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S1. Kinetic model to simulate the evolution of the population of
free and trapped carriers

S1.1. Simplification of the model

The recombination dynamics of charge carriers in a p-doped semiconductor can be described by the

following rate equations:

dne
dt

=G — kznenh - klene (Nte - nte) - kdthnenth - k3hnenh2 - k3enhne2 (Eq- 81)

an
=G — koneny — kg, ny (Nen = nn) — Kae,MaMee — Kannenn® — ksenane? (EQ. S2)

dnte

P kieNe(Nee — Nge) — kgreNpie (Eq. S3)
d
Ztth = kinnp (Nep = nen) — kagnmenen (Eq. S4)

Where n,, n, and n.., n., are respectively the density of free and trapped electrons and holes; G is the
photogeneration rate. The total density of electron (N;.) and hole (N;,) traps is included taking into
account the reduction of the total number of available traps as the population of trapped carriers increases
with a cross-section kq, and kq;,, respectively for electrons and holes. The model also takes into account
the possibility of an event of non-radiative recombination of a trapped carrier with its free counterpart.
This can happen with cross-section kg, in case of recombination of a free hole with a trapped electron
and conversely with k;.,. Based on DFT calculations! deep electron traps appear to be the main
contribution to the defect panel in Sn-based perovskites. For this reason, the model can be at a first stage
simplified neglecting the contribution of deep hole traps. Auger recombination is included with a weight

set by k3, and ks, respectively for eeh and hhe events.

When dealing with a pulsed laser, the generation term can be set to zero and the initial electron and hole
populations are set as the density of absorbed photons right after a short pulse of excitation light. The
time-dependent PL intensity for a single pulse excitation is therefore proportional to the total number of

emitted photons given by equation (S5) and simulated in Figure S1.

npL(t) = kane ()ny(t) (Eq. S5)
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Figure S 1: Simulated TRPL decays for different excitation and doping densities. Main parameters
from Table S 2.
Conversely, in the case of continuous wave (CW) excitation, the steady-state conditions can be simulated
setting the initial populations to zero and defining the generation rate G as the absorbed photons over time

according to the illumination conditions.



S1.2. Figures of merit

The carrier lifetime is extracted from the PL evolution with a delta function excitation and estimated as

the time at which the PL intensity is decreased by a factor 1/e. The PLQY is the number of emitted

photons normalized with respect to the excitation density PLQY = %

In this section we highlight the effects of the independent variation of the main parameters.

VARIABLE DOPING

Trapping rate electrons ki, =1078cm3/s
Radiative rate k, =10"1%m3/s
Recombination trapped electron with free hole kgre = 10711 em3/s
Auger rate ks =1073%cmb/s
Total number of electron traps Ng = 10%cm™3

Table S 1: Main parameters used for simulations in the variable doping scenario of the main text.

VARIABLE TRAP DENSITY

Trapping rate electrons ki, =10"8cm3/s
Radiative rate k, =10"%cm3/s
Recombination trapped electron with free hole kgre = 10711 em3/s
Auger rate ks =1073%cmb/s
Doping density po = 1038cm™3

Table S 2: Main parameters used for simulations in the variable trap desity scenario of the main text.



S1.3. Free parameter selection
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Figure S 2: Simulated lifetime and PLQY (500kHz) with parameters indicated in Table S 1 and doping
density (a-d) po, = 10%%cm™3, () p, = 10**cm=3. Each plot indicate the effect of the variation of one of
the relevant parameters independently over two orders of magnitude: (a) radiative rate, (b) electron
trapping rate, (c) rate of recombination of a trapped electron with a free hole, (d-e) Auger rate. From
that we can deduce the impact a relative variation has in terms of carrier lifetime and PLQY either in
the low (<10*cm) or high (>10%cm®) excitation regime.
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Figure S 3: Simulated lifetime and PLQY (500kHz repetition rate) with only radiative recombination.
Simulation parameters are indicated in the annexed table. PLQY is fixed at 100% independently from
doping since there are no loss channels. Without doping the lifetime decreases with increasing
excitation density due to band to band radiative recombination. With increasing doping the lifetime is
decreased and it is flat up to an excitation density equal to the doping density. In this regime the
pseudo-monomolecular recombination of electrons with dopant holes is dominant. Above the
bimolecular recombination of photoexcited carries dominates.
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Figure S 4: Simulated lifetime and PLQY (500kHz) with radiative recombination and trapping for
electrons, Auger term is neglected. Simulation parameters are indicated in the annexred table. Top:
slow electron trapping (k;, = 10~*1cm3/s), bottom: fast electron trapping (k;, = 10~8cm3/s). If the
trapping rate is lower than the radiative rate overall radiative dynamics are dominating. If the trapping
rate is higher than the radiative rate in case of high doping (>1e18 ¢m™3) the lifetime is not affected.
For low doping (<1e18 cm™3) the lifetime increases for increasing excitation density. Above the
density of traps the lifetime follows the decay associated to radiative bimolecular band to band
recombination. The PLQY is also reduced at low excitation density.
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Figure S 5: Simulated lifetime and PLQY (500kHz) with radiative recombination and trapping for
electrons, Auger is now included. Simulation parameters are indicated in the annexed table. Top: eeh
processes k4, = 1073%cm®/s, bottom: ehh processes k,, = 1073%m®/s. For doping densities
above 10%cm Auger third order effects, that scale with the second power of hole density, limit the
radiative efficiency, causing a reduction in PLQY and almost flat behavior over different orders of
magnitude in excitation density.



S2. Spectroscopic measurements
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Figure S6: Pictures of solutions of FACsSnl; (a) with and (b) without Snls. The red component is an
indication of the content of Sn**, (c) absorbance of solution of Snl,, Snl, oxidised in air and Snl oxidised
with subsequent addition of SnF,, All solutions were 0.14 molar in acetronitrile and measured in a sealed
quartz cuvette.
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Figure S7: Top view SEM images of (a) pristine (scale bar 1um) and (b) Snl4-right (scale bar 1um) thin
film perovskites, respectively. (c) XRD patterns of pristine and Snls-rich thin film perovskites. The
measurement was carried out in Nitrogen inert atmosphere to prevent degradation due to air exposure.
both samples are highly crystalline and present well-defined and sharp peaks at 14°, 24.5°, 28.5°, 32°,
40.5°, 43°, 48°and 50°, which correspond to the (001), (111), (002), (012), (022), (003), (113) and (222)
phases, respectively, typical of a pseudocubic crystal structure, as previously reported.?® The absence of a
shift of the peaks suggests that the lattice constant is not modified by the presence of Snl.. The additive
affects the relative intensity of the peaks resulting in a decrease for (001), (002) and (012) in favor of a
preferential growth for (111) plane. Neither broadening of diffraction peaks nor the presence of impurity
phases are observed, suggesting that Sn** does not induce any clear lattice distortion.
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Figure S 8: a)Average absolute PLQY over 7 pristine samples all fabricated in different batches, b)
absolute PLQY of two samples fabricated in the same conditions from a pristine and Snls-rich solution.
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Figure S9: a) TRPL decay for the pristine and Snls-rich samples. Measured with excitation wavelength
of 800 nm and density of about 5e17cmthe decay of the Snl-rich sample is not resolved b) Transient
Absorption Spectroscopy measurements describing the recovery of the main photobleach (840-880nm)
in the short delays range (<5ns) for the pristine and Snls-rich samples, c) fluence dependent TRPL
decay of the pristine sample, d) Transient Absorption Spectroscopy measurements describing the
recovery of the main photobleach (840-880nm) in the short delays range (<5ns) for the Snls-rich
sample as function of pump excitation density.
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Figure S 10: Conducibility of pristine, Snls-rich, Snls-rich + 10% SnF, and 10% SnF, samples
measured in nitrogen.

Figure S11: Pictures of solutions of FACsSnls; (a) with Snls (b) 10% SnF.. The red component is an
indication of the content of Sn**.
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Figure S 12: a-b-c Top view SEM images of Snls-rich (left panel), with 5% SnF, (central
panel) and 10% SnF. (right panel). The scale bars are the same for all images and both
correspond to 1um. d. XRD patterns of the reference Snls-rich film and films with gradual
increase of SnF,. SnF, affects the relative intensity of the XRD peaks resulting in a decrease for

(111), (022) and (003) in favor of a preferential growth for (001) and (002) planes that are those
perpendicular to the plane of the substrate.
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Figure S 13: Detail of the main peaks of the XRD patterns of the Snls-rich film and films with gradual
increase of SnF,. Minimum shift of the (001) and (002) peaks can be associated with a reduction in
strain arising from Sn vacancies. Also is this case no tetragonal distortion is observed.
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Figure S14: (a) dAbs/dE indicated with a dot and the maximum in the PL emission indicated with an empty square
give also a visual indication of the Stoke shift. (b) Full width at half maximum of the PL peak the Snl2+Snl4 and with

gradual increase of SnF,, (c) Average PLQY over 7 samples all fabricated in different batches.
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Figure S 15: a) TRPL decays of the samples Snls-rich and with gradual increase of SnF» content with
excitation density of about 5e17cm=3, b) fluence dependence of the sample with 5%SnF, added, at
higher excitation densities is visible the emergence of a biexponential decay.
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Figure S16: Relative PLQY not normalized, taken with increasing excitation intensities for all samples: (a) with
450 nm CW excitation (b) with 515nm pulsed excitation and 500kHz repetition rate.
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Figure S17: Dots indicate experimental lifetime and external PLQY measured with pulsed excitation (repetition
rate 500kHz) and reported in Figure 2b-c and 3c-d of the main text. Continuous lines indicate simulated curves
as a result of the simultaneous fitting of lifetime and PLQY, the parameters for each simulated curve are

indicated in Table S3.

Reference Snl, 0.5%SnF, 5%SnF, 10%SnF,
Trapping rate electrons k, 2-1078 2-1078 1-1078 1-1078 2-1078
[cm3/s]
Radiative rate k, [cm3/s] 0.6-1071 0.6-107** | 2-10711 [ 2-10711 3-10°1t
Recombination trapped e with 1-10711 1-10"11 7-1071 | 7-10711 6-10"11
free h kg.[cm3/s]
Auger rate ks [cm®/s] 3-10730 3-1073° 3-1073% [ 3-10730 3-10730
Total number of e traps N, 5-10%° 8-10%* 5-10%° 3-10%° 7-10%°
[em™3]
Doping p, [cm ™3] 10%° 4-10%° 7-10'8 6-1018 5-10'8

Table S3: Simulation parameters obtained from the simultaneous fitting of carrier lifetime and external PLQY

shown in Figure S17.
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S3. Surface models and band alignment

Snl,-terminated slab MAI-terminated slab MAF-terminated slab

-
)
¢

Figure S 18: Stick&ball representation (side-view) of the different slabs considered in this study. Sn
atoms are given in yellow, | in pink, F in green, C in cyan, N in blue and H in white.

Surface termination VBM Vs vacuum level (eV)
Snl, 6.09
MAI 5.15
MAF 4.60

Table S 4: Valence band maximum (VBM) of MASNI3 aligned with respect to the vacuum level for each
considered termination of the (001) surface of tetragonal MASNI3.
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S3.2 Formation energies of point defects for the considered surfaces
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Figure S 19: Formation energies of point defects as a function of the electron chemical potential ¢ on the (a)
Snlz (b) MAI and (c) MAF (001) terminated surfaces of tetragonal MASnIs. Dashed lines for the respective
values calculated for the bulk material. We consider iodine medium conditions as defined in Ref.*
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S3.3 Atomistic models of selected point defects for different surface
terminations
Vsn

Sn(lV) precursor V-center@Vs,

+0.10 eV

Figure S 20: Stick&ball representation (side-view) of different structural configurations for a surface Sn
vacancy with one extra hole (Vg;,, top panels) and two extra holes (VJ,, bottom panels). Left (right) panels
for configurations entailing tin (iodide) oxidation. For each configuration, the isodensity of the lowest

unoccupied molecular orbital is given in violet and the energy difference is reported, as referred to the
most stable configuration.
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Figure S 21: Stick&ball representation of the surface I interstitial (left panel) and Sn vacancy (right panel)
with two extra holes on the MAI terminated (001) surface of MASnhIs. For each configuration, the
isodensity of the lowest unoccupied molecular orbital is given in violet and the position of the defect is

highlighted with a shaded circle.

MAI terminated

Figure S 22: Stick&ball representation of the surface | vacancy and Sn interstitial with two extra
electrons, Vi~ and Sn?, respectively on the MAI terminated (top) and MAF terminated (bottom) (001)
surfaces of MASnNIs. For each configuration, the isodensity of the highest occupied molecular orbital is

given in green.
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MAI terminated slab

Defect E, (eV) dsn-sn (A)
Sn? 0.25 3.03
Vo 0.14 3.25

MAF terminated slab

Defect E, (eV) dsn-sn (A)
Sn? 0.010 3.43
VP -0.21 3.46

Table S 5: Calculated binding energies (eV) of the Sn-Sn dimer formed upon trapping of two electrons
along with bond length (A) for different defective models of the MAI and MAF terminated surfaces of
tetragonal MASnIs.
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