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Supplementary Note 1. Construction of Pm3m, Pnma, R3c

and R3m N(CH3)sSnl; structures and the relaxed 3D

structure

For the 3D ABX3 perovskite materials, BXs octahedrons are located at the corners of

the cubic cell, and the A atom is embedded at the center. We firstly construct this ASnl3

structure with the Pm3m, Pnma, R3¢ and R3m space groups. Then we replace the A site

by the organic group N(CH3)4". The whole supercell system is relaxed completely to
obtain the lowest-energy structure. The total enthalpy H,  of the four initial 3D-cubic
structures are listed in the Supplementary Table 1.

The relaxed 3D-cubic N(CH3)4Snl3 structure is shown in Supplementary Fig. 1 and
the geometric crystal structural parameters are listed in Supplementary Table 2. In 3D-
cubic N(CH3)4Snls, Snle octahedrons are untilted. The Sn?" ions displace from the
center, so the bond angle £Sn-I1-Sn = £11-Sn-I4 = 160.2°. Because of the Sn** ions’
displacements, the Sn-11, Sn-12 and Sn-I3 bonds are longer (>4.2 A). The other bonds
Sn-14, Sn-15 and Sn-16 are shorter (around 2.9 A).

Supplementary Table 1 The total enthalpy per formula unit H, /f.u. (in eV) of

the 3D-cubic N(CH3)4Snls relaxed from the initial structures with the space groups

Pm3m, Pnma, R3¢ and R3m at 0 GPa and 6 GPa.

Pm3m Pnma R3c R3m
0 GPa -99.406 -99.405 -99.394 -99.403
H,  /fu.
6 GPa -89.008 -89.002 -88.988 -89.008




Supplementary Fig. 1 The relaxed 3D-cubic N(CH3)4Snl3 structure. Only one BXs

octahedron is shown in the corner.

Supplementary Table 2 The lattice constants and Sn-1 bond lengths of 3D-cubic
N(CH3)4Snl; structure. All lengths are in A.

Lattice a b Y o B V4
Constant 7.05 7.24 7.05 91.4° 90.1° 91.0°
Sn-I1 Sn-12 Sn-I13 Sn-14 Sn-I5 Sn-16
Bond Length

4.20 4.20 4.34 2.95 291 2.93




Supplementary Note 2. Effect of the direction of N(CH3)4" on

the total energy

When constructing the initial structures for structural relaxation, there are many
possible directions of the organic group N(CH3)s" in the 3D N(CH3)4Snls. In order to
investigate the influence of the initial direction of the organic group on the relaxed
structures, we constructed 5 Pnma initial structures with different directions of
N(CH3)4* at A site and then relaxed these structures. Supplementary Table 3 shows the
relaxed total enthalpy per formula unit (H, ,/f.u.) of these structures at 0 GPa. The total
energy differences of the relaxed structures from the 5 initial structures are within 4
meV per formula unit, which is about 0.19 meV/atom. The difference of the total energy
is small enough so the effect of the rotation of N(CH3)s" on the relaxed structures can
be neglected. The relaxed structures are also compared and no obvious difference can
be found, indicating that the initial directions of N(CH3)4" do not influence the relaxed

structure.

Supplementary Table 3 The H, /f.u. Pnma N(CH3)+Snl; relaxed from 5 initial

structures with different organic molecule directions at A site.

1 2 3 4 5

H, . /fu (eV) -99.406 -99.407 -99.409 -99.406 -99.405




Supplementary Note 3. Effect of the vdW interaction on the

structural relaxation and the total energy

Since it is a molecule N(CHs)4* at A site, we considered the vdW effect on the
structural relaxation. The lattice constant is ~6.73 A (PBE+vdW), which is a little
smaller than ~7.04 A (PBE). However, for the total enthalpy (H,/f.u.) in terms of
pressure, which determines the stable state under high pressure, the vdW results give
the same conclusion as the PBE results. As shown in Supplementary Fig. 2 below, the
vdW-calculated total enthalpy differences between the 3D-cubic and 1D, 3D-hex
structures have the same trend as those in Fig. 2. The 3D-cubic structure becomes the
most stable when the pressure is higher than 2.3 GPa. Both the calculations with and
without vdW effect showed that the 3D-cubic is the most stable structure at high

pressure.
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Supplementary Fig. 2 The H, /f.u. differences between the 3D-cubic and 1D, 3D-
hex structures of N(CH3)4Snl3 as functions of hydrostatic pressure. The vdW effect

1s included.



Supplementary Note 4. Energy cost of 3D-cubic N(CH3)4Snl3

formation reaction

In order to confirm that the 3D-cubic N(CHs3)4Snl; is stable with respect to the phase
separation and is synthesizable under high pressure, we calculate the formation

enthalpy (energy cost) of the formation reaction of 3D-cubic N(CH3)4Snl3, N(CH3)4l +

Snl, — N(CH3)4Snl;3 [1], which was experimentally reported to occur at 120 °C [2].
The energy cost of the formation reaction £, is defined as [3],
Ef - HN(CH:§)4SnI:; - HN(CH:;)J - Hth

where  Hycmy)sory » Hy(ompa and  Hg,, are the total enthalpies of 3D-cubic

N(CH3)4Snlz, N(CHz)4l and Snl, respectively. The calculated energy costs under

different pressures are shown in Supplementary Fig. 3.
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Supplementary Fig. 3 The energy cost of the formation reaction N(CHs)41 + Snl

— N(CH3)4Snl; under different pressures.

Obviously, the energy cost E; is always negative under the pressure 0-6 GPa,

indicating that N(CH3)4Snlz is always stable with respect to phase separation into
N(CHjs)4l + Snlz. The energy cost becomes more negative as the pressure is higher than
1.5 GPa, indicating that the synthesis reaction is thermodynamically favored and the

3D-cubic N(CH3)4Snl; is synthesizable under high pressure.
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Supplementary Note 5. Band structure of 1D N(CH3)4Snl3

The band structure and density of states (DOS) of 1D N(CH3)4Snl3 calculated using

PEB+SOC are shown in Supplementary Fig. 4. The VBM is located at K (1/3, 1/3, 0)
point and CBM is at I" (0, 0, 0) point. The band gap £,= 2.64 eV.
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Supplementary Fig. 4 The band structure and DOS of 1D N(CH3)4Snl; calculated

using PBE+SOC. The high-symmetry wave vectors are M (1/2, 0, 0), K (1/3, 1/3, 0),
I' (0,0, 0)and A (0, 0, 1/2). The Fermi level is shifted to 0 eV.



Supplementary Note 6. Absorption coefficient of 3D-cubic
N(CH3)4Snl3

The light-absorber semiconductor in single-junction solar cells should have efficient
absorption for the incident sunlight with energies ranging in 1.55-4.13 eV [4]. So we
also calculate the absorption coefficient for 3D-cubic N(CH3)4Snls. Firstly, the
imaginary part of the frequency-dependent dielectric function is calculated using the
formalism given by Ref. 5 and the real part is derived using the Kramers-Kronig

transformation. Then, the optical absorption coefficient can be calculated as following,

a(w) = [\/el.c(w)Q + &5, (W)2 — 51.0(01)] s

V2w
C

where «(w) is the absorption coefficient, w is the angular frequency of the incident
light, ¢, (w) and g, (w) are the real and imaginary part of dielectric function e(w),
¢ is the light speed. The calculated «(w) is shown in Supplementary Fig. 5. The
absorption starts from 2.1 eV which is the value of E; and increases gradually as the
incident energy increases up to 8 eV. Our calculated absorption spectrum satisfies the

requirement of the light-absorber semiconductor in single-junction solar cells.
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Supplementary Fig. 5 The optical absorption coefficient of 3D-cubic N(CH3)4Snl3

at 0 GPa as a function of the incident sunlight energy.



Supplementary Note 7. Total energy of CsSnlz with different

volume

The E,, /fu. of CsSnlz as a function of the supercell volume is shown in

Supplementary Fig. 6. The equilibrium volumes/f. u. of Pm3m (Cubic), Pnma, R3c and
R3m are almost the same, around 247 A3. The energy of Pnma is the lowest (see the
inset in Supplementary Fig. 6), which means it is the most stable structure. As the
volume increases, the total energies of all Pm3m (Cubic), Pnma, R3¢ and R3m

structures increase. The increasing rate of R3m is the smallest. Therefore, the R3m

structure becomes the most stable structure for the large volume.
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Supplementary Fig. 6 E, ,/f.u. of CsSnl; as a function of the volume/f.u..
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