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Supplementary Figure 1 | The chemical mitigation of KOH in commercial SnO; with
EDTAK. (a) The optical image of MAPbI3 powder (left), MAPbI3/KOH powder (center) and
MAPDI:/KCI powder (right) in chlorobenzene mixed in a N> glove box after thorough stirring
for 3 min. (b) The optical image shows the pH of the SnO» precursor solution and EDTAK
solution. (c) The XRD spectrum of dried MAPbIz/KOH powders measured under dry N>
condition. (d) The XPS spectra showing the K 2s region of the SnO> and SnO2-EDTAK films,
background (grey), fitted result (red), K 2s position (vertical red dash line). (¢) Molecular
structure of EDTAK.
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Supplementary Figure 2 | Schematic of energy level diagram of SnQO; film with EDTAK

modification.
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Supplementary Figure 3 | Schematic of energy-level diagram of perovskite film with
EAI/MALI treatment. (a) The semi-logarithmic plot of the UPS spectra (using He-I with a
photon energy of 21.22 eV) corresponding to the valence band region of the
Cs0.05sFA0 54aMAo41Pb(I.9sBroo2)3 (denoted as PVSK) and CsoosFAo54MAg.41Pb(10.98Bro.02)3
with the EAI/MALI treatment (denoted as PVSK(EAMA)). (b) Energy diagram of PVSK and
PVSK(EAMA), where Er is the Fermi energy, Ecsm is the energy position of the conduction

band minimum, and Evswm is the energy position of the valance band maximum.



EDTAK/PVSK glass side
PVSK glass side
SnO,-EDTAK/PVSK glass side

SnO,/PVSK glass side

]
]
A
A

0.1+

PL intensity (a.u.)

0.01 4

Time (ns)

Supplementary Figure 4 | Time-resolved photoluminescence measurement of perovskite
on different substrates. TRPL decay curves of the SnO,/PVSK, SnO,-EDTAK/PVSK, PVSK
and EDTAK/PVSK samples, respectively. Cso.0sFA0.54MAo.41Pb(Io.9sBro.o2); perovskite is
denoted as PVSK and Cso05FAos5sMA041Pb(Io.9sBroo2)s perovskite with the EAI/MAI
treatment is denoted as PVSK(EAMA).
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Supplementary Figure 5 | The distribution of potassium. The secondary ion mass
spectrometry (SIMS) result of the ITO/SnO,-EDTAK/PVSK sample to show the distribution

of potassium.
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Supplementary Figure 6 | Photovoltaic performance of PSCs based on different electron
transporting materials. The device performance statistics for 12 PSCs based on the SnO> and
SnO2-EDTAK film: (a) Voc, (b) Jsc, (c) FF, (d) PCE. spiro stands for spiro-OMeTAD. In a
typical box-and-whisker plot, the box represents the percentiles from 25% to 75%, the line in
the box is the median line, the square in the center of the box is the mean point, the diamond
solid black or red points are the data points, the black or red curve shows the lognormal

distribution of the data points.
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Supplementary Figure 7 | Optimization of EAI/MAI ratio. (a) and (b) The XRD spectra, (c)
the UV-vis spectra of the MA1—xEAxPbI3 films by reacting mixed EAI/MAI = x: (1—x) with
Pbl films via the two-step method. (d) The current density-voltage curves of PSCs based on

the MA1-xEAxPDI; films by reacting mixed EAI/MAI = x: (1—x) with Pbl; films via the two-
step method.
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Supplementary Figure 8 | Morphology and crystallography study of perovskite films for
optimization of EAI/MALI treatment condition. The SEM and XRD results for the perovskite

sample with varying MAI/EAI concentrations in comparison with the control samples.
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Supplementary Figure 9 | Crystallography study of perovskite films with and without
EAI/MAI treatment. (a) The XRD spectra and (b) enlarged XRD (5-15°) spectra of the
Cs0.05FA0.54MA0.41Pb(10.98Bro.02)3 films with and without the EAI/MALI treatment.
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Supplementary Figure 10 | Photovoltaic performance of PSCs based on different
perovskite films. The device performance statistics for 12 PSCs based on perovskite films with
or without the EAI/MALI treatment: (a) Voc, (b) Jsc, (¢) FF, (d) PCE. spiro stands for spiro-
OMEeTAD. In a typical box-and-whisker plot, the box represents the percentiles from 25% to
75%, the line in the box is the median line, the square in the center of the box is the mean point,

the diamond solid black or red points are the data points, the black or red curve shows the

T T
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lognormal distribution of the data points.
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Supplementary Figure 11 | Morphology evolution of perovskite films under SEM beam.
Surface SEM images of PVSK and PVSK(EAMA) films after high-energy electron beam scans
with a voltage of 20 kV, (Figure 4 a-b show the first-scan SEM images, 2"¢, 3" represent images

obtained from second and third SEM scan, respectively).
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Supplementary Figure 12 | Thermal stability of perovskite films. Evolution of XRD
patterns for the Cso.0sFA0.54MAo.41Pb(lo.9sBroo2)3 film with (a) and without (b) the EAI/MAI

treatment under thermal aging test on a hotplate at 85 °C in a dry N> glove box.
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Supplementary Figure 13 | Optical image of large area perovskite films. The optical image
of the large area (10 cm x 10 cm and 5 cm % 5 cm) Cso.05FA0.54MA0.41Pb(Io.98Bro.02)3 films via
the two-step method.

14



q —————5000 mm—— b

94.00mm I
50.00 mm
[} 1 1 1
- .q_>' | e
glass 05’ mm’0.25 mm 0 07 mm
Yv 1P1 P2 P3 !

—~0.6 mm—p!

P
»l
>

oy

6 65 mm 0 05 mm g|355 1. 50 mm

C

P3 line

]
- 200 pm

Supplementary Figure 14 | The geometry of the PSM. (a) Top view of the entire module,
including the glass substrate, ITO pattern. (b) Side view of the module showing the solar
module interconnections. (c) Optical photo of patterning for sub-cell separation in modules.
The geometric fill factor (GFF) is determined to be approximately 0.91. (d) The SEM image
of the P3 line of the PSM. It should be noted that there are some residues observed at the line
edge of the P3 patterning. The residues are the active materials, including perovskite layer,
HTL and gold layer, which were scraped off by the knife during scribing. Compared to other
reports, the interconnection of our module needs to be further optimized.' Advanced
interconnection preparation equipment such as a specially designed laser cutting system for
preparing more accurate, clean interconnection lines is expected to further improve the device
efficiency and stability.
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Supplementary Figure 15 | PSM performance measured by AIST. J-V curves of the
encapsulated module covered by a black mask with a designated area of 22.26 cm? was
measured by a public test centre (AIST), according to the well-established standard protocol
(IEC60904-3 Ed. 3), which has recently also included maximum power point tracking (MPPT)
suitable for perovskite solar cell devices that exhibit IV hysteresis. The J-V curves were
recorded after tracking for 6.7 min at MPP under light illumination (marked with the symbol
+). The PCE of 13.88% was obtained (marked with symbol +), which is between the reverse
scan PCE of 14.50% and forward scan PCE of 12.19% as extracted from J-V scan. According
to this protocol, the decrease in PCE is likely due to the burn-in process of the device under
continuous MPPT and under continuous light illumination.* A fast decrease in PCE in the burn-
in process is also observed during our stability tracking measurement performed in our
laboratory (Figure 5). The initial maximum PCE is estimated to be approximately 15.4% under
reverse J-V scan according to the results from AIST, which is consistent with the PCE of
around 15.8% measured in our laboratory before we sent this solar module to AIST for testing
(Supplementary Figure 16). Note that the Supplementary Figure 15 is not a certificate.
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Supplementary Figure 16 | PSM performance measured by OIST. J-V curve of the
encapsulated PSM measured in our laboratory before it was sent to AIST for characterization.
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Supplementary Figure 17 | Statistic device performance of PSMs. The J-V curves of 15
samples of 5 cm x 5 cm SnO>-EDTAK/PVSK(EAMA)/spiro-OMeTAD/Au solar modules.
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Supplementary Figure 18 | Hysteresis study of the PSM. (a) The J-V curves of reverse scan
(RS) and forward scan (FS). (b) Stabilized output.
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Supplementary Figure 19 | The typical J-V curve of a PSM based on mixed spiro-
OMeTAD-P3HT HTL.
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Supplementary Figure 20 | J-V curve of the PSM based on the P3HT-only HTL. PCE =
6.7%.
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Supplementary Figure 21 | The element distribution of devices after thermal aging. The

SIMS results of the aged device samples with mixed spiro-OMeTAD-P3HT (mixed HTL) and
spiro-OMeTAD.
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Supplementary Figure 22 | The interaction of HTLs with Au. XPS spectra (Al-Ko = 1486.6
eV; 150 W) corresponding to (a) the Au 4f72 and (b) S 2p core levels of Au (thickness ~ 2 nm)
deposited on (i) P3HT, (ii) spiro-OMeTAD, (iii) P3HT + spiro-OMeTAD mixed HTL, and the
bare Au (20 nm) and P3HT as the reference samples. ITO/glass substrates were used for all

samples.
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spiro-OMeTAD spiro-OMeTAD-P3HT

Supplementary Figure 23 | The contact angles HTLs. Photographs of the contact angle
measurements for the (a) ITO/Sn,O-EDTAK/perovskite/spiro-OMeTAD sample (denoted as
spiro-OMeTAD in the image) and (b) ITO/Sn,O-EDTAK/perovskite/spiro-OMeTAD-P3HT
sample (denoted as spiro-OMeTAD-P3HT in the image). The contact angle is measured to be
71.6° and 107.0°, respectively.

24



—

Load PSMs and Pump to 1500
add precursor

Precursor particles ’ — ‘ Precursor pyrolysis | _, | Polymerization
vaporizing at 175 °C at 690 °C to form parylene
- Parylene C deposmon process
Cl Cl
Ha H,
2 HC CH; =—— —C c
n

C{ Monomer

Polymer
mono-chloro substituted para-xylylene
Dlmer P v Parylene C
dichloro[2.2]paracyclophane

1) Vaporize (175 °C)| —— | 2) Pyrolize (690 °C) | =—— | 3) Deposition (40 °C)

Supplementary Figure 24 | Parylene encapsulation. (a) The flow diagram, (b) parylene
deposition equipment (PDS 2010 LABCOATER) and (c) reaction mechanism for parylene

deposition.

25



—— 50.00mm —

Parylene
encapsulation

Cover glass 50

[¢———47.00 mm——>»

Top view of
Cover glass with
kapton tape

e—— 50.00 mm —

Cover glass

attachment

&—— 50.00 mm ——»

00 mm_r 1_

Side view of
cover glass with kapton tape

—— 50.00 mm —*>

«—— 50.00 mm ——»

Side view of
PSM and cover glass with kapton tape

—— 50.00mm —

Encapsulated PSM

Supplementary Figure 25 | PSM encapsulation. The flow diagram for the PSM

encapsulation with parylene and cover glass encapsulation.
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Supplementary Figure 26 | Waterproof properties of device with parylene encapsulation.
Photograph of a perovskite solar cell encapsulated with parylene that was immersed into water.
No obvious color change was overserved for this device after being kept in water for 10 min,
which means the parylene can act as a robust barrier to protect the under layers against the

ingress of H>O.
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Supplementary Figure 27 | PSMs performance before and after encapsulation. J-V curves
of the SnO2-EDTAK/PVSK(EAMA)/spiro-OMeTAD-P3HT/Au PSM before and after being
encapsulated with parylene and a cover glass for operational stability test. Upper, middle and
bottom panel show the J-V curves for PSM #1, #2 and #3, respectively.
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Supplementary Figure 28 | Operational stability of encapsulated PSMs. Operational
stability = measurement results of the two additional encapsulated SnO»-
EDTAK/PVSK(EAMA)/spiro-OMeTAD-P3HT/Au solar modules (PSM #2, initial PCE=
15.2%, Tgo = 2540 h; PSM #3, initial PCE = 14.8%, Tgo = 2150 h; the sample in Figure 5d is

PSM #1) with parylene encapsulation and a cover glass examined under continuous full-sun

illumination in dry N> atmosphere.
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Supplementary Figure 29 | The temperature of the top surface of the PSM during stability
tracking. The temperature was measured to be approximately 40 °C.
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Supplementary Figure 30 | Thermal stability of PSMs. The PCEs evolution of the four
encapsulated PSMs under thermal heating at 60 °C in a N glove box with relative humidity
lower than 5%. The detailed PV values are listed in Supplementary Table 8.
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Supplementary Tables:

Supplementary Table 1 | Summarized J-V characteristics of the best devices with the varying

EDTAK concentration in comparison with the control device:

sample Voc (V) Jsc (mA cm™?) FF (%) PCE (%)
control 1.066 23.2 77.6 19.2
1.0 mM 1.085 23.2 77.7 19.6
2.5 mM 1.102 23.3 78.4 20.1
5.0 mM 1.091 23.1 75.3 19.0
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Supplementary Table 2 | PL lifetimes extracted from the TRPL spectra of the SnO»/PVSK,
SnO2-EDTAK/PVSK, glass/PVSK and glass/EDTAK/PVSK samples, respectively. PVSK is

Cs0.05FAo.s4aMA0.41Pb(I0.98Bro.02)3 perovskite. A bi-exponential function is used to fit the curves.

T Ai T2 Az Taverage
(ns (ns) (ns)

EDTAK/PVSK 78.7 0.596 280.0 0.404 160.0

PVSK 75.8 0.717 185.0 0.272 104.7
SnO,-EDTAK/PVSK 20.0 0.877 48.5 0.137 24.2
SnO,/PVSK 24.2 0.767 67.0 0.243 34.8
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Supplementary Table 3 | Summary of the device performance of the PSCs with ETL and HTL
interface treatments, respectively. H-index is defined as follows as a measure of the hysteresis

11’1 the J‘V curve: H-ll’ldeX = (PCEreverse‘PCEFQrward)/PCEReverse. PCEreverse al’ld PCEforward are

PCEs from the reverse and forward scan, respectively.

Device Scan Ve Joo (mA | FF (%) | PCE H-index
™ ) (%)

SnO»/PVSK/spiro- RS 1.07 23.2 77.6 19.2 0.104
OMeTAD/Au

FS 1.07 233 68.9 17.2
SnO,-EDTAK/PVSK/spiro- RS 1.10 23.2 78.4 20.1 0.079
OMeTAD/Au

FS 1.10 23.2 72.6 18.5
SnO;- RS 1.12 23.6 82.3 21.8 0.041
EDTAK/PVSK(EAMA)/spiro-

. 23.5 . 20.

OMeTAD/Au FS 1.12 3 79.3 9
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Supplementary Table 4 | Summarized J-V characteristics of the best devices with the varying

MAI/EAI concentration (IPA/DMF as solvent) in comparison with the control device:

solvent MAI/EAI Voc (V) Jsc (mA FF (%) PCE (%)
(mg/mL) cm?)
Ref. Ref. 1.102 23.3 78.4 20.1
IPA 0.0/0.0 1.065 22.7 74.2 17.9
IPA/DMF 0.0/0.0 1.069 23.0 74.9 18.4
IPA/DMF 1.4/1.0 1.110 23.4 80.5 20.9
IPA/DMF 2.0/1.5 1.122 23.6 82.3 21.8
IPA/DMF 2.8/2.0 1.103 23.0 80.6 20.4
IPA 2.0/1.5 1.089 22.9 79.4 19.8
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Supplementary Table 5 | PL lifetimes and diffusion lengths extracted from the TRPL spectra

of glass/PVSK,

glass/PVSK(EAMA),

glass/PVSK(EAMA)/spiro-OMeTAD samples,

respectively.

glass/PVSK/spiro-OMeTAD and
PVSK is

Cs0.05FAo.s4MA0.41Pb(I0.98Bro.02)3 perovskite. A bi-exponential function is used to fit the curves.

T Ai T2 Az Taverage
(ns) (ns) (ns)
PVSK 19.1 0.859 84.9 0.311 42.8
PVSK(EAMA) 52.2 0.644 242.5 0.366 122.4
PVSK/spiro- 13.7 0.626 13.7 0.413 13.7
OMeTAD
PVSK(EAMA)/spiro- 10.0 0.795 10.0 0.228 10.0
OMeTAD
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Supplementary Table 6 | The device performance parameters of SnO2/PVSK/spiro-
OMeTAD/Au module, SnO,-EDTAK/PVSK/spiro-OMeTAD/Au module, and SnO»-
EDTAK/PVSK(EAMA)/spiro-OMeTAD/Au module, SnO,-EDTAK/PVSK(EAMA)/spiro-
OMeTAD-P3HT/Au module.

FF PCE
-2
module Voc (V) | Jsc (mAcm ™) (%) (%)
I SnO,/PVSK/spiro-
OMeTAD/Au 6.89 2.96 55.7 11.4
" SnO»-EDTAK/PVSK/spiro-
OMeTAD/Au 7.15 2.96 64.9 13.7
SnO»-
EDTAK/PVSK(EAMA)/spiro- 7.64 2.99 72.9 16.6
OMeTAD/Au
SnO»-
EDTAK/PVSK(EAMA)/spiro- 7.56 2.98 71.3 16.1
OMeTAD-P3HT/Au
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Supplementary Table 7 | The device performance parameters of 15 samples of 5 cm x 5 cm
SnO,-EDTAK/PVSK(EAMA)/spiro-OMeTAD/Au module devices.

sample Voc (V) Jsc (mA cm™?) (lz/l:) IZ‘E/:OI)E
| 1 7.50 2.90 71.9 15.7
| 2 7.55 2.93 70.6 15.6
| 3 7.47 2.92 72.3 15.8
| 4 7.61 2.98 70.4 16.0
| 5 7.63 3.00 70.8 16.2
| 6 7.32 3.00 71.2 15.6
| 7 7.64 2.99 72.9 16.6
| 8 7.34 2.99 72.9 16.0
| 9 7.17 3.02 74.5 16.2
| 10 7.16 2.97 75.7 16.1
| 11 7.50 2.95 74.0 16.4
| 12 7.49 2.94 71.3 15.7
| 13 7.27 2.93 74.4 15.9
| 14 7.44 2.94 73.6 16.1
| 15 7.65 3.05 70.8 16.5
| Average 7.44+0.16 2.97+0.04 72.5+1.6 16.0+0.3
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Supplementary Table 8 | Thermal stability of PSMs. The PCEs evolution of the encapsulated
PSMSs under thermal heating at 60 °C in a N2 glove box with relative humidity lower than 5%.

Time (h) PCE (%) PCE (%) PCE (%) PCE (%)

Sample #1 Sample #2 Sample #3 Sample #4
0 15.6 15.3 14.9 15.5
24 13.8 13.2 13.2 14.1
120 14.0 13.5 13.3 13.5
192 13.2 14.4 13.6 13.9
312 13.9 13.5 13.1 13.4
480 14.6 14.2 12.5 13.6
576 14.3 13.7 12.1 12.9
672 14.7 13.9 11.7 12.5
816 14.0 13.5 11.0 12.9
912 14.3 13.6 12.3 13.1
1032 14.0 13.0 11.8 12.9
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Supplementary Table 9 | Characteristics of the perovskite solar modules with an active area
>20 cm? and PCE > 10% reported in the literature and in this work. The provided PCE values
are normalized by the active area unless otherwise stated: ap, aperture area; da, designated
area (active area + dead area for interconnections). SS: storage stability; LS: light soaking
stability; WS: working stability; CE: certified efficiency. ITO, indium tin oxide; FTO, fluorine
doped tin oxide; c-TiO2, compact TiOz; mp-TiO2, mesoporous TiOz; spiro-MeOTAD,
2,2'7,7"-tetrakis(V,N-di-4-methoxyphenylamino)-9,9’-spirobifluorene; PCBM, [6,6]-phenyl-
C60,61 butyric acid methyl ester; PTAA, poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine];

PEDOT:PSS, poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate);

P3HT, poly(3-

hexylthiophene-2,5-diyl) regioregular; PC71BM, [6,6]-phenyl C71 butyric acid methyl ester;
BCP, bathocuproine; 5-AVA, 5-aminovaleric acid.

Device structure Module Device | Active Module stability | Ref
size area area (h)
(cmxcm) | (cm?) module
PCE* (%)
ITO/PEDOT:PSS/MAPbLI;/PCBM/LiF/Al 10x10 60 8.7 - 3
ITO/PEDOT:PSS/MAPbLI;/PCBM/Au 10x10 40 12.9 - 6
ITO/PEDOT:PSS/CH3NH3Pbl;.4.,BriCl,/PCBM/Ca/Al 10x10 25.2 14.3 - 7
FTO/c-TiO2/mp-TiO»/Graphene/MAPbI3/Spiro- 10x10 50.6 12.6 > 1630 ™ 8
MeOTAD/Au
FTO/SHOz/KXCSO_os(FAo_35MA0_15)0,92Pb(lo_g5B1‘0_15)3/Spir0- 66 20 15.6 - 9
MeOTAD/Au
FTO/SnO2/MAPbLy/spiro-MeOTAD/Au 5%5 224% [ 12,03 515 W TE0 10
FTO/c-TiO/mp-TiO, 7x7 24.94% 17.1 - 1
/(FAPbI3)o_95 (MAPbBI‘3)0_05/WBH/P3HT/Au
ITO/PTAA/MAPbL/C60/BCP/Cu 6x15 33 153 | 4go SSebouTio0 |12
57.2 14.6
PET/ITO/ZnO/MAPbI;/P3HT/Ag 125x13.5 | 151.9 1.1 - E
11.5x11 142 11.8
ITO/Cu-oxide/MAPDI, 7Br, 3/ PCBM/BCP/Ag 25 15 - 14
FTO/c-TiO»/(m-TiO2/m-ZrO»/m-C)/(5-AVA)y(MA)1. 5x10 31 10.5 2000 5% 15
«Pbl3 ) WS,T96
10x10 70 10.7
FTO/c-TiO2/(m-TiO2/m-ZrO,/m-C)/(5-AVA)x(MA); 10x10 49 10.4 Light soaking 16
«Pbl3 stable
FPTb?/c-Tioz/(m-Tioz/m-Zroz/m-C)/(s-AVA)X(MA)1_ 10x10 | 46.7 11.2 ~100000"° |
X 3
FTO/c-TiOo/MAPDI;Cl,/PTAA/Au 10x10 40 15.5 - 18
FTO/c-TiO2/mp-TiO2/MAPbIs/spiro-MeOTAD/Au 8x8 36.1% 15.7 500" SO0 01 Sun 19
(12.1F)
FTO/SHOz/(FAo_gsMAo_15)0,95Pb(10_85BI‘0_15)3/Spir0- 10x10 53.6 139 - 20
MeOTAD/Au
FTO/Sn0,/Ce0/Cso.1FA¢.9Pbls/spiro-MeOTAD/Au 10x10 82.6 10.37 500 WS, T80, 21
FTO/SnO,/Cs<FA xPbls.yBr,/spiro-MeOTAD/Au 8x8 41.25 12.24 200 S5 =
FTO/SHOz/KXCSO_os(FAo_35MA0_15)0,92Pb(lo_g5B1‘0_15)3/Spir0- Tx7 20.78 16‘5CE - 23
MeOTAD/Au
ITO/C6O/MAPbI3/splro-MeOTAD/Au 10x10 37.1 1398CE 384 §8,T60 24
ITO/C6O/MAPbI3/ spiro-MeOTAD/Cu 10x10 37.1 11.09 720 §8,190
FTO/NiO/FAo_gsMAo_15Pb(10,85BI‘0A15)3/G-PCBM/BCP/Ag 6%6 35.8da 15.6da 1000 LS, T91, with 2
(14. 17CE) UV filter
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ITO/SHOZ-EDTAK/CSo_osFAO_54MA()_41Pb(Io_93BI‘0_02)3
(EAMA)/spiro-MeOTAD-P3HT/Au with encapsulation

5%5

2244

18.2

1570
2680

WS.T90

WS, T80

This
work
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Supplementary Notes:

Supplementary Note 1

It has been reported that K* is present in the form of KOH in commercial SnO, solution, which
is added to stabilize the SnO; colloids.?® Although strong alkaline KOH has been reported to
induce formation of the 6-phase perovskite for the FAMA based perovskite, the reaction of
OH- with perovskite has not been fully studied.?’” Here, we investigated its effect by mixing
the CH3NH;Pbl; powder with KOH in N» glove box (Supplementary Figure 1). The black
CH;NH3Pbls powder quickly changes to a white sticky product within three minutes of stirring.
X-ray diffraction (XRD) results of the corresponding dried powder suggest the existence of
PbO and KI (Supplementary Figure 1c). Based on these results, we propose a reaction of
perovskites with KOH as follows:
CH;NH3Pbl; + 3KOH — Pb(OH)2 + CH3NH: + H20 + 3KI (1)
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Supplementary Note 2

Organic interface modifiers showed the ability to modify the work function when employed
with ETLs or electrodes. For example, similar to EDTAK, EDTA-Na has also been used as
interlayer to modify ITO substrate for organic solar cells.?® Here, EDTAK can also serve several
purposes other than just reacting with KOH, and therefore it can be considered as a general
interface modifier for other ETLs as well. In our results, the fact that Sn 3d peaks in XPS
(Figure 2b) does not shift significantly indicates a weak chemical interaction between EDTAK
and SnO». This negligible shift in XPS Sn 3d core levels are also reflected in the electronic
states corresponding to valence electrons of SnO- that can be probed by UPS. The VBM of
pristine SnO> and EDTAK-SnO> samples are —3.64 eV and —3.74 eV, respectively (i.e.,
difference of only 0.1 eV observed). On the basis of XPS and UPS analysis above, the shift in
WF observed in our studies seems to be supported by the interfacial dipole phenomena
(Supplementary Figure 2).2° This interfacial layer is further confirmed by the observed N 1s
peak in XPS of the EDTAK treated SnO> films (Figure 2a). An alternative explanation is
contact doping phenomena that leads to interfacial charge accumulation.?*3? The charge
accumulation not only affects WF but also affects VBM simultaneously. When comparing the
pristine SnO; and EDTAK modified SnO,, the changes in VBM were negligible. Therefore,

doping effects can be excluded.
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Supplementary Note 3

A high content of EA on the surface of perovskite layer can help achieve a balance between
stability and device performance. Although the very high contents of EA show improved
stability of perovskite bulk film, but it also leads to deterioration in device performance that
limits its application.!* To explore the optimized EA/MA composition for surface
engineering, mixed EAI/MAI = x : (1—x) with different molar ratios were reacted with Pbl>
films via a two-step method. Supplementary Figure 7a shows the XRD spectra of the obtained
MA—<EAxPbI; films. It is found that when x = 0.1~0.4, the corresponding films show clear
diffraction peaks at around 14° assigned to the perovskite phase. Note that no obvious signal
lower than 10° is observed for all samples, indicating the trace amount of 2D perovskite within
these films (Supplementary Figure 7a). The slight XRD peak shift from 14.03° in the case of x
=0 to 13.97° in the case of x = 0.4 indicates the partial substitution of MA™ ions with larger
EA" ions, which leads to slight expansion of the perovskite lattice (Supplementary Figure 7b).
When x = 0.5, a small peak at about 11.77° is observed, which is assigned to the non-perovskite
phase of EAPbI3.>* This non-perovskite peak at about 11.77° became much stronger for the x
= 1.0 case, which corresponds to a yellow color non-perovskite film (Supplementary Figure
7¢). The MAo.sEA.sPbls film-based devices showed much lower device performance than the
cases of x = 0.1~0.4 (Supplementary Figure 7d). Considering the tradeoff between the EA
content and device performance, the EA content of x = 0.4 is thus used for further studies. The
EAI/MALI concentration for the Cso.0sFAo.54MA0.41Pb(lo.98Bro.02)3 perovskite surface treatment
was investigated as shown in Supplementary Figure 8 and Supplementary Table 4. It should be
noted that a mixture of EAI and MAI was dissolved in a mixed solvent of isopropanol/N,N-
dimethylformamide (volume ratio = 200:1). The mixed solvent is expected to partially dissolve
the perovskite film top surface to enable a surface reconstruction and facilitate the
interdiffusion of EAI/MAI modification on the top surface. Supplementary Figure 9 shows the
XRD spectra of the Cso.0sFA0.54aMA0.41Pb(lo.9sBro.o2); films with and without the EAI/MAI
treatment, and no obvious signal lower than 10° is observed. The perovskite films with the
EAI/MAL treatment showed slightly lower Pbl, peak intensity and higher perovskite peak
intensity than that of the pristine perovskite films. This observation suggests that additional
ammonium halide in EAI/MALI treatment is likely to react with the slightly excessive Pbl, and
interact with the lead halide terminated surface to passivate defects, which might improve the

device performance.®
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Supplementary Note 4

To further quantitatively evaluate the reduction of the defect density via the EAI/MAI
treatment, the space-charge-limited current (SCLC) measurements were conducted®¢. The

defect density can be calculated according to the following equation:
_ 2egVrrL
YT el?
where ¢ and & are the dielectric constant of perovskite and the vacuum permittivity,

respectively, VtrL is the trap-filled limit voltage, L is the thickness of the perovskite films, and

e 1s the elementary charge.
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Supplementary Note 5

Au thin-films with a nominal thickness of 2 nm was deposited onto 4 different samples: (i)
P3HT, (i1) spiro-OMeTAD, (iii) the P3HT : spiro-OMeTAD (0.5 mg : 4.5 mg in chlorobenzene),
all of which were spin-coated on ITO/glass substrate. In addition, bare Au and bare P3HT films
were also measured as the control samples. The corresponding binding energy of the Au 4f7»
peak (Supplementary Figure 22a) was at ~84.1 eV for the Au/(P3HT+spiro-OMeTAD sample,
and ~84.0 eV for the Au/P3HT sample and Au/spiro-OMeTAD sample. As comparison, the
bare Au film (20 nm) showed the Au 4f7> peak at ~84.0 eV. To investigate the interaction
between the S-headgroup in P3HT and Au, we analyzed the S 2p core levels (Supplementary
Figure 22b) by fitting Gaussian-Lorentzian functions after background subtraction
corresponding to the inelastic scattering processes. For the Au/(P3HT+spiro-OMeTAD) and
Au/P3HT samples, the S 2p spectra were composed of S 2p3» and S 2pi1» doublet peaks that
appeared at ~163.9 eV and ~165.1 eV, respectively, with the intensity ratio of 2:1, as expected
based on the spin-orbit splitting effect.>’-> As the reference, the bare P3HT film showed the S
2p3n and S 2p1y peaks at ~164.0 eV and ~165.2 eV, respectively, which is in good agreement
with literature values.**4? Castner et al. have shown that self-assembled monolayers of
alkanethiols deposited on Au(111) surfaces showed two doublets. Typical S 2p3» binding
energies corresponding to pristine alkanethiols appear between 163 eV and 164 eV. The self-
assembly (i.e., the strong S-Au interaction) was confirmed by the decrease of the S 2p3n»
binding energies to 162 eV. Therefore, in our studies (Supplementary Figure 22), the doublet
peaks correspond majorly to the S-C bonding in P3HT. Although small, the binding energy
shifts to lower values in the case of the Au/(P3HT+spiro-OMeTAD) and Au/P3HT samples
compared to the reference P3HT sample, which indicates a charge transfer process from the Au
surface to the S-headgroup of P3HT. This charge transfer is also corroborated by the slight Au
4f7» peak binding energy shift towards higher values for the Au/(P3HT+spiro-OMeTAD)
sample compared to the bare Au film. Kim et al.* reported that the HTL composed of mixed
spiro-OMeTAD and P3HT exhibited a vertical phase separation. The hydrophobic P3HT was
more distributed near the surface, while the hydrophilic spiro-OMeTAD was majorly
distributed near the perovskite layer. The mixed P3HT:spiro-OMeTAD HTL has two
advantages: (1) the contact of spiro-OMeTAD with the perovskite leads to enhanced PCEs**
and (2) the hydrophobic P3HT interacting with the top Au layer helps enhance the stability

against Au diffusion into the perovskite layer.
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Supplementary Note 6

The quick burn-in degradation followed by a slight increase phenomenon in stability of
encapsulated perovskite solar cells has been observed in several reports.!!*> The stability of
another two encapsulated ITO/SnO2-EDATK/PVSK(EAMA)/spiro-P3HT/Au PSMs are shown
in Supplementary Figure 28. All the three modules show a quick burn-in degradation. In
contrast, the unencapsulated device does not show such quick burn-in degradation. Based on
above observation, the quick burn-in is speculated to be assigned to the degradation in an
encapsulated environment. In early reports, the burn-in phenomenon in long-term stability
profiles of perovskite solar cells was assigned to TiO2/PVSK-mediated degradation in the
PVSK layer, leading to redistribution of Cs* and FA*.**47 When TiO> was replaced by SnO»,
the stability could be enhanced with decreased initial burn-in process.*® In our encapsulated
and unencapsulated PSM, the difference is the parylene-glass encapsulation. Considering the
complexity of stability profile, we speculated that the encapsulation related factors induced

such observed stability evolution, and the probable causes are discussed as follows:

1) Thermal effect. Because in the case of encapsulated PSMs, the parylene and glass
encapsulation might avoid the direct contact of the active films with N> flow, when
compared with encapsulated PSMs, the unencapsulated PSM might have a slightly
better heat exchange, which may suppress the initial degradation. In contrast, the
encapsulated PSM have inferior heat exchange N> flow, which leads to faster initial
burn-in decay.

2) Perovskite decomposition. It has been reported that I can be generated via a
photodecomposition reaction of perovskite during the working condition.** The
generated I» can trigger further decomposition of perovskite.’® For the unencapsulated
PSM, because the initial generated I can be partially blown away by the N> flow, the
I> induced degradation is expected to be reduced during the initial degradation. In
contrast, for the encapsulated PSM, the initially generated I» is kept in the closed system,
which leads to faster perovskite decomposition at the initial stage, and thus a quicker
burn-in for encapsulated PSMs. But once the released [, amount has reached a certain
concentration, the thermodynamic equilibrium is established, and the I» related reaction
slows down or even turns back to form perovskite via the reversible reaction, which is
corresponding to the slow increase at a later stage of the stability tracking evolution.

3) Property change of HTL as a function of atmosphere. A previous study from our

group reveals that the air exposure largely affects the conductivity and interface energy
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level variations of the spiro-OMeTAD layer.’! This is because the gas species i.e., Oz
and H>O in ambient air have an influence on the distribution of the dopant, i.e., LiTFSI
within the HTL.%!"> For the unencapsulated PSMs, the O> and H»O residues diffused
within the HTL layer during ambient exposure have not been fully removed, and will
keep affecting the redistribution of LiTFSI to dope HTL to enable good charge transport
properties. For the encapsulated PSMs, the pumping process of the parylene
encapsulation facilitates the removal of physically absorbed Oz and H2O. The residual
amount of Oz and H>O within the HTL in encapsulated PSMs is much lower than that
of the unencapsulated PSM. This will cause poor conductivity and/or interface energy
level variations of the THL at the beginning, which leads to a slow recovery of the

encapsulated PSM performance after the quick burn-in.
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Supplementary Note 7

The possible reasons for improved stability with parylene encapsulation are because of the
multiple effects of parylene encapsulation on PSM stability. First, parylene encapsulation was
conducted under a relative low pressure. The physically adsorbed species, such as H>O and Oy,
in air are expected to be partially removed during the pumping process during the parylene
encapsulation. This may benefit stability improvement. The second effect is related to
generation of the volatile species as a result of perovskite material degradation, where parylene
may prevent leakage of volatile products released from the perovskite. It has been revealed that
perovskite undergoes several reversible and irreversible pathways under simulated sunlight

irradiation.49-36>7

This means that the reversible pathway will tend to proceed towards the
degradation direction for unencapsulated PSMs. In the case of encapsulated PSMs, parylene
encapsulation serves as an enclosure to keep all these volatile products within the PSM to form
a thermodynamically closed system, which helps reverse pathways towards the formation of
perovskite side.’” In this way, a dynamic balance is formed and reversible degradation is
minimized, which we believe is another key reason why parylene encapsulation can
significantly improve device stability under dry nitrogen. Note that the perovskite material used
in the current study is a perovskite material with Cs-FA-MA mixed cations and [-Br mixed
halides (i.e., not pure MAPbI3), but it is reasonable to expect that similar reversible reactions
with volatile species as products are also present for such perovskite materials with mixed
cations and mixed halides. On the other hand, parylene encapsulation also avoids the direct

exposure of perovskite and HTL to air at the regions of scribed series interconnections, which

may also partially contribute to the stability improvement.?
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