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Supplementary Information

Supplementary Fig. 1 studies the ALD growth of the SnO, layer on top of AZO, which
has either been derived from an ALD process, and can therefore be considered as free of
pinholes, or on top of an AZO layer prepared from a nanoparticle dispersion, where some
porosity cannot be avoided. Details of the growth of AZO by ALD have been reported
earlier.® The conformal nature of the ALD process is expected to yield some growth of
SnOy inside the pores of the AZO layer. To analyze and quantify this effect, we performed
Rutherford backscattering (RBS) measurements on the two samples shown in
Supplementary Fig. 1. To this end, we have deposited nominally 20 nm (166 ALD
cycles) of SnO, in one ALD process on top of both AZO layers. From the RBS spectra
attributed to Sn, we are able to determine the number of Sn atoms per area, which is
indicative of the amount of SnO, actually deposited. Interestingly, for the SnO4 on top of
the pin-hole-free ALD-AZO we measured (44.5+0.2)x10% Sn-atoms per cm?, which is in
excellent agreement to earlier RBS measurements of layers with a thickness of 20 nm
(determined by stylus profilometry). On the contrary, for the SnO, on top of the NP-AZO
layer we found (72.2+0.9)x10° Sn-atoms per cm?, which is a factor of 1.62 higher than
for the non-porous substrate. This result clearly supports the hypothesis of the ALD
growth of the SnO, partially inside the pores of the nanoparticle derived AZO layer, which
increases the total amount of SnO, deposited.

Moreover, the shoulder in the RBS spectrum of the Sn in case the SnO, layer has been
grown on top of the AZO (NP) layer, is a direct result of a greater spatial variation of the
Sn atoms in growth direction compared to the case where the SnO, layer has been grown
on top of the AZO (ALD). This spatial variation originates from the infiltration of the SnO,
into the porous AZO (NP) layer.
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Supplementary Figure 1: RBS study of the bi-layered AZO/SnOx EEL. Layer
sequence of samples used to study the ALD growth of the SnO4 on top of an AZO layer
grown by ALD, which is expected to have no pinholes (a), and on top of an AZO layer
derived from a nanoparticle dispersion (b). The resulting RBS spectra attributed to Sn,

which allow to determine the area density of Sn atoms (c).
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Supplementary Figure 2: J/V characteristics of perovskite cells using different
EELs in their pristine state and after some time in ambient air. AZO (a), LiF/Al (b)

and AZO/SnOy (c). Note, here the SnO, layer was 20 nm thick.

Supplementary Fig. 2 shows the J/V characteristics of perovskite cells based on various
electron extraction layers. The characteristics have been acquired in the pristine state
and after storage in air for the time indicated. The extracted characteristics, i.e. Vo, FF,
Jsc; PCE, are discussed in the main manuscript (Fig. 2). In some batches of the
perovskite, there is an increase of V,. on a time scale of several tens of hours. This is
only observed in the AZO/SnO, samples, as the LiF/Al and the AZO cells already undergo

strong degradation on the same time scale. The increase of the V.. on such a long time



60 scale may be associated with intrinsic changes of the defect structure in the perovskite,

61 which is beyond the scope of the present work.
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63
64 Supplementary Figure 3: Logarithmic representation of the XRD
65 spectrum of a fresh perovskite cell based on AZO as EEL with an
66 assignment of the peaks to layers in the device. The peak positions of
67 MAPDbI; (ref. 2), Pbl, (ref. 3), ITO (ref. 4), and Ag (ref. 5), were taken from

68 the respective references.

69

70  The survey XPS spectra for cells based on AZO, SnO, and bi-layered AZO/SnO, EELs, are
71 shown in Supplementary Fig. 4. As expected, no signal due to the perovskite (e.g.

72  Pb4d) can be detected, because the perovskite in these samples is covered by

73 PCBM/AZO/Ag, or PCBM/SnO,/Ag, or PCBM/AZO/SnO, respectively. Note, the position
74  where the Pb4f signals would be located is overlaid by Zn3s and Sn4s signals as indicated

75 in the figure, thus we refer to the Pb4d signal.
76

77



78
79
80

81
82
83

85
86
87
88
89
90
91
92

93

13d Ag3p Sn3d Ag3d Zn Auger
T 77— 77T
- 3
o 8]
2
c
3- Snéds
£ | G e——— YRS foY e
L |l — @ fresh | no,
=
g aged 1
g e mme— o g LY
=
\\,¥ Zn3s
LA 3
\'\_ | aged ]_
e ——— 1 [AZO
1 1 | O I T [ 1 (RS I | 1 | { | I T | -

650 600 550 500 450 400 350 300 250 200 150 100
Binding energy (eV)

Supplementary Figure 4: Survey photoemission spectra. Spectra for
cells based on AZO (fresh sample (blue), aged sample (green)), SnO4 (fresh
sample (red), aged sample (orange))and bi-layered AZO/SnO, (fresh sample
(black), aged sample (grey)) EELs are shown, respectively. Samples were
either fresh or aged for two days in air, respectively. The top Ag layer was
only about 10 nm to see the metal-oxide underneath. The spectral region,
where the signals due to electrons resulting from the respective atomic
orbitals are found or expected are shaded in grey and labelled with the
element and atomic orbital. The spectral region where the Pb4d signal would
be expected is shaded on orange.
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Supplementary Figure 5: Stability of devices based on only SnO, as
EEL. (a) Characteristics of perovskite cells with 20 nm of ALD SnOy, as EEL
upon storage in ambient air (at 22°C, 60%r rH). V,. vs. time (a) and FF vs.
time (b).

The barrier properties of the AZO and AZO/SnO, EELs have been studied by using Ca-
corrosion test. Detail of this test have been describe previously. ¢ Specifically, we have
used a setup as shown in Supplementary Fig. 5a. The substrate was a PET/ITO foil,
which has an intrinsic water vapor transmission rate of 3x102 gm2day™. On top of this
substrate we have deposited the PCBM layer and the EEL in an identical way as in case of
the solar cells. Subsequently, an array of Ca dots has been thermally evaporated
(thickness 100 nm). The top-side of this stack has been encapsulated by a 200 nm thick
Al,Os; gas diffusion barrier using ALD. The WVTR of the Al,Os; top-encapsulation is
expected to be on the order of 10°® gm™day™ (ref. 7). Thus only the water ingress from
the bottom side through the substrate and the PCBM/EEL will be relevant for the
corrosion of the Ca. While the Ca appears metallic in the pristine samples, the corrosion
due to moisture will render the Ca transparent Supplementary Fig. 5b. Obviously, in
the case of AZO the degradation of the Ca pads is substantially faster, as after 36h in air
almost all the pads have vanished. Therefore the WVTR of the AZO layer does not
provide any significant barrier against the ingress of moisture. On the contrary, in case of
the AZO/SnO, EEL the Ca pads appear far less corroded. This corroborates the barrier
functionality of the ALD grown SnOy layer on top of the AZO. It has to be noted that
some statistical failure may be due to particle defects that may void the effectivity of the

top encapsulation layer.®
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122 Supplementary Figure 6: Permeation barrier functionality of AZO and
123 AZzO/SnO,. (a) Schematic of the Ca-test used to study the permeation
124  barrier properties of the EEL. As substrate an ITO coated PET foil has been
125 used (WVTR = 3x10°2 gm™2day™). Integrity of the Ca-dots in case of the AZO
126 and AZO/SnO, samples in their pristine state and after exposure to ambient
127  air for 36 h (b).
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129 Supplementary Figure 7: J/V characteristics of perovskite cells using different
130 EELs in their pristine state and after aging at 60°C in inert N, atmosphere. J/V
131 characteristics of perovskite cells using AZO (a) and AZO/SnO, (b) as EEL.
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Supplementary Figure 8: Characteristics of inverted perovskite cells with varied
cathode electron extraction assemblies (AZO/SnO,/Ag, AZO/Ag) vs. time of
storage at 60°C in nitrogen atmosphere and simultaneous illumination. A white
LED has been used for illumination to achieve the same J. as under the solar simulator.
Jsc (@), Voc (b), FF (c), and PCE (d). Jsc0, Voc,0, FFo, and PCE, are the characteristics of the
cells before stressing. In this set of samples, the thickness of the ALD SnOy layer was
20 nm and that of the Ag electrode was 100 nm. The characteristics have been
determined from the J/V measurements in reverse direction. Spectrum of the white LED

used for the light-soaking stress test under concomitant heating (e). J/V characteristics



143
144
145
146

147

148
149
150
151
152
153

155
156
157
158
159
160
161
162
163

165
166
167
168
169
170
171
172
173
174
175
176
177
178

of an AZO/SnO,/Ag cell, non-stressed (fresh), stressed for 300 hours (light/heat), and
subsequently recovered in in darkness at room temperature for nine days (in the glove
box).
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