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I. Computational details

The SIESTA code?> based on a basis set of finite-range of numerical atomic orbitals is used for
the DFT calculations*>. The structural optimizations are performed using van der Waals density
functional with C09 exchange® within the van der Waals DF2 flavor to describe the exchange-
correlation term. The fast inertial relaxation engine (FIRE) algorithm” is used and the force tol-
erance has fixed to 0.02 eV/A. We use the norm-conserving Troullier-Martins pseudopotentials®
to take into account the core electrons for each atomic species. The valence electrons considered
for H, C, N, Br, Pb, O and S are 1Is!, 25s22p?, 2s2p>, 4s%4p°, 5d!06s%6p?, 2s*2p* and 3s23p*,
respectively. A real space mesh grid energy cutoff of 350 Ry with the polarized double { basis set
with an energy shift of 50 meV is used for the calculations. To describe accurately the properties
of the surfaces, we include orbitals with weight in the vacuum region, known as diffuse orbitals®:
diffuse orbitals (5s, 5p, 5d) for Br atom on the top two atomic layers on both sides of the slab
with 30% diffuse orbital size or cutoff radii. A Monkhorst-Pack of 8 x8x8 and 4x4x1 is used for
the bulk and slab systems, respectively. Single point calculations are performed with PBE func-
tional !* including spin-orbit coupling (SOC) on top of vdwDF2-C09 optimized structures. Note
that, SIESTA does not capture symmetries during geometry optimizations; thus, to circumvent
this, the half-sum of the total charge densities across the slab in forward and reverse directions is
taken. This results in more symmetrized density profiles.

The DFT optimized bulk structure of pseudo cubic CsPbBr3 is used to construct the initial slabs.
For surface layer relaxation of slabs, only the atomic positions are allowed to relax. We checked
the convergence of number of octahedra layers to be relaxed at the surface. For this, we started
with a 15 octahedra thick slab, and performed relaxation of 1 octahedra up to 6 octahedra layers on
both sides of the slab, while keeping the internal layers frozen to mimic the bulk part of the slabs.
Relaxation of two surface octahedra layers proves sufficient to reach converged surface dipole den-
sities and valence energies. This ensures that our simulations do not induce an additional interface

and related strain between the fixed and free regions of the slab. The total number of octahedra
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layers in the slab is also been varied from 1 to 10, and corresponding valence energies are shown
in Fig S1. Beyond six octahedra, we observe a minimal change (~ 3.4 x1073 eV) in the valence
energies (Fig S1a) and the position dependent high frequency dielectric profiles (Fig S1b). Thus,
our pristine and functionalized slab models comprise a total of 8 octahedra, the two surface octa-
hedra layers of the perovskite are allowed to relax, while the bulk like region is frozen and fixed
to the relaxed bulk structure. We further computed the variations of valence energy and surface
dipole densities obtained with and without fixing the bulk region of the slab, which amount to 0.06

eV and 0.07 x 10~ C/m, respectively.
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Figure S1: For CsBr terminated CsPbBrj slab a) Valence energy (E%*) for octahedra layers varying
from n= 1 to n=10. b) Position dependent high frequency dielectric profile for octahedra layers
varying from n= 2 to n=10. c¢) Valence energies computed for pseudo cubic (pc-) and ortho (o-)
slab crystal structures for CsBr and PbBr; terminated surfaces.

Besides, inorganic perovskite lattices tend to have lower symmetries, which affect how ligands
relax on those surfaces along with the subsequent surface dipoles and valence energy levels. To
address this, we compare the variations in valence energy (E;’b“) (eV) due to changes in the crystal
symmetry of CsPbBrs3 bulk section of the slab (Fig S1c). We observe almost negligible variation
of E, (~0.02 eV) when transitioning from pseudo cubic (pc-) to ortho (0-) in CsBr terminated
surfaces (~0.02 eV), while a significant difference (~0.73 eV) is observed for PbBr; terminated
ones. Consequently, the breaking of symmetry appears to have a more pronounced effect on E,
in PbBr, terminated surfaces. The changes in E?** from pseudo cubic to ortho is related to how

the octahedral distortions are affected at the surface. For PbBr; surface, the distortions are more
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pronounced in the ortho systems as compared to pseudo cubic one, resulting in a deeper valence
energy. This can be attributed to the composition of the valence band maximum (VBM) in the per-
ovskite, which involves anti-bonding hybridization between Pb(6s) and Br(4p) orbitals. However,
it is important to note that our study specifically focuses on CsBr terminated surfaces, where both
valence energies and octahedral distortions are minimally affected by the crystal symmetry of the
bulk section of the layer.

For charge transfer, the electronic accumulation (depletion) upon the molecular adsorption is cal-
culated by taking the charge density difference between the combined system and their individual

counterparts. The expression for charge transfer from slab to adsorbate or vice-versa is given by:

AP = Pslab+adsorb — (pslab + padsorb) (1)

where, Pglab+adsorbs Pslab » and Padsorb are defined as the total electronic charge density of the whole
system comprised of the perovskite slab and the adsorbate, the electronic charge density of the
perovskite part of the slab, and the electronic charge density of the adsorbate, respectively. The
positive and negative value of Ap correspond to accumulation and depletion of electronic charge,
respectively. Notably, in the SIESTA code, the positive and negative sign for charge density corre-

spond to electronic charge density and ionic charge density, respectively.

I.1. Structural information

We use the pseudocubic for CsPbBr3 for the dipole model to avoid issues related to symmetry
breaking that could affect the model (proof of concept). The pseudo-cubic structure of CsPbBr3 is

111

obtained from its room temperature orthorhombic cell**. We determine the lattice constant of this

pseudo-cubic structure using the relation:

Upseudocubic — (Vortho / 4)1/3 ()

where Vo 18 the room temperature orthorhombic cell volume.
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I.2. Comment on dipole corrections

In many cases, due to periodic boundary conditions along with asymmetric termination of slabs,
an artificial electric field is generated across the slab. This can be inferred from the slope observed
in the potential profile in the vacuum region of the slab. To circumvent this, a dipole correction
scheme is often implemented that counterbalances the artificial electric field'>!® and yields a flat
potential in the vacuum region. This computational trick allows to determine the work functions
for asymmetric surfaces. Here, we model our surface in such a way that the slope observed in the
potential in the vacuum region is negligible due to the symmetrically terminated slabs. Hence, there
is no need to use a dipole correction scheme. With the considered symmetric slab terminations, we

verified that dipole correction has a negligible effect on the computed valence energies.

1.3. Band gap correction
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Figure S2: Optimizing r, for the pseudopotential of Br by removing 1/2 e~ from its 4p states (left
panel). Right panel shows optimizing ., for the pseudopotential of Pb atom with the removal of
1/2e~ from its 6s states using the optimized Br(4p) atom from the left. The optimal r¢; are 3.50
Bohr and 2.15 Bohr for Br and Pb, respectively. Spin orbit coupling (SOC) effect is taken into
account.
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It is well known that DFT underestimates the band gap. In view of this, we use the Slater half-
occupation technique implemented in DFT—% i.e., PBE-1, to reach computed band gaps in better
agreement with experimental ones '4-1¢. Here, within PBE—%, we remove 1/2 electron from 4p and
6s orbitals of bromide (Br) and lead (Pb) atoms, respectively, because the valence band maximum
of CsPbBr3 perovskites is formed by an anti-bonding hybridization between Pb (6s) and bromide
(4p) states!”. Fig S2 shows the optimal rey values for Br and Pb that maximize the band gap of
bulk CsPbBr3. The obtained band gap from PBE—% (with SOC) is 2.19 eV at the optimal r¢y for Br
(~3.50 Bohr) and Pb (~2.15 Bohr + optimized r.; from Br). The calculated band gap from PBE-%
(2.19 eV) is in fair agreement with the experimental value (2.25 eV 1), We have used PBE—% to

align the CBM absolute energies (Fig 2b in main manuscript, and FigS11(b) and (d)). More details

for PBE—% is given in Ref.1°,

I.4. Hartree potential approach for valence energies

The valence energies, with absolute energy scale fixed with respect to the vacuum level, are com-

puted using the method based on Hartree potential alignment '81°.
E“S[HP] = VBMpx + AVi + AEvacuum 3)

where, VBMy,,;; corresponds to valence band maximum of the bulk system, AVy = V,f,l“b — Vg"lk is
defined as the shift in the Hartree potential between the slab and the bulk systems, and AEy,cqyum =

0 — Eyacumm 18 the shift in the vacuum level with respect to zero energy level.
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I1. Definition and convention
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Figure S3: a) Convention used for positive dipoles: the dipole moment direction is from negative
to positive charge. b) Constructed symmetric slab model, where z = zp = O (center of the slab) and
z=c/2 (middle of the vacuum) and p is surface dipole density. ¢c) Example of polarization density
profile P,(z) shown in magenta color, plotted on top of the corresponding slab. d) Schematic of
the Hartree potential profile used to compute the work function (¢) in the framework of ab initio
calculations. A potential shift between the slab and the bulk resulting in superimposed profiles
at the centre of the slab (bulk-like region) is used to obtain valence energies with respect to the
vacuum level. e) Schematic illustration of the energy diagram of a semiconductor with band edges
(VBM and CBM) and corresponding energies, fundamental energy gap (Eg), Fermi level (Ep),
vacuum level, work function (¢), ionization energy (IE) and electron affinity (EA). The valence
energy (ES%*) is defined on an absolute scale, i.e. with respect to the vacuum level. In the same
way, the work function (¢) is defined with respect to the Fermi level. In the present work, we put
the Fermi level at the top of the valence band and ¢ = —E%*.
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II1. Investigated ligands
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Figure S4: a) Aniline, Aniline—OCH3, Aniline—NO,, and their Hirshfeld charge analysis to show
the direction of the dipole moment. The Red (blue) region corresponds to excess electronic charge
(electron deficiency). Black arrows show the direction of the dipole moments. b) Comparison
between the linear conformation obtained with DFT optimization of an isolated DA cation and

the more realistic molecular conformation extracted from finite temperature classical MD simula-
20

tions“".

Investigated ligands are shown in Fig 1 and Fig S4. Depending on the molecule, different ways
to functionalize the surface are considered. The DMSO molecule has a strong dipole and it is
commonly used as a solvent in the fabrication of perovskite thin films2!"*2. In our functionalized
slabs, we place the oxygen (O) atom of the DMSO molecule at the place of Br (outer terminal)
atom. While doing so, the excess of negative charge occurs in the system, and for neutralizing that
charge, we remove a Cs-atom in the vicinity of the surface, where the molecules are attached. This
is consistent with experimentally reported adducts that have been observed during perovskite film
fabrication.>>>* We stress that this is only one of the possibilities. DMSO coud also bind just on
top of the CsBr layer (with O-atom bound to Cs), and/or to other facets, such as (110) or (111)

facets (referred to cubic structure), but these alternative situations are not investigated in the present
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study. Regarding acids that are often used for defect passivation, consistently with previously re-

ported modeling strategies

we remove the H atom from the oleic and phosphonic acids (—OH
end) and form the oleate and phosphonate anions, respectively. Then, we substitute a bromine (Br)
atom (outer terminal) by the oxygen atom (O) of the anion. This ensures the charge neutrality of
the whole system. For the aniline derivatives recently investigated in the context of solar cells, !
the situation is less clear. In fact, there is no experimental information about their charge state nor
orientation on the perovskite surface. Given the affinity between ammonium groups and halide
perovskites, we first consider anilinium and its derivatives and place the nitrogen atom of the NH;
group at the position of the Cs-atom of the outer layer of the CsPbBr3 slab (Fig 3a) as proposed
in Ref.?%?7. We consider also the neutral molecules with the NH, group pointing towards the per-
ovskite surface (Fig S16), as hypothesized in the original work!. For nitro-aniline, the NO, group
may also point towards the surface (Fig S18) and we thus also considered this case. These various
binding modes will lead not only to different surface relaxation, but also different charge transfer
between ligand and surface, which in turn will modify the surface dipole density.

For the primary, secondary and quaternary alkylammonium ligands, initial structures (position and
orientation of the ligands) are extracted from classical MD simulations.’. Note that, precise crys-
tallographic data are lacking for these flexible molecules, not only regarding their average static
conformations, but also to gauge the degree of dynamical disorder (partial atomic occupancies,
Debye Waller factors, etc). We have therefore utilized snapshots from classical MD simulations to
account for the numerous possibilities that arise due to the inherent flexibility of molecules with
long chains as well as their disorder at room temperature. The authors of reference?” showed
that these snapshots better reflect the actual molecular bonds and subsequent distortions. These
molecules have a distorted molecular backbone, as compared to the linear chain obtained with
DFT optimization of an isolated molecule, as illustrated in Fig S4b.

Table S1 presents the variation in surface relaxation for same molecule with different molecular
chain orientation i.e., one with DFT optimized linear chains and one starting from an MD snap-

shot. Based on Table S1, we deduce that molecular structures obtained from MD simulation lead
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to more reasonable distortions in the perovskite surface layers, characterized by larger in-plane

Pb-Br-Pb angles and smaller out-of-plane delta angles.

Table S1: Average in-plane Pb-Br-Pb angle and out-of-plane (5 angle?®), in-plane and out-of-

plane PbBr bond lengths at the outermost surface layers of CsPbBr; slab functionalized with
DA cation?’. Subscripts "in" and "out" refer to the in-plane and out-of-plane, respectively.

PbBriy (A) | Pb-Br-Pbiy (°) | PbBrow (A) | our (°)
With DFT optimized linear chains 3.02 151.7 2.98 8.86
Starting from an MD snapshot 2.97 161.1 2.97 7.22

IV. Convergence of carbon chain length for the molecules on a
CsPbBr; surface

Phosphonate anion:

Table S2: Surface dipole densities (p) and valence energies E*** computed for phosphonate
anions functionalizing a model CsPbBrj; slab for various alkyl chain lenghts.

Alkyl chain length p (C/m) Efbs (eV)
1 carbon 3.37 x10~ 11 -3.50
2 carbons 3.38 x10~ 1 -3.54
3 carbons 3.37 x10~ 11 -3.50
4 carbons 3.36 x10~ 11 -3.49
5 carbons 342 x107°1T | 354
6 carbons 3.44 x10~11 -3.54
7 carbons 3.46 x10~ 11 -3.54
8 carbons 3.42 x107 11 -3.54

Here, we vary the length of the carbon chain of the phosphonate anion to chose the minimal length
needed to accurately compute surface dipole densities (p) and valence energies Egbs of CsPbBr3
surfaces functionalized with phosphonate anions. Results are given in Table S2. From 1 to 4

carbons in the alkyl chain, the change in E#*S is 0.01—0.05 eV. Beyond five carbons, the value

S11



saturates. Hence, to reduce the computational burden, we consider a 5 carbon chain length for the

phosphonate anion.
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Figure S5: (a)-(h) Relaxed CsPbBr; model slabs functionalized with phosphonate anions bearing
alkyl chains of various length: from 1 — 8 carbons. (1) Corresponding polarization density profiles

(Py(2))-

Oleate anion:

Table S3: Surface dipole densities (p) and valence energies £/ computed for oleate anions
functionalizing a model CsPbBrj; slab for various alkyl chain lenghts.

Alkyl chain length p (C/m)
2 carbons 2.73 x10~ 11
3 carbons 3.03 x10~ 1
4 carbons 3.30 x10~ 11
5 carbons 3.42 x10~ 11
6 carbons 3.41 x10~ 11

Table S3 shows that 5 carbon atoms are also sufficient in the case of oleate anions.
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Figure S6: (a)-(e) Relaxed CsPbBrsz model slabs functionalized with oleate anions bearing alkyl
chains of various length: from 2 — 6 carbons. (f) Corresponding polarization density profiles

(Py(2)).

V. Surface energies of CsBr and PbBr, terminated slabs

We consider a CsPbBr3 slab with a pseudo-cubic structure ' (vide supra) and start with the CsBr
termination, which appears to be more stable as compared to PbBr, terminated surface?®. To
confirm this, we compare the surface energies of the CsBr and PbBr, terminated surfaces using
the surface bond cleaving (energy required to cut bulk into surfaces) and the relaxation approach
to determine the surface energies of the two terminations. The expression for the surface energies

(Egurface) for the two terminations is given by 30,31,

Esurface (A) = Ecl + Erelaxed (A) (4)

where, E | and Eejaxed(A) are the bond cleavage energy and the slab surface relaxation energy with
A (CsBr or PbBr;,) terminations, respectively.
After cleaving the bulk crystal, both the surface terminations appear simultaneously and the cleav-

age energy tends to distribute in the observed surfaces equally. Hence, we anticipate that cleavage
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energy remains the same for both of the terminations (CsBr or PbBr»).

1 Nalm (CsBr) 4+ N2 (PpBr
Eq = — |EY"! (CsBr) + E4M! (PbBry) — —sab ( )atomsmb ( 2)Ebulk &)
48 Noule

Here, the factor }1 is due to the two symmetric surface slab models that lead to a total of four
surfaces to be exposed. S is the surface area of the slab. E!M¢! (CsBr), EXM¢! (PbBr,), and Epui
are the total energy of unrelaxed CsBr terminated slab, unrelaxed PbBr; terminated slab, and bulk,
respectively. N39™ (CsBr), Ni9™ (PbBry) and NAo" are the total number of atoms i.e. 42 in
slab model with CsBr termination, 38 atoms in PbBr, termination, and 5 atoms in bulk unit cell,

respectively.

The relaxation energies for both the terminations (CsBr and PbBr;) are given by:

1

55 |Estap (8) —Egp™ (4) (©6)

Erelaxed (A) —

where Egpap (A) and ES™V (A) are the slab energy after and before relaxation, respectively. The
calculated Egyface (A) values reported in Table S4 for the CsBr and PbBr, terminated surfaces

reflect the enhanced stability of CsBr terminated surface over PbBr; terminated one.

Table S4: Calculated bond cleaving energy (E)), surface relaxation energies (E ejaxed (A)) and
surface energies (Egyrface (A)) of CsBr and PbBr, terminated CsPbBrj; slabs.

Structures E.(meV/ Az) Erelaxed(meV/ Az) Esurface (meV/ Az)
CsBr terminated 16.32 -2.45 13.87
PbBr, terminated 16.32 -0.56 15.76
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VI. Polarization density profile for phosphonate anion on a CsPbBr;

surface
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Figure S7: Polarization density profile (P,(z)) for phosphonate anion on a CsPbBrj3 surface. The
concentration of phosphonate anion varies from 25% to 100%.

VII. Surface relaxation effect on valence levels

a) CsPbBrj; slab with phosphonate anions:

Table S5: Average in-plane Pb-Br-Pb angle and out-of-plane (528) angle, in-plane and out-
of-plane PbBr bond lengths at the outermost surface layers of CsPbBr; slabs functional-
ized with phosphonate anions. The molecular concentration on the surface varies from
25%10100%. Subscripts ’in” and “out” refer to the in-plane and out-of-plane, respectively.

PbBr;, (A) | Pb-Br-Pby, (°) | PbBroy (A) | Spur (°)
25% 3.06 166.8 3.05 3.32
50% 3.04 172.0 3.07 0.74
75% 3.04 171.5 3.08 0.66
100% 3.04 171.1 3.09 0.64
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Figure S8: Relaxed CsPbBr; CsBr terminated slabs without (pristine) and with phosphonate lig-
ands attached to the surface. The concentration of phosphonate anions varies from 25% to 100%.
Note that the visualization of the repetition of molecules at the surface boundary (for 50%, 75% and
100%) 1s the way the VESTA software shows the structure due to periodic boundary conditions.

We examine here the interplay of octahedra distortions of the surface layer and contraction or ex-
pansion of PbBr bond lengths at the surface. For a coverage of 25%, we observe from Table S5 that
the surface layers are more distorted compared to higher concentrations, with smaller in-plane Pb-
Br-Pb angles and larger out of plane delta (0) angles. It is well known that octahedral distortions
influence the electronic properties significantly. These larger deviations in bond angles (Pb-Br-Pb)

at the surface contribute to the relative deeper valence level position.

b) CsPbBrj; slab with oleate anions:
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Figure S9: Relaxed CsPbBr3 CsBr terminated slabs without (pristine) and with oleate ligands
attached to the surface. The concentration of oleate anions varies from 25% to 100%. Note that
the visualization of the repetition of molecules at the surface boundary (for 50%, 75% and 100%)
is the way the VESTA software shows the structure due to periodic boundary conditions.

Table S6: Average in-plane Pb-Br-Pb angle and out-of-plane (5 angle28), in-plane and out-
of-plane PbBr bond lengths at the outermost surface layers of CsPbBrj3 slab functionalized
with oleate anion. The concentration varies from 25%:10100%. Subscripts "in'" and "out"
refer to the in-plane and out-of-plane, respectively.

PbBr;, (A) | Pb-Br-Pb;, (°) | PbBroy (A) | Spu (©)
25% 3.06 167.1 3.06 5.20
50% 3.05 171.3 3.08 3.37
75% 3.04 173.3 3.09 0.77
100% 3.04 172.4 3.11 0.52

Like phosphonate, at a coverage of 25%, the surface layers are more distorted with smaller in-
plane Pb-Br-Pb angles and larger out of plane delta (&) angles. The larger deviation in bond angles
(Pb-Br-Pb) at 25% coverage results in a deeper valence level compared to 50%, 75%, and 100%

coverage. Between 75% and 100% concentration, there is only a slight change in the bond length
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and bond angles of the outermost surface layer, therefore valence energies do not change signifi-

cantly (~ 0.04 eV (Fig S11(b))), and approach almost saturation at 75% concentration.

¢) CsPbBrj; slab with DMSO:
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@‘,50% DMSO

75% DMSO

o og .
040+ 100%DMSO
] i —0—G ‘

Figure S10: Relaxed CsPbBr; CsBr terminated slabs without (pristine) and with DMSO ligands
attached to the surface. The concentration of DMSO anions varies from 25% to 100%. Note that
the visualization of the repetition of molecules at the surface boundary (for 50%, 75% and 100%)
is the way the VESTA software shows the structure due to periodic boundary conditions.
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Table S7: Average in-plane Pb-Br-Pb angle and out-of-plane (5 angle?®), in-plane and out-

of-plane PbBr bond lengths at the outermost surface layers of CsPbBrj3 slab functionalized
with DMSO. The concentration varies from 25%10100%. Subscripts "in'" and "out' refer
to the in-plane and out-of-plane, respectively.

PbBr;, (A) | Pb-Br-Pb;, (°) | PbBryy (A) | S (°)
25% 3.08 162.3 3.05 5.89
50% 3.08 160.5 3.05 5.77
75% 3.08 162.0 3.05 5.47
100% 3.05 168.4 3.05 0.69
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Unlike phosphonate and oleate anions, between 75% and 100% coverage, a noticeable change of
bond angles of the outermost surface layer is observed, which contributes to the change in valence
energy (~ 0.5 eV, (FigS11 (d), compared to FigS11 (b)). We notice that among phosphonate, oleate
and DMSO, the octahedral distortions of the surface layer and contraction or expansion of PbBr
bond lengths are more prominent in DMSQO. This results from the larger dipole moment (Table
1) and reduced steric hindrance of DMSO (Figure S10) as compared to the other two investigated

ligands (Figure S8 and S9).

d) CsPbBrj; slab with anilinium derivatives:

Table S8: Average in-plane Pb-Br-Pb angle and out-of-plane (8 angle?3), in-plane and out-of-

plane PbBr bond lengths at the outermost surface layers of CsPbBr; slab functionalized with
anilinium-OCHj3, anilinium, and anilinium-NQO, for a surface coverage of 25%. Subscripts
"in'" and "out' refer to the in-plane and out-of-plane, respectively.

PbBr;, (A) | Pb-Br-Pb;, (°) | PbBroy (A) | Spu (°)
25% anilinium—OCHj; 3.07 162.3 3.05 5.86
25% anilinium 3.08 161.3 3.05 5.89
25% anilinium—NO, 3.09 157.3 3.05 7.27

At 25% concentration, the surface layers of anilinium—NO, are more distorted than those of anilin-
ium and anilinium-OCH3, given the smaller in-plane Pb-Br-Pb angles and larger out of plane delta
(0) angles (Table S8). This is again correlated with a larger dipole moment (Table 1), but with

opposite orientation as compared to DMSO, and in turn leads to deeper valence levels.

e) CsPbBr; slab with DA, DDA and DMDDA:

To gauge at a first approximation effect of finite temperature, we extracted structural information
from snapshots obtained using classical MD simulations performed at ambient conditions for the

alkylammonium ligands grafted on the surface of perovskite nanocrystals?’. Structural informa-
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tion related to octahedral distortions are summarized in Table S9. When going from primary to
quaternary ammonium, in-plane octahedral tilting is only slightly reduced in favor of out-of-plane
tilting, whereas the outer Pb-Br bond length is moderately reduced.

Table S9: Average in-plane Pb-Br-Pb angle and out-of-plane (5 angle?®), in-plane and out-
of-plane PbBr bond lengths extracted from snapshots of classical MD simulations at ambient
conditions2’. Values in parentheses report the data obtained from DFT optimization of sur-
face with ligands on our model slabs. Subscripts ''in'"' and "out'" refer to the in-plane and

out-of-plane, respectively.

PbBr;, (A) | Pb-Br-Pb;, (°) | PbBroy (A) | Spue (°)
DA 293 (297) | 171.7 (161.1) | 2.97 (2.97) | 7.02 (7.22)
DDA 293 (297) | 171.1(160.7) | 2.89(2.97) | 7.74 (7.99)
DMDDA | 296 (2.97) | 170.6 (162.5) | 2.88 (2.97) | 9.11 (7.00)

VIII. Oleate anion and DMSO molecule on a CsPbBr; surface

With increase in concentration of oleate anion at the surface, a continuous increase in the valence
energy is observed. The calculated valence energies for 0%, 25%, 50%, 75% and 100% are given
in Fig S11(b) and Table 2. Between 75% and 100% concentration, the Eﬁ’” value does not change
significantly (~ 0.04 eV). The corresponding polarization density profiles (P,(z)) shown in Fig
S11(c) infer a continuous reduction of the surface dipole with the increase in the concentration
of oleate. Therefore, we conclude that the increase in E%? for oleate is induced by the reduction
of surface dipole density, which is positive, as a result of charge transfer from oleate to the outer

perovskite layer, implying a dipole direction away from the CsBr slab Fig S11(f).
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Figure S11: a) CsPbBr; CsBr terminated slabs without (top) and with (bottom) oleate and DMSO
ligands attached to the surface. The later are illustrated for 50% molecular coverage. For various
concentration of oleate anions, computed b) valence energies and c¢) polarization density profiles.
For various concentration of DMSO, computed d) valence energies and e) polarization density
profiles. Profiles of electronic charge density difference for slabs functionalized with f) oleate or
g) DMSO ligands for a molecular coverage of 50%. For clarity, only one side of the symmetric
slab is shown. Orange and turquoise color represent electronic depletion and accumulation region,
respectively, and the arrow indicates the net dipole direction.

When using DMSO, from Fig S11(d) we notice a continuous increase in the valence energies
(Eb%) with increasing coverage. The corresponding E?** computed from Hartree potential align-
ments are given in Table 2. This corroborates that increase in E%** for DMSO is attributed to
the decrease of the surface dipole density (from P,(z) profiles, Fig S11(e)) as a result of surface
functionalization. The decrease in the surface dipole density can be further attributed to electron
transfer from DMSO to the outer perovskite layer yielding a dipole direction away from the surface
Fig S11(g).

Variation of surface dipole densities (Ap) and valence energies (AE;’bS ) as a function of molecular
coverage present a linear behavior, with a tendency to saturate for oleate anion from 75% to 100%

(Fig S12). This effect is attributed to additional strain effects due to the bulky nature of the oleate
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Figure S12: Relation between the change in surface dipole density and the molecular coverage

for CsPbBrj slabs functionalized with a) oleate and c) DMSO ligands. Corresponding variation of
valence energy in panel b) and d), respectively.
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IX. Band structure of CsPbBr; slabs with phosphonate, oleate

and DMSO ligands

0
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Figure S13: Band structure of CsPbBrj3 slabs functionalized with phosphonate, oleate and DMSO
at 50% concentration computed at the PBE+SOC level of theory.

X. Band structure of CsPbBr; slabs with anilinium and its deriva-

tives
3 50% anilinium 3 50% anilinium-OCHj; 3 50% anilinium-NO,
i 1,0 i ;
[ 1 1 ;
o oL 1o ]
v T x m T T x W vt x M T

Figure S14: Band structure of CsPbBr3 slabs functionalized with anilinium and its derivatives
computed at the PBE+SOC level of theory.
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XI. Experimental valence energy positions of aniline, aniline—OCHj

and aniline—NO,-treated perovskite films'

CsPbBr; CsPbBr3; CsPbBr;
+ + +
CsPbBr; aniline-OCH; aniline aniline-NO,
Vacuumlevel = =g ====—=—g=—=—=—=——g—=—=—=—3-—
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Ee | _
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Figure S15: Valence energies extracted from Ref. ! The work function of control, —OCH3, aniline,
and —NO,-treated perovskite films were obtained from the UPS spectra .
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XII. CsPbBr; slabs with aniline and its derivatives, with the NH,

group pointing towards the perovskite surface

Figure S16: Relaxed CsPbBr3 CsBr terminated slabs with aniline (top), aniline—OCH3 (middle)
and aniline—NO; (bottom) ligands coated on the outer surface of the slab, with the —NH; group
pointing towards the surface.
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Table S10: Valence energies (Eﬁbs) calculated at the PBE+SOC level of theory for differ-
ent molecules with molecular coverage varying from 0% — 100% for a CsBr terminated
CsPbBrj; slab. Shifts of valence levels obtained from the approach based on the Hartree
potential alignment AEﬁ’bS [HP] (Fig S3(d)) and from the difference of surface dipole density
(AE®) using Eq 9.

Relaxed CsBr terminated slab

E%S (eV) AEY [HP] (eV) Ap x 10~ (C/m) AE®* (eV) [Eq 9]
CsPbBrj3 slab with aniline

Pristine —4.87 - - -

25% aniline —5.27 —0.40 + 0.27 —0.31

50% aniline —5.52 —0.65 + 0.49 —0.55

75% aniline —5.61 —0.74 + 0.57 —0.64

100% aniline —5.72 —0.85 + 0.64 —0.72
......................... CstBr3 slabw1than111ne—OCH3 T

Pristine —4.87 - - -

25% aniline—OCHj; —5.09 —0.22 + 0.10 —0.11

50% aniline—OCH3;  — 5.13 —0.26 + 0.13 —0.15
.......................... £ stBr3 slabw1than1hne—NOz T

Pristine —4.87 - - -

25% aniline—NO, — 6.48 — 1.61 + 1.35 —1.53

50% aniline—NO, —17.53 — 2.66 + 2.28 —2.57

75% aniline—NO, —8.15 —3.28 + 2.81 —3.18

100% aniline—NO, —8.59 —3.72 + 3.17 —3.58

N
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AEZPS (eV)

8

|
W
T

=
)

25 50 75 100 4025 50 75 100
Molecular coverage (%) Molecular coverage (%)
— Aniline — Aniline—OCH; Aniline—NO,

Figure S17: Relation between the change in surface dipole density and the molecular coverage (left
panel) for CsPbBr3 slabs functionalized with aniline, aniline—OCH3 and aniline—NO,. Relation
between the change in the valence energies and the molecular coverage (right panel) for CsPbBr3
slabs functionalized with aniline, aniline—OCHj3 and aniline—NO,.
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XIII. Aniline—NQO, with the NO, group pointing towards the
perovskite surface

Interestingly, with the NO, group pointing towards the perovskite surface, the valence levels un-
dergoes an upward shift (Table S11). But, at the smallest computed coverage (25%), this shift is

predicted to be huge, whereas the experimental one is about 0.1 eV !.
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Figure S18: Relaxed CsPbBr3; CsBr terminated slabs with 25% coverage of aniline—NO,, where
the NO, group is pointing towards the perovskite surface. Notably, the modeling strategy which
is shown here is only one of the possibilities. Ligands such as aniline—NO, are also expected to
interact through interactions between the nitro group and the metal cations.

Table S11: Valence energies (Eﬁbs ) calculated at the PBE+SOC level of theory for
aniline—NO,, with the NO, group pointing towards the surface and 25% molecular cover-
age, for a CsBr terminated CsPbBr; slab. Shifts of valence levels obtained from the approach
based on the Hartree potential alignment AEﬁbS[HP] (Fig S3(d)) and from the difference of
surface dipole density (AE?**) using Eq 9.

E® (eV) | AE?S [HP] (eV) | px 1071 (C/m) | Ap x 1071 (C/m) | AE®* (eV) [Eq 9]
Pristine —4.86 — +3.50 — —
25% Aniline—NO, | —3.20 +1.66 +2.00 —1.50 +1.69

Based on the overall discussions above, it can be concluded that the attachment of a molecular
site (either electron-rich or electron-poor) to the surface plays a crucial role. The direction of
the molecular ligands determines the direction of the dipole, which preconditions how charge is
transferred across the surface. The latter has a significant effect on the surface charge and dipo-
lar densities. Our observations indicate that when the electron-rich region is positioned towards
the perovskite surface (refer to Fig 1 and Fig S4 for visualizing electron-rich and electron-poor

regions), we observe upward shifts in the valence levels. This trend is observed in cases such as
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DMSO, oleate, and phosphonate (Table 2). Conversely, in the case of nitroaniline, where the NH;
group (electron-poor region) points towards the perovskite surface, we observe downward shifts
in the valence levels (Table S10). However, by changing the orientation and rotating the NO,
group (an electron-rich region) towards the perovskite surface, we anticipate an upward shift of the

valence levels, which is indeed observed in our results (Table S11).

XIV. Band structure of CsPbBr; slabs functionalized with ani-

line and its derivatives

50% aniline 50% aniline-OCHj 50% aniline-NO,

'llvl r X M I'M T X M I'M T X M T

Figure S19: Band structure of CsPbBr3 slabs functionalized with aniline and its derivatives at the
PBE+SOC level of theory.
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XYV. Additivity of surface dipole densities and electric suscepti-

bilities
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Figure S20: a) Additivity of surface dipole densities illustrated with the plot of the polarization
density profiles (P,(z)) computed for a CsPbBrj slab functionalized with anilinium—NO,, where
the NH;r group substitutes a Cs-atom of the outer layer. Notably, anilinium—NO, is a charged
molecule, and our methodology works for neutral systems, therefore we perform a computational
trick by replacing the nitrogen (N1) with carbon (C). b) Additivity of electric susceptibilities for
CsPbBrj slabs functionalized with DMSO.
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XVI. Dielectric constant at the position of the molecules
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Figure S21: Computed position dependent high frequency dielectric profiles and corresponding
dielectric constant at the position of the molecules for a) oleic acid, b) phosphonic acid, ¢) aniline,
d) aniline—OCH3, e) DMSO, f) primary dodecylammonium (DA), g) secondary didodecylammo-
nium (DDA), and h) quaternary dimethyldidodecylammonium (DMDDA).
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