hysteresis
(Supplementary Fig. 19). The steady-state PCE, PCE(t), was measured by setting
the bias voltage to the Vyp, and then tracing the current density. The V), was
determined from the J-V curve. The active area was determined by the aperture
shade mask (0.049 cm?) placed in front of the solar cell to avoid overestimation

of the photocurrent density. EQE measurements were performed using ORIEL
QuantX 300. The photodiode used for the calibration of EQE measurements has
been calibrated by Newport. The dark long-term stability assessment of solar cells
was carried out by repeating the J-V characterizations over various times. The
devices without encapsulation were stored in a cabinet with ambient air with a
relative humidity of 50%. The stability test at continuous MPP operation under 1
sun, AM 1.5G illumination was carried out in nitrogen and ambient air by fixing
the voltage at V,;,, and then tracking the current output. A 420-nm cutoff UV filter
was applied in front of the solar cells during the MPP tracking tests.

Other characterizations. High-resolution scanning electron micrographs were
obtained using the Hitachi S-5200 microscope with an accelerating voltage of 1kV.
X-ray diffraction patterns were collected using a Rigaku MiniFlex 600 diffractometer
equipped with a Nal scintillation counter and using monochromatized copper Ka
radiation (1=1.5406 A). XPS analysis was carried out using the Thermo Scientific
K-Alpha XPS system, with a 300 pm spot size, 75eV pass energy and energy steps of
0.05eV. Optical absorption measurements were carried out in a Lambda 950 UV/
Vis spectrophotometer. PL was measured using a Horiba Fluorolog time-correlated
single-photon-counting system with photomultiplier tube detectors. The excitation
source is a laser diode at a wavelength of 504 nm. Superoxide generation was
measured following the method reported elsewhere**.

DFT simulations. The DFT calculations were performed using a Perdew—
Burkew-Ernzerhof generalized gradient exchange-correlation functional®.
All calculations were performed using a plane-wave basis set, using projected
augmented wave pseudopotentials as implemented in the quantum chemistry
code VASP*. The plane-wave kinetic energy cutoff was fixed at 400eV and the
van der Waals interactions were modelled using the DFT-D2 scheme of Grimme®’.
The computational cell consisting of 108 APbX units was employed in all
calculations. The Brillouin zone was sampled using a gamma-only wavevector
grid and an electronic convergence criterion of 107 eV per formula unit was used.
The computational cells were initially obtained using periodic repetition of unit
cells and were then heated to 300 K using NVT molecular dynamics simulations
to obtain random orientations of organic molecules as would be present in
real materials. After 3 ps simulations using a 1fs time step, the structures were
cooled down to 0K and were relaxed using a conjugate gradient algorithm to
within 107 eV per formula unit. Representative VASP input files are provided in
Supplementary Data 1.

Mixed CsMAFA perovskites were obtained by randomly replacing the desired
number of FA with Cs/MA; and of I with Br. We calculated the formation energies
of single-cation/anion and mixed perovskites as:

1
El—‘fAPbl3 = 108 (EFAPbI3_ 108Eg \— 108pr12)

E,
CsyMAFAg4Pby0gBr551 269

1

=108 (E co,MALFAgaPbigBrosiage ™ 2E ca = 12E N apr—94E o1 =21.5E ppy,,, —86.5E by )

f
CsgMA12FAggPbogBrssl260
1

=108 (ECsSMAlZFAsst]OsBr551269_8ECsI_ 12E )y sp,=88E gz = 21.5E s, —86.5E )

where E *f are desired formation energies and E. is the DFT-obtained energy of
compound *.

The antisite and vacancy defects were created by randomly replacing/removing
desired species from 108 formula-unit computational cells. The defect formation
energies of charged-neutral defects were obtained as:

Eaf = Egetec—E

perfect

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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E\{ = Edefect + E*_Epcrfccl

where Eaf , E ‘{ are antisite and vacancy defect formation energies, Egefeci Epertect ar€
DFT-calculated energies of defected and perfect structures, and E. is the DFT-
calculated energy of removed bulk molecules (FAI or PbL,).

Reporting Summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this article.

Data availability. The authors declare that the main data supporting the findings
of this study are available within the article and its Supplementary Information.
Extra data are available from the authors upon request.
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Nature Research wishes to improve the reproducibility of the work that we publish. This form is intended for publication with all accepted papers
reporting the characterization of photovoltaic devices and provides structure for consistency and transparency in reporting. Some list items might
not apply to an individual manuscript, but all fields must be completed for clarity.

For further information on Nature Research policies, including our data availability policy, see Authors & Referees.

» Experimental design

Please check: are the following details reported in the manuscript?

1. Dimensions

|X|Yes The area of solar cells is 0.049 cm?2 (Methods, Solar cell characterization)
Area of the tested solar cells |:| No
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|X| Yes  The active area was determined by the aperture shade mask (Methods, Solar cell

Method used to determine the device area [ INo characterization)

2. Current-voltage characterization

Current density-voltage (J-V) plots in both forward DX Yes  supplementary Table 6 and Supplementary Figure 17

and backward direction [ ]No

Voltage scan conditions |X| Yes  JV curves were measured with a scanning rate of 50 mV/s (voltage step of 10 mV and
For instance: scan direction, speed, dwell times |:| No delay time of 200 ms) (Methods, Solar cell characterization)

Test environment |X| Yes  Performance measurements were carried in both nitrogen and air ambient

For instance: characterization temperature, in air or in glove box |:| No  environments (Main text and Methods, Solar cell characterization)

Protocol for preconditioning of the device before its DX Yes  No preconditioning was used
characterization [ Ino

Stability of the J-V characteristic |X| Yes  Maximum power point measurements were conducted (Figure 5c, d)
Verified with time evolution of the maximum power point or with |:| No
the photocurrent at maximum power point; see ref. 7 for details.

3. Hysteresis or any other unusual behaviour

Description of the unusual behaviour observed during DX Yes  Engineered solar cells showed negligible hysteresis

the characterization [ Ino
XI Yes  Supplementary Table 6 and Supplementary Figure 17
Related experimental data
[ INo
4. Efficiency
External quantum efficiency (EQE) or incident DX] Yes  supplementary Figure 14b
photons to current efficiency (IPCE) [ ]No

A comparison between the integrated response under |X| Yes  The integrated Jsc from EQE spectra is consistent with the Jsc from JV measurements
the standard reference spectrum and the response [INo (Supplementary Figure 14)
measure under the simulator

For tandem solar cells, the bias illumination and bias [ ]Yes  Notandem cells reported in this manuscript
voltage used for each subcell El No .
3
5. Calibration =
[}
Light source and reference cell or sensor used for the |X| Yes  Newport, Class A simulator is used for the measurements (Methods, Solar Cell N
characterization |:| No  Characterization) S
Confirmation that the reference cell was calibrated |X| Yes  The light intensity was calibrated by reference solar cell by Newport

and certified [ ]No




Calculation of spectral mismatch between the
reference cell and the devices under test

Mask/aperture

Size of the mask/aperture used during testing

Variation of the measured short-circuit current
density with the mask/aperture area

Performance certification

Identity of the independent certification laboratory
that confirmed the photovoltaic performance

A copy of any certificate(s)
Provide in Supplementary Information

Statistics

Number of solar cells tested

Statistical analysis of the device performance

Long-term stability analysis

Type of analysis, bias conditions and environmental
conditions
For instance: illumination type, temperature, atmosphere

humidity, encapsulation method, preconditioning temperature

X ves
[ Ino

X ves
[ Ino

|:| Yes
X No

|:| Yes
El No

|:| Yes
|X| No

|X| Yes
|:| No

|X| Yes
|:| No

X Yes
|:| No

Mismatch factor of 1 was used in our measurements

0.049 cm?2 (Methods, Solar Cell characterization)

We haven't measure the cells with apertures of different sizes

We did not certify our cells. But CsMAFA control devices were certified and reported
in our previous paper (Science 2017, 355, 722)

We did not certify our cells

At least 30 devices for each composition were tested (Figure 5a and Supplementary
Figure 13)

Figure 5a and Supplementary Figure 13

The stability test at MPP operation conditions under AM 1.5G simulated illumination
with a 420-nm cutoff UV-filter was carried out in both nitrogen and ambient air for
unencapsulated solar cells (Methods, Solar cell characterization)
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