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Figure S1. Mapping of thickness distribution after ALD-Al2O3 deposition on the Si wafer at 69 
points. The average thickness after 600 cycles was 35.24 nm with a standard deviation of <0.2 nm 
on an area of ~78.54 cm2. This shows the uniformity of the ALD coating on a large substrate. 



Figure S2. a) TEM image of the cross-section of sputtered Pt and ALD-Al2O3 on top of a perovskite 
with corresponding EDX line scan (in white). b-e) EDX mapping of the elemental distribution of 
b) Al (yellow), c) O (blue), d) Pt (red), and e) Pb (violet). f) Line distribution of Al, O, Pt, and Pb 
in the cross-sectional TEM image. The Al and O line spectra were fitted using Gaussian profiles. 



Figure S3. a) TEM image of the cross-section of ALD-Al2O3 on top of the perovskite marked with 
regions I, II, and III for sputtered Pt, ALD-Al2O3, and perovskite, respectively. b-d) EDX spectra 
of regions I, II, and III for sputtered Pt, ALD-Al2O3, and the perovskite, respectively. The arrows 
indicate the position of oxygen and aluminum.



Figure S4. Wide-range reflection electron energy loss (REEL) spectra of ALD-Al2O3 formed on a 
perovskite surface. The primary electron energy was 50 eV. The inset in the figure shows a 
magnified view of the REEL spectrum to calculate the bandgap by measuring the energy loss at 
which the inelastic scattering of electrons (slanted dotted red line) begins to occur from the elastic 
peak (center solid red line).

Figure S5. 3D conductive atomic force microscopy (c-AFM) images of the ALD-2 nm films with 
the current contrast overlaid on the topological image collected over the same area, revealing the 
microstructure-specific response in the dark at 400 mV. The scale was the same for the uncoated 
and ALD-2nm films and fixed from 16 pA to 18 pA.



Figure S6. Two-dimensional images of 5 μm × 5 μm region of uncoated perovskite thin film 
(same magnification): (a) topography, (b) dark ISC with a mask for 0.5 pA.

Figure S7. Two-dimensional images of 5 μm × 5 μm region of ALD-0.75nm perovskite thin film 
(same magnification): (a) topography, (b) dark ISC with a mask for 0.5 pA. 

Figure S8. Two-dimensional images of 5 μm × 5 μm region of the ALD-2nm perovskite thin film 
(same magnification): (a) topography, (b) dark ISC with a mask for 0.5 pA. 
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Figure S9. XRD of the fresh uncoated and ALD-0.75nm perovskite films.

Figure S10. The ratio of the intensity at various reflections of perovskite (PVSK) and PbI2 for 
uncoated (Control) and ALD-0.75nm (Target) perovskite films for fresh and aged (light) samples. 



Figure S11. XPS spectra of a) O1s, b) Al2p, and c) Pb4f from the uncoated and various ALD 
thicknesses on the perovskite films. d) Intensity ratio of Al and Pb e) Atomic concentrations of Al 
and O after baseline correction of the ALD-AlOx film thickness (as a function of ALD cycles) 
were obtained from XPS measurements, namely Pb 4f, Al 2p, and O 1s.

Although surface -OH groups are considered the most common chemisorption sites for TMA on 
Si substrates, earlier reports have shown that TMA can react with methylammonium (MA = 
CH3NH3

+) cations from the perovskite (in the absence of -OH groups) on the investigated 
perovskite to form alumina.1 Previous work on ALD on MA-rich perovskites also supports this, 
where SEM images showed degradation after ALD due to voids in the MA-rich areas.2 Thus, we 
have performed a series of growth experiments and XPS analysis of the ALD layer with three 
different thicknesses, 14 cycles (~0.75 nm), 28 cycles (~2 nm), and 56 cycles (~4 nm) on FA-rich 
perovskite. Hence, we hypothesize the following growth mechanism: 

1. The presence of a broad O1s peak, in Figure S11a, on the pristine perovskite (without any ALD 
layer) at binding energies (B.E.) 531.5 – 533.0 eV is characteristic of C-O (organic bond) and O-
H (surface hydroxyl) groups at higher and lower B.E., respectively. The presence of surface 
hydroxyl groups on pristine perovskites could have various origins, such as the presence of oxygen 
in the glove box or the presence of an unremoved DMSO solvent, as reported in our recent work.3 
We posit that these hydroxyl (–OH) bonds are uniformly present on the surface. 

2. The first cycle of TMA could react with the –OH bonds present on the surface and function as 
the first anchoring site for the next ALD cycle. With the subsequent ALD half-cycle, the 
chemisorbed Al-OH reacts with H2O, leading to Al2Ox(OH)6–2x at room temperature.4 The peak 
shift of Al2p (and other core levels of perovskite such as Pb4f) in Figure S11b and Figure S11c 
towards lower BE values after initial ALD cycles has been also observed previously and can be 



attributed mainly to the presence of OH groups in the film and, in addition, to a filling/de-filling of 
excitonic states, i.e., charging/recharging processes, resulting in Fermi energy shifts.5

3. In the O1s region of Fig. S11a, it can be seen that after 14 ALD cycles a shift towards higher 
B.E. from 532.1 eV to 533.1 eV, as compared to the C-OH bond (marked with a left arrow). Its 
binding energy value of about 533 eV suggests that the Al is bonded with OH groups. While 
increasing the number of ALD cycles we observe a higher intensity of the new peak at about 532.1 
eV that can be attributed to alumina (marked with a right arrow).

4. With further deposition cycles, we can also see a transition from the Al-OH bond (B.E. of 75.6 
eV) dominated to the Al-O bond (B.E. of 74.7 eV), as the final thickness of the ALD layer reaches 
4 nm This shows that the first few nanometers of the composition of ALD alumina are not strictly 
stoichiometric Al2O3 but can rather be described as AlOx.

In addition, we have shown the ratio of the peak intensities of Pb4f and Al2p in Figure S11d. The 
intensity of the Pb signal decreased, and the intensity of the Al signal increased substantially. This 
is in good agreement with the exponential decay in the electron signal coming from the underlying 
perovskite (Pb-based) due to a uniform coverage of a thin film on the top.6 Further, we have also 
shown the atomic percentage ratio of Al and O with increasing ALD cycles in Figure S11e. This 
also indicates a non-stoichiometric ratio of Al and O in the ultrathin ALD film. 



Figure S12. XPS spectra of S2p, N1s, and O1s from the spiro on a) uncoated, b) ALD-0.75nm 
perovskite films before (Fresh) and after in-situ aging operando aging inside NAP-XPS (Aged) 
during NAP-XPS under dark and illumination conditions.



Figure S13. XPS spectra of I 3d5/2 before (Fresh) and after in-situ operando aging inside NAP-
XPS (Aged) for an uncoated and an ALD-0.75 nm perovskite film.

Figure S14. XRD of uncoated and ALD-0.75nm perovskite films with spiro-OMeTAD overlayer 
before aging (Fresh).



Figure S15. Mean EL time before and after MPPT for the uncoated and ALD-0.75nm devices.

Figure S16. Series of EL images at different time intervals for the uncoated and ALD-0.75nm 
perovskite devices before and after MPPT. The time scale is different for each sample due to their 
individual lifetimes.



Figure S17. Optical images of the uncoated and ALD-0.75nm devices from the glass side 
illumination after the MPPT test.

Figure S18. Gibbs free energy vs. reaction coordinate showing the degradation of perovskite 
with and without spiro-OMeTAD. The ALD-promoted pathway (red) has a higher activation 
energy vs the conventional pathway (black). 



Figure S19. Statistics of photovoltaic parameters of uncoated, ALD-0.75nm and ALD-2nm 
devices (a) VOC, (b) FF, (c) JSC, and (d) PCE.

Figure S20. EQE of the of uncoated and ALD-0.75nm devices.



Figure S21. Surface photovoltage (SPV) of the uncoated and ALD-0.75nm perovskite films 
measured by KPFM. 

Figure S22. a) The Nyquist plots of EIS characteristics of the uncoated and ALD-0.75nm devices 
measured under short-circuit conditions with 10 mV AC voltage under dark in the frequency range 
of 0.01 Hz and 100 kHz. The inset in (a) shows the equivalent circuit. b) A zoom-in of the Nyquist 
plot in (a). The equivalent circuit used in the fitting of the Nyquist plot is a combination of an 
external series resistance (R1), two non-ideal capacitive elements called constant-phase elements 
(CPE1 and CPE2), and two resistive (R2 and R3) elements.



Figure S23. Normalized to 1 PCE during shelf-aging for 180 days in the dark (<10% R.H.)

Figure S24. (a-c) Normalized to 1 Voc a), Jsc b), and FF c) as a function of time at the maximum 
power point (MPP). The unencapsulated 180-day shelf-aged PSCs were kept for 1000 min under 
ambient conditions (> 50% R.H. and 298 K) under 100 mW·cm-2 illumination and J-V 
measurements were performed every 10 min.



Figure S25. J-V curve of uncoated and ALD-0.75nm device for every 10 minutes (indicated in 
red arrow) during the MPPT without any encapsulation in ambient conditions.

Figure S26. Corresponding irradiance, temperature, and relative humidity conditions during 
outdoor stability measurement in Barcelona, Spain, during the measurement period.



Table S1. Summary on main photovoltaic parameters of control and target devices.

Sample VOC (V) JSC (mA cm-2) FF (%) PCE (%)
Forward 1.13 21.9 76.4 18.9Uncoated
Reverse 1.14 22.0 76.2 19.1

Forward 1.16 22.1 79.6 20.4ALD-0.75nm
Reverse 1.16 22.1 79.9 20.5

Table S2. Fitting parameters of the Nyquist plots used for the uncoated and ALD-0.75nm perovskite 
devices measured by EIS.

R1 (Ω) R2 (kΩ) R3 (kΩ)

Uncoated 1.7 3.2 2.3

ALD-0.75nm 1.7 3.0 4.6
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