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Supplementary Note 1 — Modelling of the effect of Cs activation

To gain insight into the mechanism of Cs activation in the halide perovskite materials, we
investigated by density function theory (DFT) the effect of Cs coating onto the [001] and [110]
surface of both CsPbBr3 and CsPbls. We note that CsPbBr3 is orthorhombic phase at room
temperature that is slightly different from cubic phase by an octahedral tilting. Upon heating, the
orthorhombic (101) and (202) planes converts into cubic (001) and (002) planes with a minor shift
of 0.2 degree. For simplicity, we use the ideal cubic phase in DFT calculations. This phase
transition does not significantly affect the bandgap or the surface structure of CsPbBr3. We further
checked that computed work functions with Cs coating do not depend strongly on the surface
orientation.

DFT calculations were performed with the Vienna Ab Initio Simulation Package (VASP) using
the projector-augmented wave method.!> We found that the optimal slab thickness was 5
polyhedral (108 atoms and ~29.2 A for CsPbBr3, ~31.4 A for CsPblz) for a balance between
computational cost and accuracy. The surface of the CsPbX3 slabs was modeled in the three-
dimensional periodic-boundary-condition simulation with a vacuum gap in the direction
perpendicular to the surface. An energy cutoff of 480 eV was chosen to generate the plane-wave
basis sets and a gamma-centered (6x6x1) k-points mesh was used to sample the reciprocal space
for the [001] surface. A value of 30 A of vacuum was chosen to minimize the interaction between
periodically repeated slabs. Three cases were investigated for each CsPbX3 slab: a pristine surface,
one layer of Cs on the surface, and two layers of Cs on the surface, as shown in Supplementary
Fig. 3. Dipole corrections normal to the surface were included to numerically correct the
electrostatic potential for spurious dipolar-dipolar contributions between slabs due to the small
inter-slab distances. Here we precise that the Fermi energy in DFT refers to the highest occupied
electron level at zero Kelvin temperature and the vacuum level to the flat part of the dipole
corrected electrostatic potential in the vacuum close to the slab surface. Therefore, and due to
limitations of computational resources to simulate such large systems, the analysis of DFT
computed work functions (i.e. the difference between the Fermi energy and vacuum level) should
be made carefully; however, DFT offers qualitative insights into the basic trends and the changes
of the density of electronic states with respect to the vacuum level induced by Cs coating at the
surface.

Supplementary Table 1 summarizes the change of DFT computed work function of CsPbX3 [001]
and [110] surfaces before and after Cs coating. For the [001] surface, the calculated work function
values of the CsPbX3 materials with pristine surfaces are between 4.3 and 4.7 eV, yielding
reasonable agreement with experimental values.* Upon the addition of a mono- or double-layer of
Cs onto the materials surface, the work function of CsPbBr3 and CsPbls decrease drastically to
values between 1.8 and 2.2 eV. Similar results are observed for the [110] surface. These results
correspond reasonably well with the decrease of the onset energy of the photoelectric effect
measured and reported in Fig. 2a. To gain deeper understanding the origin of the lowered work
function, we calculated partial density of states DOS (Supplementary Fig. 3) of pristine and Cs
coated CsPbBr3 surface. For pristine CsPbBr3, shown in Supplementary Fig. 2a, the DFT Fermi
energy corresponds to the maximum of the valence band and Pb dominates the DOS at the
conduction band minimum. Upon addition of a Cs layer onto the CsPbBr3 surface, as shown in
Supplementary Fig. 2b, the Fermi level increases by about 1.6 eV thus falling into the conduction



band, and the conduction band DOS becomes dominated by electronic states related to Cs. Both
effects contribute additively to the lowering of the work function and provide a qualitative
explanation for the increase of the QE and lowering of the onset energy of the photoelectric effect
upon Cs activation.

Supplementary Note 2

To quantitatively determine the Cs coverage, we monitored the peak ratio between Cs (49 eV) and
Br (55 eV) in the Auger spectra N(E) as a function of Cs coverage, see example in Supplementary
Fig. 8c. This approach is justified as the electron inelastic mean free path for energy between 50
and 500 eV is in the range of 5-10 A.3 Considering the lattice constant of 5.87 A, ® the probing
depth of AES around 50 eV is slightly less than one unit cell of CsPbBr3. In addition, studies on
CsPbBr3 nanocube, nanoplatelets and quantum dots nanocrystals’ show the CsPbBr3 crystal
surface is preferably terminated by CsBr with possible Cs vacancies. Therefore, the surface
stoichiometry within the AES probing depth (5 A) is between Cs2PbBr4 (one unit cell) and CsPbBr3
(top two layers of atoms). The Cs to Br ratio is plotted as a function of QE at 405 nm in
Supplementary Fig. 8b, and curve fittings for Cs and Br peaks are plotted in Supplementary Fig.
8c. The initial Cs/Br ratio (Rcssr) before Cs deposition is 2.5. Assuming each unit cell within the
5 A probing contains 1.5 Cs atoms (average of Cs2PbBr4 and CsPbBr3), we estimate the deposited
Cs coverage by(RCS /r/2.5 — 1) X 1.5. We note that our calculation may overestimate the Cs

coverage since more Cs is deposited, the deposited Cs will contribute more to the Auger signal.
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Supplementary Fig. 1. Photoelectric quantum efficiency spectra of the hybrid halide
perovskite thin films before Cs activation. The horizontal gray dashed line is guide for the
eyes indicating the noise detection level for this experiment.
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Supplementary Fig. 2. Internal quantum efficiency spectra of the (a) CsPbls; and (b) hybrid
halide perovskite thin films. The dashed curves are the corresponding quantum efficiency of
the films.
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Supplementary Fig. 3. Calculated density of states of CsPbBr3 [001] surface without (a)
and with (b) monolayer Cs coating. The total density of states is black and the partial density
of states of are plotted as Pb (purple), Br (red) and Cs (blue).
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Supplementary Fig. 4. Dependence of the photocurrent from a CsPbBr3 thin film on the
potential difference between the film substrates and counter anode. The film was excited with
a 300-nm monochromatic light. The saturation of the photocurrent above 60 V demonstrates that
90 V was adequate to collect all electrons emitted from the thin films.
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Supplementary Fig. 5. Excitation light intensity dependence of the quantum efficiency in
CsPbBr; thin films. Light excite the films with 405 nm and spot size of 1 mm?.
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Supplementary Fig. 6. Typical evolution of the quantum efficiency of halide perovskite thin
films as a function of the Cs deposition time on the films surface. The Cs activation to
maximum performance of the photoelectric effect in halide perovskite thin films is about one hour,
beyond which the Cs surface layer becomes too thick and degrades the quantum efficiency of the

films.
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Supplementary Fig. 7. Comparison of Auger spectra of CsPbBr3 film before and after UHV
annealing. The magnitudes of characteristic Auger peaks from Cs (49 eV), Br (55 eV) and Pb (97
eV) remained unchanged after UHV annealing, indicating the annealing didn’t change the surface
stoichiometry.
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Supplementary Fig. 8. Auger peak analysis for Cs and Br. a, evolution of differential Auger
spectra during Cs activation process. b, evolution of Auger peak ratio between Cs and Br during
Cs deposition and degradation processes. ¢, sample peak fitting for pristine CsPbBr3 and Cs coated

CsPbBrs.



/L

Cs (atom/unit cell) 7’/
0
. —1
—1.3
> 25
& ﬁ{\ —— 2.1 (Degraded) x0.5
I_.Ié - /’ 2.7 (Reactivated)
= #A
Z
o
T T T T : //ﬂ/ T T T T T T T
495 505 515 545 555 565 575 585

Kinetic energy (eV)

Supplementary Fig. 9. The evolution of O KLL transition at 510 eV during Cs deposition. The
spectra are normalized to the Cs MNN transition at 572 eV, which is shown for reference. The Cs
Auger peak amplitude is multiplied by 0.5.

Materials CsPbl; CsPbBr3
Cs
coating None 1 layer 2 layers None 1 layer 2 layers
[001] 4.695 2.128 1.804 4.358 2.133 2.030
[110] 3.879 2.165 2.034 3.878 2.283 2.084

Supplementary Table 1. Calculated work function of the [001] and [110] surfaces of CsPbXs.
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