EXPERIMENTAL & SUPPORTING INFORMATION

Heterovalent Tin Alloying in Layered MA;Sb,ls Thin Films:
Assessing the Origin of Enhanced Absorption and Self-Stabilizing
Charge States

Andreas Weis?, Patrick Ganswindt?, Waldemar Kaiser?, Hannah Illner?, Clement Maheu¢,
Nadja Gliickd, Patrick Dorflinger¢, Melina Armer¢, Vladimir Dyakonove¢, Jan P. Hofmann¢,
Edoardo MosconiP, Filippo De Angelisf¢, Thomas Bein®*

2 Department of Chemistry and Center for NanoScience (CeNS), University of Munich (LMU), Butenandtstr. 11,
81377 Munich, Germany

b Computational Laboratory for Hybrid/Organic Photovoltaics (CLHYO), Istituto CNR di Scienze e Tecnologie
Chimiche “Giulio Natta” (CNR-SCITEC), 06123 Perugia, Italy

¢ Surface Science Laboratory, Department of Materials and Earth Sciences, Technical University of Darmstadt,
Otto-Berndt-Strasse 3, 64287 Darmstadt, Germany

d Department of Chemical Engineering, ARC Centre of Excellence for Exciton Science, Monash University, 3800
Victoria, Australia

¢ Experimental Physics VI, Julius Maximilian University of Wiirzburg. 97074 Wiirzburg,
fDepartment of Chemistry, Biology and Biotechnology, University of Perugia, 06123, Italy

8 Department of Natural Sciences & Mathematics, College of Sciences & Human Studies, Prince Mohammad Bin
Fahd University, Al Khobar 31952, Saudi Arabia

S1



1. STRUCTURAL PROPERTIES & XRD

Figure Sla depicts thin films alloyed with only 10% Sn precursor and the asterisks show the pronounced
MALI side phase in all the alloyed thin films, highlighting the need for a high concentration of Sn halides to
obtain phase purity. In figure S1b a zoom on the relevant 003/221 reflex is shown, which highlights the

enlargement of all unit cell axes.
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Figure S1: XRD patterns of (a) Sn:MA;Sbly films with 10 % Sn precursors and (b) zoom on the relevant (003) reflection of 50
% (light color) and 100 % Sn-alloyed thin films for chloride (green), iodide (blue), mixed valence iodide (red) and the pure
control (black).

The unit cell parameters in Table S1 were calculated via the following equation based on the hexagonal unit

cell:

42 3 2 T (1

1 4(d2+hk+k2) 12
a C

Table S1: Unit cell parameters

(003) 26 [*)/c axis
0 % 50 % 100 %
length [A]
+SnCl, 25.19/10.60 25.01/10.67 24.99/10.68
+Snl, 25.19/10.60 25.13/10.62 25.11/10.63
+Snl,/Snl, 25.19/10.60 25.07/10.65 25.01/10.67
(011) 26 [°}/a(b) axis
0% 50 % 100 %
length [A]
+SnCl, 14.60/8.53 14.38/8.70 14.36/8.71
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+Snl, 14.60/8.53 14.46/8.65 14.45/8.65
+Snl,/Snl, 14.60/8.53 14.52/8.58 14.42/8.66

The parameters for the Rietveld refinement as shown in the main text are seen in table S2.

Table S2: Rietveld refinement fit parameters

+80% SnCl, +80% Snl, +80% Snl,/Snl,
R, 4.06 5.13 4.69
R,, 5.42 7.18 6.57
R, 2.64 2.76 2.71
2 421 6.76 5.86
a (=b) [A] 8.60 8.67 8.63
¢ [A] 10.72 10.65 10.69

2. OPTICAL PROPERTIES

The absorbance was calculated starting from the measured thin film transmission via the following equation:

A=2—1log(%T) (2)

Absorbance data near the band edge for the reference material were fitted with a least-squares approach via
Elliott’s method with added thermal broadening as described by D’Innocenzo et al!, shown in equation 5
(with Ej, being the exciton binding energy, n an integer describing the continuum transitions, hv the photon
energy, I the inhomogeneous broadening parameter, £, the bandgap and m,b a factor determining the

parabolicity of the fitting curve).

a(hw)
=\ 4ATE3/? hw — Eg — Ep/n? oo hw — € 2/m\Ep
= o3P Z a Sech( T )+f Sech(—F \ /
= n E, }1 — e — 2mJEp/(hv — E() 3
! d
8m,b €]
1-—3 (e—Ey)

To fit the absorbance in the bandgap, a simple Urbach fit? 3 as shown in equation 6 was employed (with ag

and E1 being fitting parameters and Eo the Urbach energy).
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a(E) = agexp

E—E,
Eyg

(4)

The absorbance data for the different samples and the corresponding transmission and reflection plots are

shown in figure S2.

From the logarithmic plot of the absorbance data, the characteristic shape of the absorbance for Sn-doped

MA;Sb,ly can be seen with the approximately three linear contributions, represented as gaussian functions
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Figure S2: (a-c) Transmission and reflection data for MA3;Sbyly thin films with different amounts of Sn precursor. (d-f)

Corresponding absorbance data plotted logarithmically for chloride (green), iodide (blue), and mixed valence iodide precursors

(red).

in the main text. The absence of a PL signal is illustrated in figure S4, measured with a 405 nm excitation

laser.
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Figure S3: Fitting parameters for contribution A and B over all samples (a) and absorbance difference for all samples (b).
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Figure S4: Room temperature PL spectra of MA3Sb,ly thin films with different Sn iodide precursors.
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3. DFT CALCULATIONS
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Figure S5: Density of states of the Cs3Sb; 75812519 2x2x2 supercell in 0 charge state, mimicking Sn(I1)/Sn(IV) heterovalent doping,
obtained from DFT calculations based on the (top) PBE functional without spin-orbit coupling and (mid) with spin-orbit coupling
(SOC). The lower panel gives the density of states obtained from the PBEQ functional with original Fock exchange of 25% and
SOC. The red arrow visualizes the position of the Sn(IV) 5s orbitals in each panel.
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Figure S6: (a) Relative energy of the Cs;Sb; 755ny25lg 2x2x2 supercell in 0 charge state, mimicking Sn(11)/Sn(IV) heterovalent
doping, as function of the Sn-Sn distance.; (b) to (d) visualize the optimized structures, with Sn represented by yellow balls.
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Figure S7: Electronic structure of the Cs3Sb; 755192519 2x2x2 supercell in -2 charge state; (a) and (b) visualize the occupied and
unoccupied molecular orbitals. (c) Projected density of states of the Cs3;Sb; 7581251y 2x2x2 supercell in -2 charge state, with both
tin ions being in Il oxidation state. The colored rectangles indicate the respective region in the DOS used for the isodensity orbital
plots in panels a and b. Bader charges of the Sn ions are +0.99 and +1.00.
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Figure S8: Electronic structure of the Cs3Sb; 758n9.2519 2x2x2 supercell in +2 charge state; (a) and (c) visualize the occupied and
unoccupied molecular orbitals. (b) Geometry representation of the Snsy,-Sng, pair. Bader charges of the Sn ions are +1.23 (Sn(1))
and +1.28 (Sn(2)), indicating that both Sn ions are in oxidation state +1V. (d) Projected density of states of the Cs;Sb; 758n0.2519
2x2x2 supercell in +2 charge state, with both tin ions being in +IV oxidation state. The colored rectangles indicate the respective
region in the DOS used for the isodensity orbital plots in panels a and c.
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4. XPS AND ELECTRONIC STRUCTURE

The overview spectra of the 100 % alloyed iodide samples as seen in the main text can be seen in figure S9a

Furthermore, the Sb and Sn spectra of the unsputtered ones are shown in S9b and ¢, showcasing only minor

change with respect to the data shown in the main text.
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Figure §9: (a) Overview XPS spectra of Ar sputtered thin films prepared with 100 % iodide and mixed valent
iodide precursors (blue, red). Sb 3d (b) and Sn 3d (c) spectra with fits for unsputtered films

XPS data of surface oxidized thin films can be seen in figure S10 and showcases a distinct difference

between Sn(II) and Sn(IV) species, strengthening the assumption that no defined mixed valent incorporation

is taking place.
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Figure S10. Sb 3d (a) and Sn d (b) spectra with fits for a surface oxidized film.
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Tables S3-7 showcase the atomic ratios found in all XPS measurements discussed in the main text and of

the degraded samples, highlighting the incorporation of tin.
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Table S3: XPS elemental ratios of an MA;Sb,ly thin film
prepared with 100 % Sni, without Ar sputtering.

Sntot Sn+II Sn+IV Sb |

87 % 13 %

53 % 48 %

16 % 84 %

15 % 85 %

Table S5: XPS elemental ratios of an MA3Sbyly thin film
prepared with 100 % Snl,/Snl, without Ar sputtering.

Sn tot Sn+II Sn+IV Sb I

86 % 14 %

18 % 82 %

4 % 96 %

15 % 85 %

Table S7: XPS elemental ratios of an MA3Sbyly thin film
prepared with 100 % Snl, after oxidation in air over 2 days.

Sn tot Sn+II  Sn+IV Sb |

49%  51%

34 % 66 %

9 % 91 %

17% 83 %

Table S4: XPS elemental ratios of an MA3;Sbyly thin film
prepared with 100 % Snl, with Ar sputtering.

Sn tot

63 %

26 %

Sn +I1

99 %

Sn+IV  Sb
1%
37 %
17 %

74 %

83 %

Table S6: XPS elemental ratios of an MA;3;Sbyly thin film

prepared with 100 % Snl,/Snl, with Ar sputtering.

Sn tot

61 %

20 %

Sn +I1

95 %

Sn+IV  Sb
5%
39 %
14 %

80 %

86 %
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Valence band XPS data (measured on the ThermoFisher VG Escalab 250 spectrometer) are shown in figure

S11 for thin films prepared with tin chloride precursor to quantify the incorporation of Sn in combination
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Figure S11: (a-c) Valence band XPS spectra for thin films doped with SnCl,. (d) Highly broadened (o = 0.1) density of states
showing only antimony and tin contributions.

with chloride anions. Fitting of the VB states was performed following the methodology detailed in [4]. The

trend in the contributions I and II can be explained with the DOS being mostly made up of Sb in I and Sn

in I (S18a,d). Figure S18c shows the increase in Fermi level when increasing the Sn content in the structure.
5. STABILITY

XRD and UV-Vis measurements for different conditions and for different precursors are shown in figure
S12 and S13. We note that the stability appears to be consistent throughout all samples, independent of
precursors. For the temperature-dependent measurements, the thin films were kept at the specified
temperature for 5 minutes and were then measured. If compared to Figure S13a, we can see the strong

stabilizing effect of Sn in the system.
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Figure S12: XRD measurements at varying temperature (a) for 100 % Snl, precursors and (b) for 100 % SnCl; precursor. (c) &
(d) Thin film XRD measurements of 50 % SnCl, alloyed thin films in ambient atmosphere and in the glove box (GB), respectively.
The darkest green lines without legend refer to the reference film.
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Figure S13: (a) Degradation of pure MASnI; thin films after 3d and (b) UV-Vis spectra of a 40 % SnCl, prepared thin film over the

course of one month.
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