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Supplementary Figure 1. Absorption spectroscopy of fresh and degraded triple cation films after 22.5
h of illumination with a 1 sun equivalent LED in Na.
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Supplementary Figure 2. X-ray diffraction measurements of fresh and degraded triple cation films after
different hours of illumination revealed no apparent change during the illumination within the first
hours of degradation.
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Supplementary Figure 3. SEM and AFM of fresh and degraded triple cation films after different hours

of illumination. The scale bar of the SEM images is 500 nm.
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Supplementary Figure 4. a The power conversion efficiency (PCE), b short-circuit current density (Jsc),
¢ open-circuit voltage (Voc), and d fill factor (FF) from current-voltage characteristics measured at
different scan speeds for MAPbIs perovskite solar cells after different ageing times.
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Supplementary Figure 5. a The power conversion efficiency (PCE), b short-circuit current density (Jsc),
¢ open-circuit voltage (Voc), and d fill factor (FF) from current-voltage characteristics measured at
different scan speeds for FAq.s5Cso.15sPb(lo.77Bro.23)s perovskite solar cells after different ageing times.



a Triple cation 1.8eV

[=—=—1>0 min
|=—=—60 min
16+ ] 120 min
180 min
(—=—2300 min
X 121 ——reverse
~ —— forward
L
O s} ]
o
4t J
0 1 1 1 1 L 0 1 1 1 1 1
0.1 1 10 10? 1000 0.1 1 10 100 1000
Scan Rate (V s™) q Scan Rate (Vs™)
C 1.3 T T T T T 100 T T T T T
80 | E
12} R
.&_\%\w
- o 60} b
21 | = x
ol1r "‘o——,_.____‘ _dk.—’> T ~—
— = L
>O Hw L 40 —
1.0} E
20 E
09 1 1 1 1 1 0 1 1 1 1 1
0.1 1 10 100 1000 01 1 10 100 1000
Scan Rate (V s™) Scan Rate (Vs™)

Supplementary Figure 6. a The power conversion efficiency (PCE), b short-circuit current density (Jsc),
¢ open-circuit voltage (Voc), and d fill factor (FF) from current-voltage characteristics measured at
different scan speeds for 1.8eV wide gap Cso.05(FA0.6c0MAo.40)0.95Pb(lo.60Bro.40)3 perovskite solar cells after
different ageing times.
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Supplementary Figure 7. a The power conversion efficiency (PCE), b short-circuit current density (Jsc),
¢ open-circuit voltage (Voc), and d fill factor (FF) from current-voltage characteristics measured at
different scan speeds for 95:5 triple halide (Cso.0s(FA0.95MA0.05)0.95sPb(lo.ssBroos)s + 20 mol% MACI)
perovskite solar cells after different ageing times.
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Supplementary Figure 8. Maximum power point tracking of the devices presented in the manuscript.
The initial/normalized PCE is 17%/17% for the 60:40 cell, 16.15%/16.62% for the MAPI cell,
19%/19.60% for the triple cation cell, and 20.13%/23.70% for the 95:5 TH cell.
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Supplementary Figure 9. The power conversion efficiency (PCE), b short-circuit current density (Jsc), ¢
open-circuit voltage (Voc), and d fill factor (FF) from current-voltage characteristics measured at
different scan speeds for nip-type (FAPbI3)o.59(CsPbBr3)o.01:35mol% MACI perovskite solar cells after
different ageing times.
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Supplementary Figure 10. a The power conversion efficiency (PCE), b short-circuit current density (Jsc)
measured at different scan speeds for different perovskite systems before and after 5h of illumination
(12h in case of MAPI).
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Supplementary Figure 11. a Relative total l0ss (1-PCEsiow/PCEfast,initiat) and ionic loss (1-PCEsiow/PCEast) and
b relative ionic PCE (1-PCEsiow/PCEsast) Versus ionic Jsc loss (1-Jscsiow/Jsc rast) fOr various systems.
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Supplementary Figure 12. Maximum point tracking of interlayer-modified

Cs0.05(FA0.55MA0.05)0.95Pb(lo.95Bro.os)s + 20 wt% MACI (“95:5 TH”). Substantial non-ionic losses appear due
to a sudden critical device failure (oxidation of the electrode visible by the eye). Nevertheless,
enhanced ionic losses are still present in these devices as visible from the reduction of the short-circuit
current contributing to approximately 37.4% of the total degradation loss observed.
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Supplementary Figure 13. a Maximum power point (MPP) tracking of pin-type cells made from
Cs0.05(FA0.98MA0.02)0.95Pb(l0.9sBroo2)s (“98:2”) and Csp.o5(FA0.9sMAo.05)0.95Pb(lo.9sBro.os)s (“95:5 ECUST”),
respectively, demonstrating that the degradation loss is also largely ionic. b Power conversion
efficiency (PCE), current density (J/sc), open-circuit voltage (Voc), fill factor (FF) of
Cs0.05(FA0.95MA0.05)0.95Pb(lo.95Bro.os)s “95:5 ECUST” cells at different scan speeds in reverse and forward
scan directions for different ageing times. The steady-state and ion-freeze PCE are marked in panels
a,b by the diamonds and stars, respectively, while the red arrows and the shading highlight the ionic
losses in panel a.
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Supplementary Figure 14. a Power conversion efficiency (PCE), current-density (Jsc), open-circuit
voltage (Voc), fill factor (FF) of Cso.os(FA0.9sMA0.05)0.95Pb(lo.9sBro.0s)s “95:5 TH” cells at different scan
speeds in reverse and forward scan directions for after different ageing times corresponding to Figure
43 in the main text. b PCE, Jsc, Voc, and FF of CSo,os(FAo,ggMAo,oz)o,gst(|o,ggBro,02)3 “98:2 TH” cells at
different scan speeds in reverse and forward scan directions for after different ageing times



corresponding to Figure 4b in the main text. The initial and final steady-state (diamond) and ion-freeze
PCE (stars) obtained from fast-hysteresis are marked in the degraded measurement.
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Supplementary Figure 15. Simulated performance metrics PCE (a), Jsc (b), Voc (c) and FF (d) for a range
of different scan speeds for Csg.os(FA0.s3MAo.17)0.9sPb(lo.s3Bro.17)s perovskite solar cells with varying
mobile ion densities. The prebias was chosen to establish flat band conditions in the perovskite (1.3 V)
for a device built-in voltage of 1.5 V. The flat band condition can be identified from the point at which
the Vocat fast scan speeds remains unaffected even in the case of large mobile ion densities.
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Supplementary Figure 16. Simulated steady-state JV curves for Csoos(FA0.s3MA0.17)0.95Pb(lo.s3Bro.17)3
perovskite solar cells with varying mobile ion densities. It can be seen that increasing mobile ion

densities lead to significant current losses once the ion densities pass the threshold of about 10%°* cm-
3
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Supplementary Figure 17. Simulated band diagrams at OV for devices with different mobile ion
densities. It can be seen that increasing mobile ion densities lead to significant flattening of the bands,
which in turn causes a reduced charge carrier extraction efficiency and leads to the current losses
observed in the JV curves displayed in Supplementary Figure 16.
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Supplementary Figure 18. Simulated performance metrics PCE for a range of different scan speeds for
Cso.05(FA0.83MA0.17)0.95Pb(lo.s3Bro.17)3 perovskite solar cells with varying interfacial energy offsets and b
bulk lifetimes.
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Supplementary Figure 19. Simulated performance metrics PCE (a), Jsc (b), Voc () and FF (d) for a range
of different scan speeds for Cspos(FA083MA0.17)0.9sPb(los3Broiz)s perovskite solar cells with varying
mobile ion densities. The prebias was chosen to match the initial Voc(1.18 V) for a device with a built-
in voltage of 1.5 V.
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Supplementary Figure 20. a lon-time of flight transient in a charge extraction experiment (BACE) and
b scan-rate dependent PCE measured on a fresh Cso.os(FAo0.83MAo.17)0.9sPb(lo.s3Bro.17)s perovskite solar
cell with increased time resolution. The efficient transit time of the mobile ions is ~50 ms matches the
peak hysteresis in averaged FH measurements on 5 fresh devices (50 ms scan time). The associated
effective ion mobility is u = 2x10°® cm?/Vs and the diffusion coefficient D = 7x10"%°cm/s. The thin solid
lines in are a guide to the eye of the transient behaviour before and after carrier arrival at the
electrodes. Data in panel b are presented as mean values +/- SD.

a  18eV&17CsFA
10 . . . b . MaP c,.

L 1.8 eV initial ——0h ' ' ' o

o CsFA initial
——18eV10h
CsFA 10h

—2n
——8:30n ] 108

10"

1013

& 107k G107 1 @17 ]
e
e E, s
il = / ] =1 /’/—)——_—_—‘ 3
101 i 1015 L ] 10k ]
10™ - L L L 101 . . . . 10™ Lo . ;
10 100 100 102 e T T Y P 0.01 01 Timé © 10
Time (s) Time (s)

Supplementary Figure 21. Bias Assisted Charge Extraction (BACE) measurements for a 1.8 eV WG
(Cs0.05(FA0.6MA.4)0.95Pb(l0.6Bro.4)3) and CsFA (FA0.s5Cs0.15Pb(lo.77Bro.23)3), b MAPDIs, and ¢ 95:5 triple halide
(Cs0.05(FA0.95MAp.05)0.95Pb(lo.osBro.os)s + 20 mol% MACI) perovskite solar cells after different ageing times.
The 95:5 triple halide cells do not show ionic losses (Supplementary Figure 7) and increased ionic
densities on these timescales.
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Supplementary Figure 22. Charge Extraction by Linearly Increasing Voltage (CELIV) measurements on
a fresh and b 8-hour aged Csoos(FA0.83MAo.17)0.05Pb(lo.83Bro.17)s perovskite solar cells revealing a huge
increase of the capacitance (as calculated from C = V/(SR;,0aq), Where V is recorded voltage on the
oscilloscope, S slope of the applied voltage pulse and Ry,,,4 the load resistance) at long timescales on
the aged device.
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Supplementary Figure 23. a The power conversion efficiency (PCE), b short-circuit current density (Jsc),
¢ open-circuit voltage (Voc), and d fill factor (FF) measured at different scan speeds for



Cso.0s(FA0.83MA0.17)0.95Pb(lo.s3Bro.17)s perovskite solar cells after different ageing times. Ageing was
carried out by keeping the cell at 75 °C in the dark. We note the measurement at 5 h is an outlier.
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Supplementary Figure 24. a The power conversion efficiency (PCE), b short-circuit current density (Jsc),
¢ open-circuit voltage (Voc), and d fill factor (FF) measured at different scan speeds for
Cso.05(FA0.83MAg.17)0.95Pb(lo.s3Bro.17)s perovskite solar cells after different ageing times. Ageing was
carried out at MPP conditions under 1 sun equivalent illumination with a white LED in a glovebox.



0 i N - - —s=— Fresh ' N ' ' )
—=—1h W
20} /,‘. 4 2h 22+ -_'_//—‘/ i
3h
—8—5h o
— > . 20t _
<16} l—=—8h E)
w T 18} ]
L 12} -
(o]
D16t -
8f —s—reverse |
—e— forward 14+ h
0.01 0,l1 1 ;0 160 1(;00 0.01 0?1 ; 1I0 160 1OIOO
Scan Rate (V/s) Scan Rate (V/s)
c 1.2 r r - r - d 90 r r - T r
80
—_ ﬁ?O -
S = WE/' S
o 11 :::-.FREEE::; 2 ~60r
0 = i
50+
40}
10 1 L ol " ol 30 i " aal " ol
0.01 0.1 1 10 100 1000 0.01 0.1 1 10 100 1000
Scan Rate (V/s) Scan Rate (V/s)

Supplementary Figure 25. a The power conversion efficiency (PCE), b short-circuit current density (Jsc),
¢ open-circuit voltage (Voc), and d fill factor (FF) measured at different scan speeds for
Cso.05(FA0.83MA0.17)0.95Pb(lo.s3Bro.17)s perovskite solar cells after different ageing times. Ageing was
carried out by keeping the device in the dark and in the glovebox and applying a forward bias to it to
inject the Jsc of the cell.
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Supplementary Figure 26. Bias Assisted Charge Extraction (BACE) measurements for
Cso.05(FA0.83MAg.17)0.05Pb(lo.s3Bro.17)s perovskite solar cells by keeping the cell at 85 °C for the specified
time.
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Supplementary Figure 27. XPS survey of Si wafers suspended (distance of ca. 1 mm) on top of different
perovskite films (the neat TC films, TC capped with Cs and TC capped with C60 and 1 nm (100 nm) of



Cu ) after 10 hours of illumination. We observe the capture of iodine for the bare perovskite sample,
evidencing the release of iodine under illumination but no other perovskite species (e.g., iodine or
lead) for all other sample stacks suggesting an effective diffusion barrier on these short timescales.
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Supplementary Figure 28. An XPS survey of Si wafers suspended on top (at a distance of ca. 1 mm) of
different perovskite films, i.e. the neat 83-17 triple cation (TC) film, TC capped with Ceo and TC capped
with Cgo and 1 nm (100 nm) of Cu, after 10 hours of illumination. We observe the capture of iodine for
the bare perovskite sample, evidencing the release of iodine under illumination but no other
perovskite species (e.g., iodine or lead) for all other sample stacks suggesting an effective diffusion

barrier on these short tim
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Supplementary Figure 29. Simulated band diagrams at Vo for devices with a Vg of 1.5 V with different
mobile ion densities. It can be seen that increasing mobile ion densities lead to a stronger QFLS bending
closer to the perovskite — Cgo interface. The QFLS in the bulk remains nearly constant (1.167 eV, 1.162,



and 1.154 eV) for mobile ion densities of 10%°, 10%® and 10 cm™ respectively. However, despite the
near-constant QFLS, the Voc of the simulated JV curves is strongly reduced with increasing ion densities,
dropping from 1.165 through 1.140 to 1.077 V. The origin of this effect is discussed in Supplementary
Figure 30.
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Supplementary Figure 30. a The band diagram showing the conduction and valence band as well as
electron and hole quasi-Fermi levels (QFLs) for a device with a Vg of 1.5 V at its Voc (1.14) reveals a
bending of the electron QFL at the Cq interface. b The carrier density profile at Voc shows an excess of
holes in the device, while the electron density drops in the vicinity to the Ceo layer. This is due to the
screened internal field in case of a higher ion density which is shown in panel c. Considering that the
total (electron and hole) current depends on the conductivity and the gradient of the QFL, i.e. Jo/n =

Oen/e * VEgem and that the electron and hole current have to be equal at Vo, follows that: Zh -

Oe
VEﬁe
VEf,h

- VE;, = % - VE¢p.'” Because the conductivity of holes is greatly enhanced at the electron-
e



selective interface, while the electron conductive is strongly decreased (inversion population), allows
us to conclude that the electron QFL bends at the Ceo interface.
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Supplementary Figure 31. a Comparison of photoluminescence quantum yield of PTAA/perovskite and
2PACz/perovskite and the neat perovskite on quartz. Scan rate-dependent PCE of triple cation
perovskite on b PTAA and ¢ SAM as well as PLQY data highlighting the Improvement through 2PACz.
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Supplementary Figure 32. a T80 stability versus hysteresis index (HI = 1 — PCEqwd/PCErev). The graph
highlights a correlation between the stability under maximum power point tracking at 1 sun
illumination and the Hl based on the data points available so far. b Exemplifies the scan rate-dependent
efficiency for the 95:5 TH (FAPI-rich) and the least stable 60:40 (MAPbBr-rich) device with a larger
hysteresis in the latter. Interestingly, if the hysteresis were measured at a scan speed typically used
e.g. at 100 mV/s, the MAPbBr-rich would appear to have a lower hysteresis. This highlights the
importance of assessing the full extent of the hysteresis based on the scan rate-dependent
measurements.



Supplementary Table S1. lonMonger simulation parameters for the 83:17 triple cation standard cell.

Parameter Symbol  Value Unit Ref.
Majority carrier band offset AEmajc O eV 4
between perovskite and Ceo
Majority carrier band offset AEmajy O eV 4
between perovskite and PTAA
Lifetime in perovskite Tpero 200 ns 5
lonized acceptors in PTAA NA_'p 0 cm3
lonized donors in Cgo Ng, O cm
Minority carrier recombination Sminn 500 cm/s  °
velocity from perovskite to PTAA
Minority carrier recombination Sminp 2000 cm/s  °
velocity from perovskite to Ceo
Thickness of PTAA dpraa 10 nm
Thickness of perovskite dpero 400 nm
Thickness of Ceo dceo 30 nm
Offset between metal and PTAA AL yea— 0.05 eV
Offset between metal and Cso AEg metal- 0.05 eV
Device built-in voltage VBi 1.5 v
Bandgap PTAA Egpraa 3.0 eV
Electron affinity PTAA Eppraa 2.5 eV
Bandgap perovskite Egpero  1.63 eV
Electron affinity perovskite Eppero 3.9 eV 4
Electron affinity Ceo En coo 3.9 eV
Bandgap Ceo EG.ce0 2.0 eV
Electron mobility in Ceo Unceo  1x107 cm?/ ®
Vs
Hole mobility in PTAA Uppraa  1x10* cm?/ 7
Vs
Electron mobility in perovskite Unpero 1 cm?/
Vs
Hole mobility in perovskite Uppero 1 cm?/
Vs
Relative dielectric constant PTAA €praa 3.5 8
Relative dielectric constant €pero 22 2
perovskite
relative dielectric constant Ceo €Ce0 5.0 10
Effective electron density of Ncjvpraa 1x10%° cm3 1
states in HTL
Effective electron density of Nejvceo  1x10%° cm3 1
states in Ceo
Effective electron density of Nejvpero 2.2x10"%  cm3 12
states in perovskite
Effective ion density Nion variable cm3
Effective ion diffusion constant Dion 5x101°  cm?/s




Supplementary Note 1 - Understanding of losses at fast-scan speeds

It should be noted that the presence of mobile ions can still affect the PCE even when they are
immobilized depending on their distribution and accumulation throughout the device and at the
interfaces during the prebias.’®!* As discussed in the main text a QFLS-eVoc mismatch is observed in
various systems, which we believe is likely due to ions accumulation in an unfavorable position under
open-circuit conditions or the prebias of the FH measurement (e.g. cations at the hole selective
interface).> The QFLS-eVoc mismatch occurs in all studied systems and leads to a parallel downward
shift of the Voc as a function of scan speed with aging time. Therefore, we attribute part of the PCE loss
at fast-scan speeds to an ionic loss. An example of this scenario is shown in Supplementary Figure 19,
which demonstrates a drop in Voc that is largely independent of scan speed. However, it can be also
seen that ion accumulation at the interfaces would still lead to a nearly unchanged FF at the highest
scan speeds. Therefore, we believe that the devices shown in Supplementary Figure 4 -
Supplementary Figure 6 (60:40, CsFA and MAPI) are affected by non-ionic charge transport losses that
affect the FF at fast-scan speeds. For the 83-17 triple cation, the losses at fast-scan speeds (especially
those that cannot be attributed to a QFLS-Voc are very small, see grey area Figure 7a), hence these
losses are not that critical. Overall, while we focus here on the losses from fast-to-slow scan speeds,
more experimental and numerical work is necessary to better understand the losses at fast-scan
speeds.

Supplementary Note 2 - Understanding the timescales in fast hysteresis and bias-assisted charge
extraction

The FH simulations in Figure 5a did not consider a change in the mobility of the mobile ions, just an
increase in the carrier density. Yet, the timescale of the peak hysteresis is getting shorter with an
increasing ion density. This makes sense, as at ion densities above the CU charge, the internal field
becomes more and more screened which reduces the depletion width. Thus, the drift distance of ions
becomes shorter, and therefore, their response time. In contrast, in the experiment, this is not
observed, in fact, in a majority of cases, the response becomes slower (i.e. the peak hysteresis shifts
to longer timescales). This is most dominant in the case of the 60:40, and the 83:17 triple cation, less
so in MAPI (although visible at longer aging times), and basically completely absent in the CsFA device.
This is consistent with BACE measurements (Figure 6a), which revealed a substantial slowdown of
charge extraction. As for FH, this would not be expected in the case of constant ion mobility, as once
the ion density exceeds the CU charge (=10 cm™3), the drift time of ions gets shorter due to enhanced
field screening and shorter depletion width.

Therefore, we believe that either mobile ions get slower due to some reason, or that another ionic
species takes over (e.g. MA vacancies considering the clear absence of the slowdown in CsFA).
However, it has been previously observed, that ion migration proceeds via the grain boundaries and
volume transport in less stable compositions. Grain boundary diffusion is up to 2 orders of magnitude
faster than volume diffusion.’® This could explain the considerable slow-down of ionic motion and is
consistent with this previous work as it highlights that once volume diffusion occurs the devices get
less stable.’® However, we also note that the less stable device, i.e. the 60:40 triple cation has a very
fast initial response in the FH (Supplementary Figure 6). Clearly, further research is required to fully
understand this intriguing change in timescales.
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