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Table S1: Tabulated device performance for perovskite solar cells (or modules)
incorporating a one-step spray-coated “triple cation” (CsFAMA) perovskite absorber layer.

Active e
Year (;a;z;) I(,OCA)I;: S;éll);l(loz/i()l Stack Ref.
2018 2.6 17.8 17 ITo/ S“gﬂg‘;gg}‘:j Spiro- 1
2019 | 13 18.5 17.3 ITo/ Sngﬁg"ﬁvgﬁﬁ/ Spiro- 2
100 | 15.07 14.3 ITo/ Sn(())ﬁ//llzgrrrzgii\tz/ Spiro- 2
2020 | 25 | 194 18.7 ITo/ Sngﬁg?gg}fz/ Spiro- 3
15.4 16.3 16.3 ITo/ Sngﬁz‘;rzg}‘:s/ Spiro- 3
108 | 127 125 ITo/ Sng&g?gg}‘g/ Spiro- 3
2022 | 1080° | 10.66 9 ITo/ Sngﬁ//f;f’rrzg}‘:j Spiro- 5
2023 | 7.8 | 1824 16.56 | PEN/ITO/PTAA/perovskite/C60/BCP/Cu | 6
3510% | 16.1 re;i‘;:e 4 | PENATO/PTAA/perovskite/C60/BCP/Cu | 6
work | 2 | 1| 203 apsiperovekitelCo/BCP AR
20 | 204 | 202 aps/perovekite/CoBOPIAE
wo | 1na | am2 apslperovekite/Co/BCP AL

*Perovskite minimodule

#Flexible substrate




Table S2: Tabulated device performance for inverted (p-i-n) configuration perovskite solar
cells (or modules) incorporating a one-step spray-coated perovskite absorber layer.

Year ltlcrtéze POC E Stabilifed PCE Stack Ref.
oy | (%)
2014 2.5 11.1 not reported ITO/PEDOT:PSS/MAPbI3- 7
xClx/PCBM/Ca/Al
2015 10 10.2 not reported ITO/PEDOT:PSS/MAPbI3/C60/BCP/Al 8
60 6.88 not reported ITO/PEDOT:PSS/MAPbI3/C60/BCP/Al 8
342 4.66 not reported ITO/PEDOT:PSS/MAPbI3/C60/BCP/Al 8
2016 2.5 11.4 not reported ITO/PEDOT:PSS/MAPbI3- 9
xClx/PCBM/LiF/Al
2017 1.77 133 13 ITO/PEDOT:PSS/MAPbI3/C60/BCP/LiF/Al | 10
2017 10 15.4 not reported ITO/PEDOT:PSS/MAPbI3/PCBM/C 60/Al 11
2018 4 12.6 11.6 ITO/PEDOT:PSS/MAPbLI3/PCBM/Ag 12
2018 4 14.2 13.1 ITO/PEDOT:PSS/MAPbI3- 13
xClx/PCBM/PEIE/Ag
2018 100 12.3 not reported ITO/PEDOT:PSS/MAPbI3/C60/BCP/Ag 14
200 10.18 not reported ITO/PEDOT:PSS/MAPbI3/C60/BCP/Ag 14
300 7.01 not reported ITO/PEDOT:PSS/MAPbI3/C60/BCP/Ag 14
2019 7.54 16.9 not reported ITO/PEDOT:PSS/MAPbI3/C60/BCP/Cu 15
100 14.2 13.1 ITO/PEDOT:PSS/MAPbI3/C60/BCP/Cu 15
2019 9 15.61 not reported FTO/NiOx/FA0.25MAO0.75PbI3/C60/BCP/Ag | 16
2020 100 13.76 not reported TO/NiOx/MAPbI3/C60/PCBM:PNDI(20 17
D)T2/Ag
2020 20 18 not reported ITO/NiOx/(Cs0.17FA0.83)PbI3/C60/BCP/Ag | 18
200 15.5" not reported ITO/NiOx/(Cs0.17FA0.83)PbI3/C60/BCP/Ag | 18
590 15.2° 15 ITO/NiOx/(Cs0.17FA0.83)PbI3/C60/BCP/Ag | 18
2021 9 17.07 not reported ITO/NiOx/MAPbI3-xBrx/C60/BCP/Ag 19
2021 1040 | 6.48" 5.32 ITO/NiOx/MAPDbI3/C60/BCP/Ag 20
2022 9 17.18 not reported ITO/NiOx/MAPbI3-xBrx/C60/BCP/Ag 21




2022 2.5 18.3 not reported ITO/MeO-2PACz/MAPBI3/C60/BCP/Ag 22
2.5 20.8T 20.5 ITO/MeO-2PACz/MAPBI3/C60/BCP/Ag 22
2023 7.8 18.24% | 16.56 PEN/ITO/PTAA/perovskite/C60/BCP/Cu 6
3510 | 16.17" | Not reported PEN/ITO/PTAA/perovskite/C60/BCP/Cu 6
2023 12.5 14.8 Not reported ITO/NiOx/Cs0.18FA0.82Pb(10.94Br0.06)3 23
/LiF/C60/BCP/Cu
2024 8.9 20.32 not reported /ITO/N1Ox/MeO- 24
2PACz/MAPBLI3/PCBM/BCP/Ag
This 5 20.1 203 ITO/Me-4PéCz/A1203-
Work nps/perovskite/Cgq/BCP/Ag

20 204 20.2

ITO/Me-4PACz/AlL,O3-
nps/perovskite/Cgq/BCP/Ag

100 17.1 17.2

ITO/Me-4PACz/AL,O3-
nps/perovskite/Cgq/BCP/Ag

*Perovskite minimodule

#Flexible substrate
T Devices have an anti-reflective coating




Figure S1: Representative photographs of spin-coated Csg ¢sFAgg1MAg 14Pbl; 55Br( 45 thin
films on (a) neat Me-4PACz thin films and (b) with a dilute (1:200) Al,O; nanoparticle

(nanoparticle to isopropanol) modification interlayer both on indium tin oxide coated glass.



Figure S2: Representative photographs of spray-coated Csg osFA( g1 MA 14Pbl; 55Brg 45 thin
films on Me-4PACz thin films modified with (a) 1:200 dilution, (b) 1:100 dilution and (c)

1:50 dilution of Al,O; nanoparticle solution to isopropanol all on indium tin oxide coated

glass.



Bare Me-4PACz 1:200 1:100 1:50
Contact Angle | Left | Right [ Avg. | Left | Right | Avg. | Left | Right | Avg. | Left | Right | Avg.
©
758 | 723 | 741 | 69.7 | 69.4 | 69.6 | 657 | 65 | 653 | 51.8 | 47.6 | 49.7
80.5 | 702 | 753 | 727 | 713 | 72.0 | 69.3 | 702 | 69.8 | 50.5 | 52.5 | 51.5
814 | 744 | 779 | 69.4 | 69.5 | 69.5 | 722 | 725 | 723 | 51.8 | 482 | 50.0
726 | 718 | 722 | 69.7 | 67.5 | 68.6 | 64.6 | 61.9 | 632 | 49.0 | 46.0 | 47.5
77.8 | 73.9 | 758 | 61.1 | 63.6 | 62.3 | 59.8 | 653 | 62.6 | 36.8 | 44.7 | 40.7
724 | 69.6 | 71.0 | 72.8 | 756 | 742 | 654 | 653 | 653 | 533 | 49.7 | 515
81.8 | 69.7 | 75.8 66.2 | 650 | 656 | 43.5 | 433 | 434
725 | 69.8 | 71.1 65.8 | 64.8 | 653 | 42.0 | 452 | 43.6
713 | 69.1 | 70.2 643 | 63.8 | 64.0
Mean Angle (°) 73.7 69.4 65.9 47.2
]S;:‘V'::zgﬁ 2.70 3.99 3.14 416

Table S3: Full data set for contact angle measurements of water onto Al,O; nanoparticle

modified Me-4PACz thin films on indium tin oxide glass.
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Figure S3: Atomic force microscopy (AFM) images of Csg osFA(g1MAg 14Pbl; 55Br 45 thin films
on Al,Oj3 treated Me-4PACz on indium tin oxide (ITO) glass. The perovskite thin films were
fabricated through spin- or spray-coating and the ratios represent dilution of nanoparticles:

isopropanol. (a) 1:100 spin-coating (b) 1:100 spray-coating and ( ¢) 1:50 spray-coating.



Spray 1:100 Spray 1:50 Spin 1:100
Roughness (nm) 32.3 51.0 24.5
30.1 26.6 23.9
30.6 53.9 223
29.7 543 23.5
38.1 38.9 23.2
Mean Roughness (nm) 32.2 44.9 23.5
Standard Deviation 3.46 12.0 0.83

Table S4: Roughness data extracted from atomic force microscopy images using Gwyddion

software.
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Figure S4: Line profiles from 5 um atomic force microscopy images (shown in Figure 2) of
Csg.0sFAg81MA( 14Pbl, 55Brg 45 thin films on Al,O; treated Me-4PACz on indium tin oxide
(ITO) glass.
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Figure S5: Profilometer measured thickness of Csg osFAg g1 MA 14Pbl; 55Br( 45 thin films on
AlL,O5 treated Me-4PACz on indium tin oxide (ITO) glass. Fabrication method and dilution of
alumina nanoparticles (alumina:isopropanol) is indicated on the x-axis. Error bars represent

the mean standard deviation (+/-) (n = 5 for each).



Spin 1:100 Spray 1:100 Spray 1:50

Film Thickness 681 596 613
(nm)

683 589 638

695 497 559

631 463 599

679 558 557

Mean Thickness 674 541 503
(nm)

Standard Deviation 25 58 35

Table S5: Profilometer measured thin film thickness of CsgosFAg31MAg 14Pbl, 55Brg 45 thin
films on Al,O; treated Me-4PACz on indium tin oxide (ITO) glass.
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Figure S6: X-ray diffraction patterns with extended range for CsgosFAog1MA( 14Pbl; 55B1g 45

thin films on Al,O3 treated Me-4PACz on indium tin oxide (ITO) glass.
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Figure S7: X-ray diffraction patterns expansions around 20 ~ 14°, ~20° and ~25° for
Csgo0sFA 31 MA 14Pbl, 55Brg 45 thin films on AlL,O; treated Me-4PACz on indium tin oxide

(ITO) glass.
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Figure S8: Intensity dependent steady-state photoluminescence spectra presented on a

logarithmic intensity scale of CsggsFAgg1MA 14Pbl; 55Brg 45 thin films on Al,O5 treated Me-

4PACz on indium tin oxide (ITO) glass.
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Figure S9: External quantum efficiency (EQE) and integrated short circuit current density for
the champion spray-coated (1:100) 0.02 cm? photovoltaic device. The integrated short circuit
current is in good agreement with the measured Jsc. The Jsc determined from JV curves is

23.3 mAcm? and the integrated Jsc is 22.6 mA cm™.
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Figure S10: External quantum efficiency (EQE) and integrated short circuit current density for

(a) spin 1:100 and (b) spray 1:50 spray-coated 0.02 cm? photovoltaic devices. The integrated

short circuit currents are in good agreement with the measured Jsc.
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Figure S11: Calculated photovoltaic bandgap (E,"V) for the champion spray-coated (1:100)

0.02 cm? photovoltaic device from external quantum efficiency measurements.
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Figure S12: Comparison of the measured JV curves for both the best and worst performing
devices incorporating the spray 1:50 Al,O5; nanoparticle condition. This comparison

highlights the considerable resistive losses possible for this interlayer condition.
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Figure S13: Light intensity dependent JJV characteristics of spray 1:50 (a, b), spray 1:100
(c,d), and spray 1:50 (e,f) photovoltaic devices. (b,d,f) show the light-dependent V¢ response
of spray 1:50, spray 1:100, and spin 1:100 cells, having n values of 1.46, 1.10, and 1.13 kzT/g

respectively.



Supplementary Note 1

a
According to the power law Jsc & 1 , where [ is the incident light intensity, Supplementary

Figure 13 (a,c,e) show a double logarithmic plot of Jsc versus light intensity for spray 1:50,
Spray 1:100, and Spin 1:100 cells, respectively. All cells demonstrate an a value of ~ 1.00
indicating that there is no space charge effect limiting the device photocurrent.?> The Al,Os-

np interlayer has not introduced a charge extraction barrier at the hole-transporting interface.

To evaluate the recombination behavior in full devices, the dependence of device V¢ against
light intensity was investigated. Diode ideality factors () for each device type were
determined from a linear fit of the semilogarithmic plot of Voc against light intensity
according to%6
d(V,.)

n= 4 Aol #Equation 1

kgTd(In (1))
where ¢ is the elementary charge, kg7 is thermal energy, and / is the light intensity. The slope
of the linear fit is indicative of the recombination mechanisms occurring within the devices.

Further details can be found in Ref 3!
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Figure S14: Histogram plots showing the distribution of power conversion efficiency values

for the different active device areas. Despite an order of magnitude increase in active device

area the measured power conversion efficiencies remain consistent.



B 25%~75% ] Range within 1.5IQR — Median Line Data
25 : .

20r T ' : 80/ T .
i ol A i alT
by o] R >3 * Tl .5 o ) "
— ke vl E - o IS S0t [
§_\4 15} . o a P ,6
Ll ’ o | 8 2 1%
< = > ' - 60}
Q g
10t ~ =
1.0 50¢
5 15—
o o oy o ov v oy
5 & 5 & § & &
&) (&) Q
S Vv & v & Vv S
o = o c o © o

Figure S15: Box plots representing measured device performance characteristics for
Csp.05FAg31MA 14Pbl; 55Brg 45 photovoltaic devices incorporating the (1:100) Al,O4

nanoparticle interlayer to facilitate wetting on top of Me-4PACz.
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Figure S16: JV characteristics for 1 cm? device active area and corresponding stabilised
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