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Experimental procedures

Materials: PTAA had been purchased from Osilla. Lead (II) iodide (Pbl,, 99.999%),
methylammonium iodide (MAI, >=99%) and [6,6]-phenyl-C¢;-butyric acid methyl ester
(PCs;BM) were purchased from FOMaterials (Russia). N,N-Dimethylformamide (DMF,
>99.5%, anhydrous), N-Methyl-2-pyrrolidone (NMP, 98%, anhydrous), chlorobenzene
(anhydrous, 99.9%, CB) and toluene (anhydrous, 99.5%), bathocuproine (BCP), 4,7-diphenyl-
1,10-phenanthroline (BPhen) C¢ and WO; (Nano powder) were purchased from Sigma-

Aldrich.

Instrumental measurements

UV-VIS spectra of thin perovskite films were recorded using a two-channel fiber optic
spectrometer Avantes AvaSpec-2048 with a two-dimensional matrix photodetector.
Photoluminescence spectra were measured using an Ocean Optics OIQE-SET-02121 fiber
optic spectrometer with a cooled high-sensitivity detector. XRD patterns of perovskite films
and powders were collected using a Malvern PANalytical Aeris diffractometer with CuKa
source at 20 °C. FTIR spectra were obtained using Spectrum 100 Perkin Elmer FTIR
spectrometer. The IR s-SNOM measurements were conducted in an inert atmosphere within a
nitrogen-filled glove box by neaSNOM (Neaspec) in PsHet mode. VIT P/Pt cantilevers (NT-
MDT) with Pt tip coating, a probe radius of 25 — 35 nm, A typical resonance frequency of

approximately 300 kHz and a force constant of 50 N/m were utilized for the measurements.

The X-ray photoelectron spectroscopy (XPS) spectra were measured on a PHI 5000
VersaProbe spectrometer (ULVAC-Physical Electronics, USA) with a spherical quartz
monochromator and an energy analyzer operating in the energy range from 0 to 1500 eV.
Electrostatic focusing with magnetic shielding makes it possible to obtain an energy resolution

of AE < 0.5 eV for Al Ka radiation (1486.6 eV). The analytical chamber was evacuated using



an ion pump. The XPS spectra were measured at a pressure of 107 Pa and calibrated on C 1s

energy level of MAPDbI; corresponding to C-H bond (285 eV).
Device fabrication:

ITO glass substrates were washed with deionized water, acetone, isopropanol for 10 min each
in succession, and plasma treatment for 10 min at power 60. After that, all samples were
transferred to the glovebox for deposition of functional layers. The PTAA (2.5 mg ml"! in
toluene) as hole transport material was spin-coated onto ITO (4000 rpm for 30 s), followed by
an annealing at 100 °C for 10 min. Typically, the solution of perovskite consists of 1.45 M of
Pbl, and 1.4 M of MALI in the solvent mixture of 850 ul of DMF and 150 pl of NMP. MAPbI;
solution (100 pL) was spun onto ITO/PTAA substrates at 4000 rpm for 40 s and then the films
were quickly quenched with 160 pl toluene dripped 14 s after the start of the program. The
films deposited were annealed at 80 °C for 5 min. The benchmark PC¢BM ETL was spin-
coated from solution (30 mg ml™! in CB) at 3000 rpm for 30 s. For WOx as ETL, it was
deposited by thermal evaporation with different thickness (10, 20, 30, 60, and 90) in a high
vacuum of ~1 x 1075 mbar (rate ~ 0.1 - 0.5 A s1). Also, Cgo (10 nm), BCP (4 nm), and BPhen
(4 nm) layers were deposited onto the MAPbI; films by thermal evaporation technique. Finally,
Al (100 nm) top electrode was deposited by thermal evaporation through a shadow mask thus

defining the device area of 0.08 cm?.
Device characterization:

The J-V characteristics of the devices were measured inside MBraun glove box under nitrogen
atmosphere using Advantest R6240A source-measurement unit and KHS Steuernagel solar
simulator as a light source to simulate 100 mW cm™2 AM1.5G solar spectrum. The light flux
was checked before and after the measurements using a calibrated silicon diode with a known

spectral response. The experimental Jgc values were crosschecked with the values obtained by



integrating the EQE spectra against the standard AM1.5G spectrum. The EQE measurements
were performed under ambient conditions for nonencapsulated devices. The EQE setup
included 300 W Xenon lamp as a light source and automatic monochromator from LOMO
instruments, Russia. The signal detection and processing were performed using SR510 lock-in
amplifier combined with SR540 optical chopper (both from Stanford Research Instruments,

USA).

Stability measurements

The device operational stability was investigated using a homemade setup integrated into
MBraun glovebox. The illumination was provided by metal halide lamps (MHI800) with a
spectrum similar to the solar AM1.5G spectrum. The light intensity was set at 100 mW cm™,

and the temperature was maintained at 60 °C.
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Figure S1. (a) XPS W 4f spectra of MAPbI;/WOx and MAPDbI;/Cso/WOx films.



—— MAPDI; w/o ETL
—PC,,BM

PL intensity, counts

700 750 800 850 900
Wavelength, nm
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samples.
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Figure S3. Statistics of device parameters for solar cells on ITO/PTAA MAPbI;/WOyx/Al with

different thickness of WOy as single ETL compared to PC¢BM as control.
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Figure S4. The AFM profile of the scratched WOy film confirming that the real thickness is
very close to the target value of 30 nm.



Table S1. Performance characteristics of p-i-n PSCs with different ETL composition.

ETL Voc, Vv Jsc, mA Cl’l’l'2 FF, % PCE, %
F 1.025 22.4 65.7 15.1
WOx
R 1.036 23.0 67.0 16.0
F 0.992 22.7 64.0 14.4
WO,/BCP
R 0.998 22.4 63.7 14.3
F 0.872 22.9 57.9 11.6
WO,/Bphen
R 0.985 22.8 57.3 12.9
F 1.058 22.9 79.0 19.1
Ceo/ WOy
R 1.080 23.2 76.6 19.2
F 1.079 22.7 65.6 17.1
Ceo/WO,/BCP
R 1.069 23.0 70.2 17.3
F 1.089 22.3 66.0 16.0
Cso/WO,/Bphen
R 1.028 23.0 68.2 16.1
F 1.086 23.0 76.1 19.0
PCBM
R 1.082 23.0 76.0 18.9
F 0.832 22.5 53.3 10.0
PCBM/WO4
R 0.824 22.7 50.6 9.5
F 0.960 20.6 452 8.9
PCBM/WO,/BCP
R 0.984 20.8 43.0 8.8
F 0911 22.1 25.9 5.2
PCBM/WO,/Bphen
R 0.893 22.1 26.1 5.2
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Figure S6. Comparative stability analysis of the operational stability of n-i-p and p-i-n MAPbI;
perovskite solar cells under light illumination at different temperatures. This comparison

highlights the remarkable stabilization effect of WOx ETL.
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Figure S7. Evolution of the characteristics of ITO/PTAA/MAPDI;/ETL/AI perovskite solar
cells with WOy and PC¢;BM as ETLs under continuous light soaking (60 °C, 100 mW c¢m):

open-circuit voltage (a), short-circuit current density (b), fill factor (c) and power conversion

efficiency (d).
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DFT calculations

Density Functional Theory (DFT) calculations were performed within generalized gradient
approximation with Perdew-Burke-Ernzerhof (PBE) functional! and spin-unrestricted
formalism as implemented in CP2K program.>? The core atomic levels were described with
Goedecker-Teter-Hutter (GTH) type pseudopotentials*, whereas double-zeta quality basis sets
were used for the description of valence electrons. Long rage van der Waals interaction were
taken into account by employing Grimme D3 correction.> Geometries of all studied structures
were optimized until forces of 0.03 eV/A were reached. Kinetic energy cutoff was set to 550
Ry, whereas the overall SCF accuracy was set to 10%. The electronic structure of WO; was
described by DFT+U approach®, applying an effective Uy to the W-5d electrons. Figure S9

represents a linear fitting of the computed band gap dependence on the U, parameter.
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Figure S9. Dependence of the computed band gap energies (Egg) on the U term. Dashed line
denotes linear fit to the computed values, whereas the red area represents range of
experimentally measured band gaps. Cell optimizations of bulk WO; were performed for each

Ueff value.
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Our results show that Ug of 2 eV can effectively reproduce experimental band gap, therefore,
we utilized this value for further calculations of WO, (100) surface and the interface. To prepare
the surfaces of the MAPDbI; and WO, we firstly performed cell optimizations of the bulk
MAPDI; and WO;. (CH3;NH;3)Pbl; (MAPbI;) and WO, (100) surfaces were used for slab
calculations with a vacuum region added above the slab in order to separate periodic images
along the direction perpendicular to the surface. All calculations were performed under the

periodic boundary conditions.

For MAPbI;/WOy interface preparations, we firstly pre-equilibrated interface using classical
molecular dynamics (MD) simulations as implemented in CP2K software. As an initial step we
constructed the interface by placing WO, (100) surface over the MAPbI; (100) facet. MAPDI;
atoms were fixed in all coordinates, whereas WO; atoms were completely relaxed. We
performed MD simulation within the NVT ensemble at 1000 K for 1 ns. Later, the final
geometry of the previous step was used as a starting geometry in NPT run at 1 atm and 300 K
for 5 ns. Interactions between the atoms were modelled using Lennard-Jones potential using
classical Lorentz-Berthelot combination rule. Force field parameters for MD simulation were

taken from previously reported sources and summarized in Table S2.7#

Table S2. Interatomic parameters for Lennard-Jones potential describing the interatomic

interactions.
Atom type g [eV] ¢ [A]
Pb 0.00109 3.21
I 0.06389 4.01
C 0.00450 2.80
N 0.00185 3.79
H(C) 0.00412 1.54

15



H(N) 0.00151 2.04

W 0.00300 2.33

O 0.00778 3.12

Electrostatic charges of all atoms were taken from pure materials slabs calculations using

RESP charges approach represented in CP2K for periodic systems.

For intramolecular parameters of the methyl ammonium cation, we used AMBER force field
parameters as were suggested by Seijas-Bellido et al.® and summarized in the Table S3.

Chemical bonds and molecular angles were described within the harmonic approximation.

Table S3. Bond parameters of methyl ammonium cations

Bond K [eV/A?] RO [A]
H(C)-C 29.3741 1.091
C-N 25.46276 1.499
H(N)-N 32.0019 1.033

Table S4. Angle parameters of methyl ammonium cations

Angle K [eV/rad?] O [deg]
H(C)-C-N 4.250 107.9
H(C)— C — H(C) 3.382 110.7
H(N)-N—C 4.007 110.1
H(N) - N — H(N) 3512 108.1

16



One torsion angle (H(C) — C — N — H(N)) was described using CHARMM like potential with
the following force constant (K = 0.0067473 [eV]), multiplicity of the potential (M = 3) and

phase of the potential (¢ = 0 [deg])

MAPbI3 i
:
> M /\/\/\ N M
_—
@] WO;
)

E - Ef [eV]

Figure S10. Total density of states of bulk MAPbI; and WO;. Crimson line denotes the position

if the Fermi level.

Surface energies and the interface formation energy can be computed using following

expressions:

_ ESurf. - nEBulk
2A

ESE_

2

(S1)

where Eg,¢ 1s the final energy of the optimized surface, n is the number of atoms in the surface,

Egui 1s the energy of bulk material per atom and A is the surface area.
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bulk bulk
Emnterface = nMAPbI3E MAPbI, ~ nwoxE WO3  mapbi;  wo,

E. = - E - E
IF A SE SE

3

(82)

n
. C MAPbI, .
where Ejyerface 1S the energy of the optimized interface structure, 3 1s the number of atoms

n
in MAPDI; part of the structure, WOy is the number of atoms in WOy part of the structure,

E bulk E bulk

MAPPL; i< the energy per atom of bulk MAPbI;, whereas VO3 is the energy per atom of bulk

MAPbI wo_
WOs;, E e is the surface energy of MAPbI; (100) surface and Ese is the surface energy

of amorphous WOy surface.

Additional discussion of the computational results

Figure 5 of the main text summarizes our computational results of bulk materials,
surfaces and the interface. Our findings show that in the MAPbI; (100) surface is the most
favorable, showing negative surface energy of -0.98 J/m? (Equation S1), which can be related
to the stabilization effect of the surface adsorbed methylammonium iodide (MAI).!? Previous
theoretical!'~!7 and experimental'’-!° studies show that 100 facets are among the most stable
surfaces for MAPbI; and WO;, therefore, these initial structures were used for bare surfaces
optimization. We checked representability of our surface models by direct comparison of the

band gap (Egg) and the work function (Ewr) values with the experimental values.

Work function of the material can be computed as the difference between the Fermi
and vacuum energies. Thus, the computed Ewr of MAPDI; is 4.78 eV, which is close to the
previously reported experimental Ewg of 4.70 eV'3. At the same time, theoretically obtained

Epg from density of states distribution analysis of 1.88 eV is 0.28 — 0.38 eV larger than

18



experimentally measured band gap for MAPDI;. For the bulk materials, positions of the Fermi
levels were considered to be equal to the reversed values of the predicted Ewg of the
corresponding surface. For the bulk MAPbI; we observed slight shrinkage of the band gap to
1.65 eV (Figure S2), which effectively reproduces experimental Egg (experimental: 1.50 eV
(this work), 1.55', 1.60%%). Analyzing computational results of the bare WO, (100) surface
formation, we show that the surface energy of such facet is 0.33 J/m?, whereas formation of
amorphous WO, surface is 0.70 J/m?. As we can see from Figure 5 of the main text, formation
of the surface significantly tightens the bulk WO; band gap from 3.07 eV (experimental: 3.1
eV (this work), 2.6 — 3.212, 3.2621) to almost 0.50 eV for the WO, (100) facet and 1.67 eV for
the amorphous WO,. Theoretical work functions of these surfaces are 8.94 and 7.88 eV for the
100 and amorphous facets, which are far from the experimental Ewr for WO; (6.74 eV?!),
however, recent study of Sanchez et al.??> showed the increase of the work function to 8.70 eV
for the WO, films obtained at 20 Pa. For the construction of the energy diagram (Figure 5 of
the main text) we used experimentally obtained position of Fermi level (-6.74 eV). Now, we
are moving to the description of the interface of MAPbI;/WO, with the interface formation
energy of 1.12 J/m? (Equation S2), whereas cohesive energy for such structure is also positive
of 1.80 eV. Additionally, interface formation also decreases the BG width to 0.30 eV. This
happens due to the intermediate electronic states. Figure S11 shows the projected density of

states distribution of all studied structures.

19



MAPbI3 (100)

TDOS WM |-5p WM Pb-6p
[

EFermJ'

WO, (100)

TDOS WEE W-5d W 0O-2p

PDOS [eV~!]

Figure S11. Representation of density of states of the studied structures. Dashed line represents
the position of the Fermi level, whereas the chain line denotes the position of vacuum energy

level.

It was shown that VMB of MAPbI; facets are formed mainly occupied by I-2p
electrons, whereas the CMB are dominated by Pb-6p electrons. In the case of WO, surfaces
the band gap reduces to 0.54/1.67 eV (Figure S11), which are 2.53/1.40 eV smaller than the
BG of bulk WO3; and enhances electron transfer properties of this layer. The BG reduction
proceeds through the formation of electronic states the Fermi level as shown in Figure S11,
which are mainly coming from the W-5d electrons. These fluctuations are related to the

formation of W3* charge states at the surface.?
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Finally, we discuss the interface structure analyzing the charge states of the surface
atoms. Figure S12 represents the materials interplay together with the influence of the interface

formation to the oxidation states of the atoms participating in the interface formation.

Il Interface
I Bare surface

Bader charge [e]

Pbl Pb2 W1 W2 W3 W4

Figure S12. Representation of the interface between the MAPbI; and WOy surfaces and the
Bader charges (BC) of the surface Pb and W atoms. The red circles denote oxygen atoms,

whereas the purple circles are iodine atoms.

We analyzed the oxidation states of the interfacial atoms and compared them with the
oxidation states of the corresponding atoms at the bare surfaces. Figure S12 shows Bader
charge (BC) analysis?*?7 that shows difference between the number of valence electrons and
the computed number of electrons derived from the electron density and associated with the
atoms. BC of the surface atoms of the bare surface stays unchanged (0.950e for MAPbI; (100)
and 2.89¢ for WO, (amorphous)) showing slight fluctuations. However, due to the interface
formation Pb atoms loses more electrons showing BC of 1.0le (Pbl) and 1.09¢ (Pb2),
determining more ionic pattern of the interface interactions, whereas for W the BC change is

observed only for the W — I (W3) interacting tungsten atoms. Our findings show that the
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MAPbDI;/WO, interface formation indeed stabilize the interfacial Pb?" states, potentially

suppressing their photolysis as was shown by the experiment.
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