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Figure S1. External quantum efficiency (EQE) measurements and extracted bandgap. a) EQE
measurements of a typical ITO/PEDOT:PSS/FA.83Cso.17Pbo.sSno.sI3/PCBM/BCP/Cr/Au
device after various periods of encapsulated aging under open circuit, 65 °C, and simulated
full spectrum sun light (76 mW c¢m?) irradiance conditions. b) Change in the bandgap of
devices over time, extracted from measurements in a) by (E*EQE)? gradient.! The mean is

plotted with error bars showing the standard deviation (n=4).
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Figure S2. XRD measurements of FA(.83Cso.17Pbo.5sSno 513 films deposited on a) glass or b)
ITO/HTLs, and ITO/PEDOT:PSS/FA¢.83Cs0.17Pbo.5Sno.s13/PCBM/BCP/Cr/Au devices, aged at
65 °C and simulated full spectrum sun light (76 mW ¢m) irradiance for various periods of
time under ambient, ambient encapsulated, or N> conditions at open circuit. Films that were
encapsulated during aging were measured by cutting the glass edges of the sample to remove

the encapsulation glass and epoxy.



Table S1. Unit cell volume of the cubic perovskite cell fitted to PbSn-perovskite films and

device before and after aging at 65 °C and simulated full spectrum sun light (76 mW c¢m2)

irradiance.

Stack (aging condition)

Unit cell

volume before

Unit cell volume after

aging (aging time) [A3]

aging [A3)
ITO/PEDOT:PSS/ 248.76 £ 0.20 | 250.28 = 0.01 (627 hours)
FA0.83Cs0.17Pbo.5Sno.s13/PCBM/BCP/Cr/Au
(encapsulated, 65°C, (.76 suns)
ITO/PEDOT:PSS/ FAo.83Cs0.17Pbo.sSnosls | 250.18 £ 0.08 | 252.58 + 0.05 (2160 hours)
(encapsulated, 65°C, (.76 suns)
ITO/PTAA/AL,O3 NPs/ 250.39 £0.06 | 252.23 £ 0.06 (2160 hours)
FA0.53Cs0.17Pbo.sSno 513
(encapsulated, 65°C, .76 suns)
Glass/Al2O3 NPs/ FA¢.53Cso0.17PbosSno sl | 250.16 + 0.10 253.05 £ 0.02 (9 hours in
(unencapsulated ambient, room air)
temperature)
Glass/Al,O3 NPs/ FA0.83Cso.17Pbo.sSno sz | 250.39 £ 0.10 | 254.39 + 0.07 (2000 hours)

(unencapsulated in N>, 65°C, 0.76 suns)
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Figure S3. Images of the surface of lead-tin perovskite films after various periods of
encapsulated aging under 65 °C and simulated full spectrum sun light (76 mW c¢m)
irradiance. Optical microscope (OM) images of the surface of lead-tin perovskite films
deposited on glass a) for fresh samples, b) after 984 hours of aging, and c) after 1656 hours of
aging, showing the appearance of small yellow regions only beyond 1000 hours of aging. OM
images of the surface of lead-tin perovskite films deposited on ITO/PEDOT:PSS d) at 0 hours
and e) after 2160 hours of aging, and deposited on PTAA f) at 0 hours and g) after 2160

hours of aging. SEM images of the surface of lead-tin perovskite films deposited on
ITO/PEDOT:PSS h) at 0 hours and 1) after 2160 hours of aging, and deposited on PTAA j) at
0 hours and k) after 2160 hours of aging.
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Figure S4. Energy-dispersive X-ray scanning electron microscopy (EDX-SEM) analysis of
the surface of lead-tin perovskite films on glass, after 2592 hours of encapsulated aging under
65 °C and simulated full spectrum sun light (76 mW c¢m) irradiance. a) SEM image of the
area prior to measurement (new crystallites are marked with white dashed lines) and b) after
7 minutes of measurement, showing some grain boundary decomposition but no heavy
degradation. Elemental maps using the La; spectral line for ¢) Sn, d) I, e) Cs and f) Pb, with a

5 wm scalebar.
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Figure SS. Absorbance of encapsulated lead-tin perovskite films on glass after various

periods of encapsulated aging under 65 °C and simulated full spectrum sun light

(76 mW cm) irradiance.
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Figure S6. Photoluminescence (PL) peak positions extracted from gaussian fits of the PL
signal of perovskite films deposited on glass, glass/PEDOT:PSS or glass/PTAA. PL signal
for PEDOT:PSS/perovskite films became too noisy to extract the PL peak position after 19

hours of aging.



Supplementary Note 1: Dependence of photoconductivity of excitation fluence

To calculate the sum of mobilities from the measured TPC decays, we need to estimate the
value of the conductivity immediately after the laser pulse. The maximum conductivity
measured (which normally occurs 20-40 ns later) is a significant underestimate of this, as
during this time free charge carriers have already undergone significant recombination and
have also been removed from the perovskite by charging of the electrodes.? In this paper, we
partially correct this by extrapolating a stretched mono-exponential fit of the
photoconductivity back to to. However, this only corrects for the charge carriers removed by

non-radiative recombination.

To probe the effect of this, we measured TPC decays at 9 different fluences and plotted the
extracted sums of mobilities in Figure S7. In all samples we see a decrease in the sum of
mobilities with higher excitation fluence, as previously observed by other.? This is consistent
with a stronger underestimation of the to conductivity at higher excitation fluences, as higher
order recombination mechanisms become more dominant. We hence select the maximum

sum of mobilities calculated over all excitation fluences as the ‘real’ mobility.

Interestingly, the dark conductivity also shown significant fluence dependence in some of our
samples. Unlike the sum of mobilities extracted from the photoconductivity, dark
conductivity increases with fluence. This could be caused either by the delayed release of
charge carriers after excitation (for example by de-trapping from long-lived trap states or
capacitive effects?) and/or by a long-lived increase in mobility as a result of photoexcitation.
To minimize the impact of this effect, we use the dark conductivity measured with the lowest

excitation fluence to determine py.
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Figure S7. Dark conductivity and sum of mobilities extracted from time-resolved
photoconductivity (TPC) traces at a range of excitation densities. Dark conductivity and sum
of mobilities of a) a glass/perovskite sample (referred to as ‘batch 1’ in the main text), b) a

glass/PEDOT:PSS/perovskite sample, and c) a glass/PTAA/Al,O3 NPs/perovskite sample.
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Figure S8. Example TPC transients of lead-tin perovskite films on glass, after pulsed
excitation at 10 Hz with 3.74 ns pulses, measured after various periods of aging under 65 °C
and simulated full spectrum sun light (76 mW c¢m) irradiance. Various fluences were
measured at each aging step, and the fluence resulting in the highest conductivity at to was
selected and displayed here (3.0 x 10% nJ cm™). Solid lines represent a fit to a stretched
monoexponential decay, which is extrapolated to t = 0 to extract the maximum

photoconductivity (solid dot).
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Figure S9. Dark conductance and sum of mobilities of various thin film samples, extracted
from TPC traces. a) Dark conductance measured laterally across 300 um channels on lead-tin
perovskite films (660 nm thickness) deposited on glass or thin layers of PEDOT:PSS (diluted
1:6 with IPA) or undoped PTAA (1.5 mg ml™"). Conductance of a film of PEDOT:PSS
(diluted 1:6 with IPA) and PTAA (1.5 mg ml ") deposited on glass measured using the same
technique is also shown. b) Sum of mobilities extracted from the conductance shown in a.
Measurements were performed after various periods of encapsulated aging under 65 °C and
simulated full spectrum sun light (76 mW c¢m) irradiance. Batch 2 of neat perovskite
samples shows somewhat worse mobility, likely due to variability in glovebox
atmosphere/processing conditions. For all panels, the median is plotted with error bars
representing Q1/Q3 (n =4 for batch 1, n = 2 for EDAI, passivated, n=3 for batch 2, n=4 for
perovskite on PEDOT:PSS or PTAA samples, n=1 for both neat HTL samples).



Supplementary Note 2: Change in PLQE with Fermi level

To confirm whether the trend we observed in the intensity-dependent PLQE of
glass/PTAA/perovskite samples can indeed be explained by an increase in background hole
density, we performed PLQE simulations. The system modelled is described in the methods.
The Fermi level was varied from 0.05-0.5 eV (from the CB), and the single deep electron trap
density was varied from 0 for figure S10a to 10'> cm for figure S10b. All other parameters

were kept constant (Table S2).

We find that a downshift in Fermi level along with the presence of non-radiative
recombination, as in figure S10b, can indeed explain the trend we observe in the intensity-

dependent PLQE measurements of glass/PTAA/perovskite samples (Figure 2¢ in the main

text).
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Figure S10. PLQE of perovskite films, simulated as a function of excitation fluence at a
range of Fermi level positions a) with no trap-assisted recombination and b) with trap-

assisted recombination.



Table S2. Parameters used for PLQE simulations.

Parameter Symbol Units Value

Charge carrier density (electron/hole/trap n,p,ng cm’ calc.

occupancy)

Fermi level Er eV 0.3

Excitation fluence Pc cm var

Auger recombination coefficient Kaugn/p | cmds! 1x1028

External radiative band-to-band recombination kragexe |cm’s! 5x 1012

coefficient

Conduction band/valence band energy Ecg, Eyg | eV 0, 1.25

Conduction band/valence band density of states N, Ny cm 6.98 x 10'8,
2.49x10'8

Effective mass of electron/hole m,, my, - 0.2,0.2

Electron/hole capture coefficient B/ cm’s! 107, 10°

Trap energy Er eV 0.3

Trap density N, cm’ 0or 10"
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Figure S11. Current density-voltage (J-V) and EQE characteristics of champion lead-tin
perovskite ITO/HTL/F A 83Cso.17Pbo.sSno s13/PCBM/BCP/Cr/Au solar cells after various
periods of encapsulated aging under 65 °C and simulated full spectrum sun light (76 mW cm-
2) irradiance under open circuit conditions. J-V curves measured under AM1.5 100 mW cm
simulated sun light for devices using a) PEDOT:PSS HTLs, b) PTAA HTLs, EQE curves for
devices using ¢) PEDOT:PSS HTLs, d) PTAA HTLs, and J-V curves measured in the dark of
champion for devices using ¢) PEDOT:PSS HTLs, f) PTAA HTLs.
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Figure S12. Voltage, current density and maximum power point (MPP) of champion

ITO/HTL/ FA0.83Cs0.17Pbo.5Sng 5135/PCBM/BCP/ Cr/Au solar cells over time after various

periods of encapsulated aging under 65 °C and simulated full spectrum sun light (76 mW cm-
2) irradiance under open circuit conditions. Voltage at open circuit over time for devices
using either a) PEDOT:PSS HTLs or b) PTAA HTLs, current density at short circuit over
time for devices using either ¢) PEDOT:PSS HTLs or d) PTAA HTLs, and MPP over time
for devices using either ) PEDOT:PSS HTLs or f) PTAA HTLs, each measured under
AM1.5 100 mW cm? simulated sun light.



PEDOT:PSS
°) d)

e
oA

090 20.00
0.00 | ————— 0.80 D
_—
P 080 = 15.00 4
€ <o - F
S 20.00 1 g pours aged. rev s 070 _ N s g
H 0 hours aged, fw g g w 10.00
3 —— 19 hours aged, rev S 060 L 040 4
£ 10.00 19 hours aged, fw 5.00 4
—— 288 hours aged, rev 050
288 hours aged, fw 020
000 r - v . 040 - - v - . - - v 000 - v o
107 107" 10° 10' 107 107" 10° 10' 107 10" 10° 10' 107 107 10° 10!
Scan time (s) Scan time (s) Scan time (s) Scan time (s)
PTAA
e) 9 090 9 ") 2000
20.00 | = 050 080 S —
g —_— T 100 T —
4 < ~0604 @ —_— |
i’ 20.00 |/ ¢ hours aged, rev S o70 ——\ 2 B
g 0 hours aged, fw 8 My w 10.00 4
5 —— 19 hours aged, rev > 060 Logod—0m—rn | ¥
£ 10.00 4 19 hours aged, fw
500
~— 288 hours aged, rev 0.50
288 hours aged, ftw 020
000 040 000
107 107" 10° 10" 107 107" 10° 10" 107 107" 10° 10" 107 10 10° 10'
Scan time (s) Scan time (s) Scan time (s) Scan time (s)

Figure S13. Parameters extracted from forwards and backwards J-V scans of lead-tin
perovskite devices at varying rates, at multiple points during encapsulated aging under 65 °C
and simulated full spectrum sun light (76 mW c¢m) irradiance under open circuit conditions.
a) Short-circuit current density, b) open-circuit voltage, c) fill factor, and d) power conversion
efficiency for devices using a PEDOT:PSS HTL, and e) short-circuit current density, f) open-
circuit voltage, g) fill factor, and h) power conversion efficiency for devices using a PTAA

HTL.
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Figure S14. J-V parameters extracted from fast 752 V s! (orange) and slow 0.18 V s! (red)
J-V scans of a champion ITO/HTL/FA.53Cs0.17Pbo.sSno sI;/PCBM/BCP/Cr/Au device using
a) PEDOT:PSS or b) PTAA HTLs. Solid lines represent parameters extracted from the

initial scan decreasing in voltage, and dotted lines represent the subsequent scan increasing in
voltage. Parameters from steady-state measurements of the same devices from figure 3a in
the main text are overlaid in blue. Measurements were performed after various periods of
encapsulated aging under 65 °C and simulated full spectrum sun light (76 mW c¢m)

irradiance under open circuit conditions.



Table S3. lonMonger J-V simulation parameters.

Parameter Symbol Unit Value Comment
HTL (PEDOT:PSS)

Thickness d nm 30 From cross-sectional
SEM

VB offset VhHLT eV 0.1 near match

Dielectric Permittivity eHTL - 2.46 3]

VB density of states ghrt cm™ 1x10%2° |1

Hole mobility ppg™ em? Viist | 15x 102 | P

Doping density piTL cm’ 5x 10" | Heavily p-doped™!

Surface recombination SHTL cm s’ var Informed from TRPL,

velocity: electrons tweaked to fit
measured Vo

HTL (PTAA)

Thickness d nm 5 (61

VB offset xHET eV 0.1 7

Dielectric Permittivity eHTL - 3.5 71

VB density of states ghrt cm™ 1x10%° | ) Symmetric DOS

Hole mobility pp™ em? Viist | 4x10° | U

Shallow uniform acceptor piTL cm 5x 10' | I Slightly p-doped

density

Surface recombination SHTL cm s’ var Informed from TRPL,

velocity: Electrons tweaked to fit
measured Vo

Perovskite

Thickness d nm 660 From cross-sectional
SEM

Bandgap Egt eV 1.25 EQE data

Dielectric Permitivity eAL - 40 5]

CB effective density of ghk cm’ 8.1x 10! |3

states

VB density of states gL cm™ 5.8x 10" | B

Electron mobility it cm? Vgl 3.2 51 raised slightly to fit
data




Hole mobility [T cm? Vgl 3.2 51 raised slightly to fit
data

Lifetime AL ns var Informed from TRPL

ETL (PCBM)

Thickness nm 20 From cross-sectional
SEM

Offset xELT eV 0.1

Dielectric Permittivity eETL - 5 (8]

CB effective density of gELE cm™ 1x10%° |8

states

Electron mobility uETL fem? Vilgt | 2x 103 | B8

Shallow uniform donor nETk cm 5x 10 | B8

density

Surface recombination SpTE cm s’ var Informed from TRPL,

velocity: holes

tweaked to fit
measured Voc
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Figure S15. Simulations of J-V parameters at varying scan rates using the lonMonger
software,’ overlaid on measured J-V parameters at varying scan rates after 0 and 19 hours of
encapsulated aging under 65 °C and simulated full spectrum sun light (76 mW cm2)
irradiance under open circuit conditions. Dark lines represent parameters extracted from the
initial reverse scans (decreasing in voltage), and pale lines represent the subsequent

forward scan (increasing in voltage). a) Simulated and measured J-V parameters at varying
scan rates for devices using a PEDOT:PSS HTL, showing the simulations which yield the
best fit to experimental data. b) Simulated and measured J-V parameters at varying scan rates
for devices using a PTAA HTL, showing the simulations which yield the best fit to
experimental data. ¢) Simulated and measured J-V parameters at varying scan rates for
devices using a PEDOT:PSS HTL, showing simulations for a bulk lifetime of 400 ns and a
varying ion density. d) Simulated and measured J-V parameters at varying scan rates for
devices using a PEDOT:PSS HTL, showing simulations for a bulk lifetime of 80 ns and a
varying ion density. e) Simulated and measured J-V parameters at varying scan rates for
devices using a PEDOT:PSS HTL, showing simulations for a bulk lifetime of 400 ns and a
varying perovskite/PEDOT:PSS surface recombination velocity. f) Simulated and measured
J-V parameters at varying scan rates for devices using a PTAA HTL, showing simulations for
a bulk lifetime of 1000 ns and a varying ion density. g) Simulated and measured J-V
parameters at varying scan rates for devices using a PTAA HTL, showing simulations for a
bulk lifetime of 150 ns and a varying ion density. h) Simulated and measured J-V parameters
at varying scan rates for devices using a PTAA HTL, showing simulations for a bulk lifetime

of 1000 ns and a varying perovskite/PTAA surface recombination velocity.



Table S4. SCAPS J-V simulation parameters.

Parameter Symbol Unit Value Comment
HTL (PEDOT:PSS)
Thickness d nm 30 From cross-sectional
SEM
Bandgap E}TE eV 2.6 21
Electron Affinity xHET eV 2.54 Near QFLS = V.
match
Dielectric Permittivity eHTL - 2.46 3]
CB effective density of gHItL cm™ 1x102° |1
states
VB density of states gHrL cm’ 1 x 10 | Symmetric DOS
Electron mobility pdt™ 1 em? Vitgt | 1.5x 102 | B
Hole mobility ppg™ em? Viist | 1.5x 102 | D
Shallow uniform donor nHTL cm’ 1x 10° | Low value (p-doped)
density
Shallow uniform acceptor piTL cm 5x 10" | Heavily p-doped®!
density
HTL / Perovskite Interface (PEDOT:PSS)
Surface recombination SHTL cm s’ 1000 Informed from TRPL,
velocity: electrons tweaked to fit
measured Vo
Surface recombination SHTE cm s’ 1000 Informed from TRPL,
velocity: Holes tweaked to fit
measured Vo
HTL (PTAA)
Thickness d nm 5 (6]
Bandgap E}TE eV 3 (7
Electron Affinity LT eV 2.14 (7
Dielectric Permittivity eHTL - 3.5 71
CB effective density of gHItL cm™ 1x10%° | U]
states
VB density of states gHrL cm’ 1 x 102 | /) Symmetric DOS
Electron mobility pdt™ 1 em? Vitgt | 1x10° |7




Hole mobility ppg™ em? Viist | 1x10° |

Shallow uniform donor nHTL cm’ 1x 10° | Low value (p-doped)

density

Shallow uniform acceptor pHTL cm 5x 10' | I Slightly p-doped

density

HTL / Perovskite Interface (PTAA)

Surface recombination SHTL cm s’ 1000 Informed from TRPL,

velocity: electrons tweaked to fit
measured Vo

Surface recombination SHTE cm s’ 1000 Informed from TRPL,

velocity: Holes tweaked to fit
measured Vo

Perovskite

Thickness d nm 660 From cross-sectional
SEM

Bandgap Egt eV 1.25 EQE data

Electron Affinity x4k eV 3.90 ]

Dielectric Permitivity eAL - 40 5]

CB effective density of gL cm™ 22x 10 | B

states

VB density of states gL cm’ 22x10"% | B

Electron mobility ik cm? Vgl 5 51 raised slightly to fit
data

Hole mobility [T cm? Vgl 5 51 raised slightly to fit
data

Shallow uniform donor ngt cm’ 1x 10 | B

density

Shallow uniform acceptor pak cm’ 1 x 10" | Measured background

density carrier density

Neutral defect density TAL ns 2.5x 10° | Informed from TRPL

lifetime

Single acceptor defect T; cm’ 1 x 10'* | Same density as

density acceptor density

Electron/hole capture cross Op cm 1 x 107 | Tweaked for longer

section for single acceptor lifetime than neutral

defect defects

Perovskite / ETL Interface




Surface recombination SETL cm s’ 1000 Informed from TRPL,

velocity: electrons tweaked to fit
measured Voc

Surface recombination SpTE cm s’ 1000 Informed from TRPL,

velocity: holes tweaked to fit
measured Voc

ETL (PCBM)

Thickness nm 20 From cross-sectional
SEM

Bandgap EFT eV 2 [8]

Electron Affinity xELT eV 3.9 (8]

Dielectric Permittivity eETL - 5 (8]

CB effective density of gELE cm™ 1x10%° |8

states

VB density of states gELE cm’ 1x 102 |

Electron mobility uETL fem? Vilgt | 2x 1073 | B8

Hole mobility pptt o fem* Vst o 2x10° |18

Shallow uniform donor ng't cm’ 1x10° | [

density

Shallow uniform acceptor pETL cm’ 1x10° |@

density
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Figure S16. Simulated J-V curves of ITO/PEDOT:PSS or PTAA/
FA0.83Cs0.17Pbo.sSno sI3/PCBM/BCP/Cr/Au devices produced with SCAPS-1D® (full list of

parameters in Table S4). J-V curves presented are simulated by varying shallow (0.03 eV

from conduction band) electron trap density in the perovskite bulk for devices with a) a
PEDOT:PSS or b) a PTAA HTL, mobility in the ¢) PEDOT:PSS or d) PTAA HTL, defect
density at e) the perovskite/PEDOT:PSS or f) PTAA interface, acceptor density in g) the
PEDOT:PSS or h) PTAA HTL, defect density at the perovskite/PCBM interface for devices
with 1) a PEDOT:PSS or j) a PTAA HTL, and electron and hole mobility in the perovskite
absorber material for devices with k) a PEDOT:PSS or 1) a PTAA HTL. Real device data is

overlaid as dotted lines, showing fast (752 V s'!) J-V scans of the champion devices when

fresh and after 288 hours of aging.
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