nature energy

Article

https://doi.org/10.1038/s41560-023-01406-5

Halide homogenization for low energy loss
in2-eV-bandgap perovskites and increased
efficiency inall-perovskite triple-junction

solar cells

Received: 24 May 2023

Accepted: 16 October 2023

Published online: 16 November 2023

% Check for updates

Junke Wang ®'*", Lewei Zeng"", Dong Zhang>*", Aidan Maxwell'",

Hao Chen®'", Kunal Datta®?, Alessandro Caiazzo®?,

Willemijn H. M. Remmerswaal?, Nick R. M. Schipper ®2, Zehua Chen®*,

Kevin Ho®, Akash Dasgupta® ¢, Gunnar Kusch®?, Riccardo Ollearo?,

Laura Bellini?, Shuaifeng Hu®?¢, Zaiwei Wang®', Chongwen Li®"', Sam Teale ®",
Luke Grater®', Bin Chen ®*%, Martijn M. Wienk? Rachel A. Oliver®’,

Henry J. Snaith®®, René A. J. Janssen ® °

& Edward H. Sargent®"#"°

Monolithic all-perovskite triple-junction solar cells have the potential
to deliver power conversion efficiencies beyond those of state-of-art
double-junction tandems and well beyond the detailed-balance limit
for single junctions. Today, however, their performance is limited by
large deficits in open-circuit voltage and unfulfilled potential in both

short-circuit current density and fill factor in the wide-bandgap perovskite
sub cell. Here we find that halide heterogeneity—present even immediately
following materials synthesis—plays a key role in interfacial non-radiative

recombination and collection efficiency losses under prolonged illumination
for Br-rich perovskites. We find that a diammonium halide salt, propane-
1,3-diammoniumiodide, introduced during film fabrication, improves halide
homogenizationin Br-rich perovskites, leading to enhanced operating
stability and arecord open-circuit voltage of1.44 Vin aninverted (p—i-n)
device; ~-86% of the detailed-balance limit for abandgap 0f1.97 eV. The
efficient wide-bandgap sub cell enables the fabrication of monolithic
all-perovskite triple-junction solar cells with an open-circuit voltage of 3.33 V
and achampion PCE of 25.1% (23.87% certified quasi-steady-state efficiency).

Integrating multiple absorber layers into a multijunction solar cell
offers the ability to overcome the limitation of carrier thermalization
from high-energy photons and transmission of low-energy photons
observed in single-junction photovoltaics (PVs)'. Recent advances
in metal halide perovskite semiconductors with bandgap energies
from1.2to 1.8 eV have enabled their use in tandem solar cells with
perovskite, crystalline silicon (c-Si), copper indium gallium selenide
(CIGS) and organic photovoltaics (OPV)* . Among these, all-perovskite

double-junction (2)) tandem solar cells coupling 1.77/1.22 eV absorb-
ers have achieved asteady-state certified power conversion efficiency
(PCE) of 29% (ref. 7); higher than 26.1% for single-junction perovskite
solar cells (PSCs)®, indicative of the promise of perovskite PVs.
Pairing three perovskite junctions inamonolithic solar cell has the
potential to lead to higher efficiencies compared with their 2J coun-
terparts’. According to optical and device simulations, all-perovskite
triple-junction (3J) solar cells featuring cascaded 2.0, 1.6 and 1.2 eV
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Fig.1|Photovoltaic performance of1.97 eV wide-bandgap PSCs. a, Inverted
(p-i-n) device structure. b, Bandgap-dependent V,.for p-i-nsingle-junction
PSCswithaPCE above 5%. The cell data were acquired from an open-access
perovskite database'®. In the plot, the DB limit (solid line), 90% of the DB limit
(dashed line), the highest V. of this work (solid star) and open source data (open
brackets) are shown. ¢, QFLS of control and 1 mol% PDA-added perovskite films
deposited on glass (neat), with PCBM on top (w ETL) and on ITO/NiO,/Me-4PACz
(WHTL). The perovskite samples (unpassivated) are further post-treated with
aPDA solution on the top surface (passivated). d,/-V characteristics (reverse

scans) of single-junction 1.97 eV PSCs without (control, green) and with 1 mol%
PDA addition (purple) in the perovskite bulk. The top surface of unpassivated
perovskites (dashed lines) was treated with PDA (passivated, solid lines) on

top. e, EQE spectrum of the best-performing (1 mol% PDA-added and top
passivated) PSC. TheJ,. (12.7 mA cm™) was obtained by integrating with the

AM 1.5 G spectrum. f, Stabilized MPP tracking of encapsulated control, PA-and
PDA-modified PSCs in ambient air at room temperature under simulated AM1.5 G
1-sunillumination condition. The initial performance of each device is displayed
inSupplementary Fig. 5. Note thatall the perovskite surfaces were passivated.

absorbers have a theoretical efficiency limit of >50% and could target
PCE exceeding 36% (refs. 10,11). However, only a limited number of
studies have demonstrated 3 J PSCs experimentally, and their realized
performance remains lower than that of their single-junction and 2]
counterparts”*™®,

Compared with their narrower-bandgap counterparts, inverted
(p-i-n) single-junction PSCs of approximately 2 eV bandgap, typi-
cally produced by >60% Br contents, suffer from a large open-circuit
voltage (V,.) deficit of >700 mV (Fig. 1a,b) and performance loss as
a consequence of light-induced halide segregation'®®, Recent
studies have found that the dominant performance-limiting factors
are increased band offset with charge transport layers and defect
density in the wide-bandgap perovskite absorbers'**. The latter
is particularly evident for perovskites based on a high Br/I ratio, as
they are susceptible to bulk and interfacial halide heterogeneity due
to the uncontrolled growth of various halide species?**. In addition
toincreased trap-mediated energy losses, defect sites can profoundly
impact the charge-carrier dynamics of wide-bandgap perovskites
when light-induced halide segregation occurs® 2,

We sought toimprove bulk and interfacial halide homogeneity in
approximately 2 eV mixed Br/I perovskites to reduce energetic losses
and better realize the potential of 3 J PSCs. Previously, vacuum deposi-
tion has been utilized to produce uniform mixed-halide perovskites
due to its superior compositional control®. For solution processing,
theintroduction of a Lewis acid-base adduct additive has been shown
toregulate the crystallization of perovskites®**'; however, few studies

have explored the impact of additives on the homogeneity of mixed
Br/l perovskites*?%, In pursuing a pathway towards the phase homo-
genization of high-Br perovskite films with reduced defect densities,
we turned to diammonium halide salts, which have been reported to
have both atemplating effect on perovskite growth and a capability to
passivate surface defects>**>*, We show that a dual bulk and interface
passivation technique with diammonium halide salts resultsin largely
suppressed non-radiative recombination within the perovskite bulk
and at perovskite/charge-transporting-layer heterojunctions, enabling
arecord V,.ina p-i-n device, -86% of the detailed-balance (DB) limit
at1.97 eV (determined from the external quantum efficiency (EQE)
spectrum, and used hereafter to represent the wide bandgap produced
inthis work). Interestingly, we observe that while the diammonium salt
does not suppress light-induced halide segregation, wide-bandgap
PSCs retain high operational stability (>28 hours) under prolonged
illumination, beyond the stability of previous approximately 2 eV
PSCs reported in literature™'>". We find that the additive promotes
halide homogeneity near the buried perovskite/hole-transport-layer
(HTL) interface and reduces trap-mediated recombination, collectively
providing a pathway for efficient charge-carrier extraction from the
halide-segregated regions. Encouraged by the stable and efficient
wide-gap perovskite sub cell, we fabricated all-perovskite 3] solar
cells combining 1.97, 1.61 and 1.25 eV absorber layers. Using a front
transparent conductive oxide layer with high charge mobility and high
near-infrared (NIR) transmittance, we demonstrate 3 ] devices with a
V,.0f3.33 Vand a PCE of 25.1% (23.87% certified).
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Wide-bandgap PSC performance and energy loss
analysis

We developed a mixed-halide Cs,;sFA,ssPb(1,4Br,¢); perovskite
composition alloyed using 5% MAPbCI; (FA = formamidinium, MA
=methylammonium) to obtain a bandgap of 1.97 eV with desired
surface morphology for multijunction applications (Methods
and Supplementary Figs. 1-3)*%%. To study energetic losses of
such wide-bandgap perovskites in a p-i—n configuration, we first
measured the quasi-Fermi level splitting (QFLS) by absolute photo-
luminescence (PL) spectroscopy of a series of perovskite films and
half stacks using NiO,/[4-(3,6-dimethyl-9H-carbazol-9-yl)butyl]phos-
phonic acid (Me-4PACz)*"*® as the HTL and [6,6]-phenyl-C-butyric
acid methyl ester (PCBM) as electron transport layer (ETL) (Fig. 1a).
Compared with the pristine wide-bandgap perovskite film deposited
on glass (neat film), a 55 meV lower QFLS is measured for perovskites
deposited on glass/indium tin oxide (ITO)/HTL substrates (w HTL),
whereas all4 meV QLFSlossis obtained for PCBM deposited atop the
glass/perovskites (WETL, Fig. 1c). This suggests that the perovskite/ETL
interfaceislimiting the V,. of wide-bandgap PSCs**. Similar to previ-
ous studies wherein diammonium cations have been shown to alter
the surface potential of perovskites>***°, we found that post-treatment
of the perovskite with a solution of propane-1,3-diammonium iodide
(PDA) salt effectively reduces the QFLS loss at the ETL interface to
45 meV, consistent with the V,.improvement of full devices (Fig. 1d).

Interestingly, we found that the QFLS loss at the HTL (55 meV) is
eliminated entirely upon addition of 1 mol% PDA into the perovskite
precursor. This provides a lossless HTL interface as has previously
been reported for perovskites of narrower bandgaps>*”*.. The top ETL
interface shows areduced QFLSloss of 68 and 26 meV before and after
surface treatment with PDA, respectively. Leveraging these insights,
we fabricated bulk and surface-passivated wide-bandgap PSCs using
PDA, with ap-i-nstructure of ITO/NiO,/Me-4PACz/perovskite/PCBM/
bathocuproine (BCP)/Ag. The PSCs achieved a V. 0f 1.44 V, reaching
~86% of the DB limit (Fig. 1b) ata1.97 eV bandgap, as determined from
the EQE spectrum (Supplementary Fig. 4); the highest reported for
such solar cells (Fig. 1b)'*. Combining a high fill factor (FF) of 0.83
and short-circuit current density (/,.) 0f 12.8 mA cm, the champion
device has a PCE of up to 15.3% with negligible hysteresis and stable
steady-state power output (Fig.1d and Supplementary Fig. 5).

In addition to the performance enhancement, the PDA-modified
wide-bandgap PSCs exhibit improved operating stability. Under maxi-
mum point power point (MPP) tracking at 1-sunillumination, the con-
trol device (passivated by PDA only at the surface) dropped to below
90% of itsinitial performance after 0.5 hand ceased to be operational
within 5 h, whereas the PCE of the PDA-modified device retained over
90% after 20 h (Fig. 1f). To our knowledge, this is the highest reported
operating stability among mixed Br/I PSCs with abandgap of approxi-
mately 2 eV, including their all-inorganic analogues™'>'°, We note that
these hybrid perovskites also display superior ambient (ISOS D-1, Sup-
plementary Fig. 6) and thermal stability (65 °C in N,; Supplementary
Fig. 7)”. For comparison, we also fabricated solar cells adding 1 mol%
n-propylammonium iodide (PA), the monoammonium counterpart
of PDA, in the perovskite and found minimal improvements in device
stability. This suggests a synergistic effect of the two -NH;" groups of
PDA molecules in improving the performance of the wide-bandgap
perovskites.

Photoinduced changes in wide-bandgap PSCs
To quantify the impact of halide segregation on the performance
metrics under operating working conditions, we collected PL spec-
tra in situ during current density-voltage (/-V) measurements on
wide-bandgap PSCs (Methods and Supplementary Figs. 8 and 9)”.
Inallcases, theinitial PL peak attributed to the mixed-halide phase
(-1.9 eV) diminished after ~10° s of illumination and was followed by a
rise of alower energy peak at-1.6 eV (Fig. 2a-f). This has been attributed

tothe formation of lower-bandgap I-rich perovskite domainsintowhich
charge carriers funnel and recombine radiatively*. Coincidently, the
J«.and FF of controland PA-added devices also diminish under continu-
ousoperation, leading to asevereloss of their initial PCEs between -10*
and 10* s (Fig. 2g and Supplementary Fig. 10). We consider that fun-
nelled charge carriers accumulate and recombine rapidly in the I-rich
domains, rendering severe charge collection losses in the segregated
device. This is supported by a large increase in the rise and fall time
during transient photocurrent measurements and dramatic shorten-
ing of the PL lifetime in the phase-segregated control and PA-modified
samples (Fig. 2h and Supplementary Fig. 11)**. Notably, the relative
lossin V. after halide segregation is much smaller, in agreement with
previous reports?>?. When we employ Mott-Schottky analysis (Sup-
plementary Fig. 12), its account of loss in internal electric field is also
minimal. We offer that light-induced halide segregation will mostly
not affect charge selectivity and that interfacial carrier transport is
little affected®.

In contrast, the current extraction and carrier lifetime of
PDA-modified perovskites are less impacted by halide segregation.
Although the PL intensity is enhanced by several orders of magnitude
upon prolongedillumination (up to 10°s), PDA-modified devices show
much slower degradation of photovoltaic performance, retaining
~75% of their initial PCE after ~28 h (10° s). On the basis of the above
findings, we infer that PDA additive promotes current extraction from
the I-rich low-bandgap domains and improves the operating stability
of wide-bandgap PSCs.

Formation kinetics of Br-rich wide-bandgap
perovskites

To gain mechanistic insights into the role of PDA additive, we carried
out detailed microstructural and compositional analysis for Br-rich
wide-bandgap perovskites. The grazing incidence wide-angle X-ray
scattering (GIWAXS) patterns suggest that no low-dimensional per-
ovskite or secondary phases are formed upon adding PDA into the
perovskite films (Fig. 3a,b). The control and PDA-added perovskite
films exhibit isotropic orientation of crystallites with a g-space value
0f1.02 A for the (100) Br-rich perovskite peak**. In addition, analysis
of the XRD patterns and UV-vis spectra suggests that PDA does not
largely change the cubic lattice constant or bandgap of perovskite
films (Fig. 3c,d and Supplementary Fig. 13). This implies that the PDA
additive is not mixed into the perovskite crystal lattice®>*. Top-view
scanning electron microscopy (SEM) images suggest that adding
PDA slightly reduces the grain size of perovskite films (Supplemen-
tary Fig.14). Photoinduced force microscopy (PiFM) and surface X-ray
photoelectron spectroscopy (XPS) confirm that PDA additives are
retained in the perovskite film (Supplementary Figs. 15 and 16).
Compared to the control film, we also found that Pb 4f, 13d and Br 3d
core-level peaks of PDA-added films are shifted towards lower binding
energies (Supplementary Fig. 17). We infer that PDA possibly forms
chemical bonds with thelead halide moieties near the perovskite grain
boundaries, leading toachangeinthe electrostaticinteractionbetween
the Pb* and the halogen anions*’.

To study the impact of PDA on film formation kinetics, we per-
formed in situ UV-vis absorption measurements during spin coating
and thermal annealing of wide-bandgap perovskite films (Methods and
Supplementary Fig. 18). Figure 3e,f shows that directly after dripping
the antisolvent (at 39 s), an absorption onset near the 2.3-eV region
appears and starts to redshift before the end of the process at ~45s.
This corresponds to the removal of excess solvent and growth of per-
ovskite nanocrystals with increased bandgap due to quantum confine-
ment?*°, We found that for the as-cast control film, the absorption
onset approaches -2.15 eV, while for the as-cast 1 mol% PDA-added
film, the absorptionremainsrelatively low, with an onset above 2.20 eV
(Fig. 3g). When the PDA concentration is increased to 20 mol%, the
absorptionfrom any perovskite phase is suppressed without annealing

Nature Energy | Volume 9 | January 2024 | 70-80

72


http://www.nature.com/natureenergy

Article

https://doi.org/10.1038/s41560-023-01406-5

a b c 20 PL intensity
. 10h 24h (counts)
N N N
L L L
> > >
e e 2
[} [} [}
c c c
(] (9] (9]
c c c
] ] i)
9] 9] 9]
< < <
a a [N
Control
10
Time (s) Time (s)
d 10* ¢ ; e 10° ¢ f 10° ¢ ]
F Control —t=10"s F PA —t=10"s f PDA —t=1025
r —t=10%s t t=10%s F —t=10%s
2 —t=10%s a t=10%s @ —t=10 s
5 00 L t=5x10%s| 5 5| t=5x10%s ool AN —t=5x10%s
8 t=10%s 8 t=10"s 8
z z z
C = =
3 3 I
£ 10°F £ 10°F E 10t
) \‘\N 1 £ 1
a r o I R, e
hega ' A t it N i Y u
Kkl " R ‘
10 F L L L L L 10" L | L L L L 10 I L L L L
1.4 1.5 1.6 17 1.8 1.9 2.0 1.4 1.5 1.6 1.7 1.8 19 2.0 1.4 1.5 1.6 17 1.8 1.9 2.0
Photon energy (eV) Photon energy (eV) Photon energy (eV)
9
S 2T control ==
g 08
0.4 - PDA h
L L L
< 12 \ Rise time 302 Fall time
% Control
<E( T 100
- 3 3 72
o Ar PDA
=
0.8 - @
\ g
w 06 - >
[T
0.4 - V—— E 10 | L
16 - 1 1 1 25
g" f_\_—’_ 2.0 1.4
w8 ’ 2.1
O L L
o gL
0 i L L L L L L L L L L
> 10°L16-17ev 0 05 10 15 20 0O 05 10 15 20
g 10 Light soaking time (h)
= 3D E
£83 2 b
- £ 10 E
,3_ E
10'
10 10° 10* 10°
Time (s)

Fig. 2| Photostability and cell performance of1.97 eV wide-bandgap PSCs
duringinsitu PL and /-Vmeasurements. a-f, Time-dependent PL intensity
maps under a 530 nm LED illumination at one-sun equivalent intensity for the
control (-2.8 h) (a), 1 mol% PA- (-16 h) (b) and 1 mol% PDA-modified (28 h) (c)
PSCs measured at the V,.and selected PL spectra at different time intervals
for the control (d), PA- (e) and PDA-modified devices (f). Dashed lines are used

toindicate 1,10 and 24 hours in the PL maps. g, Evolution of the photovoltaic
parameters (V,., /., FF and PCE) under reverse scans and the PL intensities of 1.6
1.7 eV (Isegregated) phases for 1.97 eV PSCs under illumination. h, Therise (left)
and fall (right) time (ps) extracted from transient photocurrent measurements
for the control, PA- and PDA-modified PSCs.

(Fig.3gand Supplementary Fig.19). This confirms the capacity of PDA
to interact with the perovskite precursors and slow the formation of
perovskites during spin coating. Furthermore, whereas annealing
the control film at 100 °C immediately gives rise to the characteris-
tic absorption spectra of mixed-halide wide-bandgap perovskites,
PDA-added films exhibit delayed crystallization (Supplementary

Figs.20 and 21). This corresponds to anincreased (100) peak intensity
for up to 10 mol% PDA-added perovskite films; we propose that the
delayed growth of perovskite produces more uniform film formation
and higher crystallinity (Fig. 3c). We thus speculate that PDA enables
controlled growth among halide species and facilitates homogeneous
transformation to intermixed perovskite phases.
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Fig.3|Structure, composition and formation kinetics of Br-rich wide-
bandgap perovskite films. a,b, GIWAXS patterns of the control (a) and

1 mol% PDA-added perovskite films (b). c,d, XRD patterns (c) and cubic lattice
parameters and bandgap at varying PDA concentrations (0-20 mol%) (d). To
exclude the influence of halide on the lattice constant and optical bandgap,
stoichiometric PDAI,, PDABr, and PDACI, were used. e,f, Time-resolved
absorption intensity maps during spin coating of control (e) and 1 mol% PDA-
added perovskite precursor solutions (f). The antisolvent anisole was dropped

S O O QO S Q O Q
,19 O L \90 ,\'}0 \PQ
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onto the spinning substrate at -39 s. The x-axis breaks (e,f) are used to increase
theinspection of the antisolvent effect. g, The absorption spectra of perovskite
precursor films after the spin coating and after 50 s of thermal annealing at

100 °C. h, Schematics of PDA cation and mixed Br/1 perovskite precursors during
the crystallization process. i, The ratio of atomic concentrations between halide
(Br,1and Cl) and Pb atoms obtained from XPS depth profiles for the control (solid
lines) and PDA-added (dashed lines) perovskite films. The vertical line is aguide
toshow theinterface with the HTL.

We performed XPS depth profile measurements to investigate
the phase distribution of wide-bandgap perovskite films (Supple-
mentary Fig. 22 and Fig. 3i). Interestingly, the control and PA-added
films show the formation of a more Br-rich perovskite phase at the
HTL interface. In comparison, the PDA-modified perovskite film is
much more homogeneous, showing even distributions of halides (I,
Br and CI) during sputtering. The results align with spatially resolved
luminescence imaging, wherein a much narrower QFLS distribution
and higher mean QFLS values are obtained for the PDA-added films
towards the bottominterface (Supplementary Fig. 23). SEM cathodo-
luminescence hyperspectral imaging suggests that PDA-added films
show less beam-induced ion migration and improved homogeneity
at the microscopic scale (Supplementary Fig. 24). For mixed-halide
perovskite precursors, density functional theory (DFT) calculations
suggest that the formation of Br-based perovskite species is more
thermodynamically favoured thanIspecies, whichresultsinlarge phase
heterogeneity during a fast crystallization process (Supplementary
Fig. 25).In comparison, PDA cations bind strongly to the interfaces of

adjacent perovskite fragments, allowing more relaxation time for dif-
ferent halide ions to exchange and thereby the formation of uniform
mixed-halide perovskite phases (Fig. 3h and Supplementary Note 1).
We discuss here the idea that in control devices, heterogeneity
generated before halide segregation occurs could induce a higher
defect density towards the bottom interface, contributing to the
non-radiative recombination losses at the perovskite/HTL inter-
face. Chemical heterogeneity is correlated with lattice distortions
and defective sites near the grainboundaries**%, further aggravating
carrier trapping processes and shortening charge-carrier lifetimes
as light-induced halide segregation now occurs in a more defective
region (Supplementary Fig. 11)>?. By contrast, PDA improves the
halide homogeneity of perovskite films and eliminates detrimental
interfacial losses in the presence of an HTL. Under illumination, PDA
could therefore provide effective passivation around grain boundaries,
reducing trap-mediated recombination and enabling more efficient
current extraction of funnelled charge carriers from the device. We
note that further suppressing the light-induced halide segregation
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Fig. 4 | Photovoltaic performance and simulations of monolithic all-
perovskite triple-junction solar cells. a, Device configuration of optimized 3 )
cellstack. b,/-V characteristics of the representing 1.97,1.61and 1.25 eV and the
champion 3] solar cells. ¢, NREL-certified /-V characteristics of 3 ) devices using a
control (green) and PDA-modified (purple) 1.97 eV sub cells. d, EQE spectra of 1.97
(12.6 mA cm™),1.61 (9.0 mA cm™) and 1.25 (10.0 mA cm ) eV sub cellsina 3] solar
cell.e, EQE spectraof1.97 (10.9 and 11.0 mA cm ™), 1.61(10.8 and 11.0 mA cm2)
and1.25(10.2 and 11.0 mA cm2) eV sub cells after thickness optimizations to
approacha current-matched condition (dashed lines) and after using optically
transparent recombination junction (solid lines). A total EQE spectrum (grey

dotted line) represents the summed EQE of all three sub cells. In Fig. 4d,e, the
J«Was obtained by integrating with the AM 1.5 G spectrum. f, Experimental and
reconstructed/-V characteristics of the 3 J device from the simulated EQE at
different optical conditions and assuming a V. of 95% of the detailed-balance
limit was achieved in each sub cell. g, MPP tracking stability of an encapsulated

3 ) deviceinambient air at room temperature under simulated AM 1.5 G 1-sun
illumination. The initial performance is displayed in Supplementary Fig. 30. Ty, is
the time for device stability to reduce to 80% of its initial PCE. Credit: ¢, National
Renewable Energy Laboratory (Supplementary Figs. 33 and 34).

byintroducinglattice compression and distortion canincrease device
stability in Br-rich perovskite solar cells’*’. Further investigations
of the compositional space of Br-rich hybrid organic-inorganic
perovskite systems are thus of interest (Supplementary Fig. 26).

Monolithic all-perovskite 3 Jsolar cell
performance

Monolithic all-perovskite 3 ) solar cells comprising 1.97 eV
wide-bandgap, 1.61 eV mid-bandgap Cs, osFAsMA osPb (o ssBrg15); and
1.25 eV narrow-bandgap Cs, osFA,,MA ,sPb, sSn, sI; absorbers were
produced based on a device structure shown in Fig. 4a. A transparent
hydrogenated indium oxide (IOH) front contact was used to reduce

optical losses due to parasitic absorption in the NIR range® (Supple-
mentary Fig. 27). The 1.97 and 1.61 eV sub cells are connected through
the PCBM/polyethyleneimine (PEI)/SnO,/ITO/NiO,/Me-4PACzrecom-
binationjunction. Betweenthe1.61and1.25 eVsubcells, a C,,/SnO,/Au/
poly(3,4-ethylene dioxythiophene):polystyrene (PEDOT:PSS) recom-
binationjunction was used”®. We note that PCBMin the 1.97 eV sub cell
yields a higher V,.than C, due to reduced interfacial recombination
losses (Supplementary Fig. 28)*'. Here the SnO, layer was deposited by a
temporal atomic layer deposition (ALD) process, and the PEl layer facili-
tates the nucleation of SnO, atop the PCBM (Supplementary Fig. 29)*.
In contrast to PEDOT:PSS, Me-4PACz provides alossless HTL interface
with 1.61 eV perovskites®. To ensure better coverage of Me-4PACz and
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thereby ashunt-free recombination junction, we used sputter-coated
ITO and solution-processed NiO, layers***°, Enabled by the high per-
formance of PDA-modified wide-bandgap sub cells, the champion 3]
device exhibits a high PCE of 25.1% (0.049 cm?), with a V,.0f 3.33 V, a
J0f9.7 mA cm™and FF of 0.78 (Fig. 4b). This high V. represents a
130-mVloss compared to the summed V, (3.47 V) of the single-junction
PSCs. The 3] cells display stable operating performance, retaining 80%
of their initial PCE after 200 hours of continuous MPP tracking under
AM 1.5 G 1-sunillumination (Fig. 4g). Additionally, the 3 ] cell retained
above 86% of itsinitial efficiency after more than 168 hours of storage
at 65°Cin N, (Supplementary Fig. 30). We also observed negligible
hysteresisinthe 3] devices (Supplementary Fig. 31). A statistical sum-
mary demonstrates good reproducibility of the 3 ] cells (Supplemen-
tary Fig. 32). For PDA-added 3] devices, an efficiency of 23.87% was
certified by the National Renewable Energy Lab (NREL) PV calibration
laboratory using the asymptotic maximum power scan protocol*’. The
result outperforms the control (wide-bandgap perovskite passivated
byPDA only at the surface) 3 J device (21.49%), where lower cell metrics
were recorded during the measurement (Fig. 4c and Supplementary
Figs.33 and 34).

Exploiting the full efficiency potential of all-perovskite 3 J solar
cells will require further reduction of optical losses and improved
matching of the photo-generated current from all three sub cells.
Notably, the EQE-integrated J,. was 12.6, 9.0 and 10.0 mA cm 2 for the
wide-, mid- and narrow-bandgap sub cells, respectively, suggesting a
large current mismatch of 3.6 mA cm, with the middle sub cell limiting
the/,. of the 3] device (Fig. 4d). To explore the efficiency potential of
all-perovskite 3 ], we performed optical modelling using the transfer
matrix (TM) method (Fig. 4e and Supplementary Figs. 35and 36) and
reconstructed the/-Vcharacteristics of the triple cell by scaling the/-V
curves of reference single-junction devices to the /.. from simulated
EQE and adding their voltages at each current value (considering a
130 mV V,.loss)**. Fine tuning the thickness of perovskite absorbers and
implementing more optically transparentlayers (such as ITO and NiO,/
SAM**>) should reduce the current mismatch and parasitic absorption
losses of the narrow-bandgap sub cell (Supplementary Figs. 37-39).
Thisenablesa/,. of -11 mA cm2inthe 3] deviceand improves the PCE to
29.7%, which surpasses existing state-of-the-art all-perovskite 2 J solar
cells’. Here we highlight the importance of enhancing optical responses
toadvancethe PCE of 3] devices and note that this/,. is above previous
estimates from simulation work” whereinimpractical perovskite layer
thicknesses were used. We note, however, that simply increasing the
bandgap by adding more Bror Clinthe1.97 eV perovskite could result
in larger surface roughness and lower device performance (Supple-
mentary Figs. 2,3, 40 and 41). Further device engineering is required
to retain high performance and stability after reducing the thickness
orincreasing the bandgap of the wide-bandgap perovskite absorbers.

Furthermore, we anticipate that the V. of each sub cell equalling
~95% of its DB limit is feasible through optimizations of the perovs-
kite absorber and the limiting perovskite/charge-transporting layer
interfaces. As such, a V. of 3.71V can be expected in the 3] device
(consideringa100-mV loss). Ultimately, combining a/,. 0of 11.0 mA cm™
and an FF of 0.83 should enable a PCE of 33.7%, exceeding the DB limit
for single-junction solar cells and simulations'". Overall, our experi-
mental results and calculations demonstrate the immense potential
of all-perovskite 3] devices.

Conclusions

We reported a strategy to enhance the performance and operating
stability of Br-rich wide-bandgap PSCs. Incorporating the diammo-
nium PDA molecule into Br-rich perovskites has enabled controlled
film growth from solution and improved halide homogeneity. Ben-
efiting from the passivation effect of PDA near grain boundaries,
Br-rich wide-bandgap PSCs retain fast charge collection processes
andimproved stability under prolonged illumination. The PDA-added

perovskites have effectively suppressed energetic losses at the per-
ovskite/charge-transporting layer interfaces, leading to arecord V,.of
1.44 Vatabandgap of1.97 eV. Combining 1.97,1.61and 1.25 eV perovskite
sub cells, we fabricated record monolithic all-perovskite triple-junction
solar cells with an in-lab PCE of 25.1% (certified 23.87%) with a high
V,. of 3.33 V. Guided by optical simulation, we have demonstrated a
route for all-perovskite 3] devices to surpass state-of-the-art
all-perovskite tandem technologies and further to achieving a PCE
approaching the DB limit.

Methods

Materials

All materials were purchased from suppliers and used without purifi-
cation unless stated otherwise. Patterned glass substrates (3 x 3 cm?)
with ITOwere purchased from Naranjo Substrates. Csl (99.999%), Pbl,
(99.99%), PbBr, (>98.0%), PbCl, (>99.0%) and Me-4PACz (>99.0%) were
purchased from TCI Chemicals. Organic halides, including FAI, MAI,
MABT, MACI, PDAL, (=98%), PAl and 4-fluoro-phenethylammonium
bromide (4F-PEABr), were purchased from Greatcell Solar Materials.
Snl, (99.99), SnF, (99%), glycine hydrochloride (99%), guanidine
thiocyanate (GuaSCN, 99%), PEI solution (M, - 60,000 g mol™,
M, - 750,000 g mol™, 50 wt% in H,0), ethane-1,2-diammonium
iodide (EDAI,, 98%) and all anhydrous solvents were purchased from
Sigma-Aldrich. PCBM (99%) was purchased from Nano-C. PEDOT:PSS
(A14083) was purchased from Heraeus Clevios. C,,and BCP were pur-
chased from Xi'an Polymer Light Technology.

Perovskite precursor solutions

Wide-bandgap perovskite precursor solutions were prepared by dis-
solving 1M Csl (0.15), Pbl, (0.1), PbBr, (0.9), FAI (0.85), PbCl, (0.053),
MACI (0.053) in N,N-dimethylformamide (DMF, anhydrous 99.8%) and
dimethylsulfoxide (DMSO, anhydrous 99.9%) at avolume ratio of 4:1. PAI
or PDAI, (1-20 mol%) was added to the precursor solution. Mid-bandgap
perovskite precursor solutions were prepared by dissolving 1.5 M Csl
(0.05), Pbl, (0.8), PbBr, (0.2), FAI (0.9), MABr (0.05) in DMF and DMSO
atavolume ratio of 4:1. Narrow-bandgap perovskite precursor solutions
were prepared by dissolving 1.8 M Csl (0.05), Pbl, (0.5), Snl, (0.5), SnF,
(0.05), FAI(0.7), MAI (0.25), GuaSCN (4 mg ml ™), 4F-PEABr (2 mg ml ™),
glycine hydrochloride (4 mg ml™) and Sn powder (5 mg ml™) in DMF
and DMSO at a volume ratio of 3:1. All the solutions were stirred at
60 °C for1hand filtered by 0.22 um PTFE syringe filter before use.

Device fabrication

Glass/ITO or glass/IOH substrates were sequentially cleaned with ace-
tone, soapy water, deionized water, 2-propanol and 30 min of UV-ozone
before use. For both wide-bandgap and mid-bandgap single-junction
perovskitesolar cells, NiO, nanoparticles (prepared following a previ-
ously reported method™, 5 mg ml™ at a 3:1 volume ratio of H,0 and
2-propanol) were spin coated on the substrates at 3,000 r.p.m.for30 s
(1,000 r.p.m. s acceleration) in the air without any post-treatment. The
substrates were then transferred into aN, glovebox, where Me-4PACz
solution (0.3 mg ml™inethanol) was spin coated at 3,000 r.p.m.for30's
(1,000 r.p.m. s 'acceleration) and annealed at 100 °C for 10 min. After
cooling, wide-bandgap perovskite precursor solution was dropped
ontothe substrate and spin coated at1,000 r.p.m.for10 s (500 r.p.m.s™
acceleration) and 5,000 r.p.m. for 30 s. 150 pl anisole was dropped
onto the substrate at 5 s before the end. The perovskite precursor
filmwasimmediately annealed at 100 °C for 10 min. After cooling, the
PDAL solution (0.5 mg ml™ in 2-propanol/CB at a volume ratio of 2:1)
was dynamically spin coated on the perovskite film at 4,000 r.p.m. for
30 s and annealed at 100 °C for 5 min. Afterward, for wide-bandgap
perovskites, PCBM (15 mg mlin chlorobenzene, CB) was spin coated
at1,000 r.p.m.for 30 s (1,000 r.p.m. s *acceleration) while 20 nm C,
was evaporated onto the mid-bandgap perovskites before depositing
8 nmBCP and 140 nm Ag on top by thermal evaporation.
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For Pb-Sn narrow-bandgap perovskite solar cells, PEDOT:PSS
(diluted in IPA at a volume ratio of 1:2) was spin coated on the sub-
strate at 4,000 r.p.m. for 30 s and annealed at 120 °C for 10 min in
air. The substrates were then transferred to a N, glovebox on which
perovskite precursor solution was spin coated at 1,000 r.p.m.for10 s
(200 r.p.m.s™) and 3,800 r.p.m. for 45s (1,000 r.p.m.s™). 300 pl CB
was dropped at 18 sbefore the end. The perovskite precursor filmwas
immediately annealed at 100 °C for 10 min. EDAL (0.5 mg mldissolved
in 2-propanol:toluene at a volume ratio of 4:3) at 4,000 r.p.m.for 25 s
(1,300 r.p.m. s™) and annealed at 100 °C for 5 min. Afterward, 20 nm
of C4,, 8 nm of BCP and 140 nm of Ag were deposited sequentially by
thermal evaporation.

For all-perovskite 3] solar cells: the single-junction perovskite
absorbers were prepared as previously described. Between wide-
and mid-bandgap perovskite sub cells, after depositing PCBM, PEI
solution (0.025 wt% diluted in 2-propanol) was spin coated at
4,000 r.p.m. for 30 s (2,000 r.p.m. s acceleration) without any
post-treatment. 20 nm of ALD-SnO, was then deposited on top and
followed by sputtering of 20 nmITO. Between mid- and narrow-bandgap
perovskite sub cells, 20 nm of ALD-SnO, was deposited on Cg,
and followed by 1 nm of Au by thermal evaporation before spin
coating PEDOT:PSSin the air. Shadow masks were used to ensure that
only active areas were covered with ITO and Au to avoid shunt losses.
Instead of BCP,20 nm of ALD-SnO, was deposited atop narrow-bandgap
perovskite and Cg.

Device characterizations

J-Vmeasurements were performed in a N, atmosphere at room tem-
perature using asolar simulator (Newport, Class A) withalightintensity
0f100 mW cm(calibrated by a reference solar cell from Newport) and
a Keithley 2400 source meter. The voltage was scanned from the V,,
to theJ,. (reverse) and from theJ,. to the V,. (forward) directions with
ascanning rate of 100 mV s (voltage step of 10 mV). The active area
was determined by the aperture mask (0.049 cm?). Aspectral mismatch
of 1.0 was used for all measurements. For stability measurements,
solar cells were operated at the maximum power point and measured
the output current, using G2V Sunbrick with a simulated AM 1.5 G
1-sun illumination. EQE measurements were performed in ambient
air (Enlitech). For 3] solar cells, light-emitting diode (LED) bias light
(735+940 nm for 1.97 eV wide sub cell, 470 + 940 nm for 1.61 eV mid
sub celland 470 + 735 nm for 1.25 eV narrow sub cell) and bias voltage
equivalentto the summed V. of optically biased sub cells were applied
to measure the EQE response of each sub cell**.

For in situ PL and /-V measurements”, wide-bandgap PSCs were
sealed inanitrogen-filled box witha quartzwindow and connectedtoa
Keithley 2400 source meter. Agreen LED (Thorlabs M530L3, 530 nm),
filtered by a600 nmshort passfilter, was used toilluminate the device
at al-sun equivalent light intensity such that the solar cell initially
generates a photocurrent equal to the /. under simulated AM 1.5 G
illumination. The PL light, filtered by a 590 nm long pass filter, was
focused onanoptical fibre and recorded using aspectrometer (Avantes
Avaspec-2048 x 14). First, the solar cell was held at the V,,, and a PL
spectrumwasrecorded with anintegration time of 100 ms fromaspot
inthe active area of the solar cell. This is followed by a reverse voltage
sweep from +1.5to -0.1V and a forward voltage sweep from -0.1to
+1.5V at a scan rate of 120 mV s (voltage step of 16 mV). Afterward,
the solar cell was held at a voltage bias close to the maximum power
point under illumination for a certain delay before starting the next
PL and/-Vmeasurement.

The Mott-Schottky analysis was performed by measuring the
capacitance-voltage (C-V) characteristics of solar cells using an elec-
trochemical station (Solartron SI1260 impedance/gain-phase analyser)
inanN,boxunder adark condition. The capacitance was measured by
sweeping the voltage (d.c.) from-0.5Vt03.0 V. The frequency was kept
at10 kHz with a perturbation voltage of 10 mV.

Film characterizations

Absolute PL measurements were performed using an integrating
sphere (Avantes, AvaSphere-30-REFL) installed in a N, glovebox,
where a455 nm LED (Thorlabs M455F3-455 fibre coupled LED source)
was used to excite the perovskite film (at ~1-sun equivalent intensity)
through anoptical fibre fitted witha 550 nmshort passfilter. The spec-
trawere measured through an optical fibre connected to a calibrated
AvaSpec-HERO spectrometer (Avantes) using a 550 nmlong pass filter.
XRD patterns were recorded by a Bruker D2 Phaser diffractometer
equipped with CuKa radiation (1=1.5405 A). GIWAXS measurements
were performed at the BXDS-WLE Beamline of the Canadian Light
Source (CLS) using X-rays of a wavelength of 1 = 0.82 A at a grazing
incidence angle of 1.0°. Ex situ UV-vis absorption spectrawere acquired
by PerkinElmer Lambda 900 UV-vis-NIR spectrophotometer. Surface
and depth profile XPS measurements were measured using a Thermo
Scientific K-Alphawitha180° double-focusing hemispherical analyser
and a 128-channel detector. A monochromatic Al Ka radiation
(1,486.6 eV) was used, and the X-ray spot size was 400 um. For the
sputtering experiments, the perovskite/HTL sample was removed
layer by layer using argonion etching operated at mid currentandion
energy of 3,000 eV. A snapshot mode was used for each element with
the number of frames 5 x 1s.

In situ UV-vis absorption measurements were performedinaN,
glovebox during spin coating and thermal annealing®. The backside
of the glass substrates was painted with white paint and dried before
UV-ozone treatment. The substrate was placed on a spin coater or a
hot plate and illuminated by a white light from a halogen lamp. A fibre
optical cable was placed at an off-specular angle, which collects the
light scattered from the paintand transmitted through the as-cast film.
The fibre was connected to aspectrometer and the absorptionspectra

can be calculated using A (1) = —log,, (%
'm,blank /)~ m,dark

and /, ,.. represent wavelength-dependent photon counts of the
sample during measurement, the dark reference before turning on the
lamp and a blank reference for an empty substrate with white paint,
respectively.

CL hyperspectral maps were acquired in an Attolight Allalin
4027 Chronos in continuous wave mode at room temperature and
under a high vacuum. All secondary electron images and CL maps
wereacquired at 3 kV acceleration voltage, approximately 63 pAbeam
current and 128 x 128 pixel resolution in a 3.14 pum field of view. CL
intensities over specific energy ranges were integrated to generate
energy bandpass-filtred images.

The luminescence imaging and QFLS mapping were performed
by apreviously reported method”. A440 nm LED (Thorlabs, M450LP1)
was used to illuminate perovskite films deposited on glass substrates
ateither the front or theback surfaces. The photon flux was calibrated
at ~1-sun intensity for wide-bandgap perovskites (Multicomp PRO
MP710086 bench power supply). An imaging camera (Andor Zyla 4.2
sCMOS sensor) equipped with aKowa LM50XC lens (50 mm lens with
uptoanF2.0 aperture) was used to acquire the PLimages.

Photoinduced force microscopy was collected with a Molecular
Vistainstrument coupled toa QCL laser. Theimages and spectrawere
collected using the sideband mode with a PPP-NCHAu gold coated AFM
Probe from Nanosensors.

), where I, I gark

DFT calculations

Ab initio molecular dynamic simulations (AIMD) were performed
with CP2K code’®. We used the mixed Gaussian and plane-wave
method (QUICKSTEP formalism) and the Perdew-Burke-Ernzerhof
exchange-correlation functional within the generalized gradient
approximation®”°, The van der Waals interactions through the
DFT-D3 scheme® were included to account for dispersion interac-
tions. The Gaussian basis set employed for all atoms is a double-C
polarized basis set with polarization functions in conjunction with
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the Goedecker-Teter-Hutter pseudopotentials®*®>, To investigate the
possible ammonium cation-perovskite interactions, we constructed
PDA-perovskite interface, PDA-perovskite surface and PA-perovskite
surface models, respectively. As the FA cationis the dominant A cation
in experimentally fabricated perovskite films, we thus only, to reduce
the complexity, consider the interaction modes of PDA and PA with
FAPbX; (X=1o0r Br). A constant-pressure and constant-temperature
(NPT) ensemble was used for the interface model whereas for surface
model we used a constant-volume and constant-temperature (NVT)
ensemble. The temperature was controlled withaNose-Hoover ther-
mostat® at room temperature (300 K). Each simulation was run for
10 ps to ensure equilibrium and the time step was set to 1.0 fs. The
plane-wave cut-off for the expansion of the electron density was set
to 300 Ry. The convergence criteria on forces were set at 4.5 x10™*
Har/Bohr (0.02 eV A™). We observe in the AIMD simulations that the
halide anions tend to escape from the perovskite surface in the PDA-
perovskite surface model. The PDA-perovskite surface model is thus
not considered in further calculations.

The binding energies (£,) of ammonium cations with the per-
ovskite interface or surface are defined as E,= Eoppvsk = Epvsk = Emols
where Eopvsio Epvsk @nd Eo are the total energies of the ammonium
cation—-perovskite crystal system, the perovskite system after remov-
ing an ammonium-halide compound (PDAX,/PAX, X =1 or Br) and
the ammonium-halide compound, respectively. Here the ammo-
nium cation—-perovskite systems are taken from the snapshots of the
AIMD equilibrium simulations. The atomic positions of these
systems are optimized further by CP2K code at the ground state.

To calculate the formation energy of the perovskite cluster, we
constructed the cubic supercell of 20 x 20 x 20 A with a cluster in the
centre of the cell. Atomic positions of the cluster are optimized by the
Vienna ab initio simulation package®. The formation energies (E;) of
perovskite cluster with respect to the corresponding binary species
is defined as E;= E.(AX:PbX,) - E.(AX) - E.(PbX,), where E.(AX:PbX,),
E.(AX,) and E.(PbX,) are the total energies of perovskite cluster, AX
(A=FA, Cs; X=1,Br) cluster and BX, cluster, respectively.

Optical simulations

Optical modelling was performed with GenPro4 programme®®.
The optical constants of wavelength-dependent refractive indices
and extinction coefficient of all layers were measured individually by
depositing corresponding materials onsilicon and characterized with
aJ.A. Wollam ellipsometer.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

All data generated or analysed during this study are included in the
published article and its Supplementary Information and Source Data
files. Further datathat support the findings of this study are available
from the corresponding authors on reasonable request. Source data
are provided with this paper.
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