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All-perovskite tandem solar cells promise higher power-conversion efficiency (PCE)
than single-junction perovskite solar cells (PSCs) while maintaining a low fabrication

cost®. However, their performance is still largely constrained by the subpar
performance of mixed lead-tin (Pb-Sn) narrow-bandgap (NBG) perovskite subcells,
mainly because of a high trap density on the perovskite film surface* . Although
heterojunctions with intermixed 2D/3D perovskites could reduce surface
recombination, this common strategy induces transport losses and thereby limits
device fill factors (FFs)”°. Here we develop an immiscible 3D/3D bilayer perovskite
heterojunction (PHJ) with type Il band structure at the Pb-Sn perovskite-electron-
transportlayer (ETL) interface to suppress the interfacial non-radiative recombination
and facilitate charge extraction. The bilayer PHJ is formed by depositing alayer of
lead-halide wide-bandgap (WBG) perovskite on top of the mixed Pb—Sn NBG perovskite
through a hybrid evaporation-solution-processing method. This heterostructure
allows us toincrease the PCE of Pb—-Sn PSCs having a 1.2-pm-thick absorber to 23.8%,
together with a high open-circuit voltage (V,.) of 0.873 Vand a high FF of 82.6%. We
thereby demonstrate arecord-high PCE of 28.5% (certified 28.0%) in all-perovskite
tandem solar cells. The encapsulated tandem devices retain more than 90% of their
initial performance after 600 h of continuous operation under simulated one-sun

illumination.

All-perovskite tandem solar cells comprise a lead-based mixed
bromide-iodide WBG (approximately 1.8 eV) perovskite top celland a
mixed Pb-Sn NBG (approximately 1.2 eV) perovskite bottom cell'**>,
Tandem solar cells can theoretically outperformsingle-junctionsolar
cells owing to the increased range of solar spectrum use and lower
thermalization losses. Combined with high efficiency limits and inex-
pensive manufacturing, all-perovskite tandemsolar cells are expected
to emerge as the next-generation photovoltaic (PV) technology.

The previously reported record-performing all-perovskite tandem
solar cells have undesirable high V,  deficit and relatively low FF in
the mixed Pb-Sn perovskite bottom cell**. They are primarily caused
by non-radiative carrier recombination at the interface between the
Pb-Snperovskites and the fullerene (C4,)-based ETL'', Constructing
anintermixed 2D/3D PHJ by using a post-treatment on the perovskite
film surface has been by far the most studied approach to suppress
surface recombination in PSCs" %, Although the 2D/3D heterojunction
could alleviate interfacial recombination losses to a certain extent,
the 2D layer may hinder charge transport and thus increase the series
resistance of PSCs, owing toitsasymmetric conductivity and potentially
non-uniform distributions””.

Tofundamentally address the trade-off between surface passivation
and passivation-layer conductivity, we sought to devise a new type of

heterojunction by replacing the 2D interlayer with more conductive 3D
perovskites. In Pb-halide perovskites, such material designis limited by
ionmigration: heterojunctionsintroduced by the chemical gradients
of A-site cations or X-site halides of APbX; perovskites will tend to be
homogenized over time, given the low activation energy (<1 eV) for
A-site and X-site ion diffusion®* %2, Because the Pb*" or Sn*" ion migra-
tion is considerably prohibited, constructing heterojunctions using
only 3D perovskites is feasible within the Pb-Sn perovskite bottom
cellwhen Pb-halide perovskiteis used as the interface layer. However,
challenges must be overcome to build such a3D/3D bilayer PHJ: the
conventional solution-based deposition of Pb-halide perovskites will
causeirreversible damage to the underlying Pb-Sn perovskite absorber.

Here we devise a3D/3D bilayer PHJ in mixed Pb-Sn NBG perovskite
subcell by depositing athinlayer of Pb-halide WBG perovskite on top of
the NBG perovskite through a non-destructive hybrid two-step depo-
sition method. Owing to the limited metal-ion intermixing, the PHJ
retains aclearly defined 3D/3D bilayer heterostructure after fabrication
and, atthe same time, gives afavourable type Il band alignment at the
interface that facilitates charge extraction. With the use of 3D/3D bilayer
PHJ, we obtained a high V,. of about 0.88 V and a high FF of more than
82% for the mixed Pb—Sn PSCs, leading to a high PCE of 23.8%. Device
simulation shows that the FF of an all-perovskite tandem solar cell is
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Fig.1|Devicestructure and PV performance of mixed Pb-Sn NBG PSCs with
3D/3D bilayer PHJ constructed. a, The schematic structure of Pb-Sn PSCs with
a3D/3Dbilayer PH).b, Cross-sectional HR-STEM image and corresponding EDX
mapping of Pb—-Sn PSCs with PHJs. Scale bars, 50 nm. ¢, Reconstructed,
background-subtracted 3D maps showing the distribution of Pb* and Sn* ions
within perovskite films. The raster area of the primary ion beam was

100 pm x 100 pm and the thickness axis was expanded for clarity. d, Sn 3d;/, XPS

limited by the FF of each subcell under the current matching condition.
Theimproved FF and V. of the NBG bottom cell thereby resultin higher
FFand V,.and thus higher PCE in all-perovskite tandem olar cells. When
furtherintegrated with 1.78-eV WBG PSCs, we achieved a record-high
certified PCE of 28.0% for all-perovskite tandem solar cells?.

Pb-Sn PSCs with 3D/3D bilayer PHJ

Figure 1a depicts the device architecture of mixed Pb-Sn PSCs with a
bilayer PHJ constructed using only 3D perovskites, in which a full-lead
wide-bandgap (FL-WBG) perovskite layer was deposited on top of the
mixed Pb-Sn perovskite. We used a hybrid two-step method for the
deposition of FL-WBG perovskite on top of the Pb-Sn perovskite layer

spectra of control and PHJ perovskite films. e, Comparison of photovoltaic
performance between control and PHJ mixed Pb-Sn PSCs with1,200-nm-thick
absorber fabricated overidentical runs (26 devices for each type).f, Histograms
of PCEs for the PHJ solar cells (148 devices). g, The/-V curve of achampion PHJ
solar cellunderreverse and forward scans. h, EQE spectraand total absorptance
(1-R) of the corresponding champion PHJ device. a.u., arbitrary units; HAADF,
high-angle annular dark-field imaging.

(see details in Methods and Supplementary Fig. 1). The formation of
the FL-WBG perovskite interlayer was verified using cross-sectional
scanning electron microscopy (SEM; Supplementary Fig.2). Toimprove
the performance of Pb-Sn PSCs with PHJs, we further optimized the
composition and thickness of the FL-WBG perovskite layer (see details
in Supplementary Note 1, Supplementary Figs. 3-9 and Supplemen-
tary Tables 1and 2). The optimal PV performance was obtained with
acomposition of FA,,Cs, ;Pb(l,sBry14); and a thickness of 50 nm for
the FL-WBG perovskite layer.

We first investigated the morphology and crystalline structure of
PHJ-incorporated Pb-Sn perovskite films. The FL-WBG perovskite
covers the surface of Pb-Sn perovskite film uniformly and densely,
asobserved from the SEMimages (Supplementary Fig.10). The X-ray
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Fig.2|Energy diagram and simulated PV performance of Pb-Sn PSCs with
and without PHJs. a, Energy level of each layerin Pb-Sn PSCs with PHJs. The
energy-level alignmentreferences the vacuum level (dashed black lines denote
the Fermi (£;) levels). b,c, Energy diagram for the control and PHJ Pb-Sn PSCs
(the structureis shown at the bottom). The PHJ structure enables holes tobe
driven away (bluelines) and accelerates the drift of electrons (red lines) into the
Cgotransportlayer, thereby reducing the non-radiative recombinationat the

diffraction (XRD) patterns show that the FL-WBG and Pb-Sn perovskite
phasesindependently existin the heterostructured film. We noted that
athin (for example, approximately 80 nm) Pbl,/CsBr inorganic layer
was able to be completely converted into perovskite phase without the
presence of moisture (Supplementary Fig.11) and there was noresidual
Pbl, observedinthe converted FL-WBG film. The vertical structure of
the PHJ was then investigated using cross-sectional high-resolution
scanning transmission electron microscopy (HR-STEM) and
time-of-flight secondary-ion mass spectrometry (ToF-SIMS). Magni-
fied STEM images and energy-dispersive X-ray (EDX) mapping clearly
illustrate a planar heterojunction structure between the FL-WBG and
Pb-Sn perovskite layers: we identified a layer thickness of approxi-
mately 50 nm for the FL-WBG perovskites on top (Fig. 1b). ToF-SIMS
results show that Pb?" and Sn*" ions are uniformly distributed within
the Pb-Sn perovskite film beneath (Supplementary Fig.14) and there
is astronger signal of Pb? near the heterojunction surface (represent-
ing the FL-WBG layer) without noticeable signal of Sn** (Fig. 1c). We
found asimilar result fromthe X-ray photoelectron spectroscopy (XPS)
measurements (Fig. 1d), indicating no obvious presence of Sn** on the
surface of the PHJ. To investigate the structure stability of PHJs, we
used EDX and ToF-SIMS to track the spatial distribution of Sn** within
the heterojunction for samples stored in an N,-filled glovebox for
60 days (Supplementary Figs.15and 16). The results show that the PHJ
sampleretained its distinct heterostructure, with no evidence of Sn**
diffusioninto the FL-WBG layer. On the other hand, Br easily diffused
into Pb-Sn perovskites even in fresh PHJ samples (Supplementary
Figs. 17 and 18). However, bromide migration has no notable effect
on the absorption (bandgap) of Pb-Sn perovskites compared with
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DIL thickness (nm)

Voltage (V)

DIL. Theblack and blue lines denote the non-radiative recombination pathways
andthe directions of carrier drift, respectively. d,e, Simulated performance of
the control and PHJ Pb-Sn PSCs with DILs having varying trap density (d) and
thickness (e). f, Simulated performance of the control and PHJ Pb-Sn PSCs with
and without DILs. CBM, conduction band minimum; SRH, Shockley-Read-Hall;
VBM, valence band maximum.

the control film (Supplementary Fig. 19) and PH) devices exhibited
no obvious PCE degradation after 3,000 h ageing in the dark (Sup-
plementary Fig. 20).

We then compared the performance of mixed Pb-Sn PSCs with and
without PHJs. The PV parameters of the control and PHJ solar cells are
compared in Fig. 1e and Supplementary Table 4. The average V,.and
FF values of the PHJ devices were substantially higher than those of the
controls (0.824 V versus 0.869 V, 78.5% versus 80.8%; Fig. 1e and Sup-
plementary Table 4), whereas the short-circuit current (/,.) remained
similar. Correspondingly, the PHJ devices had a considerably higher
average PCE of 22.8% (21.0% for the control). We fabricated 148 PHJ
devices and the histogram of their PCE values is presented in Fig. 1f.
The best PH) device showed a PCE of 23.8% (stabilized 23.5%; Supple-
mentary Fig.21), witha V,.0f 0.873 V, /.. 0f 33.0 mA cm2and FF of 82.6%
under reverse scan (Fig. 1g). Figure 1h presents the external quantum
efficiency (EQE) spectraof achampion PHJ device, with the integrated
photocurrent value of 32.5 mA cm?, in good agreement with the /-V
characterization. With 3D PHJs, both the V,.and the FF of Pb-Sn PSCs
are simultaneously improved, suggesting suppressed non-radiative
carrier recombination along with good electrical contact®. We further
verified that such performance improvement was probably notbecause
ofthe diffusion of Br from the FL-WBG layer into the Pb-Sn absorber
layer and chemical passivation (Supplementary Figs.22 and 23). We also
showed that PHJ devices exhibited better tolerance to the deposition
process of atomic layer deposition (ALD) SnO, than did the controls,
whichwould otherwise cause the damage of Pb-Sn perovskite surfaces
and thus performance degradation (Supplementary Fig. 24). The unen-
capsulated ALD SnO, PHJ devices exhibited no obvious PCE degradation
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Fig.3|Charge-carrier dynamics at the 3D/3D bilayer PHJ. a, Steady-state PL
spectraof control and PHJ Pb-Sn perovskite films (excitation from the glass
side). b, Electroluminescence quantum efficiency (EQEg,) versus current
density for the controland PH) devices. ¢, Steady-state (panela) and

after 300 min in air (Supplementary Note 2, Supplementary Figs. 24
and 25 and Supplementary Table 5).

Charge-carrier dynamics of PHJs

Interfaces play a key role in the performance of PSCs, as they cause
severe non-radiative carrier recombination and influence carrier
transport®”. We used ultraviolet (UV) photoemission spectroscopy
to investigate the energy-level alignment between mixed Pb-Sn and
FL-WBG perovskites to explain the electronic structure of PHJs. As
shown in Supplementary Fig. 26, the work function and valence band
maximum of the Pb-Sn (FL-WBG) perovskites are around 4.68 (4.55) eV
and 5.27 (5.79) eV, respectively. We further calculated the conduction
band minimum based on the optical bandgaps of the Pb-~Sn and FL-WBG
perovskite films (1.25 eV versus 1.62 eV) (Supplementary Fig. 27).
Figure 2a—-cillustrates the energy diagrams of PSCs with and without
PHJs. We identified a type Il band alignment between the Pb-Sn and
FL-WBG perovskites, which could substantially reduce the hole concen-
trationand thus reduce charge recombinationin the defective interface
layer (DIL; the surface layer that has much higher trap density thanin
the bulk) and facilitate electron extraction into the C,, layer owing to
the favourable band bending. The type Il PH] is thereby anticipated
to suppress non-radiative recombination at the DIL without affecting
the carrier transport.

We used the SCAPS-1D simulation tool® to investigate the effect of
PHJs on the PV performance of mixed Pb-Sn PSCs (Fig. 2d,e, Supple-
mentary Figs. 28 and 29 and Supplementary Tables 6-10). We varied

Delay time (ps)

Delay time (ps)

time-resolved (panelb) PLspectra of controland PHJ Pb-Sn perovskite films
(excitation fromthe glass side). d-f, The ultrafast TA spectra of control Pb-Sn
perovskite films (d) and PHJ perovskite with 405-nm pump light, pumped from
the NBG side (e) and the FL-WBG side (f).

the trap density and layer thickness of the DIL and found that, at low
DIL trap densities (similar to the bulk), the PV performances of the
controland PHJ devices are comparable. However, when the trap den-
sity in the DIL exceeds that of the bulk, the control devices suffer a
marked reduction in PV performance as the trap density increases,
whereas the PHJ devices do not. Also, unlike the control devices, the
performance of PHJ devices is much less sensitive to the DIL thick-
ness. We observed a more than 40 mV increase in V,.and an absolute
5% increase in FF when the PHJ was incorporated with DIL thickness
and trap density reasonable for experimental conditions (Fig. 2f).
Our simulationresultsindicate that the PHJ can effectively reduce the
interfacial non-radiative recombination losses and thereby improve
the V,.and FF in mixed Pb-Sn PSCs.

We then performed optoelectronic characterization on Pb-Sn
perovskite thin films to better understand—in experiments—the
improvement in device efficiency by perovskite planar heterostruc-
ture. The steady-state photoluminescence (PL) intensity was notice-
ably increased with PHJs (Fig. 3a), implying suppressed non-radiative
recombination*?®, This is further supported by a reduced trap in the
PHJ film from space-charge-limited current measurements, a lower
dark-saturation-current density of PHJ devices and smaller ideality
factor than those of the control (Supplementary Figs. 30-32). Also,
Mott-Schottky plot measurements reveal an improvement of about
50 mVin built-in potential (V;;) in PH] devices (0.724 V versus 0.775V,
control versus PHJ; Supplementary Fig. 33). On the basis of these find-
ings, we suggest that the heterojunction induces a wider depletion
region”, whichimproves charge-collection efficiency and suppresses
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Fig.4|PV performance of all-perovskite tandemsolar cells with3D/3D
bilayer PHJ in mixed Pb-Sn perovskite subcell. a, Cross-sectional SEMimage
of all-perovskite tandem solar cell. Scale bar,1 um. b, Comparison of PV
performance between controland PHJ tandem solar cells processed in the
sameruns (26 devices foreachtype).c,d,/-V,EQE and total absorptance (1-R)
curves of the champion tandem device with PHJs. e,/-V curve of alarge-area
tandem device. f, Continuous MPP tracking of an encapsulated tandem solar

surface recombination by reducing the hole concentration near the
film surface® (Fig. 2b,c).

Theelectroluminescence quantumyield was further used to analyse
the charge-carrier recombination®. At current densities equivalent to
the/, at one sun, the electroluminescence quantum yields of control
and PHJ devices were 0.47% and 3.09% (Fig. 3b), corresponding to V,.
losses of 147 mV and 97 mV, respectively (Supplementary Table 11).
Therefore, the reduced V, loss (by around 50 mV) with PH]J struc-
tures is mainly ascribed to suppressed non-radiative charge-carrier
recombination. We carried out time-resolved PL measurements to
investigate charge-carrier dynamics (Fig. 3¢). The perovskite films
with PHJs exhibited an initial fast decay (r; = 7 ns) that is ascribed to
the charge-carrier separation, followed by a slow decay component
(7,=3,614 ns), mainly caused by bimolecular carrier recombination. The
rapid decay component for the PHJ film points towards a fast charge
transfer at the type Il heterojunction interface®. The control film, on
the other hand, has no rapid decay component, whereas its rate of
bimolecular recombination (r; =283 nsand r,=1,073 ns) is shorter than
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cellover 600 hunder simulated AM1.5G illumination (100 mW cm,
multicolour LED simulator) in ambientair with a humidity of 30-50%. The
device had aninitial PCE 0f27.4%. The device temperature was around 35 °C
during operation owing to the self-heating under solar illumination. There was
no passive cooling during device operation, in which the environmental
temperature was keptataround 25°C.

that of the PHJ film, indicating more severe non-radiative recombina-
tion®. We further used differential lifetimes to analyse the process of
electron transfer into ETL*** (Supplementary Fig. 34). We compare the
charge-transfer-rate difference with differential lifetimes between the
PHJ and control. The observed gradient for the PH) sample implied a
faster electron transfer to the ETL relative to the control (70 ns versus
110 ns, PHJ versus control; Supplementary Fig. 34), which indicates
thatthe 3D/3D heterostructure promotes electron transfer tothe ETL.
We next used ultrafast transient absorption (TA) spectroscopy to
prove that the charge-transfer process exists in PHJs. The control film
showed a single photobleaching peak at 934 nm without noticeable
shift at different time delays (Fig. 3d), indicating ahomogenous com-
position and phase (bandgap) for the control perovskites. We then
fabricated a heterojunctionsample with abilayer structure of 300 nm
Pb-SnNBG/100 nm FL-WBG perovskites (Supplementary Fig. 35) and
pumped it using 405-nm light on the NBG side. As well as the 934-nm
peak, asecond bleaching peak at 780 nm was observed in the TA spectra
(Fig. 3e), which we attributed to the FL-WBG perovskite phase. This



Table 1| PV parameters of the champion WBG subcell, NBG
subcell and all-perovskite tandem solar cell

Device Scan V.. (V) J..(mAcm™) FF(%) PCE
direction (%)
WBG subcell Reverse 1.274 177 826 186
Forward 1.272 176 820 184
NBG subcell Reverse 0.873 33.0 826 238
Forward 0.871 33.0 81.4 23.4
Tandem Reverse 212 16.5 81.9 28.5
Forward 2mM 16.5 814 28.4
Stabilized - - - 28.4

The devices have aperture area of 0.049cm?

signal did not appearimmediately after photoexcitation butincreased
over time after 300 ps, indicating that electrons were injected from
the Pb-Sn perovskite into the FL-WBG perovskite. When the FL-WBG
side was pumped with 405-nm pump light, only a 780-nm bleach
peak appeared in the TA spectrum without a notable charge-transfer
process (Fig. 3f). This suggests that photocarriers are unlikely to be
back-transferred from FL-WBG perovskite to Pb-Sn perovskite insolar
cells—consistent with the type Il band alignment.

All-perovskite tandem solar cells

Previously reported record-performing all-perovskite tandem solar
cells by our group exhibited relatively low FF values (below 78%)™. Our
device-simulation results indicate that the low FF observed intandem
devices is mainly ascribed to the low FFs of NBG subcells under the
current-matching condition® (Supplementary Note 3, Supplementary
Fig. 36 and Supplementary Table 12). To investigate how PHJs in the
NBG subcellinfluences the PV performance of tandem devices, we fab-
ricated all-perovskite tandem solar cells with and without PHJs (details
inMethods). The self-assembled monolayer (SAM) was introduced to
modify the NiO hole-transport layer, which can improve the perfor-
mance of WBG PSCs®. The WBG perovskite films had a composition
of FA5Cs,,Pb(l,,Br35); (bandgap of about 1.78 eV). The WBG solar
cells exhibited a PCE of 18.6%, witha V,.0f 1.274 V, J,. of 17.7 mA cm ™
and FF of 82.6% (Supplementary Fig. 37). The thicknesses of WBG and
NBG absorber layers for the front and back subcells were optimized to
beabout380 nmand about1,200 nm (Fig. 4a), respectively, to obtain
ahigh matched current density between the subcells.

Typical performances of different subcells and tandem solar cells are
shown in Supplementary Fig. 38 and Supplementary Table 13. Under
current-matching conditions, the FF of tandem cells is limited by the
subpar subcell with poor FF. When the control NBG subcell has low FF,
the tandem with NiO/SAM in the WBG subcell exhibited very minor
improvement in FF (78.0% versus 78.9%). Further, the tandem with
the PH)NBG subcell shows a FF and PCE (78.0% versus 81.4% and 26.0%
versus 27.7%, control versus PHJ). Figure 4b and Supplementary Table 14
compare the PV parameters of control and PHJ tandem solar cells pro-
cessed over several identical runs. Compared with control devices
without PHJs in NBG subcells, PHJ tandems exhibited substantially
improved performancein FF and V.. The average PCE of PHJ tandemsis
therebyimprovedto27.9 + 0.3% (versus 26.5 + 0.3% for control devices).
We further fabricated 282 PHJ tandem devices (Supplementary Fig.39)
and a relatively narrow distribution indicates a good reproducibility
oftandem solar cells with PHJs. The/-V curves of the best-performing
PHJ tandem device measured from both reverse and forward scans
arepresented in Fig. 4c, showing very minor hysteresis. The champion
tandem cellhad aPCE of28.5% fromthe reverse scan (witha V, . of 2.112V,
J..0f16.5 mA cm™2and FF of 81.9%; Table 1) and exhibited a stabilized

PCE of 28.4% (Supplementary Fig. 40). The integrated /.. values of the
WBG and NBG subcells from EQE spectraare both16.5 mA cm™ (Fig. 4d),
ingood agreement with the /.. determined from /- measurements.
We sent a tandem solar cell to an accredited independent PV calibra-
tion laboratory (Japan Electrical Safety & Environment Technology
Laboratories,JET) forindependent measurements. The tandem device
delivered a certified stabilized PCE of 28.0% (Supplementary Fig. 41).
We also fabricated tandem cells with alarger area; our best-performing
large-area device (aperture area of 1.05 cm?) exhibited a PCE of up to
26.9% with a V,.0f2.149V, J,. 0of 15.7 mA cm~ and FF of 79.8% (Fig. 4e).
The corresponding EQE spectraare presented in Supplementary Fig. 42.

Nevertheless, there remain electrical and optical losses that need
tobefurther addressed to leverage the full potential of all-perovskite
tandem solar cells (Supplementary Note 4, Supplementary Fig. 43,
Table1land Supplementary Table15). Comparing the PV performance
of tandem cells with the Shockley-Queisser limit®, there is notable
electricalloss for V,.and FF. Such V,.and FF losses are mainly because
of the non-radiative recombination and inefficient charge collection
in perovskite bulk and perovskite-transport layer interface®, Also,
combining WBG and NBG subcells in tandem can lead to a further V,,
loss by the tunnel recombinationjunction (Supplementary Fig.43aand
Supplementary Table 15). Two promising pathways to minimize the
electrical loss include reducing the bulk defect density and passivat-
ing the contact interface. Furthermore, J,.in tandems can be further
improved by reducing optical losses, originated fromreflection and par-
asitic absorption within the tandem devices, as well asinsufficient light
absorption by the NBG perovskite absorber™ (Supplementary Note 4,
Fig.4d and Supplementary Fig. 43b). Potential methods to address the
opticallossinclude reducing optical reflection through light manage-
ment, using more transparent front electrodes and hole-transport
material, and exploring thicker NBG perovskite absorber layers. Com-
bining these efforts, a PCE higher than 30% is likely to be reached by
empirically assuminga V,.0f 2.2V, a/,. 0f 17 mA cm™and an FF of 82%.

We investigated the operational stability of encapsulated tandem
devicesinambientair (Supplementary Fig.44), using maximum power
point (MPP) tracking under a simulated one-sun illumination. The
tandem device with PHJ exhibited promising operational stability
and maintained 93% of its initial PCE after MPP operation over 600 h
(Supplementary Fig. 45 and Fig. 4f). We found that the performance
degradation after 688 h of operation was mainly because of FF drop
(Supplementary Fig. 46), which could partially result from the migra-
tion of Au from the tunnel recombination junction into the perovs-
kite absorber™. Notably, we observed that the reverse-bias stability
of all-perovskite tandem solar cells was superior to that of single-
junction PSCs (Supplementary Note 6 and Supplementary Fig. 47). The
improvement in reverse-bias stability is beneficial to the robustness
of all-perovskite tandem solar cells under partial shading conditions.
We also investigated the thermal stability of the tandem devices and
found that the PCE of tandem cells declined faster at elevated tem-
peratures than at room temperature. However, we did not observe
any signal of Sn?" on FL-WBG perovskite after stressing for 264 h (Sup-
plementary Note 7 and Supplementary Figs. 48 and 49). Our previous
work showed that the thermal stability of all-perovskite tandem solar
cells can be further improved by replacing the back-metal electrodes
with more robust materials such as conductive transparent oxides,
developing MA-free and PEDOT:PSS-free Pb-Sn perovskite subcells and
using thermally stable tunnel recombination junctions™***°, Advanced
stabilization technologies should be further coupled in depth with
degradation mechanisms to enhance the stability of all-perovskite
tandems in future research.
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Methods

Materials

All materials were used as received without further purification. The
organic halide salts (FAI, FABr, MAI, FAl and CF3-PACI) were purchased
from GreatCell Solar Materials. PEDOT:PSS aqueous solution (Al 4083)
was purchased from Heraeus Clevios. SAM: 2-PACz and MeO-2PACz,
Pbl, (99.99%), Csl (99.9%) and CsBr (99.9%) were purchased from TCI
Chemicals. Snl, (99.999%) was purchased from Alfa Aesar. SnF, (99%),
DMF (99.8% anhydrous), DMSO (99.9% anhydrous), ethyl acetate (99.8%
anhydrous), chlorobenzene (99.8% anhydrous) and propan-2-ol (IPA,
99.8% anhydrous) were purchased from Sigma-Aldrich. C,, was pur-
chased from Nano-C. BCP (>99% sublimed) was purchased from Xi’an
Polymer Light Technology.

Perovskite precursor solution

NBG FA,;MA, ;Pb,sSnysl; perovskite. The precursor solution was
prepared in mixed solvents of DMF and DMSO with a volume ratio of
2:1. Themolar ratios for FAI/MAl and Pbl,/Snl, were 0.7:0.3 and 0.5:0.5,
respectively. The molar ratio of (FAI+MAI)/(Pbl,+Snl,) was 1:1. SnF,
(10 mol% relative to Snl,) was added in the precursor solution. The
precursor solution was stirred at room temperature for 2 h. Tin powders
(5 mg ml™") were added in the precursor to reduce Sn**in the precursor
solution and to improve film uniformity. For mixed Pb-Sn precursor
solution, passivating ligand 4-trifluoromethyl-phenylammonium chlo-
ride (CF3-PACI, 0.3 mol%) was added, and the role of CF3-PA additive
was discussed in our previous work™. Note that CF3-PA was added to
all the mixed Pb-Sn perovskite films, including the PHJ samples, to
improve the PV performance of Pb-~Sn NBG PSCs. The precursor solu-
tion was filtered through a 0.22-uym PTFE membrane before making
perovskite films.

WBG FA, Cs,,.Pb(l,¢,Bros); perovskite. The precursor solution
(1.2 M) was prepared from six precursors dissolved in mixed solvents
of DMF and DMSO with a volume ratio of 4:1. The molar ratios for FAI/
FABr/Csl/CsBrand Pbl,/PbBr, were 0.48:0.32:0.12:0.08 and 0.62:0.38,
respectively. The molar ratio of (FAI+FABr+Csl+CsBr)/(Pbl,+PbBr,) was
1:1. The precursor solution was stirred at 50 °C for 2 hand then filtered
througha 0.22-pm PTFE membrane before use.

FL-WBG organic salt solution. The precursor solution (0.1 M) was
prepared from FAl and FABr dissolved in IPA. The molar ratio for FAl/
FABr was 1:1. The precursor solution was stirred at 25 °C for 12 h and
thenfiltered through a 0.22-pm PTFE membrane before use.

Device fabrication

Control mixed Pb-Sn PSCs. The PSCs had adevice structure of glass/
ITO/PEDOT:PSS/perovskite/Cq,/BCP/Cu, in which PEDOT:PSS is poly
(3,4-ethylenedioxythiophene) polystyrene sulfonate, Cy, is fullerene
and BCP is bathocuproine. The pre-patterned ITO glass substrates
were sequentially cleaned using acetone and isopropanol. PEDOT:PSS
was spin-coated on ITO substrates at 4,000 rpm for 30 sand annealed
on a hot plate at 150 °C for 10 min in ambient air. After cooling, we
transferred the substrates immediately to a nitrogen-filled glovebox
for the deposition of perovskite films. The perovskite films (2.4 M)
were deposited with two-step spin-coating procedures: (1) 1,000 rpm
for10 swithanacceleration of 200 rpm s™and (2) 4,000 rpmfor40s
with aramp-up of 1,000 rpm s™. Ethyl acetate (300 pl) was dropped
onthespinning substrate during the second spin-coating stepat20 s
before the end of the procedure. The substrates were then transferred
on a hot plate and heated at 100 °C for 10 min. After cooling down to
roomtemperature, the substrates were transferred to the evaporation
system. Finally, C¢, (20 nm)/BCP (7 nm)/Cu (150 nm) were sequentially
deposited on top of the perovskite by thermal evaporation (Beijing
Technol Science).

3D/3D bilayer PHJ mixed Pb-Sn PSCs. The control mixed Pb-Sn
perovskite films were transferred to the evaporation system. Pbl,/
CsBrwas deposited on the control NBG perovskite films according to
different evaporation rateratios, and the evaporation deposition rates
of Pbl, and CsBr were slow to obtain dense FL-WBG perovskites. We
preparedinorganic framework layers with a dual-source co-evaporation
of Pbl,at 0.25 A s and CsBrat 0.1 A s (the Pbl,/CsBr rate ratio was kept
at 5:2), until the thickness of the inorganic framework layer reached
roughly 30 nm. The thickness of the Pbl,/CsBr layer was read from the
evaporation equipment and the thickness was calibrated by the films
evaporated onbare ITO glass substrates. We transferred the NBG per-
ovskite films with the Pbl,/CsBr inorganic layer deposited ontop to a
spin coater for organicsalt deposition. The organic salt was deposited
with two-step spin-coating proceduresinaN, glovebox: (1) 1,000 rpm
for10 swithan accelerationof 1,000 rpms™and (2) 4,000 rpmfor30s
with a ramp-up of 2,000 rpm s™.. Organic salt (160 pl) was dropped
onthe spinning substrate during the second spin-coating stepat 20 s
before the end of the procedure. The substrates were then transferred
on a hot plate and heated at 100 °C for 2 min. After cooling down to
roomtemperature, the surface of the NBG perovskite filmwith FL-WBG
layer was washed with 260 plIPA (4,000 rpmfor 20 s) to remove excess
organic salts. The substrates were then transferred on a hot plate and
heated at 100 °C for 1 min. After cooling down to room temperature,
80 pl PEAI (1 mg mi™ in IPA) was dynamically spin-coated on FL-WBG
and transferred onahot plate and heated at 100 °C for 30 s. The thick-
ness of the converted FL-WBG perovskite layer deposited on bare ITO
glass substrate was measured by SEM cross-section. Supplementary
Figs.12and 13 and Supplementary Table 3 compare the PV performance
of control and PHJ Pb-Sn solar cells processed over several identical
runs. PHJ devices with PEAI post-treatment showed a slightly higher
average FF and PCE (80.1% versus 81.2% and 22.5% versus 22.7%, without
versus with PEAI post-treatment). However, such PEAIl post-treatment
deteriorated the PV performance of control Pb-Sn devices. After cool-
ing down toroom temperature, the substrates were transferred to the
evaporation system. Finally, C, (20 nm)/BCP (7 nm)/Cu (150 nm) were
sequentially deposited ontop of the perovskite by thermal evaporation
(Beijing Technol Science). For Pb-Sn subcells with ALD SnO, as the ETL,
the BCP layer was replaced by an ALD SnO, layer (about 15 nm), which
was deposited at low temperatures (typically 75 °C) to avoid any damage
tothe Pb-Snperovskite absorber layer. Details on the deposition condi-
tion of ALD SnO, layers can be found in our previous work™.

All-perovskite tandem solar cells. We fabricated all-perovskite tan-
dem solar cells with a device configuration of glass/ITO/NiO/SAM/
WBG perovskite/C,,/ALD SnO,/Au/PEDOT:PSS/NBG perovskite/C,/
BCP or ALD/Cu. NiO nanocrystal (15 mg ml™ in water) layers were first
spin-coated onITO substratesat 3,000 rpm for 30 sand annealed ona
hot plate at 130 °Cfor 30 minin air. NiO nanocrystals were synthesized
according to a previous report*. After cooling, the substrates were
immediately transferred to the glovebox. SAM: 2PACz and MeO-2PACz,
mixed with volume ratios of 75:25 at the same concentration (ImMin
IPA), were spin-coated on the NiO film at 6,000 rpm for 30 s and the
sample was then annealed at 150 °C for 10 min. Details on the mixed
SAMs for HTL has been discussed in our previous work®. The WBG per-
ovskite films were deposited ontop of SAM modified NiO with two-step
spin-coating procedures. The first stepwas 2,000 rpm for10 swithan
acceleration of 200 rpm s™. The second step was 6,000 rpm for40 s
witharamp-up of2,000 rpm s™. Chlorobenzene (200 pl) was dropped
onthe spinning substrate during the second spin-coating stepat20 s
beforethe end of the procedure. The substrates were then transferred
on a hot plate and heated at 100 °C for 15 min. After cooling down to
room temperature, the substrates were transferred to the evapora-
tion system and a 20-nm-thick C,, film was subsequently deposited on
top by thermal evaporation at a rate of 0.2 A s\, The substrates were
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thentransferred to the ALD system (Veeco Savannah S200) to deposit
20 nm SnO, atlow temperatures (typically 100 °C) using precursors of
tetrakis(dimethylamino)tin(IV) (99.9999%; Nanjing Ai Mou Yuan Scien-
tific Equipment Co., Ltd.) and deionized water. After ALD deposition,
the substrates were transferred back to the thermal evaporation system
to depositanultrathinlayer of Au clusters (approximately 0.4 nm) on
ALD SnO,. PEDOT:PSS layers were spin-cast on top of front cells and
annealedinairat120 °C for 20 min. After the substrates had cooled, we
immediately transferred the substrates to a nitrogen-filled glovebox for
the deposition of control and PHJ NBG perovskite films with identical
procedures used for the single-junction devices. Finally, 20 nm C,,
7 nmBCP and 150 nm Cu films were sequentially deposited by thermal
evaporation (Beijing Technol Science). Details onthe deposition of ALD
SnO, layers can be found in our previous work™.

Encapsulation

Perovskite outside the encapsulation areais removed before the encap-
sulation. The cover glass has a cavity inside to make sure that there
isno direct contact between the active area of the solar cell and the
cover glass. The UV epoxy is attached around the edges of the cover
glass and should not make contact with the active area of the solar
cell. Toimprove the protection effect of the encapsulation, UV epoxy
is applied to the entire active area of the solar cell and a plane glass is
used for encapsulation. After this encapsulation, we observed aslight
decreasein FF of the device (Supplementary Note 5 and Supplementary
Fig. 45a), which is probably because of the reaction of the perovskite
material with vapours outgassing from the UV epoxy during the UV
epoxy curing process*.

Characterization of solar cells

For single-junctionsolar cells, the current density-voltage (/-V) char-
acteristics were measured using a Keithley 2400 SourceMeter under
theillumination of the Enlitech Solar Simulator (Class AAA) at the light
intensity of 100 mW cm, as checked with NREL-calibrated reference
solar cells (KG-5 and KG-0 reference cells were used for the measure-
ments of WBG and NBG solar cells, respectively). Unless otherwise
stated, the /-V curves were all measured in a nitrogen-filled glovebox
with a scanning rate of 100 mV s (voltage steps of 20 mV and a delay
time of 100 ms). The active area was determined by the aperture shade
masks (0.049 or 1.05 cm?) placed in front of the solar cells. EQE meas-
urements were performed in ambient air using a QE system (Enlitech)
with monochromatic light focused on the device pixel and a chopper
frequency of 20 Hz. For tandem solar cells, the/-V characteristics were
carried outunder the illumination of atwo-lamp high-spectral-match
solar simulator (San-El Electric, XHS-50S1). The spectra from the simula-
tor werefinely tuned to ensure that spectral mismatchiswithin100 + 3%
for each 50-nm interval in the wavelength range 400-1,000 nm. The
solar simulator was set at the light intensity of 100 mW cm, as checked
with a calibrated crystalline silicon reference solar cell with a quartz
window (KG-0). EQE measurements were performed in ambient air and
the bias illumination from highly bright light-emitting diodes (LEDs)
with emission peaks of 850 and 460 nm were used for the measure-
ments of the front and back subcells, respectively.

Stability tests of solar cells

The operational stability tests were carried out under full AM1.5G illu-
mination (Class AAA, multicolour LED solar simulator; Guangzhou
Crysco Equipment Co. Ltd.) with an intensity of 100 mW cm™ using
a home-built LabVIEW-based MPP tracking system and a ‘perturb
and observe’ method in ambient conditions (humidity of 30-50%).
The solar cells were encapsulated with a cover glass and UV epoxy
(ThreeBond), which was cured under a UV-LED lamp (peak emission
at 365 nm) for 3 min. No UV filter was applied during operation. The
environmental temperature was kept at around 25 °C. The solar-cell
temperature increased to about 35 °C under illumination, as no passive

cooling was implemented to the measurement stage. The illumina-
tion intensity was regularly calibrated to check the degradation of
the LED lamp. The dark long-term shelf-stability assessments of
solar cells (without encapsulation) were carried out by repeating the
J-Vcharacterizations over various times and the devices were stored
inaN, glovebox.

Steady-state and time-resolved PL

Steady-state PL and time-resolved PL were measured using a HORIBA
Fluorolog time-correlated single-photon-counting system with pho-
tomultiplier tube detectors. The light was illuminated from the top
surface of the perovskite film. For steady-state PL measurements, the
excitation source was from a monochromated Xe lamp (peak wave-
length at 520 nm with a line width of 2 nm). For time-resolved PL, a
green laser diode (A = 540 nm) was used for the excitation source with
an excitation power density of 5mW cm™. The PL decay curves were
fitted with biexponential components to obtainafastand aslow decay
lifetime.

Femtosecond transient absorption measurements
Femtosecond laser pulses were produced using a regeneratively
amplified Yb:KGW laser at a 5-kHz repetition rate (Light Conversion,
PHAROS). The pump pulse was generated by passing a portion of the
1,030-nm probe pulse through an optical parametric amplifier (Light
Conversion, ORPHEUS), with the second harmonic of the signal pulse
selected for400-nmlight. Both the pump and probe pulses (pulse dura-
tion 250 fs) were directed into an optical bench (Ultrafast, Helios), in
whichawhite-light continuum was generated by focusing the1,030-nm
probe pulse through asapphire crystal. The time delay was adjusted by
optically delaying the probe pulse, with time steps increasing exponen-
tially. A chopper was used to block every other pump pulse and each
probe pulse was measured by a charge-coupled device after dispersion
by agrating spectrograph (Ultrafast, Helios). Samples were prepared
onaglasssubstrate and translated at1 mm s during the measurement.
Pump fluences were kept at 4 pj cm2.

Space-charge-limited current

Thehole-only and electron-only devices were fabricated to obtain the
density of hole traps or electron traps using the following architec-
tures: ITO/PEDOT:PSS/perovskite/spiro-OMeTAD/Au for holes and ITO/
TiO,-Cl/PCBM/perovskite/C,,/BCP/Cu for electrons. Measurements
were carried outinaglovebox using aKeithley 2400 SourceMeter. The
trap density N,,, is determined by the equation Vi = gN,,,L*/ (2¢5), in
which Vi is the trap-filled limit voltage, L is the thickness of perovs-
kite film, cis the relative dielectric constant of perovskite and ¢, is the
vacuum permittivity.

Other characterizations

SEMimages were obtained using a TESCAN microscope with an accel-
erating voltage of 2 kV. XRD patterns were collected using a Rigaku
MiniFlex 600 diffractometer equipped with a Nal scintillation coun-
ter and using monochromatized copper Ko radiation (1 =1.5406 A).
We carried out XPS analysis using the Thermo Scientific Al K-Alpha
XPS system with energy steps of 0.1 eV. Optical-absorption measure-
ments were carried outinalLambda 950 UV/Vis spectrophotometer.
Transient photovoltage decays were measured on a home-made
system. A 540-nm green LED was used to modulate the V, with a
constantlight bias and the repetition rate was set to 2,000 Hz. A white
LED was illuminated on the active area of the solar cell under study
for the constant light bias. The intensity of the pulsed illumination
was set in a way that the modulated V,. was about 10 mV to ensure a
perturbation regime. The open-circuit voltage transient, induced by
thelight perturbation, was measured with a digital oscilloscope set
toaninputimpedance of 1 MQ. The charge-recombination lifetime
was fitted by a single exponential decay.



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

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.
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» Experimental design

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

1. Dimensions

|X|Yes Aperture areas of 0.049 and 1.05 cm2 were used in this work.
Area of the tested solar cells |:| No
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|X| Yes  Black metal aperture masks were used during the J-V measurements.

[ ]No

Method used to determine the device area

2. Current-voltage characterization

Current density-voltage (J-V) plots in both forward DX Yes  Provided in this manuscript
and backward direction [ ]No
Voltage scan conditions [X]Yes  Provided in Method section.
For instance: scan direction, speed, dwell times |:| No
Test environment [X]Yes  Provided in Method section.

For instance: characterization temperature, in air or in glove box |:| No

Protocol for preconditioning of the device before its |:| Yes | Explain why this information is not reported/not relevant.
characterization X]INo

Stability of the J-V characteristic |X| Yes  Stabilized PCEs of both single-junction and tandem solar cells were provided.
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  very minor hysteresis was observed for devices herein.

the characterization [ Ino
XI Yes -V curves under reverse and forward scans were provided.
Related experimental data
[ INo
4. Efficiency
External quantum efficiency (EQE) or incident X[ Yes  EQE curves were provided.
photons to current efficiency (IPCE) |:| No

A comparison between the integrated response under |X| Yes  Theintegrated Jsc values from QE were consistent with Jsc values from J-V
the standard reference spectrum and the response [INo measurements.
measure under the simulator

For tandem solar cells, the bias illumination and bias DX Yes  stated in Method section.
voltage used for each subcell |:| No z
S
5. Calibration 3
R
Light source and reference cell or sensor used for the DX Yes  stated in Method section. N
characterization [ ]No o
Confirmation that the reference cell was calibrated |X| Yes  The reference cells were calibrated by NREL and explained in Method.

and certified [ ]No




Calculation of spectral mismatch between the |:| Yes  The light spectrum used for measurements matches well with the reference silicon

reference cell and the devices under test |X| No cell, and we did not calculate the spectral mismatch between the reference cell and
the tested devices
Mask/aperture
XI Yes  Metal aperture masks with areas of 0.049 and 1.05 cm2 were used for testing.
Size of the mask/aperture used during testing
[]No
Variation of the measured short-circuit current [ ]Yes  we measured all devices with masks.
density with the mask/aperture area X No

Performance certification

Identity of the independent certification laboratory |X| Yes  All-perovskite tandem PSC was certified by Japan Electrical Safety and Environment
that confirmed the photovoltaic performance [ ]No Technology Laboratories (JET).

A copy of any certificate(s) |X| Yes  Provided in the supplementary information.

Provide in Supplementary Information |:| No

Statistics

|X| Yes  Stated in the manuscript.
Number of solar cells tested |:| No
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. ) . |X| Yes  Stated in the manuscript.
Statistical analysis of the device performance |:| No

Long-term stability analysis

Type of analysis, bias conditions and environmental |X| Yes  Stated in Method section.
conditions [INo

For instance: illumination type, temperature, atmosphere

humidity, encapsulation method, preconditioning temperature
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