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Figure S1. Tauc-plot of the Cso.1FAo9Pbl29Bro1 perovskite film exhibiting an optical

band-gap of 1.56 eV.
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Figure S2. XPS mapping of the Cso.1FAo9Pbl29Bro.1 perovskite layer, which shows the
uniform distribution of Br and Cs elements.
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Figure S3. XRD data of the Cso.1FA¢.9Pbl29Bro.1 perovskite film by the CVD process and
the solution coating process.
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Figure S4. a) Absorbance and the corresponding b) Tauc-plots of the Cso.1FA09Pbl>.9Bro 1
perovskite films by the CVD process and the solution coating process.
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Figure S5. XPS spectra of the Br 3d core level of the Cso.1FA¢9Pbl29Bro.1 perovskite film
by the CVD process and the solution coating process.
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Figure S6. Time-resolved photoluminescence data of the Cso.1FA¢9Pbl29Bro.1 perovskite

film on glass and measured in air. The limitation of open-circuit voltage due to recombination
is 1.04 v.151

Supporting Note 1.

To calculate the Voc limitation due to the non-radiative recombination, we refer to the process
described by W. Tress and the example applied by D. Neher et al.l5!]
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Here, E; is the band gap of perovskite (1.56 eV); kg is the Boltzmann constant; T is the
temperature (K); n. (1) is the density of electrons (holes) in the conduction (valance) band; Nc¢
(Ny) is the effective density of states in the conduction (valence) band (3.12 x 10** /m®); m;},
(my) is the effective mass for electrons (holes). G is the generation rate and R is the

recombination rate. Assuming equal densities for electrons and holes and using T = 30 ns
extracted from Figure S6, the achievable Voc is 1.04 V.
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Figure S7. Typical J-V curves with sputtered SnO: as electron transport layer for the
HCVD grown perovskite Cso.1FAo.9Pbl2.9Bro.1 based devices.



a | <—sno, b Sno,
—o— 8n0, after vacuum annealing pre— —o— 8n0, after vacuum annealing
5 35
8 8
= 4 > e}%
g $ g N Band gap states
L 53 k) %
£ S %
(7] ¢d (%) R
% 4 /, o ‘&}2}
7 2 =Y
,’ L
? | %mmm
16 15 5 4 3 2 1 0 -1

Energy w.rt E¢ (eV) Energy w.rt E: (eV)

Figure S8. Secondary electron cutoff (work function determination) and valance band
spectra (shown in log scale) of the SnO; film before and after the vacuum annealing

process.



a | . o, b [~—sno, , 01s
—o— Sn0, after vacuum annealing —o— 8n0, after vacuum annealing
o
L g 39
) ~ S %
SR 4 o =] & 'y
LA s &f %
o $ LN § Y
5 e TS oS- '}%‘ eSS NS
= 3
= % £
7] !
1 2]
g il &
< [ X
o ‘ [
o 1 \
< { &
498 496 494 492 490 488 486 484 536 534 532 530 528 526
Binding energy (eV)

Binding energy (eV)
Figure S9. XPS a) Sn 3d and b) O 1s core level spectra of the SnO; film before and after

vacuum annealing. After vacuum annealing the O content decreased by 4% (with the Sn
content normalized to 1).
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Figure S10. Typical J-V curves with SnO; and vacuum annealed SnO: as electron
transport layer for spin coated perovskite based devices.
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Figure S11. Energy level diagram of perovskite solar cells with the vacuum deposited
Sn0>/Cep electron transport layer and the HCVD grown MAPbI3 and Cso.1FA¢.9Pbl2.9Bro.1

perovskite materials.
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Figure S12. Solar module patterning for sub-cell interconnection with a geometric fill
factor of 0.9.
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Figure S13. Side view of the perovskite solar modules after encapsulation.
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Figure S14.10 cm x 10 cm Cso.1FA¢.9Pbl;.9Bro.1 solar module performance before and after
encapsulation.
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Figure S15. Solar cell efficiency decays as a function of cell/module designated area for
both champion and average solar cell/module performance (decay rate 1.3% per decade).
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Figure S16. Hysteresis of the HCVD fabricated Cso.1FA¢.9Pbl2.9Bro.1 solar module with an
area of 10 cm x 10 cm.
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Figure S17. 10 cm x 10 cm HCVD fabricated MAPbDI; solar module performance. a. J-V
curves before and after encapsulation shows a similar PCE of approximately 6.4%. b. Steady-
state power output at the bias voltage of 8.4 V shows the stabilized PCE of 5.9%.
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Figure S18. 5 cm x 5 ¢cm solar module performance before and after encapsulation.
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Table S1. Binding energy for the XPS core levels of Cs 3d and Pb 4f before and after
HCVD.

Cs3d3/2 (eV) Cs3d52(eV) Pb4f52(eV) Pb 4f7/2 (eV)
PbLL/CsBr 738.1 7242 142.8 137.9
Cs0.1FAooPbly.9Bro 738.8 724.8 143.2 138.3
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Table S2. Photovoltaic parameters for the HCVD fabricated devices based on SnO; and
Sn0O2/Ceo electron transport layer.

ETL Voc (V) Jsc (mA/cm?) FF PCE (%)
SnO; 0.81+0.07 18.4£0.5 0.54 +0.04 S1+1.1
Sn0»/Ceo 0.90 + 0.04 20.2+0.3 0.67+0.02  12.3+0.6
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Table S3. Photovoltaic parameters for the solution coated perovskite devices based on
different SnO; with and without the vacuum annealing treatment.

SnO; treatment Voc (V) Jsc (mA/cm?) FF PCE (%)
Without vacuum 1.03 £0.01 214+0.2 0.74+0.02 164=+0.5
Sputtered SnO; a?nneahng
With vacuum 0.73+0.04 18.8+0.9 0.55+0.02 7.6+£0.6
annealing
Without vacuum 1.06 £ 0.01 20.2+0.3 0.72+0.04 155=+0.8
Alfa Aesar SnO» annealing
(solution coating) With vacuum 0.96 + 0.02 19.6 £0.2 0.62+0.04 11.7+0.9
annealing
Without vacuum 1.02 +£0.01 20.7+£0.6 0.68+0.02 14.4+0.7
Sn0y/Cis énnealing
With vacuum 1.00 £ 0.02 20.6 £0.5 0.66+0.03 13.6+0.7
annealing
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Table S4. Photovoltaic parameters for the 10 cm x 10 cm perovskite solar modules with a
designated area of 91.8 cm? fabricated using the HCVD method.

Number Voc (V) Jsc (mA/cm?) FF PCE (%)
1 12.92 1.17 0.53 8.06
2 12.60 1.10 0.56 7.74
3 13.04 1.22 0.58 9.17
4 12.54 1.22 0.55 8.40
5 12.34 1.21 0.52 7.83
6 12.44 1.19 0.56 8.37
7 12.49 1.19 0.55 8.20
8 13.55 1.16 0.59 9.34
9 13.45 1.14 0.58 8.82
10 12.60 1.13 0.52 7.36
Average 128+ 04 1.17£0.04 0.55+0.02 83+0.6
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