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Table S1. Reported efficiencies of p-i-n structured perovskite solar cells with oxide overlayers. Unless otherwise specified, all oxides are grown over the perovskite coated with an organic electron transport layer. For ‘ALD-quality oxides’, the growth conditions refer to the deposition temperature and oxidant. For the solution-processed films, the growth conditions refer to the temperature and time for which the as-spun oxide film was annealed over the perovskite.
	Oxide
	Perovskite
	Growth conditions
	PCE
	Ref

	ALD-quality oxides

	TiO2
	MAPbI3-xClx
	100 ℃, H2O
	8.8%
	Nano Lett., 16, 7786 (2016)

	SnOx
	MAPbI3 with AZO protective layer
	80 ℃, H2O
	12.8%
	Nature Commun., 8, 13938 (2017)

	SnOx
	MAPbI3 with AZO protective layer
	80 ℃, H2O
	12.5%
	Adv. Energy Mater., 7, 1602599 (2017)

	TiO2
	MAPbI3
	60 ℃, H2O
	18.3%
	ACS Appl. Mater. Interfaces, 10, 23928 (2018)

	SnO2
	Cs0.17FA0.83Pb(I0.83Br0.17)3
	90 ℃, H2O
	11.1%
	Adv. Energy Mater., 8, 1800591 (2018)

	ZnO
	Cs0.05(MA,FA)0.95Pb(I0.9Br0.1)3
	95 C, H2O
	14.7%
	Solar RRL, 2, 1800147 (2018)

	AZO
	Cs0.05MA0.95PbI3
	100 ℃, H2O
	18.8%
	Adv. Mater., 20, 1801010 (2018)

	SnOx
	MAPbI3 with AZO protective layer
	80 ℃, H2O
	12.7%
	ACS Appl. Mater. Interfaces, 10, 6006 (2018)

	SnOx
	Triple cation
	100 ℃, O2
	19.7%*
	This work


	Oxides from solution-processing

	Nb:TiOx
	MAPbI3
	70 ℃ anneal for 10 min then 30 min
	18.3%
	Science, 350, 944 (2015)

	AZO NPs
	MAPb(I1-xClx)3
	80 ℃ anneal for 2 min
	13.3%
	Adv. Energy Mater., 6, 1600285 (2016)

	ZnO NPs
	MAPbI3
	75 ℃ anneal for 5 min
	13.5%
	Adv. Mater., 28, 3937 (2016)

	SnOx NPs
	MAPbI3
	Room temperature
	18.8%
	Adv. Mater., 28, 6478 (2016)

	Zn2SnO4 NPs
	MA0.8FA0.2Pb(I0.8Br0.2)3
	Room temperature
	17.7%
	J. Mater. Chem. A, 4, 15294 (2016)

	ZnO NPs
	MAPbI3
	Room temperature
	16.1%
	Nat. Nanotechnol., 11, 75 (2016) 

	ZnO NPs
	MAPbI3
	100 ℃ anneal for 1 min
	16.1%**
	Nat. Energy, 2, 16190 (2016)

	ZnO NPs
	MAPbI3
	Room temperature
	11.4%
	J. Mater. Chem. A, 5, 19439 (2017)

	AZO NPs
	MAPbI3
	Room temperature
	10%
	Nature Commun., 8, 13938 (2017)

	ZnO NPs
	MAPbI3
	Room temperature
	4.4%
	Nano Converg., 4, 18 (2017)

	In:ZnO NPs
	Triple cation
	Room temperature
	16.2%
	J. Mater. Chem. A, 5, 25485 (2017)

	AZO NPs
	Triple cation
	Room temperature
	18.2%
	ACS Appl. Mater. Interfaces, 11, 23198 (2019)

	ZnO NPs
	MAPbI3
	Room temperature
	16.3%
	Joule, 3, 807 (2019)

	Oxides from sputter deposition

	ZnO
	MAPbI3
	Radio-frequency (RF) sputter deposition, 2.4 W cm-2 power density, 0.16 Pa pressure
	12.5%***
	Nat. Energy, 2, 16190 (2016)


 *PCE displayed is from the reverse sweep in current-voltage measurements. The steady-state power output was 19.4% (Figure 5e in the main text)
 **Obtained in a semi-transparent single-junction perovskite device after 80 min light soaking and illuminated from the top Al-doped ZnO electrode (on a ZnO NP buffer layer)
 ***Obtained in an opaque single-junction perovskite device

It is noted that in addition to the work discussed above in Table S1, there has also been extensive work on ALD Al2O3 passivation layers for perovskite solar cells. Typically, these have been used in n-i-p structured perovskite solar cells rather than p-i-n structured solar cells. The Al2O3 has either been directly deposited on the perovskite [1,2], or grown on top of the spiro-OMeTAD hole transport layer [3]. Although improvements in the ambient stability of the perovskite devices has been widely reported, it has been found that the precursor chemistry plays an important role in determining whether the perovskite is degraded during the deposition of Al2O3. For example, Duong et al. used trimethylaluminium (Al source) and O3 (oxidant), with a deposition temperature of 70 °C. After only one ALD cycle under these conditions, there was structural damage to the perovskite and the device performance decreased. It was therefore necessary to cover the perovskite with spiro-OMeTAD first before depositing the Al2O3. Much more benign growth was achieved by using H2O vapor as the oxidant, and the growth of Al2O3 as a passivating interlayer between MAPbI3-xClx perovskite and the spiro-OMeTAD hole transport layer was achieved at a deposition temperature of 100 °C by Koushik et al. The addition of the Al2O3 interlayer led to improved stability, as well as improving efficiency from 15.1% (no Al2O3) to 18.0% (10 ALD cycles of Al2O3) [2]. Although other works have shown that the trimethylaluminium precursor can damage the surface of the perovskite [4–7], the work by Koushik et al. is consistent with the other ALD works in Table S1 showing that it is possible to avoid bulk structural damage to the perovskite and achieve high performance at deposition temperatures of 100 °C (without or with an organic charge transport layer covering the perovskite). But while Al2O3 primarily plays a role in passivation, the n-type oxides in Table S1 play a more active role in charge transport. As discussed in the main text, the deposition temperature has an important role in their electronic properties, and it is important to be able to tune the growth temperature over a wide range (beyond 110 °C) in order to be achieve buffer oxides with optimal electronic properties in the perovskite devices.
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Figure S1. Growth rate of AP-CVD TiOx measured as a function of the number of AP-CVD cycles. In each AP-CVD cycle, the substrate moves underneath the metal precursor channel twice.
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Figure S2. X-ray photoemission spectra for ITO/NiOx/MAPbI3/PC61BM and ITO/NiOx/MAPbI3/PC61BM/TiOx, in which the TiOx was deposited by AP-CVD at (1) 100 C with O2 gas as the oxidant and (2) 150 C with H2O vapor as the oxidant. (a) Survey spectra and (b) close-up of the binding energy range where the Cl 2p peak would be located. The binding energy of the Cl 2p peak is indicated (note that the splitting to the 2p1/2 and 2p3/2 peaks could not be resolved). 
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Figure S3. Measuring the x value in TiOx through X-ray photoemission spectroscopy (XPS), with residuals from fitting shown above the fitted peaks. The TiOx was deposited on MAPbI3/PC61BM and the survey spectrum is shown in Figure S2. XPS measurements of the O 1s core levels from samples with TiOx grown on top under (a) mild and (b) strong conditions. The fitted peak associated with Ti-O-Ti was used to determine the value of x in the oxide films. Note that there were extra peaks not due to lattice oxygen. As discussed in the main text, these are attributed to adventitious oxygen and oxygen from the carboxyl group of PC61BM. Ti 2p core levels for TiOx grown under (c) mild and (d) strong conditions. The fitted peaks associated with Ti4+ and Ti3+ are shown. To process the fits, information from Ref. [1] was used. 

[image: ]
Figure S4. Measuring the x value in TiOx through X-ray photoemission spectroscopy (XPS), with residuals from fitting shown above the fitted peaks. The TiOx was deposited on MAPbI3 directly. The survey spectra are shown later in Figure S10. XPS measurements of the O 1s core levels from samples with TiOx grown on top under (a) mild and (b) strong conditions. The fitted peak associated with Ti-O was used to determine the value of x in the oxide films. As with Figure S3, the extra O 1s peaks not due to lattice oxygen are attributed to adventitious oxygen. Ti 2p core levels for TiOx grown under (c) mild and (d) strong conditions. The fitted peaks associated with Ti4+ and Ti3+ are shown. To process the fits, information from Ref. [1] was used. 

Table S2. Ratio of O (from Ti-O in the O 1s peak) to Ti (from Ti4+ in the Ti 2p peak) obtained from Figures S3&S4
	Sample
	Deposition conditions for TiOx
	O/Ti

	ITO/NiOx/MAPbI3/PC61BM/TiOx
	Mild 
	1.98

	ITO/NiOx/MAPbI3/PC61BM/TiOx
	Strong
	1.89

	ITO/NiOx/MAPbI3/TiOx 
	Mild 
	1.94

	ITO/NiOx/MAPbI3/TiOx
	Strong
	2.05


N.B.: We expect the variation in the O/Ti ratio for the different samples to reflect the uncertainty in fitting the various components to each core level peak, which arises in part from the O species bound to the PC61BM surface or MAPbI3. As a comparison, we also directly deposited TiOx on Au substrates and found the O/Ti ratio to be 2.00±0.05 for oxide films deposited under both mild and strong conditions.
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Figure S5. X-ray diffraction patterns of TiOx films grown by AP-CVD under mild and strong conditions.  
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Figure S6. (a) Refractive index of AP-CVD TiOx films grown under mild and strong conditions on Si with thermal oxide. From spectroscopic ellipsometry, the thicknesses of the films were 18 nm (100 C, O2) and 15 nm (150 C, H2O). Thicker films (~250 nm) were deposited on glass to determine the absorptance, which was calculated from the measured transmittance and reflectance of TiOx grown under (b) mild and (c) strong conditions. The transmittance and reflectance were measured inside an integrating sphere using a Shimadzu UV-3600 Plus UV-VIS-NIR spectrophotometer. The absorptance measurements showed interference fringes below the band gap, but there was no discernable change in the defect density. By fitting the absorption edge in the plot of absorption coefficient against photon energy for TiOx grown under (d) mild and (e) strong conditions, the Urbach energy (EU) was found to be very similar in both cases. This shows the level of disorder to be similar in both films, which suggests that the density of defects (at least at the percent level) could be similar. Therefore, the increase in refractive index by growing TiOx under strong conditions was due to an increase in density.  
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Figure S7. Atomic force microscopy images of TiOx grown under (a) mild and (b) strong conditions on glass. The absence of distinctive grains is in agreement with the X-ray diffraction patterns in Figure S5 showing the films to be amorphous. The rms roughness of the films were (a) 0.2 nm and (b) 0.1 nm.
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Figure S8. X-ray diffraction pattern of MAPbI3 thin film on glass heated in a furnace with flowing Ar gas at 150 °C for 35 min. A sister MAPbI3 film coated with 7 nm AP-CVD TiOx was included in the same batch. Both samples exhibited a PbI2 (001) peak (denoted with a *), showing the perovskite films to have degraded under these conditions. In ALD, it is expected that the degradation of the perovskite would be worse because not only are the films exposed to heat, but also low vacuum in each cycle. The diffraction pattern of the as-deposited MAPbI3 film is shown in Figure 2a of the main text.
[image: ]
Figure S9. Close-up of the X-ray diffraction patterns in Figure 2a. The location where the PbI2 (001) diffraction peak would be is indicated. No significant peak above noise was observed, despite the intensity being plotted on a logarithmic scale, which would accentuate small peaks.
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Figure S10. X-ray photoemission spectroscopy measurements of MAPbI3 with TiOx directly deposited on top. The samples were deposited on ITO/NiOx. These measurements are supporting Figure 2 in the main text. (a) Survey spectrum. (b) Comparison of the valence band spectra of the samples. 
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Figure S11. Fits to the core level peaks measured by X-ray photoemission spectroscopy from MAPbI3/TiOx samples. This figure supports Figure 2 in the main text and all samples were deposited on ITO/NiOx. Fits to the (a) I 3d, (b) Pb 4f, (c) N 1s, (d) C 1s and (e) O 1s core level peaks for MAPbI3. Fits to the (f) I 3d, (g) Pb 4f, (h) N 1s, (i) C 1s and (j) O 1s core level peaks for MAPbI3 coated with AP-CVD TiOx deposited under mild conditions. Fits to the (k) I 3d, (l) Pb 4f, (m) N 1s, (n) C 1s and (o) O 1s core level peaks for MAPbI3 coated with AP-CVD TiOx deposited under strong conditions. 
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Figure S12. Atomic force microscopy showing the morphology of (a) MAPbI3 thin film deposited onto glass and (b) MAPbI3 coated with PC61BM spin-cast from a 5 mg mL-1 solution (5 nm average thickness). The color scale was adjusted to range from -45 nm to 45 nm in both cases. c) Close-up of MAPbI3/PC61BM, with the color scale adjusted to range from -23 nm to 23 nm. 

[image: ]
Figure S13. Analysis of MAPbI3 films coated with a non-compact 5 nm layer PC61BM. (a) Diffraction patterns and (b) time-resolved photoluminescence (PL) of MAPbI3/PC61BM with TiOx grown on top. * denotes the position of where the PbI2 (001) peak would be. The time-resolved PL measurements were taken using an excitation wavelength of 400 nm and fluence of 0.2 mJ cm-2 pulse-1. X-ray photoemission spectra of (c) O 1s, (d) N 1s, (e) Pb 4f and (f) I 3d core level regions for MAPbI3/PC61BM thin films compared to corresponding samples with TiOx (5 AP-CVD cycles) grown on top. The legend for parts c) – f) are the same.





Table S3. Device performance of MAPbI3 solar cells with PC61BM deposited from a solution of 20 mg mL-1 and 5 mg mL-1. The device structure was the same as shown in Figure 3a in the main text, i.e., glass/ITO/NiOx/MAPbI3/PC61BM/(TiOx)/BCP/Ag. The TiOx was deposited with 5 AP-CVD cycles under mild and strong conditions. For each condition, six devices were averaged. The uncertainty represents two standard errors. The values in black represent the efficiency from the reverse sweep, and the values in grey and in brackets represent the efficiency from the forward sweep.
	PC61BM precursor solution concentration (mg mL-1)
	With TiOx?
	TiOx deposition conditions
	PCE (%)

	20
	No 
	- 
	11±1
(12±2)

	5
	No
	-
	5.0±0.5
(3.4±0.9)

	5
	Yes
	Mild
	7.4±0.6
(4.5±0.3)

	5
	Yes
	Strong
	8.1±0.5
(5±1)



In Table S3, all devices were made in the same batch, and the control (using 40 nm PC61BM) had a similar efficiency as the control MAPbI3 devices shown in the main text in Figure 3c. From Table S3 and Figure S14, it can be seen that using the thinner PC61BM layer resulted in lower performance, with a significant increase in hysteresis. This can be attributed to the 5 nm PC61BM layer not uniformly covering the perovskite (as can be observed from Figure S12), resulting in the MAPbI3 layer being in close proximity to or in direct contact with the Ag top electrode, which would result in an increased shunt current. Increased shunting is consistent with the reduction in open-circuit voltage from 0.96±0.02 V (40 nm PC61BM) to 0.83±0.03 V (5 nm PC61BM). Depositing the TiOx over the devices with the thin PC61BM layer resulted in an improvement in performance. This is likely due to the TiOx covering the exposed MAPbI3 and reducing shunting with the top Ag electrode, and the open-circuit voltage increased to 0.89±0.01 V (TiOx deposited under mild conditions) and 0.92±0.03 V (TiOx deposited under strong conditions). However, the performance did not match that of the devices with a 40 nm layer of PC61BM that fully covered the perovskite. We therefore used 40 nm PC61BM in all devices investigated in the main text in this work. 

[image: ]
Figure S14. Comparison of the light current density – voltage curves of the champion MAPbI3 solar cells for each condition shown in Table S3. The dashed lines represent reverse sweeps (starting from 1.2 V to -0.2 V), and the solid lines forward sweeps.  
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Figure S15. Current density vs. applied bias curves for triple cation perovskite solar cells with an overlayer of TiOx grown on top by AP-CVD at 220 C. H2O vapor was used as the oxidant and 5 AP-CVD cycles was used. A comparison to the control device with no TiOx overlayer is given.
[image: ]
Figure S16. (a) Illuminated current density – voltage curves and (b) external quantum efficiency (EQE) of triple-cation perovskite devices without or with TiOx overlayer grown under strong conditions. The EQE measurements are displayed down to 475 nm wavelength because our instrument is not sensitive at shorter wavelengths. 

We fabricated triple-cation perovskite devices with Al top electrodes, since Al is more reflective than Ag and forms an Ohmic contact with PC61BM without the need for a thin bathocuproine layer. This gave a higher-performing control device that had a peak power conversion efficiency of 15.9% (or 15±1% averaged over six devices, Table S4). As shown in Figure S16, we improved the performance to 17.1% using a TiOx overlayer grown under strong conditions (or 16.2±0.4% averaged over six devices, Table S4). The improvement in performance primarily stemmed from an improvement in the fill factor from 70±3% to 76.4±0.3% due to an increase in the shunt resistance from 3000±1000  cm2 to 4000±3000  cm2. This is likely due to the spin-cast PC61BM layer being slightly non-compact (Figure S17) and the dense AP-CVD TiOx forming a pinhole-free layer covering it that reduced shunt pathways. There was also a small increase in short-circuit current density (JSC), as can be seen by comparing the average JSC values (Table S4) and the EQE measurements (Figure S16b).

Table S4. Performance of triple-cation perovskite solar cells without or with TiOx overlayer grown under strong conditions. The performance metrics from the reverse sweep is given in black, while the metrics from the forward sweep is given in gray in brackets. The integrated JSC is from the EQE curves shown in Figure S16.
	With TiOx?
	VOC (V)
	JSC (mA cm-2)
	FF (%)
	PCE (%)
	Integrated JSC (mA cm-2)

	No
	1.01±0.01
(1.02±0.01)
	20.4±0.8
(20.5±0.8)
	70±3
(70±2)
	15±1
(15±1)
	20.2

	Yes
	0.99±0.01
(0.99±0.01)
	21.5±0.5
(21.4±0.6)
	76.4±0.3
(76.7±0.5)
	16.2±0.4
(16.3±0.4)
	21.1



[image: ]
Figure S17. Atomic force microscopy showing the morphology of (a) MAPbI3 thin film (rms = 14 nm) and (b) MAPbI3 coated with PC61BM (rms = 8).

[image: ]
Figure S18. Current density vs. voltage for TiOx grown on ITO-coated glass and with an Al top-electrode. The linear regions (which have a gradient of unity on a log-log scale) were fit in order to determine the resistivity of the films. The device area, defined by the overlap between the Al and ITO electrodes, was 0.035 cm2. 

[image: ]
Figure S19. Tauc plot of TiOx grown under mild and strong conditions, along with a comparison with TiOx grown at 60 °C using H2O vapor as the oxidant. The band gaps extracted are 3.53 eV (mild), 3.45 eV (strong) and 3.51 eV (60 °C, H2O). 
[image: ]
Figure S20. Growth rate and regime of SnOx grown at 100 C using O2 as the oxidant compared to 150 C using H2O as the oxidant. (a) Film thickness (after 200 AP-CVD cycles) vs. exposure time per cycle, (b) film thickness vs. total deposition time, and (c) film thickness vs. number of AP-CVD cycles.

[image: ]
Figure S21. X-ray diffraction pattern of SnOx grown under mild and strong conditions on glass. 800 AP-CVD cycles were used to grow the films under both conditions. SnOx grown under mild conditions was 380±20 nm thick. The SnOx film grown under strong conditions was 250±8 nm thick.

[image: ]
Figure S22. Refractive index against wavelength for AP-CVD SnOx grown under mild and strong conditions on Si with thermal oxide. 300 AP-CVD cycles were used. From spectroscopic ellipsometry, the thicknesses of the films were 19 nm under both conditions. Thicker films (~250 nm) were deposited on glass to determine the absorptance, which was calculated from the measured transmittance and reflectance of SnOx grown under (b) mild and (c) strong conditions. The transmittance and reflectance were measured inside an integrating sphere using a Shimadzu UV-3600 Plus UV-VIS-NIR spectrophotometer. While SnOx grown under mild conditions had a clean band-edge, SnOx grown under strong conditions had a sub-bandgap state. The absorption coefficient of SnOx grown under (d) mild and (e) strong conditions are shown plotted on a semi-logarithmic scale. The Urbach energy (EU) of SnOx grown under mild conditions was found to be 25 meV, but the Urbach energy of SnOx grown under strong conditions could not be fit due to the sub-bandgap absorption feature. 



Figure S23. Comparison of the valence band spectra of SnOx grown under mild and strong conditions with reference spectra for SnO and SnO2 [8,9].


[image: ]
Figure S24. Atomic force microscopy images of SnOx grown under (a) mild and (b) strong conditions on glass. The rms roughness of the films were (a) 0.4 nm and (b) 0.5 nm.

[image: ]
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Figure S25. Thickness variation of AP-CVD SnOx grown under strong conditions over the entire deposition area. Selective area deposition was used to remove the deposited film over a regular grid. The step edges were measured using Dektak profilometry. SnOx grown under mild conditions has similar uniformity over the deposition area. 


[image: ]
Figure S26. X-ray photoemission spectroscopy measurements of SnOx grown at 100 C using O2 gas oxidant onto Au-coated silicon substrates. (a) Survey spectrum, and (b) Sn 3d, (c) O 1s, (d) N 1s and (e) C 1s core level peaks. The residuals from fitting are shown above the fits. The x value for SnOx found by fitting the Sn 3d5/2 core levels and component of the O 1s core level associated with oxygen bonded to Sn was found to be 1.98±0.07. The N and C species on the surface are likely due to residues from the tetrakis(dimethylamido) organic ligands in the tin precursor.


[image: ]
Figure S27. X-ray photoemission spectroscopy measurements of SnOx grown at 150 C using H2O vapor oxidant onto Au-coated silicon substrates. (a) Survey spectrum, and (b) Sn 3d, (c) O 1s, (d) N 1s and (e) C 1s core level peaks. The residuals from fitting are shown above the fits. The x value for SnOx found by fitting the Sn 3d5/2 core levels and component of the O 1s core level associated with oxygen bonded to Sn was found to be 1.98±0.07. The N and C species on the surface are likely due to residues from the tetrakis(dimethylamido) organic ligands in the tin precursor.


[image: ]
Figure S28. X-ray diffraction patterns of (a,c) MAPbI3 and (b,d) triple cation perovskite thin films with 100 AP-CVD cycles of (a,b) ZnO and (c,d) SnOx deposited on top under mild and strong conditions.

[image: ]
Figure S29. Close-up of the PbI2 and delta-phase (#) peaks from Figure S28 for (a) MAPbI3 and (b) triple cation perovskites with ZnO grown under mild and strong conditions. (c) MAPbI3 and (d) triple cation perovskite films with SnOx grown under mild and strong conditions. Residual PbI2 is present in the triple cation perovskites when it is as-grown. When ZnO is grown on top under mild or strong conditions, the PbI2 peak intensity increases. A PbI2 peak also forms when ZnO is grown on top of MAPbI3 under mild conditions. When ZnO is grown over MAPbI3 under strong conditions, no PbI2 peak is observed, but the (002), (110) perovskite peak shifts to lower 2 angles, suggesting the perovskite lattice to be affected. By contrast, when SnOx was grown over MAPbI3, no PbI2 peak formed under mild or strong conditions. But under strong conditions, a peak consistent with the delta phase appeared. For the triple-cation perovskites, the PbI2 peak did not increase when SnOx was grown under mild conditions, but did increase slightly when grown under strong conditions. A delta phase peak also appeared when SnOx was grown on the triple-cation perovskite under strong conditions, which may have been due to the tin precursor removing the FA+ cation component, resulting in a more Cs-rich perovskite that may have formed a small quantity of delta-phase. Despite these changes, the degradation product peaks were small compared to the perovskite peak, which contrasts to previous work on growing SnO2 by ALD on cesium-formamidinium perovskites at 150 C, where the perovskite was almost completely degraded to PbI2 [10].  

[image: ]
Figure S30. Cross-sectional scanning electron microscopy (SEM) image of Cs0.17FA0.83Pb(I0.83Br0.17)3 wrinkled perovskite thin film deposited on glass with PC61BM and 20 nm AP-CVD SnOx grown on top. The different layers have been shaded on one side for clarity. The dashed light blue line indicates the boundary between the perovskite/PC61BM with the SnOx layer. The white arrow indicates an area with no visible PC61BM coverage, but which is covered by the SnOx layer. The SEM image was obtained using a LEO VP-1530 field emission scanning electron microscope with a vacuum level of 6 × 10-6 mbar and acceleration voltage of 3 kV. The cross-section was sputter coated with <10 nm Pd, which was grounded using carbon tape to prevent charge accumulation.

[image: ]
Figure S31. Transmittance of (a) SnOx thin films grown with 100 cycles by AP-CVD onto glass and (b) TiOx thin films grown with 5 cycles by AP-CVD onto glass. The transmittance measurements were corrected for the transmittance of the glass. UV-visible spectrophotometry measurements were taken inside an integrating sphere using a PerkinElmer UV/VIS/NIR Spectrometer Lambda 750. The transmittance measurements were corrected for the absorbance of the glass by calculating the film transmittance (Tfilm) to be Tfilm = Tmeas/Tglass, where Tmeas is the transmittance measured from the film on glass and Tglass is the transmittance of the glass substrate. The spectrometer was calibrated to 0% and 100% transmittance before measuring the samples. 

[image: ]
Figure S32. Performance of Cs0.17FA0.83Pb(I0.9Br0.1)3 perovskite devices without (REF) or with 60 nm SnOx grown on top. Twenty devices were used for each condition. Comparison of the (a) short-circuit current density, (b) power conversion efficiency (PCE), (c) fill factor and (d) open-circuit voltage. The device structure was glass/FTO/poly-TPD:F4-TCNQ/Cs0.17FA0.83Pb(I0.9Br0.1)3/PC61BM/(SnOx)/BCP/Cr/Au. We deposited the hole transport layer on FTO-coated glass substrate by spin-coating poly-TPD doped with 20% F4-TCNQ (0.5 mg mL-1) in toluene at 2000 rpm for 30 s, followed by annealing in ambient air at 130 °C for 10 min. The perovskite precursor solution (1.4 mol L-1) was prepared by dissolving FAI, CsI, PbI2 and PbBr2 in a mixed solvent of DMF and DMSO (4:1 v/v %). Perovskite films were prepared in the glovebox using a solvent-quenching method with anisole as the antisolvent. We spin-coated the as-prepared perovskite precursor solution using a two-step programme at 1000 rpm and 5000 rpm for 10 s and 35 s respectively. We dropped 200 L anisole onto the substrates 7 s before the end of the programme. The films were annealed at 100 °C for 1 h. The PC61BM and SnOx were deposited using the same procedure as the other devices in this paper. The SnOx was deposited under mild conditions by AP-CVD. A thin layer of bathocuproine (BCP, 0.5 mg mL-1 in isopropanol) was spin-coated at 4000 rpm for 20 s, followed by annealing at 100 °C for 1 min. Finally, 3 nm Cr and 100 nm Au were evaporated under high vacuum.
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