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Triple-junction solar cells theoretically outperform their double-junction
and single-junction counterparts in power conversion efficiency, yet
practical perovskite-perovskite-silicon devices have fallen short of both

theoretical limits and commercial targets. To address surface defects in

the top perovskite junction, we introduce a piperazine-1,4-diium chloride
treatment, which replaces less stable lithium fluoride. For interfacing the top
and middle perovskite junctions, we optimize the size of gold nanoparticles
deposited on atomiclayer-deposited tin oxide for best ohmic contacting
with minimal optical losses. Applying these strategies, our champion 1-cm?
triple-junction cell achieved a third party-verified reverse-scan power
conversion efficiency of 27.06% with an open circuit voltage of 3.16 V.

Scaling up to 16 cm?, the device produced a certified steady-state power
conversion efficiency of 23.3%. Device longevity also improved by elimina-
ting methylammonium and incorporating rubidium into the perovskite bulk
alongside the piperazine-1,4-diium chloride surface layer. An encapsulated
1-cm?cell retained 95% of its initial efficiency after 407 h at maximum power
point and passed the IEC 61215 thermal cycling test. These results represent
advancements towards efficient and stable perovskite-perovskite-silicon
triple-junction solar cells.

Toaccelerate the transition towards a net-zero-CO,-emission economy,
improving the efficiency of solar cells is instrumental in reducing the
levelized cost of energy of photovoltaic systems, provided device life-
time can be maintained. Multi-junction solar cells that stack semicon-
ductor materials with descending bandgap from top (sun-facing) to
bottom convertsections of the solar spectrum more efficiently. They
therefore have a high theoretical power conversion efficiency limit:
~45% for double-junction and ~51% for triple-junction cells' when there
isno constraint on the choice of materials and, therefore, of their band-
gaps. Metal halide perovskite solar cells are potentially cost-effective’,
andtheirrapid efficiency improvements and ease of fabrication make
them highly attractive to be partnered with photovoltaic materials,
such as perovskites or silicon (Si), for multi-junction tandem devices.
The ease of fabricationis conducive to monolithicintegration, whereby
onejunction is directly fabricated onto another, or the junctions are

electrically bonded’. Monolithic integration is particularly useful for
triple-junction tandem devices resulting in two-terminal connections
as opposed to four-terminal or six-terminal connections’.

Great progress has been made in both all-perovskite and
perovskite-on-Sitriple-junction devices. The first all-perovskite (per-
ovskite-perovskite-perovskite) triple-junction cell was reported
in 2019, with a power conversion efficiency (PCE) of 6.7% (ref. 3).
In just 5 years, the efficiency significantly improved, to 28.7% most
recently. In terms of perovskite on the Si (perovskite—perovskite-Si)
triple junction, the first demonstration was reported by Werner et al.’
at 14.0% efficiency in 2018, by integrating perovskite-perovskite
double junctions onto a front- and rear-side textured Si bottom cell.
Both perovskite layers were fabricated via a two-step method com-
bining thermal evaporation and spin-coating’. After a hiatus of
four years, a second report was the first to reach the 20% efficiency
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milestone using a solution-processed self-assembled monolayer as
the hole transport layer for the perovskite cells®. Since then, higher
PCEs have beenreported, suchasthe most recent one certified at 27.1%
(Supplementary Table 1). Over time, the stability of these cells has
also improved (Supplementary Table 1), from minutes for the earlier
unencapsulated devices to hundreds of hours for encapsulated devices
under maximum power point tracking (MPPT). Despite the progress
made, thereisample scope forimproving the stability and performance
of perovskite-on-Sitriple junctions to fully realize their potential.

Many of the demonstrated perovskite-Si triple-junction devices
(Supplementary Table 1) contain methylammonium (MA) and lithium
fluoride (LiF), which are known to cause cell instability”®. To replace LiF
between the perovskite and the C,, layer, a piperazine-1,4-diium (also
known as piperazinium)-based material can be considered. Piperazinium
di-iodide hasbeenshownto effectively passivate surface defectsin1.26-eV
(ref.9) and1.55-eV (ref.10) or 1.56-€V (ref.11) perovskites. Additionally, it
regulates band bending, facilitating efficient charge extraction.

Regarding monolithic integration of the top two perovskite
junctions, ‘ultrathin’ gold (Au) combined with atomiclayer-deposited
(ALD) SnO, has been commonly used?". At a certain thinness, for
example, ~1 nm (refs.12-15,18,19) and ~0.4 nm (ref. 16), the ‘ultrathin’
Au takes the form of nanoparticles. While this concept has been dis-
cussed by Tian et al.”’ in the context of n-i-p perovskite-organic
double-junction tandem cells, this has not been considered before
inthe context of p—i-n cells.

In this paper, we investigate the effect of rubidium (Rb) incor-
poration in improving the performance and stability of MA-free
wide-bandgap (1.91eV) perovskite and developed piperazinium
di-chloride (PDCI) surface treatment, replacing LiF from the 1.91-eV
high bromide-containing perovskite film. For integrating the top two
perovskite junctions, we investigate the relationship between nano-
particle size and coverage with deposition time, including the critical
‘thickness’ at which the particles begin to form clusters or asemicontin-
uous film, and the pathway for minimizing optical loss without compro-
mising electrical performance. Using these strategies, we demonstrate
al-cm?champion perovskite-perovskite-silicon triple-junction device
producing a third party-verified reverse-scan PCE of 27.06%, with an
open circuit voltage (V) of 3.16 V. A large-area, 16 cm?, champion
perovskite triple-junction solar cell produced a certified steady-state
PCE 0f23.3%. In terms of stability, al-cm*encapsulated cell maintained
95% of its initial efficiency after 407 h MPPT under continuous light
illumination. Additionally, an encapsulated perovskite triple-junction
solar cell passed the International Electrotechnical Commission (IEC)
61215 thermal cycling test after 200 cycles between —40 °C and 85 °C.

Surface treatment for the perovskite top junction
The schematic of the wide-bandgap (1.91 eV) perovskite junction is
shown in Fig. 1a. The cell structure consists of glass/ITO/MeO-2PACz/
C50.16RD 04FA¢sPB(I 4sBr g 55)5/(PDCI)/C4o/BCP/Cu, where FA (formami-
dinium) and MeO-2PACz ([2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl]
phosphonicacid) are used asahole transport layer. Details of cell fabrica-
tion canbe foundin Methods. The results of Rbincorporation optimiza-
tion canbe foundin Supplementary Figs.1and 2. It was found that4% Rb
addedinto the perovskite precursor resultsin optimum device perfor-
mance (Supplementary Fig.1a-d). This correlates with trends observed
inthe X-ray diffraction patterns of the corresponding films, whereby 4%
Rbincorporationresultsinthe minimum Pbl,and non-perovskite-phase
(labelled ‘6’ inSupplementary Fig. 1f) peaks when compared to films with
lower or higher amounts of Rb (Supplementary Fig. 1f). The presence
of Rbinthe perovskite layer is also evident by time-of-fight secondary
ion mass spectrometry (Supplementary Fig.1g).

To further improve the performance of the wide-bandgap
Cs.16Rbo.0sFA( sPb(ly45Brg 55); perovskite, a PDCl surface treatment was
applied (Fig. 1a). Supplementary Fig. 3 shows the molecular structure
and electrostatic potential of PD* as well asatop-view scanning electron

microscopy (SEM) image of PDCl-treated perovskite. Figure 1b-e and
Supplementary Table 2 show improvements in average V., from
1,280 mVt01,322 mV, averagefill factor (FF),from 0.78 t0 0.81,and aver-
age PCE, from13.7%t015.1%, after PDCl treatment. The short circuit cur-
rentdensity (Jsc) did notimprove (Fig. 1c) due toinsignificant changein
the perovskite layer absorbance (Supplementary Fig.4) and bandgap. The
latter remains at 1.91 eV after PDCI treatment (Supplementary Fig. 5b).
Nevertheless, respectable performance was achieved by the champion
PDCl-treated device achieving a record FF of 84.5%, while the best FF
foral.91eV perovskite reported so faris 83.5% (ref.17). For comparison,
devices that replace bathocuproine (BCP) with ALD SnO, are also dem-
onstrated, asthis cell structure (Supplementary Fig. 6a, right) was used
in later tandem demonstrations in this work. The results show a higher
average and narrower distributioninall cell parameters, including power
conversion efficiencies (Supplementary Fig. 6b—e) inSnO,-based devices
compared to BCP-based ones.

The reasons for the performance improvement are many. Results
from ultraviolet photoelectron spectroscopy (UPS) (Supplementary
Fig. 7) revealed areduction in band offsets between the perovskite
and the Cy, layer after PDCl surface treatment for both the valence
and conductionbands (Fig.2a), enhancing both the hole and electron
transport. Enhanced carrier transport can be seenin the results for tran-
sient photocurrent measurements (Supplementary Fig. 8), which led
tolowered seriesresistance (Rs) (Supplementary Fig. 9a) and increased
FF (Fig.1b) in PDCl-treated cells.

X-ray diffraction revealed the reduction of Pbl, peak intensity
(Fig. 2b) after PDCI treatment. Although the (100) peak intensity
decreased slightly (Supplementary Fig. 10a), the Pbl,/(100) intensity
ratio (Supplementary Fig. 10b) also decreased, probably as a result
of the reaction between PDCl and Pbl, (ref. 11) present on the surface
of untreated perovskite film (Supplementary Figs. 1f and 2e). Results
from X-ray photoelectron spectroscopy (XPS) also revealed reductions
in PbO peaks at 141.8 eV and 137.1 eV in the PDCl-treated perovskite
(Supplementary Fig.11) compared to the control (untreated) film.

As aresult, the trap densities in PDCI-treated perovskite cells are
reduced, as seenin Supplementary Fig.12a, for energy levels ~0.35 eV
away from the valence band (E,), as determined from thermal
admittance spectroscopy and Mott-Schottky analysis. The built-in
potential (V,;) determined for PDCl-treated cells is also higher
than that of untreated cells (Supplementary Fig. 12b). This aligns
with the trend observed for increased V, (Fig. 1d) and increased
steady-state photoluminescence (PL) intensity (Fig. 2c and
Supplementary Fig. 13) in PDCI-treated cells and films, respectively.
Such defect passivationimproved the photogenerated carrier lifetime
(Supplementary Table 3) determined from time-resolved photolumi-
nescence (TRPL) (Fig. 2d). Finally, results of temperature-dependent
Voc measurements (Supplementary Fig. 14) show that the activation
energy for the recombination current (£,) dropped from 1.90 eV for
the untreated device to 1.79 eV for the PDCl-treated device, in which
the recombination mechanism became more bulk-dominated, which
inturnsuggests animproved perovskite/C,,interface. Therefore, these
combined factors contribute to animproved voltage output and FF for
PDCl-treated cells, as shownin Fig. 1.

Furthermore, the time evolution of steady-state PL in Supple-
mentary Fig.15shows suppressed phase segregationin Rb-incorporated
wide-bandgap perovskites, and even more so after additional PDCI
treatment (compare Fig. 2e,f), indicating the effectiveness of the
strategies developed in this work for improving photostability for
wide-bandgap perovskites.

Interface modulation for integrating perovskite
junctions

To better understand the properties of ‘ultrathin’ Au on the ALD
SnO0, layer, to further improve the perovskite-perovskite inter-
face for monolithic perovskite tandems, we systematically carried
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Fig. 1| Photovoltaic performance of wide-bandgap perovskite solar cell.

a-e, Schematic (a) and distributions of FF (b), /. (¢), Vi (d) and PCE (e) of control
and PDCl-treated 1.91-eV wide-bandgap perovskite p-i-n devices (10 devices in
eachtype). Top value: maximum; top bar: 75th percentile; middle bar: median;

Voltage (V)

opensquares: mean; bottom bar: 25th percentile; lowest value: minimum; solid
circles: measured data. f, Reverse-scan current density-voltage (J-V) curves of
the champion device in each group.

out transmission electron microscopy (TEM) of test structures, as
shown in Supplementary Fig.16. The measured TEM diffraction rings
corresponding to Au and SnO, on amorphous carbon are shown in
Supplementary Fig.17.1t was found that ‘0.4 nm’ Au, asread out by the
thickness monitor of the thermal evaporator, is, in fact, nota continu-
ous film but takes the form of distributed nanoparticles (Fig. 3e and
SupplementaryFig.16). As deposition times increased, so did the nano-
particle coverage (Fig. 3d-i). Supplementary Table 5 lists the nanopar-
ticle average size, coverage and spacing with deposition time. Clusters
began to form when the nominal ‘thickness’ was >'1.8 nm’ (Fig. 3j-1).
At ‘3.0 nm’, the deposited Aubecame a semicontinuous film (Fig. 3m).

Wethen carried out rigorous coupled-wave analysis (RCWA) simu-
lations (see Methods for details). Unit cells (Supplementary Fig. 18) with
Au coverage from Supplementary Table 5 for nominal thicknesses of
‘0.2,°0.4,°0.6’,'0.8’, 1.0’ and 3.0 nm’ were generated, beginning with
asimple Au/Sn0,/ITO/glass test structure (Supplementary Fig. 19)
for model verification. Simulated transmittance of Au nanoparticles
with various coverages or an Au planar film on Sn0,(20 nm)/ITO/glass
are shown in Supplementary Fig. 19a,b, while the measured results
are shown in Supplementary Fig. 19c. Comparing with the results
for a planar layer of Au (Supplementary Fig. 19b), a dip in transmit-
tance around 600 nm is seen in the experimental measurements
(Supplementary Fig. 19c), which was replicated by optical simula-
tions only in the case of Au nanoparticles (Supplementary Fig. 19a).
This indicates that the optical absorption in the Au nanoparticles
was caused in part by localized surface plasmon resonances in the
nanoparticles®. We then optically modelled asemitransparent perovs-
kite-perovskite tandem as a function of the amount of Au deposited.
Rudimentary experimental perovskite-perovskite tandems (Fig. 3a
and Supplementary Table 4) were fabricated without Rbincorporation
and PDCltreatment toillustrate the effect of varying the amount of Au.
Results of optical modelling of a semitransparent perovskite-perovs-
kite tandem as a function of Au (Supplementary Fig. 20) show that Au
nanoparticles at the interface were primarily responsible for parasitic
absorption, with ‘thicker’ Au or more of the Au nanoparticles causing
anincrease in parasitic absorption. This prediction explains the drop

in the observed current output of the demonstrated tandem devices
(Fig.3b and Supplementary Table 4).

The simulated absorptance (Supplementary Fig. 21a) and /s
(Supplementary Fig. 21b) indicate that the minimum amount of inter-
facial Au produces the highest current output. However, the presence
of Au is essential to facilitate ohmic contact as its absence results in
an ‘S’ shape for the J-V curve (Fig. 3b) or a nonlinear response in the
dark/-V curve (Fig. 3n). Results of simulations (Fig. 30,p) show that
the presence of Au at the SnO,/NiO, interface, even at the local level
(forexample, inthe form of nanoparticles), suppressed band bending,
thereby lowering the barrier of the carrier recombination junction
between the subcells.

Triple-junction demonstration

For monolithic perovskite-perovskite-Sitriple-junction (Fig. 4a) tan-
dem demonstrations, we applied Rbincorporationand PDCl treatment
strategies tothe top perovskite junction and the Aunanoparticleinter-
facing strategy tothe top and middle junctions. The SEM cross-section
ofatriple-junction cellis shownin Fig. 4b and details of its fabrication
canbe found in Methods.

For reference, the /-V curve of an optimized 1.55-eV perovskite-
1.91-eV perovskite double-junction semitransparent test cell isshown
in Supplementary Fig. 22 producing a higher V,. than those in Fig. 3,
thus showing the effectiveness of the strategies. For comparison, tri-
ple junctions that replace Au nanoparticles with 15-nm ITO were also
fabricated. Results show that while current outputs are comparable
(Supplementary Fig.23b), Aunanoparticleinterfacing is more effective
than 15-nm ITO in producing higher and narrower distributions of FF
(Supplementary Fig.23a) and V,,c (Supplementary Fig.23b), resultingin
higher performance (Supplementary Fig. 23d). This is due to the better
ability of Au nanoparticles to localize any shunting effects while still
facilitating local ohmic contact for vertical carrier transport, compared
with 15 nm ITO, which is more conductive laterally®.

The champion 1-cm? triple-junction device achieved a third
party-verified reverse-scan PCE 0f 27.06% (Fig. 4d and Supplementary
Fig. 24). For reference, in-house measurement results are shown
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in Supplementary Fig. 25. The efficiency and V, (3.16 V) achieved
are among the highest to date for triple-junction perovskite-
on-silicon tandem solar cells (Supplementary Fig. 26 and Supple-
mentary Table 1). The external quantum efficiency (EQE) and the
integrated Js: values from the three subcells (Fig. 4c) show that the
top and middle perovskite junctions are still current-limiting, requir-
ing further improvement in future work, including red-shifting the
middle cell absorption edge by introducing tin in the absorber.
Future work will use a front textured silicon bottom cell to enhance
light-trapping and to reduce reflections from the top and middle
perovskite junctions.

To demonstrate the suitability of interfacing designs developed
in this work for large areas, a16-cm?tandem device was demonstrated
(Fig. 4e), which is at least an order of magnitude larger than perovs-
kite triple junctions reported so far**° (Supplementary Table 1). The
champion device achieved a certified reverse-scan PCE of 23.65%
and a steady-state (300 s) PCE of 23.3% (Supplementary Fig. 27). A
respectable FF of 0.78, for such alarge-area device, was achieved, partly
due to the ability of the Au nanoparticles to localize large-area film,
non-uniformity related shunts while still facilitating vertical carrier
transport. While the drop of V,,c on the large area was not significant,
futureimprovements will require optimization of the front grid design
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of rudimentary 1.55 eV perovskite-1.91 eV perovskite double-junction
semitransparent test solar cells, without Rbincorporation or PDCl treatment, for
evaluating the effect of different Au deposition times. c-m, TEM micrographs of
Au deposited for different durations (using anominal thickness reading from the

thermal evaporator): ‘0 nm’ (c); ‘0.2 nm’ (d); ‘0.4 nm’ (e); ‘0.6 nm’ (f); ‘0.8 nm’ (g);
‘1.0 nm’ (h); ‘1.4 nm’ (i); ‘1.8 nm’ (j); 2.2 nm’ (k); 2.6 nm’ (I); ‘3.0 nm’ (m). n, Dark
J-Vcharacteristics of the SnO,/(Au)/NiO, testing structure. o,p, Simulated band

diagram of the SnO,/(Au)/NiO, stack at equilibrium without (o) and with (p) Au at
theinterface.
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to minimize shading and to improve Jsc and the use of area-scalable
perovskite deposition methods toimprove the FF to >80%.

To evaluate the stability of the 1-cm? triple-junction tandems,
devices were encapsulated before IEC 61215 thermal cyclingand MPPT
tests. Due to optical loss from encapsulation, the PCEs of the devices
were 25.1% and 25.2%, respectively, before thermal cycling and MPPT.
One device maintained 97% of its initial PCE after 200 thermal cycles
(Fig. 4f), passing the IEC 61215 thermal cycling test. The second device
maintained 95% of its PCE after 407 h of continuous 1-Sunillumination
(Fig. 4g). These stabilities exceed those of reported perovskite triple
junctions®, including perovskite-perovskite-silicon triple junctions
(Supplementary Table1). Suchimproved stability is due to the presence
of Rb (suppressing phase segregation as shownin Supplementary Fig.15
anddiscussed previously) and the absence of MAin our triple junctions.
To illustrate this, light and thermal stability tests were performed on
Cs02FAqsPb(ly45Bry 55); perovskite cells, Csy14RbgsFA sPb(lg45Bros5)3
perovskite cells and Csq;;MA, 0.FA,sPb(lo4sBross); perovskite
cells (Supplementary Fig. 28). It was found that Rb-incorporated
and MA-free wide-bandgap devices (Supplementary Fig. 28b,f)
degrade less, or are more stable, than Rb-free and MA-free devices
(Supplementary Fig.28a,e), whichin turn are more stable than Rb-free
and MA-containing devices (Supplementary Fig. 28¢,g). While the latter
two types of perovskite have been used as top cells in high-performance
triple-junction tandem cells** %, when both performance and stability
are considered, Rb-incorporated, MA-free perovskites are highly suit-
able. Another reason for the respectable stability is the replacement
of LiF by PDCI at the perovskite/C,, interface. Although LiF has been
used in many state-of-the-art triple junctions (Supplementary Table 1),
LiF isknown to reduce device stability”. PDCl also provides additional
phase-segregation suppression, as shown in Fig. 2f and discussed
previously. Resultsin Supplementary Fig. 28 also show that PDCl treat-
ment for Rb-incorporated, MA-free perovskites is desirable for both
light (Supplementary Fig. 28d) and thermal (Supplementary Fig. 28h)
stability.

Conclusions

In summary, we report improved interface designs for the perovs-
kite-perovskite-Si triple junction via the use of piperazine-1,4-diium
chloride surface treatment for the 1.91-eV Rb-incorporated, MA-free
and LiF-free top perovskite cell, and the use of Au nanoparticles for
monolithic perovskite-perovskite integration, producing improved
performance and stability. The form of the ‘ultrathin’ Auis clarified, and
consists of nanoparticles. The relationship between nanoparticle size
and coverage hasbeen systemically investigated for a better design of
the perovskite-perovskite interface to improve device performance.
Athird party-verified reverse-scan PCE of 27.06% was achieved for the
champion perovskite—perovskite-silicon triple junction at1cm? A
certified steady-state PCE 0f 23.3% was achieved for 16 cm?. An encap-
sulated triple junction maintained 95% of its initial efficiency after
407 h of MPPT and another encapsulated triple junction passed the
IEC 61215 thermal cycling test. These results serve as the foundation
for developing more efficient and stable perovskite-perovskite-silicon
triple-junction solar cellsinthe future, withimproved electrical current
from the top and middle perovskite junctions viabandgap engineering
and light-trapping. Improvements in large-area film depositions and
front grid design are also important for future large-area triple junc-
tions, to produce voltage and current outputs and fill factors compa-
rable to state-of-the-art small-area devices.
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Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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Methods

Materials

Formamidiniumiodide (FAI), formamidinium bromide (FABr), methyl-
ammoniumiodide (MAI) and PDClwere sourced from GreatCell Solar
Materials. Lead iodide (Pbl,), lead bromide (PbBr,), rubidium iodide
(Rbl) and MeO-2PACz were purchased from Tokyo Chemical Industry.
BCP was purchased from Lumtec. C4, was purchased from Nano C.
Tetrakis(dimethylamino)tin(IV) (TDMASn) was purchased from Strem
Chemicals. Gold, copper and silver shot were purchased from ESPI
Metals. Other dry chemicals were purchased from Sigma-Aldrich and
allsolvents were purchased from Alfa Aesar. Pre-patterned indiumtin
oxide (ITO) glasses with a sheet resistance of 8 Q sq™ were purchased
from WuhanJinge Solar Energy Technology.

Device fabrication

For the fabrication of the silicon heterojunction bottom solar cell,
6-inch N-type polished Czochralski wafers with a thickness of 150 pm
and aresistivity ranging from1to 5 Q cm were used. A wet-chemical
process, including saw-damage removal and cleaning, was applied
to the as-cut wafers. No texturing process was used for this wafer.
Subsequently, an intrinsic a-Si:H passivation layer (-5 nm) was first
deposited by plasma-enhanced chemical vapour deposition (PECVD)
on both sides of the wafer. Then, n-type (-5 nm) and p-type (-8 nm)
a-Si:H layers were sequentially deposited at the front and back sides of
the wafer, respectively. After PECVD, the back contact of the silicon cells
was fabricated by stacking sputtered ITO (80 nm) and then thermally
evaporated Ag through a shadow mask with an opening of 1.1 x 1.1 cm?
or 4.1x4.1cm?on the rear side. For the front side, a 20-nm-thick ITO
layer was deposited on the n front side through a shadow mask of
1.1x1.1cm?or 4.1x4.1cm? defining the aperture area of the silicon
bottomcelland acting asarecombination layer between the silicon bot-
tom cell and the perovskite middle cell. The silicon bottom cells were
thenlaser-cuttoa2 x 2cm?or5 x 5 cm?square substrate for small-area
(1cm?) and large-area (16 cm?) tandem fabrication.

The 1.55-eV middle perovskite has the structure: MeO-2PACz/
C50.08RD0.02FAgsPbIs/ Co/SNO,/Au.

The front of the silicon solar cell was first treated with ultravio-
let-ozone (UVO) cleaner for 5 min. This was followed by deposition
of the hole transport layer MeO-2PACz (0.5 mg ml™ in menthol) via
spin-coating at 4,000 rpm for 20 s, followed by annealing at 95 °C for
10 mins. The 1.5 M Cs, osRb, o,FA oPbl; precursor was then spin-coated
at 2,000 rpm for 20 s, followed by 6,000 rpm for 30 s. N, was blown
onto the surfaceinthelast 20 sbefore the end of the spin process. The
film was annealed at 105 °C for 10 min, producing a deep, dark, dense
perovskite film. The substrates were then transferred into a thermal
evaporation chamber for 20 nm C,, deposition. This was followed by
20-nmSn0, deposition by thermal ALD in an Arradiance GEMStar reac-
tor. TDMASn was used as the Sn precursor and was held at 60 °Cin a
stainless-steel container. Water was used as an oxidantand was delivered
fromastainless-steel container atroomtemperature, and the precursor
delivery manifold temperature was set to 115 °C. The TDMASn/purgel/
H,O/purge2times were1s/10 s/0.2 s/15 s with corresponding nitrogen
flows of 30 sccm/90 sccm/90 sccm/90 sccm to the deposition chamber
at80 °C.A20-nmtin oxide layer was formed after 135 cycles. After that,
Auwas deposited viathermal evaporation for different durations. Nomi-
nal thickness readingat 0, 0.2,0.4, 0.6,0.8 and 1 nm (using the Inficon
quartz crystal monitor with corrected tooling factor for gold material)
was used to distinguish different deposition times.

The1.91-eVtop perovskite cell had the structure: NiO,/MeO-2PACz/
Cs16Rb00sFA( sPD(l 45BT 55)3/ (PDCI)/Cso/SNO,/Ag/MgF,. The 10-nm
NiO, was deposited by sputter-coating using a 2-inch target under
60-Wradiofrequency powerin Arat2 mTorrusing an AJA International
sputtering system. The same concentration of MeO-2PACz was used as
above for deposition, except for alonger duration of 30 s followed by
annealing at a higher temperature of 100 °C. A 0.8 M, wide-bandgap

perovskite precursor was then spin-coated using a single-step spin pro-
gramme (3,000 rpmfor 50 s), with nitrogen gas blown onto the surface
duringthelast 25 s of the spin process. The resulting film was annealed
at 105 °C for 10 min, yielding a deep red, dense film. The value of x in
Cs,_Rb,FA, sPb(l, 4sBrg55); was allowed to vary between 0 and 0.12 for
optimizing perovskite film quality and device performance. The results
can be found in Supplementary Figs. 1and 2. For the PDCl-treated
perovskite, a solution of PDCI (-0.1 mg ml™ in isopropyl alcohol) was
spin-coated onto the perovskite surface at 5,000 rpm for 20 s, followed
by annealing at 105 °C for another 10 min. The same conditions were
used for the deposition of C., and SnO, as above. Finally, the 90 nm
ITO transparent electrode was deposited by sputter-coating through
ametal mask with an area of 1.1 x 1.1cm? or 4.1 x 4.1 cm? with a 35-W
radiofrequency power and Ar at 1.5 mTorr using the AJA International
sputtering system. Tocomplete triple-junction cell fabrication, the sil-
ver grid was deposited by thermal evaporationtoathickness of 230 nm
and 720 nm, for1 cm?and 16 cm?, respectively, through a mask. Finally,
the front of the cell was deposited with 100 nm MgF, for antireflection.

For process optimizations, 1.91-eV perovskite single-junction
opaque cells and perovskite-perovskite double-junction semitranspar-
ent test cells were also fabricated on glass substrates.

The patterned ITO-coated glass was first prepared by ultrasonic
cleaning in deionized water containing 2% Hellmanex, followed by
rinses in deionized water, acetone and isopropanol, each for 15 min.
The cleaned ITO substrates were then subjected to UVO treatment
for 15 min. After UVO treatment, the substrates were transferred to
anitrogen-filled glovebox for subsequent perovskite or perovskite—
perovskite test solar cell fabrication.

The 1.91-eV perovskite single-junction opaque solar cell has the
structure: glass/ITO/MeO-2PACz/Cs4Rb, ¢,FA sPb(ly 4sBr 55)5/ (PDCI)/
Co0/BCP/Cu.

To evaluate the operational stability of Rb and MA incorporation
in perovskites, three different compositions were used in fabrication
test cells with the structure glass/ITO/MeO-2PACz/perovskite/Cq,/BCP/
Cu. The three compositions were:

(1) Csg16Rbo0sFAsPD(lg.45Bros5); (CsSFARD);
(2) Csp16MAg04FA( sPD(l45Bros5); (CSFAMA);
(3) Csg,FAysPb(l;45Brgss); (CSFA).

The same conditions were used as for the 1.55-eV middle perovskite
cell for the deposition of MeO-2PACz. The same conditions were also
used as above for the deposition of 1.91-eV perovskite, PDCl treatment
and Cq,. Instead of SnO,, 7 nm BCP was deposited via thermal evapora-
tion. Finally, 100-nm-thick copper electrodes were deposited through
a metal mask (to a defined device aperture area of 0.0706 cm?) by
thermal evaporation, to finish the single-junction perovskite solar
cell fabrication.

The 1.55-eV perovskite-1.91-eV perovskite semitransparent tan-
demtest cells were fabricated using the same conditions as those used
for triple-junction cells, except the Si bottom cell was replaced by
ITO-patterned glass and the cell aperture areawas 0.09 cm?*and no metal
grid was deposited. Electrical contact was made directly to the ITO.

Device encapsulation

For stability tests, 1-cm? tandem devices were laminated between two
pieces of 3-mm-thick glass laminated by transparent polyolefin-type
material, with polyisobutylene applied at the edges for sealing’. The
laminating process was carried out in a Radiant YDS-1111 laminator
at 110 °C for 10 min at 800 millibars of pressure. Copper tape was
employed to establish electrical contact with the device electrodes,
extending outward from the cover glass.

Characterizations
J-Vmeasurements for single-junction opaque devices and perovskite—
perovskite semitransparent double-junction devices were performed
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using a 1lamp solar cell /-V testing system using a class AAA solar
simulator under anillumination power of 100 mW cm The light was
calibrated using a certified reference cell. Ascan rate of 100 mV s was
used during measuring, sweeping from near-open circuit voltage (V)
(1.4 Vforsinglejunctions, 2.3 V for perovskite-perovskite tandems) to
near-shortcircuit current density (Jsc) (-0.1V). Apertures of 0.0706 cm?
and 0.09 cm?were used for single-junction opaque cells (illuminated
from the glass side) and semitransparent double-junction cells (illu-
minated from the low-bandgap side), respectively.

J-V measurements for 1-cm? triple-junction devices were per-
formed using an LED solar simulator (6,060 A, 350-1,200 nm, AAA
class, Qingdao Solar Science Instrument Hightech) under anillumina-
tion power of 100 mW cm™. A scan rate of 100 mV s™ was used during
measurement, sweeping from 3.2 Vto near Jsc (-0.1V). An aperture of
1.0 cm?was used. /-Vmeasurements for 16 cm? triple-junction devices
were performed by the Shanghai Institute of Microsystem and Informa-
tion Technology, Chinese Academy of Science, using a dual light source
AAA steady-state solar simulator (YSS-T155A-2M) under anillumination
power of 100 mW cm™with an aperture of 16.0 cm?.

EQE measurements for single-junction solar cells were carried
out using the QuantX-300 Spectral Response (Newport) system with
monochromatic light fromaxenonarc lamp.

EQE measurements for triple-junction tandem solar cells were
carried out in AC mode using Enli Technology (model QE-R) Taiwan
system. The EQE response was calibrated using a certified reference
cellfor300-1,100 nm. For measuring EQE of the siliconbottom cell, a
blue LED (450 nm) and infrared LED (730 nm) were used to saturate the
top and the middle cells. For measuring EQE of the middle perovskite
cell,ablue LED (450 nm) and near-infrared LED (940 nm) were used to
saturate the top and the bottom cells. For measuring EQE of the top per-
ovskitecell,aninfrared LED (730 nm) and near-infrared LED (940 nm)
were used to saturate the middle and the bottom cells.

Transient photocurrents of solar cells were measured using a
Keysight MS09254A oscilloscope. The 520 nm wavelength excitation
light was provided by a Thorlabs NPL52B pulsed laser with a 5-ns pulse
width, repetitionrate of 1 MHz and pulse energy of 1.2 n). The diameter
of the beam was approximately 2 mm.

Temperature-dependent open circuit voltages of solar cells were
measured using a Keysight 2636B source meter, illuminated by a
Thorlabs OSL2 Fiber-Coupled Illuminator with intensity equivalent to
1Sun. The temperature was controlled using a cryogenic cryogen-free
variable temperature cryostat, with a Lakeshore 350 temperature
controller.

The transmittance and reflectance of samples were measured
using a Perkin Elmer Lambdal050 UV/Vis/NIR spectrophotometer.

Absorbances of samples were measured using an FS 5 (Edinburgh
Instruments).

Thermal admittance spectroscopy and Mott-Schottky were con-
ducted using aKeysight E4990A impedance analyser, operating from
20 Hzto 10 MHz with the ‘enhanced measurement speed’ option.

Time-of-flight secondary ion mass spectrometry (TOF-SIMS) was
performed usingan IONTOF TOF-SIMS 5 system, operating in positive
polarity mode with Bi** primary ions at an energy of 30 keV and Cs"
sputtering ions at1keV, in the MC** operational mode

X-ray diffraction patterns were recorded using a Bruker ECO D8
diffractometer with a CuKa (1=1.5418 A) radiation.

XPS and UPS were performed using an ESCALAB250Xi (Thermo
Scientific). For XPS analysis, we employed X-ray emission using an
anode with MgKa line (12 kV-200 W) from an ultrahigh vacuum
non-monochromatic source. Following aninitial survey scan to assess
chemical states, we performed high-resolution scans at apass energy of
10 eV. The excitation energy used was 1,253.6 eV. The @ was calculated
according to the formula @ = hv (21.22 eV) — Eot.measured-

Top-view and cross-sectional SEM images were obtained using a
field-emission microscope (NanoSEM 230).

TEM including specimen preparation

Tocharacterize gold Audeposited (for different durations) onthe ALD
Sn0, layer, acarbon-coated TEM grid (EMSCF200-CU-UL, Proscitech)
was used, which was coated with a20-nm SnO, layer by ALD, followed
by thermal evaporation of Au for different times.

The samples were introduced into aJEOL 2100F FEG-TEM, which
was fitted with a Gatan Ultrascan camera for imaging. For the TEM
imaging process, we applied an electron dose rate of approximately
2 e/A? per second.

Photoluminescence characterizations

Steady-state photoluminescence spectra of perovskite films were
measured using an FS 5 (Edinburgh Instruments) with an excitation
wavelength of 450 nm.

For TRPL decay measurements, a LabRAM HR Evolution sys-
tem was used with a time-correlated single photon counting system
(DeltaPro-DD, Horiba). Using a485-nm diode laser (DD-510L, Horiba)
as the excitation source, a laser with a pulse duration of 110 picosec-
onds, areceptionrate of312.5 kilohertz and a fluence of approximately
5-6 microjoules per square centimetre per pulse was used. The PL
signal was captured at a wavelength of 660 nm. Both the incident and
reflected light were directed through a x50 objective lens (Leica PL
FLUOTAR L 50/0.55), resulting in a spot size of approximately 2 pm.
The samples were maintained in a nitrogen environment to prevent
degradation during the measurement process. To determine the PL life-
time fromthe TRPL decay curves, abi-exponential model was applied:

t t
y=Ae 1 +Ae 2

where A, and A, are weightings of the 7;-fast decay component recombi-
nationviadefect trapping and of the 7,-slow decay component associ-
ated withradiative recombination” was used in decay analysis software
tofitthe experimental results. The average lifetime, 7,,, was calculated
using the following equation:

A X T+ Ay X T

Ty = ————— %
YT AIXT + A XT,

For PLimaging, a custom PL imaging system, featuring 430-nm royal-
blue LED chips and 451/106-nm bandpass filters, was employed. The
cellswere securedinanitrogen-filled, temperature-controlled custom
jigduring theimaging process and exposed to anintensity equivalent
to 1Sun. To capture the PL image, a Peltier-cooled (at =70 °C) Si CCD
camera from Princeton Instruments (model Pixis 1024) along with a
700-nm long-pass filter was used, with anexposure time of 0.03 s. The
PLimage was then processed using Fiji software, which was also used
toadd a colour bar and calibration bar to the image.

Stability testing

For MPPT of the solar cells to evaluate operational stability of
triple-junction tandems, encapsulated devices were placed
inside an environmental chamber for continuous Xe illumination
(100 mW cm™). The temperature and relative humidity were kept at
25+ 5°C and 60 +20%, respectively. The MPPT algorithm is based on
the well-established perturb-and-observe methodology, integrated
into aLabVIEW program for efficientimplementation. The algorithm
begins by deriving an initial estimation of the MPP through a rapid
initial /~V'measurement. In theregular operation of the algorithm, the
applied voltage is perturbed using a double step of both +10 mV and
-10 mV around the voltage corresponding to the maximum power
point, denoted as V,,pp. Subsequently, the output power of the solar
cell is measured at these three distinct voltage levels. The algorithm
thenselects the new V,,;, onthe basis of the voltage configuration that
yields the highest power output. One critical aspect of the algorithm’s
executionisthe duration of each voltage step. Itisimperative to ensure
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that this durationis sufficiently long to allow for transients within the
system to equilibrate before computing the power at the newly set
voltage level. This careful consideration ensures the accuracy and
effectiveness of the MPPT process.

For IEC 61215 standard thermal cycling testing, the encapsulated
triple-junction tandem device underwent a thermal cycling regime and
was measured ex situ regularly. The temperature cycle was between
-40°C and 85 °C, and for 204 times, in this work. During the cyclic
testing, the device was held at both —40 °C and 85 °C for a duration of
10 min each. The temperature transitions between these points were
executed ata controlled ramp rate of 45 °C per hour.

Simulation

Simulation of the electrostatic surface potential of PD* was carried out
by the DFT/B3LYP method with a basis set of 6-31G(d)(p) for determin-
ing the dipole moment. All the calculations were performed using the
Gaussian 16 program package.

A commercial software package, Silvaco technology computer-
aided design, was used to model the energy band structure of the SnO,/
(Au)/NiO,stack under thermal equilibrium.

To calculate the optical effect of the Aunanoparticles, the Python-
based software RayFlare was used, which uses a modified version of
thesolver S* (ref.29). The nanoparticles were represented as Au pillars
inan NiO, background material. Itis assumed that the nominal thickness
of Au (da, nominai) deposited can be used to calculate the total volume of
Au deposited per unit area, so that the height of the Au pillars (f,.,)
canbe calculated from Ay, = day nomina/C, Where Cis the area coverage
fraction of the Au. The coverage fraction was determined from scanning
TEM images of Au deposited at different nominal thicknesses. Since
RCWA calculations assume a periodic unit cell, the random structure
ofthe Aunanoparticles was simulated by generating arandomunit cell,
containing eight non-overlapping Au pillars randomly placed within the
unit cell. The radius of the discs and size of the unit cell were chosen to
give the correct coverage fraction with the pillar height as calculated
above. The cell structure used is shown in Fig. 3a. Twenty random unit
cells were generated for each coverage fraction, with the reflectance,
transmittance and absorptance per layer calculated for each unique
unit cell assuming normally incident unpolarized light. We then took
the average of these results. The maximum possible short circuit current
of the two perovskite junctions was calculated as:

1,200 nm

Jmaxi =4 / Damisc(DA;(HdA
280 nm

where @, 56(1) is the photon flux in the AM1.5G solar spectrum as
afunction of wavelength, g is the elementary charge and A,(A) is the
fraction ofincident photons absorbed inthe relevant perovskite layer,
fromtheaverage of the 20 randomly generated unit cells. For theresults
without antireflection coating, the simulations were performed using
RCWA only. To simulate cells with textured polydimethylsiloxane
antireflection coating, RayFlare’s ray tracer was used, assuming aregu-
larinverted pyramid structure with an opening angle of 52°.

Simulation codes for results in Supplementary Figs. 18-21 can be
foundinref.30.

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

Data availability

The datasupporting the findings of this study and the minimum dataset
for the interpretation, verification and extension of the research are
available in the Article and Supplementary Information. Additional
data are available from the corresponding authors on reasonable
request.

Code availability
The optical simulation code is available via Zenodo at https://
doi.org/10.5281/zen0do.16215154 (ref. 30).
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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.

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

|Z|YES 0.0706 cm?2 aperture for single junction perovskite devices when tested in house
Area of the tested solar cells I:‘ No  0.09 cm2 aperture for semitransparent double junction perovskite devices when
tested in house
1.0cm2 and 16.0cm2 apertures for perovskite-perovskite-Si triple junction devices
when tested in house and by third party.

IZ Yes  Aperture

Method used to determine the device area
[
2. Current-voltage characterization
Current density-voltage (J-V) plots in both forward |:| Yes Reversg scan only (from near.VOC to JSC) when done in house and at NIMTT
and backward direction IZ No Both directions when done SiMIT
Voltage scan conditions IZ Yes  Single and double junction devices were measured with a scan rate of 100 mV/s in
For instance: scan direction, speed, dwell times I:‘ No  reversescan at room temperature in ambient air when done in house.

Triple junction devices were measured with a scan rate of 100 mV/s in reverse scan at
room temperature in ambient air when done in house.

1cm?2 triple junction devices were measured with a sweep point delay of 50s for 228
data points in reverse scan at controlled 25 degrees Celsius in ambient air when done
in NIMTT.

16cm?2 triple junction devices were measured at controlled 25 degrees Celsius at 51%
relative humidity when done in SiMIT.

\Y%
Test environment Yes  Seeabove
For instance: characterization temperature, in air or in glove box |:| No

Protocol for preconditioning of the device before its Yes  No precondition before testing when done in-house

characterization I:‘ No Light soaking pretreatment can be supplied by NIMTT when requested
Stability of the J-V characteristic Yes  In-house steady state output measurement of the 1cm2 triple junction is in Figure

Verified with time evolution of the maximum power point or with D No  S525b(120seconds).
the photocurrent at maximum power point; see ref. 7 for details. SIMIT measured steady state output for the 16cm?2 triple junction is in Figure S27
(300 seconds).

3. Hysteresis or any other unusual behaviour

Description of the unusual behaviour observed during |:| Yes  We did not observe unusual behaviour during measurement

the characterization No
) |Z Yes  For 16cm2 measured results, please see Figure S27
Related experimental data
o
4. Efficiency
External quantum efficiency (EQE) or incident IZ Yes F?gure S5 for 1..91e\l/ singlejunction perovskite cell
photons to current efficiency (IPCE) I:‘ No Figure 4c for triple junction tandem solar cell

A comparison between the integrated response under IZ Yes  Good agreement between integrated Jsc from EQE Jsc from J-V measurement.
the standard reference spectrum and the response |:| No
measure under the simulator
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For tandem solar cells, the bias illumination and bias Yes  Bias iIIum'!nation was useq for EQE mgasgrements of trilplejunction.s and details can
voltage used for each subcell I:‘ No be found in the Characterization section in the Supporting Information (SI)

Calibration

Light source and reference cell or sensor used for the IZ Yes  Detail information can be found in the Characterization section in the Sl for in-house

characterization D No  Mmeasurements.
Detail information on this from NIMTT and SiMIT can be supplied when requested.
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o
Confirmation that the reference cell was calibrated IZl Yes  Detail information can be found in the Characterization section in the S for in-house z
and certified [[JNo  measurements. v
Detail information on this from NIMTT and SiMIT can be supplied when requested. QO_)

Calculation of spectral mismatch between the [_]Yes  No spectral mismatch calculation was performed. B
reference cell and the devices under test X No &
o)

Mask/aperture 8
) . X Yes  See answers to Q1 above g
Size of the mask/aperture used during testing Q
[INo =

C

Variation of the measured short-circuit current [ ]Yes Aperture always used %
density with the mask/aperture area |Z| No o
<

Performance certification

Identity of the independent certification laboratory Yes Independgnt cgrtifi;ation/ verifi.cations conducted at NIMTT and SIMIT for 1 cm? and
that confirmed the photovoltaic performance [ ]No 16cm2 triplejunctions respectively.

A copy of any certificate(s) IZ Yes F?gure S24 for 1.0 cm2 triple jgnctiqn solar cell

Provide in Supplementary Information I:‘ No Figure S27 for 16.0 cm2 triple junction solar cell

Statistics

IZ Yes 10 devices in Figure 1
Number of solar cells tested D No  10devices n Figure S6
10 devices in Figure S9
6 devices in Figure S23

Yes  Figures 1b-e; Figures S6b-e; Figures S9a-b; Figure S23a-d

[ ]no

Statistical analysis of the device performance

Long-term stability analysis

Type of analysis, bias conditions and environmental Yes  International Electrotechnical Commission (IEC) 61215 Thermal Cycling test of
conditions I:‘ No encapsulated 1cm2 triple junction device for 200 cycles

For instance: illumination type, temperature, atmosphere Maximum power point tracking for 1cm?2 triple junction device for 407 house in
humidity, encapsulation method, preconditioning temperature Figure 4g.

1 Sun illumination of encapsulated 1.91eV single junction devices for 72 hours in
Figures S28a-d

85 degrees Celsius thermal stability of 1.91eV single junction devices for 192 hours
in N2 in Figures S28e-h
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