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Methods

Device fabrication

Materials: All materials were purchased from Sigma Aldrich unless otherwise specified. ITO coated
glass substrates (Ossila, 20Q/sq) were patterned using powdered Zn and 4 M diluted HCI. Substrates
were cleaned by ultrasonication for at least 15 minutes in a 2% aqueous Hellmanex solution before
rinsing extensively with DI water then acetone, sonicated for a further 15 minutes in IPA, dried with

N, and UV ozone treated for 15 minutes.
Electron transport layer:

Tin oxide nanoparticle (np-Sn0;) electron transport layers were deposited from a colloidal solution
(15 wt% in H,0, Alfa Aesar) containing 1-2 nm particles in H,O, stabilised by KOH (with a solution pH
of ~11.5, Figure S18). We confirmed this solution to contain 20 wt% by evaporating the H,O and
calculating the mass loss. For spin coated SnO,, this was diluted with DI water to 2.67% (6.5:1). This

solution was statically spin coated at 3000 rpm for 30 s followed by annealing at 150 °C for 30 min.

Slot-die coated layers were deposited using an Ossila Slot Die Coater with a solution concentration of
6.5:1 H,0:np-Sn0,. To ensure uniform coating two similar substrates were placed before and after the
substrate to be coated (see Figure S4). A two-step flow process was programmed, with the first step
controlled to dispense a uniform meniscus, at a coating speed of 0.5 mm s and a flow rate of 30 pl s
1. The second step then dispensed this over the substrate area, with a coating speed of 3-15 mm s’
and a flow rate of 2 pl s%. The substrate temperature was held at 80 °C throughout with a gap height
of 150 um.

Spray-coated SnO; layers were deposited using a Prism Ultra-coat 300 system (Ultrasonic Systems Inc.)
which is operated in low humidity conditions. Head speeds between 120-180 mm s (Figure S5) were
used at a head height of 30 mm, with pressure ~10 mbar, on a hot plate at 20 °C. Solution
concentration was optimised to a volume ratio of 1:70 SnO; NPs:H,0 (17.5 ml H,O + 250 pl NPs),
corresponding to a solution concentration of 0.29 wt% (using 20 wt% calculated above). For the mixed
IPA:H,0 np-Sn0O; system used in devices, 5 ml of IPA was added by dropwise addition to a solution
containing 12.5 ml H,0 and 250 pul np-Sn0O; solution. In all cases, np-Sn0O; was removed from the ITO
in the metal contact evaporation area by fine swabbing with H,0. Where used, the Hot Air Flow (HAF)
heating was performed used a 2000 W Heat Gun (Tacklife HGP73AC) operating at ~120 + 10 °C

determined using a thermocouple attached to a test substrate.
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Where used, the sol-gel SnO; spin-coating process was completed exactly following the method
outlined by Ke et al. and Anaraki et al.%? Briefly, SnCls.5H;0 in IPA is spin coated at 3000 rpm, followed
by drying at 100°C and annealing at 180°C.

Prior to perovskite deposition, SnO, layers were UV ozone cleaned (Ossila UV ozone cleaner with no
0, flow) for 15 minutes before transferring to a nitrogen glovebox. Where used, O, plasma treatment
was performed for 5 minutes in a custom-built chamber with pressure 2 mbar that was flushed with

O, three times before treating for 5 minutes at approximately 400 W.

Perovskite: Triple-cation perovskites were deposited via the one-step deposition method from a
precursor ink containing (per ml of solvent, not accounting for volume change) FAI (1M, Ossila), MABr
(0.2M, Ossila), Pbl, (1.1M, TCI) and PbBr; (0.2M, TClI) in fresh anhydrous DMF/DMSO (4:1 volume ratio)
with 50 ul of a 1.5M Csl solution in DMSO added per ml to give the desired solution composition
Cso0.05FA0.79MA0.16Pbl5.45Bross. The solution was heated to 65 °C for 15 minutes to aid dissolution if
required. Films were spin coated statically in a two-step program: 1000 rpm for 10 s then 6000 rpm
for 20 s with 100 pul of chlorobenzene antisolvent dripped on the film around 5 s before the end, with
the film immediately turning translucent brown when using Cs. Films were then transferred to a
hotplate for annealing at 100 °C for 60 min. In measurements where perovskite layers were prepared
for optical characterisation, films were simply deposited using the above protocol on cleaned, UV-

ozone treated quartz-coated glass substrates.

Hole transport layer/contact: Spiro-OMeTAD hole transport layer was deposited from a solution
containing 86 mg ml? spiro-OMeTAD (sublimed 99.5%, Ossila) in chlorobenzene. To each 1 ml was
added 34 pl of 4-tert-butyl-pyridine (tBP, 96.6%), 20 pl of lithium bis(trifluoromethanesulfonyl)imide
solution (LiTFSI, 500 mgml™ in acetonitrile) and 11 pl of FK209 solution (FK209 Co(ll) PF6, Dyesol, 300
mg ml? in acetonitrile). This solution was vortex mixed and filtered before spin-coating dynamically at
4000 rpm for 20 s. Layers were partially removed using a razor blade to pattern devices before 80 nm
of Au (Cooksongold) was thermally evaporated under high vacuum as the electrode (area 0.25 cm?)

with one cell created per substrate unless otherwise stated.

Characterisation

Current-voltage measurements: J-V curves were used to determine device performance under
ambient conditions using a Newport 92251A-1000 solar simulator. Prior to testing, an NREL certified
KG5 filtered silicon reference cell was used to calibrate the simulated AM1.5G light to 100 mWcm™ at

the sample location. A sample holder was used to ensure consistent positioning and illumination. A
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metal illumination aperture mask defined a cell area of 0.155 cm? (accurately determined using optical
microscope and Imagel area analysis) to compensate for any geometric distortion in the electrode
evaporation. J-V measurements were recorded using a Keithley 237 source measure unit sweeping
between -0.1 and 1.2 V at 100 mVs™ with all performance metrics extracted from the curve. Stabilised
power output measurements were taken by holding the devices for several minutes at a bias voltage
defined by the reverse sweep Vmpp. J-V scans were typically recorded on the second or third day after

device fabrication and no light-soaking or voltage pre-biasing was used.

X-ray scattering: Grazing incidence X-ray scattering was performed using a Xeuss 2.0 (Xenocs) system
with 9.243 keV X-rays from a liquid Ga Metallet source (Excillum). X-rays were incident on the sample
surface, which were 100 nm thick np-SnO, with various heat treatments, at an angle of 0.32°. The
sample and flight tube were held under vacuum during operation to remove background scatter.
Scattered X-rays were then detected with a PILATUS3R 1M (DECTRIS), with a sample to detector
distance of ~300 mm. This data was corrected, reduced and reshaped using the GIXSGUI MATLAB
toolbox.® For GISAXS profile fitting, a shape independent Guinier-Porod fitting model was applied

using SasView,* with further details given in SI Note 3.

Scanning electron microscopy: Device cross-section images were recorded from films using a Carl
Zeiss-modified Raith Nanofabrication SEM operating at a beam energy of 1.5 kV at a working distance

of 2-3 mm with backscattered electrons collected with an in-lens detector.

Light Voc: Oriel LSH-7320 ABA LED solar simulator with ability to control illumination intensity between
0.1 Sun to 1.1 Sun was used to perform intensity depended Voc and transient photovoltage
measurements. Voc was measured as a function of time using Keithley 2420 meter controlled through

LabTracer 2.9. In our analysis, we use a fitting relation from a modified ideal diode equation for an

. : . I
illuminated cell operating at Voc®; eVoc = Egqp — nypkpTin (70) .

Atomic force microscopy: AFM measurements were performed in tapping mode using a scanning
force microscope (Veeco Dimension 3100) with a nanoscope 3A feedback controller. The AFM tips
were TESPA-V2 probes (Bruker) with a resonance of around 320 kHz and spring constant of 42 N/m.
Gwyddion 2.54 software was used to process the AFM images and roughness values were calculated

using the Gwyddion statistical quantities tool.

Profilometry: A Bruker DektakXT profilometer was used to investigate the morphology of completed
devices. Here, 2 x 2 mm map profiles were collected at a 1 um line resolution. Data was processed by
cropping for touchdown error, plane levelling to remove tilt from stage, base flattening and step line

correcting in both x and y.
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Spectroscopic ellipsometry: A M2000v ellipsometer (J.A. Woolam Co.) was used to determine the
thickness of np-Sn0, thin films deposited on silicon substrates (Ossila Ltd). Using CompleteEASE
software, a Cauchy model was fitted to W (the ratio of the incident and reflected amplitudes) and A
(the ratio of the phase difference of the incident and reflected light) over the wavelength range where

the films are optically transparent (500-1000 nm).

Sn0; Eg,, determination (ellipsometry and transmission): Optical measurements were performed
with a Sentech SE850 ellipsometer (210-850 nm) and a Perkin Elmer Lambda 1050 spectrophotometer
(transmission, 250-700 nm). The complex refractive index was obtained self-consistently for each
individual wavelength using the combined ellipsometry and transmission data via a global error
minimization.® The resulting absorption coefficient was fitted with a band fluctuations model which

describes the direct absorption edge and Urbach tail in a single equation.®’

Transmission measurements: Measurements were performed using an Andor Shamrock SR-193i-A
double-grating imaging spectrograph, with a focal length of 0.193 m. The spectra were recorded using
a 150 grooves/ mm grating blazed at 500 nm. The collimated white light from a custom-built tungsten
lamp source was focused on to a vertically mounted sample at normal incidence. The transmitted light
was then collimated using a 50X Mitutoyo Plan Apo SL infinity corrected objective and focussed into
the spectrometer using a final collection lens. These were converted to absorbance units using the
relation A = 2 —log (T). Perovskite layer thickness was determined to be approximately 500 nm
using profilometry and confirmed using SEM cross-section, from this absorption coefficients were

calculated using @ = 2.303(A4/t) for Tauc plots used for Eg,p, determination.

Photoluminescence: Measurements were performed using an Andor Shamrock SR-303i-A triple-
grating imaging spectrograph, with a focal length of 0.303 m. The spectra were recorded using a 150
grooves / mm grating blazed at 500 nm. The horizontally mounted collection arm of a goniometer was
employed to measure the emission at around normal incidence following excitation from a 400 nm
diode laser, which was directed to the sample using a vertically displaced arm such that the angle of
incidence was ~ 15°. The PL was collected using a pair of lenses on the collection arm which was then
fibre coupled into the spectrometer. All samples were collected at five locations with data presented
averaged across all locations. To determine optical Egp, an exponentially modified Gaussian (EMG)

function was fitted to the data, with peak values given in Table S5.

X-ray photoelectron spectroscopy: XPS data was collected using a Kratos AXIS Supra under UHV
conditions (~10° mbar). Monochromated aluminium radiation (1486.6 eV) of power 225 Watts was
used to collect XPS survey scans (wide scans) with a pass energy of 160 eV, between 1200to 0 eV at 1

eV intervals and 300 seconds sweep time. High-resolution XPS spectra were collected over the C 1s, O
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1s, Sn 3d, In 3d and Sn valence band regions at 20 eV pass energy, 0.1 eV intervals and one sweep of
300 seconds over an appropriate energy range. Samples were clamped to the sample bar using a
contact to provide a conductive path from the top surface to the sample holder. Charge neutralisation
was not used. The area analysed was 700 um by 300 um, and two areas per sample were collected.
The data was primarily analysed using CasaXPS and OriginPro software. A transmission function
characteristic of our Supra instrument is attached to the data by the Kratos software and subsequently
used by the Casa software. The sensitivity factors used are the theoretical Scofield factors adjusted
for the variation in mean free path with kinetic energy. No correction for angular distribution was
made as the angle between the sample and the X-ray source on the Supra is 54° (the magic angle).
Analysis and fitting of the XPS elemental core level spectra was conducted using Fityk.2 The spectra
for the same core levels with different post-treatments were fitted simultaneously using Voigt profiles
with coupled Gaussian and Lorentzian line widths with linear background subtraction. For the O 1s
peaks, the FWHM was locked relative to the first region for all bonds, and the distance between peaks

was fixed.

Ultraviolet photoelectron spectroscopy: UPS was carried out using the Kratos AXIS Supra with the Hel
(21.22 eV) emission line employed for excitation. The samples were mounted as described above. The
data were acquired at a bias of -9V, from an area that was 110 um in diameter, at 10 eV pass energy,
0.025 eV energy resolution over an appropriate energy range for one 300 second sweep. UPS data
was also collected from an Au foil control sample mounted with the samples to confirm the measured

Fermi energy level for a metal sample was 0 eV.
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Note 1 - Solvent mixtures

Improved wetting of the np-SnO; system for slot-die coating has been achieved by diluting with
ethanol by dropwise addition.® Without dropwise addition, the colloidal suspension is unstable and
aggregates form when mixing with isopropanol or ethanol and demixing occurs during the spray

process as discussed in the main text (Figure S10).

We conducted initial investigations to improve wettability using a range of other low surface tension
polar solvents, as well as with additional KOH to modify the np-SnO, stabilisation. Whilst improved
wetting and a metastable solvent:H,0 ratio was achieved with acetonitrile (ACN), the system reacted
with KOH over 24 hours causing aggregates to form. It is likely that the low concentration KOH base is
catalysing hydrolysis of the ACN to various degradation products - likely ammonia, then acetamide
and acetic acid.'® Having a mixed solvent system also leads to two phase drying, which can lead to
further layer inhomogeneity, causing thicker regions of material to form.!! Consequently, the

requirements for an ideal second solvent here are:

1) Low surface tension for enhanced wetting.

N

Low boiling point for more rapid drying.

A W

Chemical stability in the presence of KOH.

5

)
)
) Miscibility with water.
)
) Reduced basicity than KOH to ensure no competition for np-SnO, suspension.
)

(&)

In an ideal case, a continuous azeotrope with H,0 to lower the boiling point.

Note 2 — Optical Eg,p determination

Bandgap values are commonly determined from the absorption coefficient by extrapolating from the
region of the absorption edge where the parabolic band approximation is valid. For direct
semiconductors, this region behaves linearly in a (aE)? vs. E plot, and so the intercept of a linear fit
with the horizontal axis yields the optical Egp. This type of procedure was originally developed for

amorphous materials, for which it is commonly known as a Tauc plot.®

This approach has two limitations. Firstly, the selection of the appropriate data points for the fit is
somewhat arbitrary and it can be challenging to differentiate the parabolic band edge from the Urbach
tail and higher order absorption regions. Secondly, if the Urbach tail is large, there may only be few or
no suitable data points available for the linear fit. In these cases, calculated Eg,, values can be strongly
affected by which points are used. Consequently, it is advantageous to use a procedure that considers
both the Urbach tail and parabolic band edge regions, which significantly increases the number of
available points and reduces the human error involved in their selection. For this reason, bandgap
values are extracted by fitting the absorption coefficient with a band fluctuations model that considers

both the Urbach tail and parabolic band edge in a single equation,” and has the following form:
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a, E_Egap
a(E):_FﬂEuLll/z e Ey

where aj is a constant, Lij /,(x) is the 1/2-order polylogarithm function of x, Eg,,

is the optical
bandgap and E, is the Urbach energy. Our measurements of absorption (assuming direct Egap
behaviour) indicate values of 4.44 and 4.4 eV for non-annealed and annealed np-SnO, films
respectively (see Figure S12). We have also performed spectroscopic ellipsometry that indicate similar
values. The unexpectedly high values of Egap for np-SnO. could be explained by partial incorporation
of organic contaminants into the film. Alternatively, film porosity through voids between joined
nanoparticles could lead to a lower effective absorption coefficient, which might then modify the

apparent optical Eg,p values. As such, the Eg,p values reported are considered an approximation.

Note 3 — GISAXS modelling

We prepared 100 nm thick films (confirmed by ellipsometry on SiO,), and calculated the approximate
critical angle (B¢) for Sn0; at a photon energy of 9.243 keV to be 0.32°.22 By working close to the critical
angle for SnO, and taking in-plane line-cuts (integrating 0 < Q, < 0.2 A!) through the data, we are able
to probe the lateral structure of the film surface, as an aggregate measurement of the whole film.
With no well-defined length scales apparent in the small-angle data (as would be indicated by defined
scattering features), an approach using a shape-independent fitting model was required. Here, the so-
called radius of gyration (R) is a measure of the characteristic length scale within the film. Considering

the nanoparticles as spheres, we fitted an empirical Guinier-Porod model*? to our data, of the form:

_N2p2

G/QSEXP< 3Q_ SG> forQ <04
D/Qd fOTQ = Ql

1(Q) =

where G and D are the Guinier and Porod scale factors, d is the Porod exponent (which describes the
smoothness of particle surfaces), s is a dimensionality parameter to describe the particle shape and

Q4 is the continuity region between the Guinier and Porod regimes:

1 (d=s)(s—3)7"?
QI_R_G[—Z

This model can therefore be used to probe the shape of, and interfaces between, domains within the

film. From the data presented in the main text and in Table S3, it can be seen that R increases during
annealing and from this we can use the relation for spherical bodies with radius R, RGZ = %RZ, to

calculate sizes of the spherical film domains. In all cases, this is valid as fitting for s in the above model

tended to 0, so any deviation from spherical particle shape is within the margin of error.
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Supplementary Figures & Tables
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Figure S2: Performance of all functioning small area np-SnO;, perovskite devices on FTO
substrates with architecture FTO/np-SnO./perovskite/spiro-OMeTAD/Au. a) Histogram of
device efficiencies (reverse sweep), b) J-V curve for champion cell, c) image of complete
device with 6 small cells per substrate. The greater performance variation compared to ITO
cells (Figure 1c) could be due to the higher roughness of FTO, which may lead to pinholes
through the ETL layer. Alternatively, with the smaller cell layout used here, fabricated cells
may have a broader PCE distribution due to np-SnO; thickness variation over the substrate
surface. We note that recent work has confirmed that np-SnO; is highly thickness tolerant,
with thicker layers on FTO substrates still resulting in highly efficiency devices.®
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Figure S3 Device performances for small area devices using spin-coated SnCl4.5H,0 method
based on the architecture FTO/np-Sn0O,/perovskite/spiro-OMeTAD/Au. a) Histogram of
reverse sweep efficiencies and b) J-V curve of the champion device. Significant performance
variation is observed compared to FTO/np-Sn0,, as well as requiring a longer and higher
temperature deposition protocol.
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meniscus formation
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3-15 mms~' head speed
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l/ 4

Figure S4: a) Scheme illustrating slot-die coating process. b) Layout during slot-die coating
with additional substrates to ensure uniform coating of the central substrate. c) Typical slot-
die coated film with np-SnO; layer removed at one side for top contact evaporation.
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Figure S5: Typical spectroscopic ellipsometry data and Cauchy model fitting for spray-coated
np-Sn0O; layers (here 19.01 mm). Approximate layer thicknesses on SiO; substrates were
found to be 17.67 + 3.41 for spray-coated cells (N = 5) and 38.21 + 8.44 for slot-die coated (N
= 2). The values given here are considered estimates, as the wetting behaviour of np-SnO, on
SiO; will differ from that on ITO (see also note in Table S1).

512

Delta



22 T T T T T : : T
(a) 2 ca

Sty 3 {22 O
(=) 18} R RS st % O
O~ 16} et L “T* —_
~— 14} o . N 120 3
Ll 2} ’ : >
10+ *»
O . . o
sl 4118
O sl . 3
4t . NG
2 16 ="
1.15} 180
PR,

3mms?t  |5mms?t |10 mms? 15 mms*

(b) & 25
S ———
b 20 -
£ Y
> 151 e
D %
c Reverse Forward @,
@ 107 voe (v) 109  1.08 .
= Jsc (MAcm™) 21.9 22.0 .\.
O 571 y
= (%) 775 78.0 .\
= PCE (%) 1854  18.52 .
O O T T T T T :

0 02 04 06 08 10 1.2
Voltage (V)

Figure S6: a) Device performance metrics for all slot-die coated np-SnO; layers showing
comparable efficiencies and parameters across a range of coating speeds. b) J-V curve of
the champion slot-die coated cell.
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Electron No.

transport | Treatment Sweep PCE (%) Jsc (MAcm?) Voc (V) FF (%) of

layer cells
17.19 22.62 1.04 72.94

FTS%‘ZF" fqge;'iii Forward | 13 6542.73) | (21.56£1.36) | (1.0240.05) | (61.80+9.02) g
(Spin-coat) VO Reverse 18.80 22.75 1.07 77.05
(14.07+3.96) | (21.77+1.31) | (1.020.13) | (61.76+13.11)
Forward 17.27 21.50 111 72.23

FTO/Sn0> As per (11.07:3.94) | (20.82:1.13) | (0.88:0.19) | (57.79:12.02) |
(SnCla.5H0) | methods [ 1833 21.50 113 75.73
(10.3846.10) | (20.77+1.19) | (0.82+0.33) | (53.85+19.54)
18.52 22.00 1.08 78.04

'Ti/gf' fqge:]'iii Forward | 16 47+1.66) | (21.51£0.79) | (1.05£0.03) | (73.0844.91) i
(Slot.die] VO feverse 18.54 21.92 1.09 77.48
(15.55¢2.54) | (21.31+1.07) | (1.050.03) | (69.26+8.07)

Table S1: Cell performance for all operational small area cells shown in Figures S2, S3 and S6,
with FTO/np-Sn0,, FTO/Sn0O; (tin chloride pentahydrate conversion route) and slot-die
coated ITO/np-Sn0O; cells. Slot-die cells are found to exhibit reduced Voc compared to spin-
coated devices, however the different cell architectures may lead to such variations.
Variations in performance may also be result from non-uniformity in the SnO; layer thickness
across the substrate area.

a

WO treatment

‘ 30s UVO treatment

. T e

Figure S7: Contact angle measurement showing good wetting of an H,O droplet on ITO after
cleaning procedure (finishing with IPA sonication and N; drying) and perfect wetting after a
further 30s UVO treatment.
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(b)

Figure S8: Photographs of spray-coated np-SnO,. a) Photograph during sequential drying,
with wet film receding to one corner. b) Typical np-SnO; film with uniform layer formation.
Here np-Sn0,is removed on the right for Au to contact to ITO, with perovskite/spiro-OMeTAD
subsequently removed by razor blade. C) np-SnO; layer with insufficient UV ozone treatment
prior to deposition and d) with higher solution concentration than the optimised 1:70 dilution,
both leading to inhomogeneous mottled films.

10.0 nm

5.0

0.0

-5.0

-10.0

Figure S9: AFM height topography of a) spin-coated np-SnO; before annealing and b) slot-die
coated np-Sn0;. The SnO; film exhibits slightly decreased roughness following annealing.



(a) (b)

Figure $10: np-SnO; solution containing 1 ml of 20 wt% np-Sn0;, 5 mI H,0 and 5 m| IPA (added
dropwise) a) before and b) after filtering through a PVDF filter, mimicking the atomisation in
the ultrasonic spray coater. Here the IPA/H20 solvent de-mixes, leading to regions of
aggregation in the as-sprayed np-SnO; film.
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Figure S11: Stabilised power output for the champion spray-coated np-SnO; device.
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Sample Thickness (nm) Egap (SE, eV) Egap (Tauc, eV) Eu (meV)
As deposited 94.69 4.476 4.433 159
Annealed 101.42 4.446 4.391 144

Table S2: Optical Egsp determination from Tauc plots (shown in Figure S12) and fitting to
combined spectroscopic ellipsometry (SE) and transmission data. From the modelling to the
SE data described in SI Note 2, the Urbach energy (Eu) is also determined. The thickness value
here for the annealed films (on quartz) is in good agreement with that determined for films
on SiO; in the process design of 100 nm layers for GISAXS measurements (S| Note 3).

T
—— As deposited n| | 0.20

As deposited —— model fit
—— Annealed n ]

Annealed —— model fit 1/
—— As deposited k 1/
—— Annealed k //

As deposited Fit|
— Fi|

— Annealed

(ahv)? (a.u.)
(ahv)? (a.u.)

400 5(‘)0 600 700 3.0 3‘.5 4‘,0 4‘.5
Wavelength (nm) hv (E)

35
hv (E)

Figure S12: Optical Egap determination for np-SnO.. a) Tauc plots for as deposited and
annealed np-Sn0O; from transmission measurements. b) Corresponding real (n) and imaginary
(k) complex refractive index components from fitting to spectroscopic ellipsometry (SE) and

transmission (T) data. c) Tauc plot using a@ = Z”k/l for combined SE and T data, with the
band fluctuation model fit overlaid.
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Figure S13: 2D GISAXS scattering patterns with linear (top) and log (bottom) intensity plot
scales for four np-Sn0; annealing conditions. In-plane cuts through this data are shown in

Figure 4.
Fit parameters Repeated from Table 2
o d (Porod
B _1 . .

Sample Scale ackground Q R, (A*) exponent) Grain radius
As deposited | 286.49+1.08 | 0.00+1.25 | 0.2468 | 9.09 £ 0.05 3.984 +0.31 1.173 + 0.006
Annealed 267.44+1.12 | 0.00+1.20 | 0.269 9.43 +0.05 3.612+0.24 1.218 + 0.006
HAF 1 279.60+1.10 | 0.00+1.22 | 0.2586 | 9.27+0.05 3.829+0.28 1.197 + 0.006
HAF 2 290.96+1.09 | 0.00+1.21 | 0.2575 | 9.31+0.05 3.831+0.27 1.202 + 0.006
HAF 5 276.95+1.11 | 0.00+1.20 | 0.2487 | 9.42+0.05 3.661+0.24 1.216 + 0.006

Table S3: Extended fit parameters and Q1 for Guinier-Porod fitting model applied to GISAXS
linecuts. Full details are given in SI Note 3.
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Figure S14: Photo of heat gun setup used for HAF annealing. Temperature was stabilised to
120 £ 10 °C, confirmed with a thermocouple connected to a suspended substrate, matching
the conditions during HAF annealing.

. Sweep o 2 No. of
Annealing | Treatment direction PCE (%) Jsc (mMAcm2) Voc FF cells
17.59 22.69 1.11 70.09
Forward
o (16.70 +0.74) (22.39 +0.16) (1.11 £0.01) (67.30 +2.30)
Air dried None 9
Reverse 18.56 22.79 1.12 72.63
(17.30 £0.78) (22.36 £0.20) | (1.12+0.01) | (69.31+2.21)
17.73 22.79 1.12 69.25
. Forward
Air dried 15 mins (17.23 £0.92) (22.40£0.17) | (1.12+0.01) | (68.73 £3.34) 10
uvo Reverse 18.62 22.81 1.13 72.17
(17.79 +0.60) (22.36 +0.18) (1.13 £0.01) (70.69 +1.94)
16.91 22.17 1.09 70.02
. Forward
Air dried 5 mins (15.21 +0.94) (22.22 +0.18) | (1.02+0.04) | (66.88 £1.90) 5
O3 plasma Reverse 18.21 22.20 1.11 73.97
(17.26 £0.53) (22.22 £0.20) | (1.07+0.03) | (72.81+1.05)
Forward 18.19 22.18 1.14 72.19
120 °C 15 mins (16.86 +1.29) (22.30 +0.31) (1.12 £0.04) (67.70 +£3.93) 8
1 min uvo Reverse 18.93 22.16 1.14 74.69
(17.98 +0.86) (22.3140.29) | (1.13+0.03) | (71.50 £2.28)
Forward 16.49 21.99 1.05 71.21
120°C 5 mins (14.47 £1.72) (22.19 +0.25) (1.00 +0.05) (65.01 +5.38) 9
1 min O, plasma Reverse 18.26 21.98 1.09 76.28
(17.15 +0.82) (22.27 +0.24) (1.05 +0.03) (73.21 £2.34)

Table S4: Device performances for devices using annealing-free and flash-dried spin-coated
np-Sn0; layers. Best cells in both sweep directions are given as well as average and standard

deviation.
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Figure S15: a) Absorbance and b) Tauc plots for np-SnO/perovskite interface samples with
various np-Sn0O; processing conditions, and comparable optical Egap in all cases (Table S5). A
quartz-coated glass/perovskite sample is also shown for reference, with apparent sub-
bandgap absorption being a measurement artefact that is likely to lead to a small error in the
optical Egap as derived from the Tauc plot.

—— Perovskite
—— Annealed
—— Annealed + UVO
—— 120 dry

120 + UVO

120 + O2 plasma
| = As deposited
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Figure S16: Normalised PL for np-SnO2/perovskite interface samples showing no significant
changes to the perovskite layer with different interface treatments. Excitation and collection
were from the glass side. An extended tail is observed for the quartz-coated glass/perovskite
sample, due to improved perovskite film formation on the np-Sn0; layer.
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Sample PL (nm) PL (eV) Tauc Egap (nm) | Tauc Eg,p (eV)
Perovskite 759.9 1.63 765.1 1.62
Annealed 759.9 1.63 764.2 1.62

Annealed + UVO 760.3 1.63 765.3 1.62
As deposited 761.2 1.63 766.3 1.62
As dep + UVO 761.0 1.63 765.2 1.62

As dep + O, 759.3 1.63 764.4 1.62

120 dry 760.7 1.63 764.9 1.62
120 + UVO 759.6 1.63 764.6 1.62

120+ 0; 759.3 1.63 764.2 1.62

Table S5: Optical Egap determination for perovskite on np-SnO; substrates from extrapolation
of linear region of Tauc plots (Figure S15) and SSPL measurements (Figure S16) fitted with an
exponentially-modified Gaussian.

(C) 10 15 2620(0) 25 30

100 —120 + UVO

(@) 120+uvo  (b)

200

120+O2

Normalised intensity

-1 -0.5 0 0.5 1 1.5 -1 -0.5 0 0.5 1 1.5 06 08 1 12 14 16 18 2 22

Q (A7) Q, (A7) QA"

Figure S17: GIWAXS patterns for perovskite layer grown on a) 120 + UVO and b) 120 + O,
plasma np-Sn0O; layers. ¢) Azimuthal integrations through the 2D patterns, confirming the
presence of some out-of-plane oriented Pbl, and pseudo-cubic perovskite in both samples,
with no observable differences between samples.
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Figure $18: pH strip confirming pH of the undiluted np-SnO; to be ~11.5, with strong basicity
due to KOH stabiliser.
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Figure $19: XPS wide scan spectra for all samples. Both 120 + O; plasma and ‘As deposited + O;’ plasma
samples show comparatively increased F 1s and In 3d intensity, with reduced K 2p.
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Figure S20: XPS spectra of C 1s core level emission for each process step. We find that UVO
and O; plasma reduce adventitious carbon at the sample surface.
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Figure S21: XPS spectra for O 1s core levels for a) 120 + UVO and b) 120 + O plasma samples.
Three peaks are required to fit O, plasma treated samples, with this third environment
ascribed to a contaminant species most likely related to fluorine. The fitting methodology is
described in the Experimental Methods section above.
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O 1s peak areas Area ratios

Sample 0-Sn -OH/Oaqs HES 0-Sn/[Sn3d] | [0 1s)/[Sn 3d]
Annealed 0.78 0.22 0.45 0.57
Annealed + UVO 0.77 0.23 0.43 0.56
As deposited 0.77 0.23 0.42 0.55
As dep + UVO 0.78 0.22 0.43 0.55
As dep + O, 0.72 0.21 0.07 0.38 0.53
120 + UVO 0.79 0.21 0.44 0.56
120 + O, 0.73 0.22 0.05 0.40 0.54

Table S6: Fitted peak areas from XPS O 1s core level spectra for all samples. Two species,
ascribed to Sn-0 (or lattice oxygen) and -OH/Qag4s (hydroxides and other adsorbed species) are
fitted for all samples. Both O, plasma treated samples show a third peak (denoted here as
high energy shoulder, HES) ascribed to a contaminant species or defect introduced with the
fluorine contamination. Both O, plasma species show a reduction in peak area ratios; O-
Sn/[Sn 3d] (comparing Sn 3d area with only the lattice oxygen peak) and [O 1s]/[Sn 3d]
(comparing with all O 1s peak areas), which may indicate a more oxygen-deficient surface.
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Figure S22: UPS spectra showing a) secondary electron edge with Ecutosf measured to
determine work function (®) and b) Eonset/Es to find the valence band maximum.
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Figure S23: XPS valence spectra used to confirm Eonset for IE/valence band determination.

Ecutoff WF Eonset (Es) lonisation energy (IE) Estimated e(l:;;ron affinity
sample szf:c:f:;y ® | ups | xps | ups XPS O‘E’ﬁm’ uPs XPS
edge 9ap
(Iii::;zt:‘rz;“ 436 | 3.74 8.10 3.79 431
ITO + UVO 1668 | 454 | 3.09 | 3.15 | 7.64 7.69
Annealed 1734 | 3.88 | 409 | 408 | 7.96 7.95 4.45 3.51 3.50
Annealed + UVO 16.80 | 4.42 | 3.86 | 3.84 | 829 8.26 4.45 3.84 3.81
As deposited 17.44 | 378 | 409 | 404 | 7.86 7.82 4.48 3.38 3.34
As dep + UVO 17.14 | 408 | 3.97 | 393 | 805 8.01 4.48 3.57 3.53
As dep + O, 1622 | 500 | 404 | 410 | 9.03 9.10 4.48 4.55 4.62
120 + UVO 17.26 | 396 | 403 | 3.89 | 7.99 7.85 4.48 3.51 3.37
120 + O plasma 16.15 | 5.07 | 403 | 405 | 9.11 9.13 4.48 4.63 4.65

Table S7: Electronic structure of np-SnO;, determined from UPS and XPS measurements, with
all energies in eV. EA is estimated using optical Egap (Figure S12). All UPS and XPS values are
shown without error due to fitting.
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W.r.t. Evac W.r.t. E¢

VBM (-E)) WF (®) CBM (-EA) VBM WF CBM
ITO + UVO -4.54

Annealed -7.96 -3.88 -3.51 -4.08 0 0.37
Annealed + UVO -8.28 -4.42 -3.83 -3.85 0 0.60
As deposited -7.84 -3.78 -3.36 -4.06 0 0.42
As dep + UVO -8.03 -4.08 -3.55 -3.95 0 0.53
As dep + 0, -9.07 -5.00 -4.59 -4.07 0 0.41
120 + UVO -7.92 -3.96 -3.44 -3.96 0 0.52
120 + 0, plasma 9.12 -5.07 -4.64 -4.04 0 0.44

Table S8: Energy levels used, averaging UPS and XPS, as shown in Figure 6a (with respect to
vacuum) and w.r.t. the Fermi level. Values are given without errors related to the fitting.

Perovskite spiro-OMeTAD
Stated composition (reference) Substrate | Methods | IE(eV) | EA(eV) | IE(eV) | EA (eV)
Css(MA.17FAo.83)94Pb(lo.83Bro.17)3 (15) Zn0 UPS/Tauc 6.08 4.46 5.7 2.2
Cslo.os((FAPDbIs)o.87(MAPbBrs)0.13)0.95 (16) | Unknown UPS 5.7 est. 4.1 5.4
Cso.05((FAPDbI3)0.55(MAPDbBr3)0.15)0.05 (17) TiO, UPS/Tauc 5.4 3.79 5.22
Cso0.05FA0.7sMA0.16Pb(l0.83Bro.17)3 (18) PEDOT:PSS UPS 5.87 4.26

Table S9: Typical energy level literature values for various triple-cation perovskite

compositions and spiro-OMeTAD layers deposited on different transport layers.
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Figure S24: lllustration of energy level determination from UPS measurements.
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Figure S25: Transient photovoltage measurements showing the evolution of Voc for
completed devices with different np-SnO; interface treatments, with both O, plasma treated
samples stabilising more gradually.
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