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Abstract

Tin alloying is one of the most promising strategies to reduce lead content in metal halide perovskites
solar cells. In fact, mixed tin-lead perovskites have shown photoconversion efficiencies comparable
to those of full lead-based perovskites and improved long-term stability with respect to tin
perovskites. We here demonstrate, through advanced ab initio calculations, that the recent success of
mixed perovskites lies in a composition-dependent struggle between tin and iodine chemistry at the
surface of the material. In particular, we prove that the oxidation of surface Sn(ll) to Sn(IV), which
condemns tin halide perovskites with low photo-conversion efficiency and thermodynamic
instability, is hindered at the surface of mixed MAPbosSnosls by the competition with iodine-related
defects in both pristine and defective models. In particular, iodine-related defects are found to be
generally favoured by both thermodynamics and kinetics while surface Sn(IV) can be promoted only
under Sn poor conditions. However, when Sn is alloyed in low concentration, it act as a dopant in the
lead perovskite and Sn(IV) is promptly formed on the surface of the perovskite. By explaining the
effect of tin/lead alloying on both stability and opto-electronic properties of the material, we provide
a rationale beyond the experimental strategies currently employed to synthetize mixed tin/lead

perovskites.
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Metal halide perovskites are the most promising candidates for future photovoltaics industry by virtue
of their outstanding optoelectronic properties.®” The most performing devices, with photo-conversion
efficiencies above 25%, are based on lead halide perovskites (LHPs)® which have indeed received
most of the attention by the scientific community in the last ten years. The characterization of the
remarkable properties of LHPs, such as the slow bimolecular recombination coefficients®*°and defect
tolerance, %22 has provided valuable advancements from a basic science perspective. However, being
lead a toxic element,?* 2 the introduction in the mass-market of devices containing this element in
sizable concentrations poses serious problems, also in view of the ongoing efforts to reduce the impact
of anthropization. For this reason, while strategies to recycle lead in non-aqueous environment have
been recently explored?® and strategies to reduce the dimensionality and the depth of the perovskite
thin films have been deployed,?” 28 replacement or reduction of lead content in the perovskite by
substitution with less toxic elements while retaining the optoelectronic properties observed for LHPs

represents a compelling challenge in this research field.?®

Currently tin is the only viable alternative to lead with significant efficiency®® 3! among those
investigated: e.g. germanium32, combinations of I/111 metals such as Bi and Ag.3*® While tin halide
perovskites (THPS) possess interesting optoelectronic properties, such as low exciton binding
energies and lower band gaps compared to LHPs,3¢-3 photoconversion efficiencies only up to ~13%
have been recorded.®®*! Such performance gap with LHPs originates from the self-p-doping
characteristics of THPs, which, coupled to the facile oxidation of Sn(ll) to Sn(IV), ultimately leads
to enhanced non-radiative recombination and thermodynamic instability of the material 31 4246 As
recently reported, the heavy THPs p-doping favours the nucleation of surface Sn(1V) centers which,
in turn, act as electron traps that promote recombination and lattice degradation towards secondary

phases, e.9. MA;Snls and Snls for MASNnI; (MA=methylammonium).*

Recently, promising results have been obtained for mixed tin/lead perovskites which have

shown solar to electrical power conversion efficiencies up to 20%.***® These encouraging



developments indicate that such systems could become competitive with LHPs. The key factors
favouring the use of mixed perovskites are their tunable band gap ** 0 and their peculiar defect
chemistry.* In fact, density functional theory (DFT) calculations demonstrated that the defect activity
in lead (tin) iodide perovskites is dominated by iodine (tin) chemistry, which is responsible of the
formation of deep hole (electron) traps.* In contrast, 50:50 tin/lead perovskites show an intermediate
behaviour which could possibly makes them potentially free of deep traps.*® Furthermore, the more
intrinsic nature of MAPbosSnosls* with the Fermi level lying 0.4 eV above the valence band, may

partially suppress tin oxidation.*®

One may actually note that LHPs are already defect-tolerant 1612 This is indeed true for the
bulk material, due to the combined effects of energy barriers associated with hole trapping and the
polaronic nature of the charge carriers,'* which reduces the probability of defect-mediated
recombination.> However, charge recombination at the surface of LHPs>>53 can play a major role
in undermining the performance of the device and initiating the degradation of the material.>> ¢ It is,
therefore, quintessential to appropriately tailor the surface properties of LHPs to curtail these noxious
phenomena.>’ In this regard, passivation strategies have been successfully deployed to deactivate
surface defect states with a beneficial impact on the photo-conversion efficiency.%®%? In contrast, the
role of defects at the surface of mixed tin/lead perovskites has not received comparable attention.
Experiments have shown that low contents of Sn in the perovskite (0.5-20%) translate into poor
optoelectronic properties with a dramatic increase in non-radiative recombination.®® At variance with
this, surface treatments, such as vacuum-assisted growth and annealing,®  addition of passivating
layers,% and inclusion of excess Sn powder in the precursor solution*® were found to be beneficial in

reducing the concentration of surface traps. A comprehensive understanding on the electronic



properties and the defect chemistry of mixed tin/lead perovskites is thus highly desirable to further

boost the optoelectronic quality of these lead-alleviated materials.

In this Letter, we unveil a composition-dependent competition between tin and iodine defect
activity at the surface of mixed tin/lead perovskites. By means of advanced ab initio calculations we
show that formation of surface Sn(1V), at the root of the poor efficiency and of the instability of tin
halide perovskites, is hindered in MAPbosSnosl3 by the struggle between tin and iodine chemistry,
with beneficial effects on the material’s optoelectronic properties and, in turn, on the long-term
stability. In stark contrast, alloys with low tin content are dramatically affected by tin oxidation, thus

explaining the observed opto-electronic properties measured in recent experiments.
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Figure 1. Schematic representation of the bulk models of MAPbosSnoslz and the related (001)

surfaces. Pb atoms are given in brown, Sn in yellow, I in pink, C in cyan, N in blue, and H in white.



The tetragonal axis lies horizontally for bulk models while a view with the z axis lying vertically is

represented for the slabs.

We perform hybrid-DFT calculations (cf. Supplementary Information) on MI>—terminated
(M=Sn/Pb) (001) surfaces of MAPbosSnosl3 as such unpassivated systems serve as extreme examples
of surface chemistry in mixed tin/lead compounds. We do not include MAI covered surfaces as they
have shown low reactivity and bulk-like electronic properties in both LHPs and THPs.*® > We first
consider two bulk models: (i) one in which PbosSnosl2 planes occur along the ¢ direction and (ii) one
in which layers of Pbl> and Snl. are alternated along the ¢ direction (bulk 1 and bulk 2 respectively
from Fig. 1, cf Supplementary Information for details). Bulk 2 is calculated to be 0.08 eV more stable
than bulk 1 in line with previous estimates.®’” From bulk 1, we construct a stoichiometric apolar (001)-
PbosSnosl> terminated slab (surface 1). From bulk 2, we construct symmetric Snlx-terminated
(surface 2) and Pbl,-terminated slabs (surface 3), which represent two limit conditions of full Pb and

Sn coverage, respectively (cf. Fig. 1). These models are apolar but their Pb:Sn ratio is either 0.6:0.4



or 0.4:0.6. Therefore, we here focus on the stoichiometric surface 1 while surface 2 and 3 are

discussed in the Supplementary Information.
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Figure 2. Schematic representation of hole-trapping species on the pristine (001) surface 1 model of
MAPbosSnosls. Pb atoms are given in brown, Sn in yellow, I in pink, C in cyan, N in blue, and H in
white, isodensity representation of the hole in purple. The z axis lies vertically. For the precursor

surface trap and Sn(IV), we provide the Sn-1 bond lengths of the involved Sn atom the to be compared



to those calculated for a surface Sn on the neutral and positively charged pristine slab. For the iodide

dimer and trimer, we provide the respective bond lengths. All values are given in A.

As a first step, we investigate the self-trapping process of holes on the pristine surface. Our calculations

show that charge localization can occur in three different ways upon injection of a single hole into the

system (cf. Fig. 2):

(i)

(ii)

(iii)

formation a surface hole polaron with binding energy of 0.19 eV, a value slightly larger than
that estimated for the bulk (cf. Supplementary Information) and in line with previous results on
the Pbl,-terminated MAPDbI; surface.>

formation of a so-called a V-center,%® a typical defect occurring in metal halides.5®"™* This
is originated by the displacement of a neutralized iodine from its lattice site to form a
bridging I; dimer with a bond length of 3.28 A (i.e. a neutral interstitial iodine 12, cf. Fig.

2) and a positively charged iodine vacancy V;*:
MAPbgsSnysl; + bt - 19 + Vit (1D

hole trapping on a distorted surface Snlz, upon contraption of Sn-1 bonds by ~0.1 up to 0.3
A with respect to the neutral system (cf. Fig. 2). This structure represents a precursor to the

formation of surface Sn(1V) previously encountered in tin perovskites.*®

The surface hole polaron is promptly formed upon structural relaxation of the slab with an extra hole.

Furthermore, it is found to be slightly more stable than the V-center (precursor trap state) by 0.19 (0.10)

eV. Linear transit calculations (cf. Supplementary Information),’? indicate that the surface polaron —



V-center (precursor trap state) charge localization process entails an energy barrier of 0.26 (0.24) meV

[cf. Fig. 3 (a)].

We then consider the trapping of a second hole. For the system bearing the V-center, we observe the
spontaneous formation of an interstitial/vacancy I;" /V;+ iodine Frenkel defect (IFD) ™ (cf. Fig. 2), via the

following reaction:
R+Vvir+h" > Vit +1f, (2)

in which the formation of a positively charged interstitial iodine (I;"), formally an Is” moiety, is

envisaged. Direct IFD formation by capture of two holes from the pristine perovskite via:
MAPbgsSngsl; + 2kt - ViF + 17, 3)

is e energetically favourable by 0.81 eV. However, a substantial energy barrier [0.74 eV, cf Fig 3(b)]

is associated with reaction (3). Therefore, the occurrence of the IFD is likely subdued to that of the V-



center. Similarly, injection of a second hole onto the precursor trap state leads to Sn(IV) with further

contraption of the Sn-1 bonds. Direct Sn(1V) formation via:
MAPbg 5Sng 515 + 2h = Sn(IV) gy, (4)

while being exothermic by 0.89 eV, is also hindered by a significant energy barrier [cf. Fig. 3 (b)].
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Figure 3. Energy diagrams of species trapping (a) one hole and (b) two holes on the pristine (001)
surface 1 model of MAPbosSnosls and on the surface bearing a Sn vacancy and an interstitial 1. In
each diagram, energies are referred to that of the most stable species, which is highlighted with a

thicker horizontal line.

So far, our analysis suggests a competition between iodine and tin defects for trapping photo-
generated holes, with almost iso-energetic pathways. The precursor step to IFD formation is the capture of
a hole on the V-center, which is moderately unfavourable by both kinetics and thermodynamics (cf. Fig.
3). Tin oxidation is also disadvantaged for similar reasons, as the surface trap which is a precursor to Sn(1V)

is likewise metastable and its occurrence implies overcoming an energy barrier. Furthermore, the



simultaneous trapping of two holes for both IFD and Sn(1V) is strongly hindered by Kinetics. These results,
combined with the mild p-doped electronic nature of MAPbosSnoslz characterized by a Fermi level
predicted at 0.4 eV above the VB,® indicate that both IFDs and Sn(1V) are unlikely to be formed even on
a highly reactive unpassivated surface. This is at variance with MASnI3z, where the heavy p-doping may

promote the spontaneous oxidation of tin and the degradation of the material.*> 46

The delicate equilibrium between iodine and tin chemistry at the surface of mixed tin/lead
perovskites can be perturbed when considering common point defects in the material, such as |
interstitials and Sn vacancies. In MAPbI3 both | and Pb defects are notably related to iodine chemistry:
in fact, Pb vacancies stabilize the formation of neutral and positively charge interstitial iodine (again,
related to formation of I; and I3 moieties, respectively) when occurring at the vacancy site. A similar
phenomenon is observed upon interaction between lattice iodine and interstitial iodine.> % However,
Sn vacancies at the MASnI3 surface were found to induce the oxidation of unsaturated Sn(ll) to
Sn(IV).*® Therefore, both excess iodine and the presence of undercoordinated surface Sn atoms may

modify the physical picture observed for the pristine surface.

We first investigate hole trapping mediated by a Sn vacancy (Vsy,). For a slab bearing a V&,

we have two distinct possibilities for hole localization (cf. Supplementary Information for detailed

structures):

(1) formation of a VV-center at the Sn vacancy site.

(i) hole trapping at a surface Sn(lV) precursor.

Upon injection of a hole on the slab with a V&, we observe spontaneous localization on the Sn(1V)
precursor which is 0.20 eV more stable than the V-center. An energy barrier of 0.36 eV is estimated
for the associated Sn(IV) precursor/ V-center charge transfer reaction [cf. Fig. 3(a)]. Again, the
formation of an IFD is spontaneously observed upon inclusion of a second hole into the V-center,
while the precursor evolves towards surface Sn(IV) (cf. Supplementary Information). The IFD on the

vacancy site is found to be 0.08 eV more stable than Sn(IV). As previously noted for MAPDI3,’ the



presence of a metal vacancy facilitates the interaction between neighbouring lattice iodine atoms.
However, in the present case, the first injected hole is preferentially trapped on the surface Sn(1V)
precursor, thus favouring the reaction pathway leading to tin oxidation. Furthermore, the
Sn(IV) — I @V&; reaction (i.e. reduction of tin and oxidation of iodide) is curbed by a sizable energy
barrier [~1 eV, cf. Fig. 3(b)] due to the large structural differences among the two systems. Overall,

these results denote that tin oxidation is reinforced by the Sn vacancy.

We then consider hole-trapping mechanisms assisted by an interstitial iodine defect (cf.
Supplementary Information for details of the structural models). Starting from I;”, addition of a single

hole can lead to:

(i) formation of a surface polaron (i.e. no trapping on the defect as in the pristine slab).
(i) formation of a metal-bridging dimer (the so-called H-center, 1) between a lattice |
and and interstitial | upon capture of a single hole by I;.2°

(iii)  hole trapping at a surface Sn(IV) precursor.

Introduction of a single hole on the I;” system results in polaron formation. However, the H-center
(I?) is here found to be the most stable moiety, its energy being 0.14 (0.24) eV lower than that of the
surface polaron [Sn(IV) precursor)]. Furthermore, the surface polaron — H-center reaction is subject
to only a low energy barrier of 0.12 eV [cf. Fig. 3(a)]. In contrast, the Sn(IV) precursor is the least
stable of the considered species. Again, I3 (corresponding to [;") spontaneously appears when adding
a second hole to the H-center while Sn(IV) is achieved from the precursor trap state, the former being
0.39 eV more stable than the latter. These results clearly highlight how interstitial iodine defects

dramatically shift the balance towards the prevalence of iodine chemistry.

Overall, the competition between iodine and tin chemistry in determining the electronic
properties of the mixed perovskite is modulated by defects. In fact, for the undefective system, a

single hole is preferentially localized on the surface as a hole polaron, thus hampering charge-trapping



pathways leading either to surface tri-iodide or Sn(IV). This balance can be shifted towards tin and
iodide oxidation by Vs, and I;, respectively. Such results suggest that the opto-electronic properties

of the mixed perovskite can be actually tailored by choosing adequate growth conditions.
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Figure 4. Formation energies of point defects on the (001) surface 1 model of MAPbosSnosls as a

function of the electron chemical potential u at different conditions. Dashed lines for the respective
values calculated in the bulk material. We consider the chemical potential of Sn and I, employed in
Ref. % I-rich (us, = —1.39 eV, u; = —0.16 eV), I-medium (ug, = —0.70 eV, u; = —0.51 eV), I-

poor (us, = 0.00eV, u; = —0.86 eV).

Therefore, we investigate the formation energies and charge transition levels of surface Vg, and I; at
varying conditions: I-rich, I-medium and I-poor.*®* We also consider possible electron-trapping
defects such as the Sn interstitial Sn; and the iodine vacancy V;. The formation energies of each defect
as a function of the electron chemical potential (the Fermi level of the perovskite) are illustrated in

Fig. 4. We first comment on the difference between bulk and surface energy levels in iodine medium



conditions (middle panel of Fig. 4), corresponding to stoichiometric growth conditions. For both Sn
vacancy and | interstitial we observe a remarkable difference between bulk and surface. In fact, while
bulk defects feature only shallow energy levels, deep traps are observed on the surface. In particular,
for Vsn, we calculate the (0/2) transition level at 0.63 eV above the valence band of the material.
For 1i, we find the (+1/—1) transition level at 0.75 eV above the valence band. These values originate
from the large stabilization of surface V3, and I}, due to the occurrence of Sn(1V) and the tri-iodide,

respectively.

Next, we analyse how different conditions influence the defects formed on the surface. First, we note
that this issue is not particularly relevant for the bulk material, since it is devoid of in-gap energy
levels (cf. middle panel of Fig.4). Growth conditions are more important for the surface properties.
At I-rich conditions (cf. left panel of Fig. 4), Vs, and [; are found to be among the most stable defects
throughout the band gap of the material. In stark contrast, hole-trapping defects are pushed towards
higher formation energies at I-poor (i.e. Sn-rich, right panel of Fig. 4) conditions. Furthermore, we
predict a higher concentration of Sn; defects under such conditions. This defect, however, is actually
harmless for the opto-electronic properties of the material, since it features charge transition levels
above the conduction band edge (cf. Supplementary Information) differently from what has been
observed for MASNI3.%° In view of these results, we interpret the beneficial impact of the inclusion
of excess Sn powder in the precursor solution, recently demonstrated by experiments,*® as a
consequence of the higher formation energies of hole-trapping surface defects under Sn-rich

conditions.

Formation energies of I; are lower than those pertinent to Vs, in a wide range of chemical and
electron potentials. This, in conjunction with the impervious pathway calculated for tin oxidation on
the pristine surface, corroborate the prediction that surface Sn(IV) is not easily formed in
MAPDbo5Snosls even considering the extreme case of a fully unpassivated surface. This explains the

higher long-term stability observed for mixed perovskites compared to pure THPs. Nevertheless,



iodine chemistry can still induce hole-trapping with a detrimental effect on the efficiency of the
associated devices.®4"*8 We thus specifically investigate an iodine-mediated degradation pathway

typically observed for LHPs,”>" leading to release of gaseous I, from I;":
I = (g + V. ®)

We calculate that reaction (5) is energetically unfavorable by ~2.3 eV (recall that I;* is actually an I3
moiety) a value significantly higher than that previously calculated for MAPDbI3 (~0.9 eV).>® While
in LHPs the unfavourable energetics for 1> release was found to be compensated by the energy gain
due to the of I3 formation®® this does not hold for MAPbosSnosls. In fact, localization of two holes
on I3 produce a stabilization of 0.82 eV, which is not sufficient to induce the release of molecular
iodine in this case. Since I3 formation entails an energy gain of ~0.8-0.9 eV for both MAPbI;* and
MAPDosSnosls, the remarkable difference in the energetics of the iodine release reaction is here
ascribed to the higher formation energy of both bulk and surface V;* for the mixed perovskite (cf. Ref.
36 and Fig. 4).The present result can explain the beneficial effect of alloying in increasing the stability

of perovskite-based devices.3840

Surprisingly, a significant rise in non-radiative charge recombination was reported when
alloying the lead perovskite with low tin content (<20%), which suggests a different physics of charge
carriers under these conditions.®® To investigate the origin of such a puzzling behaviour we investigate
hole-trapping on a Pbl,-terminated slab of tetragonal MAPDI3 in which we substitute a single surface
Pb with a Sn atom. Addition of a first hole on this system results in the formation of the Sn(IV)
precursor, which then evolves to Sn(IV) upon capture of a second hole, with structural modifications
analogous to those previously described for the mixed perovskite (cf. Fig. 2). A similar behaviour has
been reported by some of us also in Sn-doped bulk MAPbIs, where hole self-trapping at substitutional

tin is observed for small incorporation of the dopant in the Pb site.®’



O 0.3+ — - =
L 0.2f - — -
) I I
0.1+ — — -
0 ]
0.2 (c) (d)
0.1+ — — -
NI R R S
d ||
Wil — - -
Q_0'2_ — — —
-0.3} - - -~
-0.4
S Lo S -t
> 7 > 7
Q- @) -
o o
=> >
. 3

Figure 5. Energy difference (eV) between iodine-related hole-trapping species (cf. main text for
definitions) and one- (a) and two-hole (b) oxidized tin moieties (cf. insets in both panels for structures
and isodensity representations of holes) on pristine and defective models of the Sn-doped (001) Pbl-
terminated surface of MAPDI3z.Values achieved for pristine and defective models of the (001) surface

of MAPbo5Sngsl3 are reported in panels (c) and (d) for comparison.

Hole-trapping on the pristine surface of MAPbIs is tuned by iodine chemistry, with V- and H-centers
(IFDs and tri-iodide moieties) being responsible for the trapping of one (two) hole(s) on pristine and
defective surfaces. ° Therefore, we compare the energetics of the Sn(IV) precursor with that of a

I; (either V or H-center) for the Sn-doped slab and for slabs which additionally feature a surface Pb



vacancy or a | interstitial. Analogously, we investigate the energetics of surface Sn(IV) in comparison
with that of IFDs and tri-iodides on pristine and defective models. The results illustrated in Fig. 5 (a)
show that the Sn(IV) precursor surface trap is more stable by ~0.2 eV in all the considered cases, a
result which implies a clear pathway towards tin oxidation. Concerning the trapping of two holes [cf.
Fig. 5(b)], we observe that Sn(1V) is favoured over IFD formation by 0.25 eV for the pristine slab.
Such an energy difference is increased (decreased) to 0.40 (0.05) eV when considering iodine defects
associated with Vpy, (I;). Therefore, the impact of defects on the Sn-doped MAPDI3 perovskite is close
to that encountered for MAPbosSnosls, with tin oxidation being enhanced (disfavoured) by metal
vacancy (iodine interstitial). However, for the Sn-doped surface, we pinpoint that, differently from
MAPDosSnosls [cf. Fig. 5 (c-d)], Sn(IV) and its precursor are found to be the most stable moieties for
all the investigated systems, an instance extending the range of conditions under which tin oxidation

occurs.

To summarize, we discovered a peculiar competition between tin and iodine chemistry in
determining the electronic properties at the surface of mixed tin/lead perovskites. In-depth
investigation of MAPbosSnosls has revealed that formation of surface Sn(1V), a harsh drawback of
tin halide perovskites, competes with that of the tri-iodide, the former being favoured only in the
presence of Sn vacancies. The formation of these defects in turn can be avoided by appropriately
tailoring the growth conditions of the perovskite. Such a struggle, hindering the oxidation of surface
Sn which undermines the stability tin-iodide perovskites, has also beneficial effects on the long-term
stability of the system. In contrast, strong hole-trapping associated with surface Sn(IV) on both
pristine and defective surfaces MAPDbI3 doped with low content of Sn was found to be related the
poor electronic properties measured for perovskites incorporating only a low fraction of tin. By

providing the background carrier localization pathways and associated defect chemistry, we hope this



work will allow to further extend the uptake of lead-alleviated mixed tin/lead perovskites bringing

them to comparable efficiency to that of pure lead perovskites.
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S1. Computational details

We carry out hybrid DFT calculations at the PBEO+rVV10 level of theory® 234, in line with previous
publications. > We include non-local van der Waals interactions through the rvVV10 scheme, in
which the b parameter governing the extent of long-range interactions is set to its original value of
6.3.>4 All calculations are carried out with the freely-available CP2K suite of codes.® Goedecker-
Teter-Hutter pseudopotentials are used to account for core-valence interactions.® We use double-¢
polarized basis sets for the wave functions'® and a cut-off of 600 Ry for the expansion of the electron
density in plane waves. We employ the auxiliary density matrix method to speed up the calculation
of exact exchange in hybrid functional calculations as implemented in CP2K with the cFIT auxiliary
basis set.!! Spin-polarized calculations are performed on systems bearing an odd number of electrons.
We note that spin-orbit coupling (SOC), while significantly contributing to the electronic properties
of metal halide perovskite, 122 does not affect those originating from the valence band edge,” * such as
hole localization and trapping mainly studied in this work. At variance with this, SOC impact principally
on the electronic properties associated with conduction band edge states.’® Therefore, we perform
supplementary calculations with the QUANTUM ESPRESSO code®® employing full relativistic
pseudopotentials® on the structures achieved without SOC for systems in which extra electrons have

been added (cf. Section S7).

Calculations of energy barriers for hole trapping on interstitial iodide are carried out using a modified
version of the linear transit method’ previously employed in Ref. 18. The coordinates of the two
structures R; and R; are linearly interpolated'” according to the following expression: R; = AR; +
(1 — A)R; where 4 is the coupling parameter connecting the two models. The achieved structures are
then allowed to undergo structural relaxation in which the organic cations are free to relax. In contrast,
the positions of the atoms belonging to the inorganic sub-lattice are fixed. In this way, we avoid
unstable and highly energetic structures due to linear interpolation of the coordinates of the freely-

rotating organic cations. The accuracy of this methodology has been checked in previous studies.” 1



S2. Grand-canonical formulation of defects in semiconductors

To calculate the energy levels of defects, we here employ the grand-canonical formulation of defects
in crystalline materials.'® 2° This theory allows to express the formation energy of a defect X with

charge q, E]f’ [X] as a function of the electron chemical potential yu:

Ef[X] = E* [X] — Elref] = ) nip +q(ey + ) + Elor (S1)

In Eq. S1, E1[X] is the total energy of the defect X in the charge state g, E[ref] the total energy of
the pristine system, u; the chemical potential of the subtracted/added species i, &y the valence band
edge of the pristine system, and EZ .. a correction term, here introduced to account for electrostatic
finite-size effects of charged periodic supercells. The charge transition level u(q/q") is defined as the
electron chemical potential for which the formation energies of a defect X in the charge states g and
q' are equal (Ef [X] = E{'[X]):

EV[X] = EV[X] | By = By

(q/q) = - + - — &y. S2
n(q/q =g =g v (52)

The binding energies of hole and electron polarons in mixed perovskites are calculated considering

the following reactions, respectively:
MAPD,_,Sn,l; + ht — hy,e, (S3)
MAPb; _,Snyl; + e~ — e4c, (54)
From. Eq. S2, the hole and electron polaron levels are defined as follows, respectively:
w(hioe) = —E[hioc] + E[MAPb, _,Sn,I3] — ELL, — &y, (S5)

Au(eIOC) = E[eloc] - E[MAPbl—xsan3] + Ec_olrr — &y, (56)



where E[hy,.] and E[e),.] are the total energies of the supercells with the hole and the electron
polaron, respectively, and E[MAPb, _,Sn,I5] the total energy of the pristine system. Then, we define
the polaron binding energies as E,(h*) = u(hy,e) and Ep(e™) = ec — u(ep.) Where g is the

conduction band edge of the pristine system.

Electrostatic finite size corrections for slabs are here taken into account with the Freysoldt-
Neugebauer-Van de Walle (FNV) scheme.'® 2! In particular, for charged surfaces, we employ the
formulation proposed by Komsa and Pasquarello.?? This scheme allows for a separation of the
spurious interactions between the periodically repeated charges and the interactions between physical
image charges occurring because of the variation in the dielectric constant across the surface. The
energy correction is given as EZ,,. = Ej5o — Eper + qAV, where E,,. is the electrostatic energy
calculated for a model representing the employed supercell, E;,, the electrostatic energy obtained
when uniformly scaling all the dimensions of the supercell, and AV the shift in the electrostatic

potential between the model and the DFT calculation.
S3. Structural models of bulk and surfaces

We here consider the tetragonal phase of MAPbo.sSnosls which is stable at room temperature. While
metal halide perovskites usually undergo a transition from tetragonal to pseudo-cubic phase at high
temperature, the observed A-site cation disorder and electronic properties were found to be very
similar.2® 2* Therefore, the electronic properties observed by our electronic-structure calculations
performed on the tetragonal phase and its associated surfaces are fairly representative of the system

under operative conditions.

For slab calculations, we focus on the (001) surface since both theoretical calculations? 26 and X-ray
diffraction experiments?’ indicate that this is one of the dominant facets in tetragonal MAPbIz. We
note that the arrangement of MA in the slab models is such that the direction of the molecular dipoles
is alternated (cf. the MA molecules along the x direction in Fig. 1 of the main text), thus implying

that the net dipole field is minimal along the z direction.



For calculations of bulk models of MAPbosSnosls, we employ a 2x2x2 supercell (a=b=17.71 A, c
= 25.07 A) corresponding to the experimental density. Slab models consist of 408 atoms, a = b =
17.71 A, ¢ =50 A, with c including a vacuum layer of ~ 25 A. Calculations of the surface of tetragonal
MAPDI3 are performed on a 5-layers 408-atoms slab terminated with lead diiodide (Pbl.). The
simulation cell hasa=b=17.70 A, ¢ =50 A, including a vacuum layer of 25 A. The adequacy of the
slab models employed in this work has been extensively tested in previous publications against slab
thickness. ® "2 We here further verify that our results are not affected by the surface area. We perform
supplementary calculations on a larger model of surface 1. In particular, we evaluate if the considered
model induces spurious interactions among periodic replicas of defective species. To this end, we
employ a 1632-atoms slab, witha =b = 35.42 A, ¢ = 50 A, with ¢ including a vacuum layer of ~ 25
A. We then calculate the polaron binding energy for the hole polaron and evaluate the charge
localization in comparison with those achieved with the smaller model extensively employed in this
work. Our results show that the binding energy is essentially retained when calculated for the larger
model of the surface (cf. Fig. S1), in agreement with previous observations for bulk MAPDbIz.2 Then,
we also consider IFD formation and we verify that the charge localization and the total-energy
difference between the model bearing the IFD and that with two semi-localized extra holes
[AE(IFD) = E(IFD) — E(2h™)] are essentially unmodified when calculated for the larger model (cf.
Fig. S2 and Table S1). The calculated density of states for models of different sizes are also found to

be consistent (cf. Fig. S3).
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Figure S1. representation of a surface hole polaron on (left) the structural model of surface 1

employed in the main text and on (right) a 2x2 surface model. Pb atoms are given in brown, Sn in
yellow, I in pink, C in cyan, N in blue, and H in white, isodensity representation of the hole in purple.

The z axis lies vertically.

Figure S2. Top view representation of a iodine Frenkel defect on (left) the structural model of surface

1 employed in the main text and on (right) a 2x2 surface model. Pb atoms are given in brown, Sn in



yellow, I in pink, C in cyan, N in blue, and H in white, isodensity representation of the hole in purple.

The I atoms belonging to the tri-iodide moiety are highlighted.
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Figure S3. Electronic density of states (DOS) calculated at PBEO+rVV10 level of theory showing
the valence band and the bottom of the conduction bands for models of surface 1 bearing an IFD. The

DOS for the 408-atoms slab is represented in blue while that for the 1632-atom slab is given in red.

Table S1. Calculated values of E,(h*) and AE(IFD) for models of the (001) surface of

MAPbosSnosls of different size. For definitions, cf. text. All values are given in eV.

N of atoms E,(h") AE(IFD)

408 0.22 —0.81

1632 0.21 —0.75



S4. Hole localization in bulk MAPbosSnosls and at selected surfaces

Figure S4. Isodensity representation of hole polaron on bulk 1 (left panel) and bulk 2 (right panel)
models of tetragonal MAPbosSnosls. The tetragonal axis lies horizontally. Pb atoms are given in
brown, Sn in yellow, I in pink, C in cyan, N in blue, and H in white, isodensity representation of the

hole in purple.
For both bulk and surface models, we consider:

Q) hole polaron formation and the respective binding energy.

(i)  V-center formation (cf. main text) for which we define AE(V) = E(V) — E(h™) as the
total-energy difference between the bulk/surface model bearing the V-center and that with
a semi-locolized hole polaron.

(ili)  IFD formation (cf. main text) for which we define AE(IFD) = E(IFD) — E(2h™) as the
total-energy difference between the bulk/surface model bearing the IFD and that with two
semi-localized extra holes.

(iv)  oxidation of Sn(Il) to Sn(IV) for which we define AE(Sn) = E[Sn(IV)] — E(2h™) as as
the total-energy difference between the bulk/surface model bearing a surface Sn(IV) and

that with two semi-localized extra holes

For bulk 1 and bulk 2 models, we observe formation of a hole polaron (cf. Fig. S4) with charge

localization on Snlz and PbosSnosl2 surfaces with a binding energy of 0.12 and 0.14 eV (cf. Table S2),



respectively, in line with a previous study, with the slight difference ascribed to the different methodology
employed.*® When studying the V-center, we observe that the Sn-bridging 15 is ~0.15 eV more stable
than the Pb-bridging one. However, even the lowest energy V-center still feature AE (V) values of
~0.50 eV for both models of bulk MAPbosSnosls (cf. Table S2) Therefore, formation of a V-center
upon trapping of a single hole is highly unfavourable, in line with previous calculations on MAPbIs.” We
then consider IFD formation. We find that an IFD on a Snlz plane is 0.27 eV more stable than on a Pbl;
plane for bulk 2 model. However, even the lowest-energy IFD features AE (IFD) =0.89 eV, its formation
being substantially unfavoured. Finally, no oxidation of Sn(ll) to Sn(1V) is envisaged for both the models

of the bulk material as pristine systems do not possess the environment required to induce Sn(1V) species.®

Table S2. Calculated values of E,(h*), AE(V), AE(IFD) and AE(Sn). For definitions, cf. text. All

values are given in eV.

Mixed perovskite E,(h") AE(V) AE(IFD) AE(Sn)
Bulk 1 0.14 0.48 —0.89 I
Surface 1 0.22 0.17 —0.81 —0.89
Bulk 2 0.12 0.49 0.90 1
Surface 2 0.23 0.27 —0.58 —0.55
Surface 3 0.12 0.30 0.23 I

We then study surface 2 model (cf. main text). A single injected hole is found to be localized as surface
hole polaron on a terminal Snl; plane (cf. Fig. S5), in line with results showed in the main text for
surface 1. Analysis of the energetics of V-center, IFD and of surface Sn(1V) produce results in agreement
with those discussed in the main text for surface 1, with values slightly shifted by the higher valence band

edge of the Snl,-terminated slab.

In contrast, for the surface 3 model, the polaron is localized on a sub-terminal Snl> plane with a

binding energy of 0.12 eV [cf. Table S2 and Fig. S5], close to the bulk value. Both the V-centers and



IFD are found to be unstable with AE(V) = 0.30 eV and AE(I3) = 0.23 eV, respectively. In this
regard, Pbl> coverage appears to induce an effect very similar to that observed upon MAI coverage
on the surface of lead halide perovskites, i.e. it hinders formation of charge-trapping species while,

however, preventing hole transfer on the surface.®

Figure S5. Isodensity representation of hole polaron on the surface 1 (left panel), surface 2 (middle
panel), and surface 3 models of the (001) surface of MAPbosSnosl3. Pb atoms are given in brown, Sn
in yellow, I in pink, C in cyan, N in blue, and H in white, isodensity representation of the hole in

purple. The z axis lies vertically.
S5. Effect of Sn/Pb clustering on the energetics of slabs and hole localization.

In order to assess the stability of different Sn/Pb distributions, we construct three new slab models
starting from the surface 1 model employed in the main text. In particular, we build models by (i)
exchanging the position of a surface Sn and Pb atom (Clustl), (ii) increasing the content of Sn on the

surface by exchanging a surface Pb with a sub-surface Sn (Clust2) and (iii) decreasing the content of



Sn on the by exchanging a surface Sn with a sub-surface Pb (Clust3). In all the cases, the
modifications have been performed on both the sides of the slab. Clustl is found to be 0.03 eV more
stable than the parent surface 1 slab, thus suggesting that the two arrangements are essentially
equivalent. We find that increasing (decreasing) surface Sn content is slightly favourable
(unfavourable) as Clust2 (Clust3) is 0.11 (0.06) eV more (less) stable than the original slab. Overall,
from these results, we infer that different rearrangements are close in energy and that Sn occurrence

on the surface should be favoured.

Figure S6. Isodensity representation of hole polaron for Clust1-3 models of the (001) surface of
MAPDo5Snosls. Pb atoms are given in brown, Sn in yellow, I in pink, C in cyan, N in blue, and H in

white, isodensity representation of the hole in purple. The z axis lies vertically.

We then investigate the hole polaron on the constructed models. For all considered models, hole
localization occurs on the terminal metal-iodide plane, with energetics essentially equivalent to those

calculated for surface 1 model (cf. Fig. S6 and Table S3).



Table S3. Calculated values of E, (h*) for surface 1 and Clust1-3 models of the (001) surface of

MAPDosSnosls. For definitions, cf. text. All values are given in eV.

Model E,(h")
Surface 1 0.22
Clustl 0.17
Clust2 0.20

Clust3 0.22



S6. Schematic representation of hole trapping on surface Sn vacancy and | interstitial
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Figure S7. Schematic representation of hole-trapping species on the (001) PbosSnosl2 surface of
MAPbosSnosls bearing a Sn vacancy. Pb atoms are given in brown, Sn in yellow, I in pink, C in cyan,

N in blue, and H in white, isodensity representation of the hole in purple. The z axis lies vertically.
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Figure S8. Schematic representation of hole-trapping species on the (001) PbosSnosl2 surface of
MAPbosSnosls bearing a | interstitial. Pb atoms are given in brown, Sn in yellow, I in pink, C in cyan,

N in blue, and H in white, isodensity representation of the hole in purple. The z axis lies vertically.



S7. Electron localization in bulk MAPbosSnoslz and at selected surfaces.

Table S4. Calculated values of E;, (e ™) for bulk MAPbosSnosls and selected surfaces. All values are

given ineV.
System Ey(e”)
Bulk (layered) 0.04
PDbl2 surface 0.02
Snl surface 0.02
Bulk (diagonal) 0.04
PbosSnosl2 surface 0.04

We here discuss the physics of extra electrons in MAPbosSnosls. We first verify that, upon injection
of a single electron in the bulk material or at selected surfaces, no localization is envisaged. The added
electron is found to be essentially delocalized in all the cases with negligible binding energies (cf.
Table S4). Therefore, we consider possible electron-trapping defects such as the iodine vacancy V;
and interstitial tin Sn;.>> We here again focus on surface 1 model. Electron-trapping in halide
perovskites can be associated with the formation of metallic dimers. For V;, we observe the formation

Pb-Sn bond (cf. Fig. S9) through the following reaction:
Pb2*@V; 4+ Sn?*@V; + 2e~ —» PbSn?*@V; (S7)

Similarly, electrons could be captured by an interstitial Sn with the creation of a dimer Sn3 (cf. Fig.

S9):
SnZ* + Sn?* + 2e~ - Sn} (S8)

However, when accounting for spin-orbit coupling in the calculations, the narrowing of the band gap,
mainly induced by the shift in the conduction band edge, brings the charge transition levels associated

with V; and Sn; outside the band gap of perovskite (cf. Fig. S7). Furthermore, we note the formation energy



of surface V; is higher than of its bulk counterpart, which implies that a lower concentration of surface V;
is expected. In contrast, surface Sn; is sensitively stabilized with respect to the bulk, a result that can be

explained with the larger reconstruction available on the surface to accommodate the extra tin atom.

(eV)

Formation Energy

Figure S9. (upper panels) Isodensity representation (green) of the highest occupied molecular orbitals
of Vi and Sn{ on the (001) surface of MAPbosSnosls and (lower panel) formation energies of V; and
Sn; as a function of the electron chemical potential x. Dashed lines for the respective values calculated
for the bulk material. The yellow shaded area highlights the region above the conduction band of the
material calculated at the hybrid+SOC level of theory. We consider iodine medium conditions (cf.

main text).
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