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Recent breakthroughs in the fabrication of ABX3 perovskites in 
which B is a mixture of tin and lead and the bandgaps are 
<1.3 eV have enabled the construction of all-perovskite tan-

dem solar cells that promise to exceed the efficiencies that single-
junction solar cells are limited to1,2, while keeping the benefits of 
low-cost and low-temperature fabrication for both subcells3–9. Tin 
at the B site has been crucial to achieving the low bandgaps required 
in the rear cell absorber of a tandem10,11. However, tin-containing 
perovskites face unique stability challenges because tin can be oxi-
dized from the 2+ to the 4 + state. A small amount of oxidized tin 
in the perovskite has been theorized to cause fast recombination, 
which results in short carrier diffusion lengths12,13. Further oxida-
tion can lead to a complete breakdown of the perovskite absorber 
and a drastic reduction in photocurrent.

Solar cells based on perovskites with only lead at the B site main-
tain their performance when aged under environmental stressors, 
which include exposure to elevated temperature (85 °C for 1,000 h), 
damp heat (85 °C with 85% relative humidity) and operation at the 
maximum power point under continuous illumination14–19. So far, 
however, nothing close to these demonstrations of stability has been 
achieved for tin-containing perovskites. Early perovskite solar cells 
with pure tin at the B site exhibited complete degradation of perfor-
mance within minutes of exposure to air12. More recent reports of 
FA1–xCsxSnI3 and CsSnI3 solar cells show a more than 30% drop in 
performance within a few hours of exposure to air20,21.

Recent studies demonstrated that alloyed tin–lead perovskite 
films show a stabilization towards oxidation compared with pure 
tin perovskites22—which is fortuitous given that the mixed tin–lead 
perovskites also have close-to-ideal bandgaps for tandem solar 

cells. However, good stability has yet to be realized in full devices. 
Some recent studies investigated the stability of tin–lead perovskite 
solar cells, but performed stability tests only in an inert atmosphere 
and/or at room temperature, and they often showed degradation 
within relatively short times of less than 100 h (refs. 23–25). One 
report showed an improved stability using a coherent two-dimen-
sional–three-dimensional (2D–3D) tin–lead perovskite, but it still 
showed performance drops of over 30% after 1,000 h of illumina-
tion in nitrogen26.

Here we designed the composition, film morphology and device 
architecture of a tin–lead iodide perovskite solar cell to enable sta-
ble operation. We found that the commonly used hole transporter 
polyethylenedioxythiophene:polystyrenesulfonate (PEDOT:PSS) 
reacts adversely with tin–lead perovskites, which leads to severely 
worsened charge extraction after thermal ageing. We fabricated a 
solar cell using an indium tin oxide (ITO)–perovskite heterojunc-
tion without a dedicated hole transport layer to achieve thermal 
stability with little or no loss in efficiency over the 1,000 h period 
examined. The increasing compactness and grain size of the  
tin–lead perovskite films suppressed the oxidative degradation at 
morphological domain boundaries. Using a FA0.75Cs0.25Sn0.4Pb0.6I3  
perovskite (bandgap of 1.29 eV) film with increased grain com-
pactness and size (350 nm on average) in a solar cell with no hole 
transport layer and a sputtered indium zinc oxide (IZO) capping 
electrode, we demonstrated the retention of 100% of the initial 
efficiency on ageing for 1,000 h at 85 °C in air without encapsula-
tion. With glass-on-glass encapsulation, the device maintained 95% 
of its initial efficiency under damp heat ageing for 1,000 h at 85 °C 
with 85% relative humidity (conditions specified in the IEC 61646 
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standard)27. Finally, we demonstrated a stable operation at a 15.4% 
power conversion efficiency (PCE) under continuous illumination 
in nitrogen for 1,000 h.

ITO–perovskite junction as thermally stable hole contact
We recently reported that alloying tin with lead drastically retards 
the oxidation of tin-containing perovskites by forcing the reaction 
to adopt a less favourable pathway that involves breaking more Sn–I 
bonds22. Using a lower tin content to improve the stability raises the 
bandgap to a larger-than-ideal value. However, modelling showed 
that practical tandems, not ones at the theoretical limit, with a 
rear cell having 40% tin can still reach an efficiency of 31%, only 
1 percentage point lower than that achievable with a less stable tin 
content of 60% (ref. 2). For this study, therefore, we chose the com-
position FA0.75Cs0.25Sn0.4Pb0.6I3 (FA, formamidinium). We used FA 
and caesium at the A site, which have been shown to achieve better 
thermal stability than the more volatile methylammonium14,28–30 and 
also, for tin–lead perovskites, better stability under light6.

The majority of efficient tin-lead perovskite solar cells reported 
to date use PEDOT:PSS as the hole transport layer. However, on 
ageing for 100–300 h at 85 °C, the tin–lead perovskite solar cells 
on PEDOT:PSS developed an S-kink in the current–voltage (J–V) 
curve, suggesting diminishing carrier extraction, which is often 
induced by insulating layers or energy level mismatches (Fig. 1a 
and Leijtens et al.6). This degradation occurred similarly when the 
cell was aged in an inert atmosphere (Supplementary Fig. 1) and 
occurred for devices based on both small-grained and large-grained 

perovskites. As a control, we aged substrates with just PEDOT:PSS 
on ITO at the same temperature (85 °C) and then fabricated the rest 
of the solar cell; these devices performed similarly to devices fab-
ricated on freshly deposited PEDOT:PSS and showed no S-kink—
this indicates that the problem is not one of PEDOT:PSS reacting 
with or etching the ITO substrate, or of any degradation within the 
PEDOT:PSS layer alone. Furthermore, pure-lead perovskite solar 
cells with PEDOT:PSS have been shown to be thermally stable, 
with no S-kinks forming under ageing at elevated temperatures31. 
We conclude that the interface between PEDOT:PSS and tin–lead 
perovskites shows poor thermal stability, with increasingly poor 
charge extraction under ageing at elevated temperatures.

To solve this problem, we fabricated hole-transport-layer-free 
solar cells without a hole transport layer, with the perovskite depos-
ited directly on the ITO and the common electron transport bilayer 
of C60 and bathocuproine (BCP) over the perovskite. Figure 1b  
shows that the device with the perovskite directly on the ITO, with 
no dedicated hole transport layer, showed a good solar cell perfor-
mance, as it attained a stabilized PCE of 15.4% (as measured from 
continuous maximum power point tracking). The voltage was 
0.70 V despite the lack of a selective contact and a high short-circuit 
current (JSC) of 30.2 mA was harvested, which matched that mea-
sured from integrating the external quantum efficiency spectrum 
(Supplementary Fig. 2). Using a perovskite composition (FA0.75Cs0.25 
Sn0.5Pb0.5I3) and the device structure reported in highly efficient 
all-perovskite tandem solar cells6, we achieved a mere 0.2% abso-
lute drop in performance compared to a less stable architecture  
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Fig. 1 | Replacement of PEDOT:PSS with an ITO–perovskite heterojunction as the hole contact. a, J–V curves of a large-grained FA0.75Cs0.25Sn0.4Pb0.6I3 solar 
cell, with PEDOT:PSS as the hole transport layer as a function of ageing time at 85 °C in air. b, J–V curves of a FA0.75Cs0.25Sn0.4Pb0.6I3 solar cell fabricated 
on ITO without a hole transport layer, capped with either silver (opaque) or sputtered IZO (semitransparent). Device stack: ITO/FA0.75Cs0.25Sn0.4Pb0.6I3 
perovskite/C60/BCP–Ag or SnO2–IZO. Light J–V curves shown as solid lines and dark J–V curves as dashed lines. c, Band offsets at the ITO–FA0.75Cs0.25

Sn0.4Pb0.6I3 perovskite heterojunction that leads to the extraction of holes but the blocking of electrons, measured by XPS. Binding energies of a generic 
perovskite core level are depicted schematically for a thin (green) and thick (purple) perovskite. EF, Fermi level; VB, valence band edge. d, Positions of the 
Cs 3d XPS peak in a thin (4 nm) and a thick (450 nm) layer of perovskite on ITO. a.u., arbitrary units.
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that uses PEDOT:PSS (as shown in Supplementary Fig. 3, the 
PEDOT-based device reached a 16.6% efficiency, whereas the 
device on bare ITO achieved an efficiency of 16.4%) and achieved 
the same open circuit voltage (VOC) of 0.72 V. The architecture  
we developed, without a dedicated hole transport layer, can  
easily be translated into monolithic all-perovskite tandem solar 
cells—we fabricated efficient tandems in this architecture that 
exceeded the efficiency of the less stable PEDOT-containing tan-
dems fabricated side by side in the same batch, and reached close to 
21% efficiency (Supplementary Fig. 4).

To investigate the band structure of the ITO–perovskite hetero-
junction and why it is favourable for hole extraction, we used X-ray 
photoelectron spectroscopy (XPS) to directly measure band offsets 
in the perovskite near the ITO interface with a previously demon-
strated method32. The core level binding energy in XPS is measured 
with reference to the Fermi level. As the Fermi level must be flat 
across the heterojunction at equilibrium, band bending or band off-
set near an interface produces a shift of the core level XPS peaks of 
perovskite at the interface compared with those in the bulk (Fig. 1c). 
We fabricated a very thin (4 nm) layer of perovskite on ITO to probe 
the band positions near the interface and a separate film of 450 nm 
thick perovskite on ITO to probe those far from the interface (fab-
rication details are given in Methods); further, we verified that rela-
tive XPS core level peak heights were close to those expected for the 
correct perovskite composition. As Fig. 1d shows, the Cs 3d level 
shifted to a higher binding energy by 150 meV on going from inter-
face to bulk perovskite. The valence band edge and other core levels  
in the perovskite showed a similar shift (Supplementary Figs. 6  
and 7), which indicates that the perovskite bands shifted upward by 
150 meV near the interface with ITO. We verified that all XPS peaks 
remained unchanged throughout the measurement (Supplementary 
Fig. 8), which confirms that there was no effect of any beam dam-
age in either the thin or thick sample. The resulting band diagram 
of the ITO–perovskite junction (Fig. 1c) rationalizes how devices 
without a dedicated hole transport layer are capable of generating a 
substantial (VOC): an upward band shift in the perovskite at the junc-
tion with ITO results in electrons being blocked but hole extraction 
being facilitated. This upward band shift probably helps prevent 
electrons from recombining with holes in the ITO. In addition to 
energetic alignment, it is possible that factors related to the chemis-
try of the interface between ITO and tin–lead perovskite might help 
to suppress recombination there, which future work could study.

The formation of this Schottky-type junction with an upward 
band offset in the perovskite probably works with tin–lead 
perovskites because they have energy levels that are shallower by 
300–500 meV than those of pure lead perovskites11, and specifically 
a Fermi level that is shallower than that of ITO. Pure lead perovskites 
showed poor performance in solar cells fabricated without a dedi-
cated hole selective layer (Supplementary Fig. 9)—they have energy 
levels that are significantly deeper (by 300–500 meV) than those of 
the low bandgap tin–lead perovskites. This probably implies the 
absence of the upward band offset that is present in tin–lead devices 
of this architecture, which helps block electrons from reaching the 
ITO interface and recombining with holes there.

For stability tests at 85 °C, instead of using a BCP–silver top con-
tact, we used a bilayer of tin oxide and zinc-doped tin oxide to serve 
as an electron-selective sputter buffer and capped the device with 
200 nm of sputtered IZO. This stack has been shown to protect the 
perovskite from decomposition due to volatilization of the organic 
cations on ageing at elevated temperatures31. We did not use a metal 
top contact, because diffusion of metal into the perovskite has been 
shown to be an extrinsic source of degradation in perovskite solar 
cells at elevated temperatures. The lack of a reflective metal elec-
trode results in a lower JSC. Although work from our group has 
shown ways to improve the barrier properties of a sputtered metal 
oxide so that it successfully prevents metal diffusion33, for tests at 

elevated temperatures in the present study, we refrained from using 
a metal contact to focus on proving the intrinsic thermal and atmo-
spheric stability of the tin–lead perovskite device. It is important 
for future work to find ways to deposit an impermeable electrode 
on tin–lead perovskite solar cells to maintain stability with the 
metal contacts.

Improved morphology to suppress oxidation
We investigated the effect of perovskite morphology on stability at 
85 °C in air. We prepared devices of the same perovskite composition 
(FA0.75Cs0.25Sn0.4Pb0.6I3) but of differing compactness and size of mor-
phological domains (details in Methods)34. For simplicity, we refer 
to these hereafter as small- and large-grained films, but we note that 
the ‘grains’ visible in scanning electron microscopy (SEM) images of 
perovskite films are probably not single crystals but morphological 
domains—high-resolution transmission electron microscopy has 
shown actual single crystalline domains much smaller (around tens 
of nanometres) than the grains typically observed in SEM, and map-
ping studies have observed twin boundaries within such grains35,36.

Figure 2a,b shows the evolution of the J–V curve of small- and 
large-grained FA0.75Cs0.25Sn0.4Pb0.6I3 solar cells, respectively (both 
without a dedicated hole transport layer) with time in air at 85 °C. 
The small-grained device, in addition to showing a poorer initial 
performance, deteriorated on ageing at 85 °C in air to form an 
S-kink and lose current within 100 h of ageing. The S-kink and cur-
rent loss did not occur on ageing a similar small-grained device in 
nitrogen at 85 °C (Supplementary Fig. 10), which suggests they are 
related to oxygen-induced degradation.

To probe the spatial location of the oxidation of tin–lead 
perovskite, we heated a bare film of large-grained FA0.75Cs0.25Sn0.4 
Pb0.6I3 to 120 °C in air for 20 minutes and measured an elemental 
depth profile by XPS, sputtering with argon ions between successive 
XPS acquisitions to generate the depth profile (Fig. 2f). The top-
surface XPS spectrum (before any sputtering) shows a clear oxygen 
peak. Integrating the XPS peak intensities show that, in addition to 
tin in the perovskite, the surface has tin and oxygen in a 1:2 ratio, 
consistent with the formation of tin oxide (SnO2) by partial oxida-
tion of the perovskite. XPS spectra at increasing depths show dimin-
ishing amounts of oxygen, until several spectra deep inside the  
film show no oxygen peak at all (Fig. 2). This profile shows that the 
oxidation of the perovskite begins at exposed surfaces.

We proceeded to measure the d.c. conductance of the perovskite 
after increasing amounts of oxidation to elucidate the mechanism of 
the drop in performance of the small-grained films. The formation 
of Sn4+ due to oxidation should increase the conductivity, whereas 
the formation of tin oxide at grain surfaces should result in a drop 
in the long-range conductance because it is relatively insulating. We 
measured the d.c. conductance by applying a bias and measuring 
the current across lateral gold electrodes (4 mm long) evaporated 
onto the perovskite (Supplementary Fig. 11). We used varying 
channel lengths to verify that the measured conductance was domi-
nated by the perovskite rather than any effects of contact resistance 
(Supplementary Fig. 12). Furthermore, the J–V curve of the lateral 
electrode device was linear and symmetric (Supplementary Fig. 13), 
which confirmed that contact was Ohmic and the measurement was 
not significantly affected by any potential barriers created by mobile 
ionic species in the perovskite.

Figure 3a shows the d.c. conductance of films of either small- 
or large-grained FA0.75Cs0.25Sn0.4Pb0.6I3 films on glass as a function 
of time spent at 85 °C in air. Within the first four minutes of age-
ing, the conductance increased by over four orders of magnitude. 
We ascribe this large increase in conductance to the formation of 
tin vacancies and compensating holes, which several studies have 
shown to form on the oxidation of tin-containing perovskites13. 
At longer ageing times, the conductance dropped. Interestingly, 
the conductance of the small-grained film decreased faster and 
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by far more than that of the large-grained film, despite both hav-
ing the same perovskite composition—in 28 minutes of air ageing, 
the small-grained film dropped by a factor of a 100 from its peak, 
whereas the large-grained film dropped by less than a factor of 5 
(Supplementary Note 1).

Comparing the initial conductances of the small- and large-
grained films gives insight into the difference in their rates of 
oxidation. The initial conductance of the small-grained film was 
1.1 × 10–7 S cm−1, an order of magnitude lower than that of the 
large-grained film, 1.46 × 10−6 S cm−1. These values are two and 
three orders of magnitude higher, respectively, than the reported  

conductance of MAPbI3 (MA, methylammonium)37, which is con-
sistent with literature reports that there is a higher background car-
rier density in tin-containing perovskites13,38. SEM images showed 
an increased compactness and less space between the morphologi-
cal domains for the large-grained film (Fig. 2c,d). We expect that 
the lower conductance for the small-grained film is due to the more 
frequent and wider domain boundaries, which leads to a lower 
long-range mobility. The morphology also explains the faster oxida-
tion in the small-grained film. As the XPS depth profile in Fig. 2f 
shows, oxidation begins at the exposed surfaces. Wider and more 
frequent domain boundaries, therefore, lead a to faster oxidation 
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and larger amounts of insulating tin oxide being formed, which lead 
to larger drops in the conductance. High-resolution cross-sectional 
SEM images of devices aged at 85 °C in air for 500 h (Fig. 3) showed 
bright regions at the domain boundaries in only the small-grained 
device, which is consistent with oxidation at these boundaries  
having caused degradation of the device performance and the d.c. 
conductance of the small-grained devices and films.

Thermal, atmospheric and operational stability
Solar cells made from the large-grained, thick perovskite film dis-
played an impressive stability—specifically, there is no noticeable 
loss in JSC or VOC (Fig. 4a), which indicates that the perovskite in the 
device remained stable to oxidation under ageing in air at elevated 
temperatures without any additional encapsulation beyond the pro-
tection provided by the capping IZO electrode. The stability was 
reproducible across the eight devices tested—on average, the solar 
cells maintained 95% of their starting efficiency after ageing at 85 °C 
in air for 1,000 h.

We proceeded to use an encapsulation technique we recently 
applied to lead-based perovskite solar cells to test the damp heat 
stability at 85 °C with 85% relative humidity17. Briefly, the pack-
age uses glass-on-glass encapsulation with a low-elastic-modulus 
(7 MPa) polyolefin encapsulant and a butyl rubber edge seal, with 
on-substrate conductive feedthroughs to make contact to the solar 
cell (Supplementary Fig. 14). Packaged FA0.75Cs0.25Sn0.4Pb0.6I3 solar 
cells with the hole-transporting material (HTM)-free device stack 

described above maintained 95% of their initial efficiency on ageing 
for 1,000 h at 85 °C and 85% relative humidity (Fig. 4a).

Finally, we probed device stability under constant illumination by 
a sulfur plasma lamp at 0.8 sun with cells kept close to the maximum 
power point in nitrogen. There was an initial light-soak period dur-
ing which the cells showed an improvement in VOC. For cells with 
C60, BCP, and silver as the top contact, a slow drop in photocurrent 
appeared, starting at around 900 h, which we ascribe to the effects of 
metal diffusion into the perovskite as we and others have shown for 
pure lead perovskites33,39. For cells in the architecture ITO/FA0.75Cs0.25 
Sn0.4Pb0.6I3 (compact, large-grained)/C60/SnO2/ITO with no metal 
top contact, devices remained above 100% of the starting efficiency 
for the full 1,000 h (Fig. 4b).

Conclusions
This study implemented a series of advances (to alloy tin with lead 
for a drastic improvement in oxidation stability, to avoid adverse 
reactions at the hole contact–perovskite interface and to improve 
the perovskite morphology) to demonstrate the stability of full solar 
cells based on a low bandgap tin–lead perovskite. The use of an 
ITO–perovskite heterojunction as the hole contact instead of acidic 
PEDOT:PSS enabled the maintenance of over 95% of the initial 
performance over 1,000 h of ageing at 85 °C. An improved com-
pact morphology, together with keeping the tin content at 50% or 
below and using a capping transparent conducting oxide electrode, 
enabled the maintenance of performance over 1,000 h at 85 °C in air 
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Fig. 4 | Normalized performance as a function of ageing time for FA0.75Cs0.25Sn0.4Pb0.6I3 solar cells. a, J–V parameters, measured every 200 h, for devices aged 
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without encapsulation. The solar cell we designed maintains a bet-
ter-than-initial performance for over 1,000 h of constant operation 
under illumination. Future improvements in efficiency are expected 
from further optimization of the processing of tin–lead perovskites. 
The results in this article successfully address the main obstacle to 
tin-containing perovskite solar cells, that of environmental stability, 
and provide the first demonstration of a 1,000 h operational stability 
for tin–lead perovskite solar cells. Passing this set of stability tests 
with a low bandgap tin–lead perovskite solar cell is a crucial step 
toward commercial viability of tin-lead perovskite single-junction 
and tandem solar cells.

Methods
Perovskite precursor solution preparation. Perovskite precursor solutions 
were prepared by dissolving stoichiometric amounts of formamidinium iodide 
(Greatcell), caesium iodide (Sigma Aldrich), tin(ii) iodide (Sigma Aldrich or 
Alfa Aesar, 99.999% beads) and lead(ii) iodide (TCI) in a mixture that comprises 
N,N-dimethylformamide (Sigma Aldrich) and dimethylsulfoxide (DMSO) (Sigma 
Aldrich) (ratios are detailed below). All perovskite precursor chemicals were used 
as received and stored inside a nitrogen glove box.

PEDOT:PSS (Clevios P VP AI4083) was diluted 1:2 by volume with methanol 
just before use and filtered through a PVDF filter with a pore size of 0.2 um. The 
PEDOT:PSS solution was stored in a refrigerator in ambient air.

The perovskite solution preparation and film deposition were conducted in a 
nitrogen glove box typically with 0.1 ppm oxygen and <1 ppm moisture.

Single-junction device fabrication. ITO-coated glass substrates (15 ohm sq–1) were 
purchased from Thin Film Devices and cleaned by successive sonication in baths of 
acetone and isopropanol, followed by 10 min of ultraviolet-ozone exposure.

The diluted PEDOT:PSS solution was spin coated at 5,000 r.p.m. for 25 s 
followed by heating at 150 °C for 10 min, after which the substrates were 
immediately transferred into a nitrogen glove box for perovskite deposition.

Small-grained FA0.75Cs0.25Sn0.4Pb0.6I3. Small-grained films were spin coated using 
a precursor antisolvent immersion technique described in detail in our previous 
work3. A stoichiometric 1.1 M solution of perovskite in 65% dimethylformamide 
and 35% DMSO was used.

Large-grained FA0.75Cs0.25Sn0.4Pb0.6I3. A stoichiometric solution with a higher 
concentration (1.5 M) and lower DMSO content (15%) was used to prepare the 
larger-grained films. The film was spun at 5,000 r.p.m. (5,000 r.p.m. s–1 acceleration) 
for 40 s with 200 µl of diethyl ether antisolvent dripped on the spinning film 18 s 
after the start of spin. The ether drip typically converted the film over several 
seconds into a clear brown colour. The film was then annealed on a hotplate at 
100 °C for 7 min.

Large-grained thick FA0.75Cs0.25Sn0.5Pb0.5I3 was used in the side-by-side  
comparison of bare ITO vs PEDOT devices (Supplementary Fig. 3):  
a stoichiometric solution of concentration 2.0 M FA0.75Cs0.25Sn0.5Pb0.5I3 with 
10 mol% SnF2 in 75% dimethylformamide 25% DMSO was and spin coated on 
cleaned substrates at 5,000 r.p.m (5,000 r.p.m. s–1 acceleration) for 80 s with 200 µl 
of diethyl ether antisolvent dripped on the spinning film 25 s after the start of spin. 
Films were then annealed at 120 °C for 10 min.

After deposition of the perovskite film, 30 nm of C60 (Nano-C or Sigma-
Aldrich) was deposited by thermal evaporation, typically at a base pressure of 
6 × 10−7 torr and a deposition rate of 0.2 Å s–1 for the first 10 nm and 0.5 Å s–1 for  
the remaining 20 nm.

Metal-capped cells were then finished with a 6 nm layer of BCP (Sigma) and 
130 nm of silver (Kurt J. Lesker) both by thermal evaporation. BCP was evaporated 
at 0.2 Å s–1. Silver was evaporated at 0.3 Å s–1 for the first 10 nm, and 2 Å s–1 for the 
remaining 120 nm. The vacuum was broken to change the shadow masks either 
between the C60 and BCP steps or between the BCP and Ag steps; we did not notice 
any change in device performance between these two cases.

IZO-capped cells were transferred to a different glove box in a sealed jar for 
the deposition of a 10 nm tin oxide and zinc tin oxide bilayer sputter buffer by 
pulsed chemical vapour deposition. We used tetrakis-dimethylamino tin(iv) and 
water as precursors and performed the deposition at 87 °C using a supercycle 
process similar to that described in our previous work40. After this deposition, 
the cells were transferred, again in a sealed jar, to a sputter chamber loadable 
from a nitrogen glove box and capped with 200 nm of zinc-doped indium oxide. 
The IZO was radio frequency sputter deposited from a 2″ × 11″ ceramic target 
(In:Zn = 70:30) at room temperature in an argon–oxygen atmosphere (0.15 vol% O2 
in argon) at a pressure of 5 mtorr using a power of 100 W.

Tandem device fabrication. Monolithic all-perovskite tandem solar cells were 
fabricated using a procedure described in our recent work4. Briefly, the wide-gap 
cell was fabricated first in a p–i–n configuration on ITO substrates prepared as 

above, with poly-TPD (poly(N,N′-bis-4-butylphenyl-N,N′-bisphenyl)benzidine) 
spin-coated first as a hole transport layer and then treated with a dynamic spin of 
PFN-Br (poly((9,9-bis(3′-(N,N-dimethylamino)propyl)−2,7-fluorene)-alt-2,7-(9,9-
dioctylfluorene))) to improve the perovskite wettability. The wide-gap perovskite, 
DMA0.1FA0.6Cs0.3Pb(I0.8Br0.2) (DMA, dimethylammonium) was then spin coated, 
followed by thermal evaporation of 1 nm of LiF and 30 nm of C60 as an electron 
transporter. This was followed by a dynamic spin of ethoxylated polyethylenimine 
for the improved nucleation of a subsequently atomic-layer-deposited layer of 
25 nm aluminium-doped zinc oxide, as we recently described4. This was followed 
by radio frequency sputtering of 5 nm of IZO. After this step, the second cell (low-
gap tin–lead perovskite cell) was fabricated exactly as described above for single 
junction solar cells, either with or without a layer of acidic PEDOT:PSS (Clevios  
P VP AI4083) layer to start.

Solar cell testing. Solar cells were tested on an Oriel Sol3A class AAA solar 
simulator from Newport inside a nitrogen glove box. The lamp intensity was 
calibrated using JSC produced in a certified KG2-filtered silicon photodiode. By 
measuring the external quantum efficiency curve of the solar cell (conducted on a 
Newport system in ambient air), the spectral mismatch factor was calculated and 
used to appropriately adjust the intensity of the solar simulator lamp to provide 
1 sun illumination. Through this procedure, we verified that the JSC measured 
corresponded correctly to that the solar cells generated under AM1.5 G  
solar illumination.

Unless otherwise mentioned, all the scans were taken from 0.9 V to −0.2 V 
with an interval of 10 mV and a delay of 50 ms between successive steps of 
measurement. No preconditioning was used before testing.

The total area of all solar cells fabricated was 10.033 mm2, as defined by the 
overlap between the patterned bottom ITO electrode (prepatterned by the ITO 
substrate supplier, Thin Film Devices) and top metal electrode (patterned using a 
shadow mask during evaporation or sputter of the top electrode). J–V curves  
were measured by using a laser-cut metal shadow mask to create an aperture of 
area 5.8 mm2.

Tandem solar cells were tested using a procedure to correctly calibrate the 
spectral mismatch factor of the solar simulator, as we recently described in detail4. 
Briefly, a 950 nm cutoff filter was used to ensure that both subcells of the tandem 
experienced the same mismatch factor, which was calculated from the measured 
lamp spectrum and the measured normalized external quantum efficiency spectra 
of the individual subcells of the tandem. This ensured that neither subcell of the 
tandem was artificially over- or underilluminated compared to the correct 1 sun 
illumination intensity.

XPS. XPS measurements were performed on a Physical Electronics 5600 
photoelectron spectrometer, discussed in detail previously41. Briefly, radiation 
was produced by a monochromatic 350 W Al Kα excitation centred at 1,486.7 eV. 
XPS core-level spectra were collected using a step size of 0.1 eV and pass energy of 
11.75 eV. The electron binding energy scale was calibrated using the Fermi edge of 
a gold substrate cleaned by argon ion bombardment. Peak areas were fitted using 
a Gaussian–Lorentzian peak-fitting algorithm with a Shirley background. Spectra 
taken with the aluminium source were typically assigned an uncertainty of 0.05 eV. 
Compositional analyses were typically assigned an uncertainty of 5%. The thin 
(4 nm) perovskite film used to probe the band positions near the interface with 
ITO was fabricated by a spin-coating procedure similar to that described above 
for a large-grained perovskite, but using a perovskite precursor concentration of 
10 mM to reduce the film thickness. The film thickness was measured to be 4 nm 
by atomic force microscopy.

Measurements of d.c. conductance. Perovskite films were spin coated onto clean  
glass substrates using the procedures described above for large- and small-grained  
films. Gold electrodes (100 nm thick) were deposited onto the perovskite by 
thermal evaporation using electrode spacings of 0.75 mm, 1 mm and 3 mm. 
Conductance was measured by applying a 2 V bias across pairs of electrodes and 
measuring the current with a Keithley 236 unit. Measurements were conducted 
inside a nitrogen glove box. All the measurements of current were allowed to 
stabilize before recording, to ensure the measurement of steady-state electronic 
conductance rather than any transient effects associated with ion motion in the 
perovskite. The measurements were conducted in a dark chamber to minimize any 
effects of photoconductance. Air ageing of the perovskite films for the conductance 
measurements was done on a hotplate kept at 85 °C in the ambient atmosphere.

Stability testing. For the 85 °C air test, unencapsulated solar cells were placed in a 
Petri dish in an oven kept at 85 °C in ambient air.

For the damp heat test, glass-on-glass encapsulated solar cells packaged using a 
procedure similar to that in our recent work17 were placed in a chamber maintained 
at 85 °C with 85% relative humidity.

For the operational stability test, solar cells without encapsulation were loaded 
into a homebuilt degradation testing set-up, dubbed the stability parameter 
analyser. The set-up consists of a flow chamber to control the environment of the 
cells, cooling tubes to keep the housing at room temperature, electrical housing and 
electronics that switch between the devices, measure the J–V curves and hold the 
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devices under a resistive load, and a light source to provide constant illumination. 
In this study, the devices were kept in a nitrogen environment underneath a sulfur 
plasma lamp at ~0.8 sun and held under a resistive load of 510 ohms (placing the 
cells near the maximum power point). Every 30 min, the system removed the 
resistive load and took a J–V scan using a Keithley 2450 source-measure unit.  
J–V curves are then analysed to extract the relevant parameters.

SEM. Cross-sectional SEM was conducted on a FEI Magellan 400 XHR scanning 
electron microscope with a field emission gun source. The images were recorded 
in an in-lens secondary electron mode using an accelerating voltage of 5 kV at 
working distances of 1.6–3 mm.

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

Data availability
The data that support the plots within this article and other findings of this study 
are available from the corresponding author upon reasonable request.
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