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Computational Details

Density-functional theory (DFT) calculations were performed by using the projector-
augmented wave (PAW) method, as implemented in the Vienna Ab initio Simulation
Package (VASP) code.” ? For structural properties, the generalized gradient
approximation (GGA) formulated by Perdew, Burke, and Ernzerhof (PBE) was chosen
as the exchange-correlation functional.® The plane-wave cut-off energy was set to 500
eV. The I'-centered k-point meshes with k-spacing of ~0.2 At were employed for
sampling the Brillouin zone.* The lattice parameters and atomic positions were fully
relaxed until the force on each atom is smaller than 0.01 eV/A. Band structures and
density of states were calculated by taking the spin-orbit coupling (SOC) interaction
into account.® Based on the equation m”* = 4#2/(6%(k)/0k?),® where (k) are the band edge
eigenvalues and k is the wavevector, the electron and hole effective masses were
calculated using the finite difference method.” 8 The initial configurations of Sn?*-
doped GAPbI; and C7H7*-doped GAPbI; with 1 X 1X 3 supercell were adopted for ab
initio molecular dynamics (AIMD) simulations. Each 5 ps (time step is 1.0 fs) AIMD
simulation was performed in the constant-volume and constant-temperature (300 K)
(NVT) ensemble. The optical absorption spectra of GAPbl; and C7H;"-doped GAPDI;

are described by the complex dielectric function, i.e.,e(w) = ¢, (w) +ig,(w) . Based

on the dielectric function of investigated systems, the absorption coefficient a(w) can

be given by the following equation: ®
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where &, and €, are the real and imaginary part of the dielectric function, respectively.

Structural Information

For GAPbI3 with different octahedral connectivity, the 1D edge-sharing structure (see
Figure S4a) is from the experimental data in Ref. 10; the 3D hypothetical corner-sharing
structure is constructed by replacing all the HC(NH.)." with C(NH2)s* in the FAPbI;
(FA = HC(NH>)2), and the staring structure of FAPbIs; is from Ref. 11; the 1D
hypothetical face-sharing structure (see Figure S4c) is constructed by replacing all the
Ge with Pb in the GAGels, and the staring structure of GAGels is from Ref. 12. Prior

to performing other calculations, we first examined the effect of different van der Waals
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(vdW) corrections on the lattice constants for the edge-sharing structure. From Table
S4, it can be seen that the combination of PBE functional and Grimme’s D3 dispersion
correction vyields the most reasonable lattice constants in comparison to the
experimental results. Therefore, we employed the PBE+D3 method for all calculations
except the face-sharing structure. It is worth noting that for the face-sharing GAPDI3,
only the PBE+vdW-DF2 method well predicted reasonable lattice constants, and we

chose it for all calculations of this structure.

For Sn?*- or C7H7*-doped GAPbIs, different configurations were considered, and we
chose the lowest total energy configuration for the final electronic properties

calculations. The optimized structural parameters were summarized in Table S5.

Stability of C7H7*-doped GAPbIz and Sn?*-doped GAPbI3
The thermodynamic stability of two doping systems against chemical decomposition
was examined. For C7H7"-doped GAPbI; and Sn*"-doped GAPbI;, the decomposition

routes considered are:

[C(NH2)3]o.75[ C7H7]0.25Pbls — 3/4 C(NH2)31 + 1/4 C7H71 + Pbl, 2)
C(NH2)3Pbo.75S8n0.2513 — C(NH2)31 + 3/4 Pbl, + 1/4 Snl, 3)

The calculated decomposition enthalpies (A Hg) are 1.33 and 1.28 eV per formula unit
(f.u.), respectively. It can be noted that both C7H;'-doped GAPbI; and Sn**-doped
GAPDbI; show positive A Hg values, indicating that they are stable with respect to phase

separation.

The mechanical stability of C7H7'-doped GAPbI3 and Sn*'-doped GAPbI; was also
examined. The calculated elastic stiffness constants (Cj) are shown in Table S6.
According to the mechanical stability criteria'’, two doping systems were checked
through the following equations, and both C7H7"-doped GAPbI; and Sn?**-doped

GAPDI; satisfy the fundamental mechanical stability criteria.



Ci1>0,C0>0,C33>0,Cs4>0,C55>0, Co6 > 0, 4)

[Ci1 + Cn+ Cs3+2(Ci2t+ Ci3+ C23)] > 0, (5)
(Cii+t Cn2-2C)>0,(Cn+C33-2Ci3)>0, (C2+ C33-2 C23) >0, (6)
C,Cp >Cy, )
(C1iCppCqs +2C,C,,Cy - CHC; - szci - Cssci) >0. (8)

Finally, the thermal stability of C7H7"-doped GAPbI; and Sn**-doped GAPbI; was
examined by performing ab initio molecular dynamics (AIMD) simulations at 300 K.
As shown in Figure S5, the structure integrity of two doping systems is maintained after
5 ps AIMD simulation, indicating the thermal stability of C7H7"-doped GAPbI; and Sn-

doped GAPDI; at the room temperature.

Calculation of Elastic Stiffness and Piezoelectric Tensors
For GAPDIs with the Pna2; space group, the elastic stiffness tensors are calculated in
the form of the stiffness tensors (C), presented as a 6>6 matrix:'*

Ci1 Cio C4i3 O 0 0
/C12 C2 C3 O 0 \
0 0 0 C4y O O
0 0 0 0 Cs5s O

0 0 0 0 0 Ce

The piezoelectric stress tensors (e) are calculated in the following form, presented as a

3>6 matrix:
0 0 0 0 €15 0
( 0 0 0 ey O 0)

€31 €32 €33 0 0 0

=]

The finite differences method and density functional perturbation theory (DFPT)
method were employed to calculate the elastic stiffness tensors and piezoelectric stress
tensors, respectively.'®® For both calculations, the 3>2>7 gamma centred k-point grid

and 700 eV cut-off energy were chosen.

Based on the obtained Cjj and ej; tensors, using the following equations,® 17 the dijj

coefficients reported in the main text can be obtained.
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day = €y XSy + 85, XSy, +855 %Sy, (11)
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Where S;jj is the compliance matrix.
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Figure S1. Experimental optical band gaps of 1D, 2D, and 3D ABIs; (A = organic
molecule or Cs; B = Pb, Sn, and Ge) iodide compounds. The red, green and blue
symbols indicate the corner-, edge-, and face-sharing connectivity of [Bls] octahedra in
ABIs3, respectively. The structural dimensionalities of MFOGels, IMSnls, and GASnI3
are all quasi-3D and are labelled as mixture colour. The abbreviation of organic
molecule A in the figure is: “Cs”: (CHas)sS; “C7”: C7H7; “DDA”: CH3(CH2)11NHs;
“DMA”: (CHs)2NH2; “TMA™: (CHz3)sNH; “NMes”: (CHs)aN; “IM”: C3NzHs; “IPA”:
(CH3)2C(H)NHs; “MFO”: CHsC(NH.)2; “EA”: CH3CH2NH3; “GA”: C(NH)3; “FA”:
HC(NH2)2; “MA”: CH3NHas. The detailed data are given in Table S7.



Table S1. Bond lengths and bond angles from experimental and calculated GAPbI3

with different structures.

Pb—1I bond length (AVG) (A)  Pb—I-Pb bond angle (deg)

Edge-sharing (Expt.'?) 3.07-3.56 (3.28) 91-92
Edge-sharing 3.15-3.36 (3.25) 92
Face-sharing 3.30-3.42 (3.36) 74

Corner-sharing 3.23-3.24 (3.23) 169-170

Table S2. The average electron (me) and hole (mn) effective masses along the high
symmetry directions near the band gap edges for GAPbIs with different structures
estimated from the PBE+SOC calculated band structures. mo is the electron static mass.

[Pbls] Connectivity me/my my/my

F-Q Q-Z AVG F-Q Q-Z AVG
Corner-sharing 0.17 0.17 0.17 0.37 035 0.36

r-x X-Uu AVG ZTI' TI'-X AVG
Edge-sharing 1.49 082 1.15 0.81 1.08 0.94

D-Zz ZI AVG C-Y YI AVG
Face-sharing 5.01 297 399 10.81 248 6.64

Table S3. Calculated piezoelectric stress constants (ej), elastic constants (Cjj), and
piezoelectric strain constants (dj) for zinc oxide (ZnO). Other theoretical and

experimental results are also shown for comparison.

ejj (C/m?) Ci (C/m?) dii (pC/N)
es3l e3  ers Ci Ci3 Cuy GCo6 Cio Ciz dyi dyz  dis
This work -0.63 122 -0.46 202 219 36 39 125 110 -5.7 11.3  -12.8

Cale.'®  -0.67 128 -0.53 - - - - - - -55 109 -131
Cale.”®  -0.55 1.19 -046 246 246 56 - 127 105 3.7 80 82
Expt.”” -0.62 0.96 -037 209 216 44 - 120 104 5.1 123 -83

Expt?®  -0.61 1.15 - - - - - - - - - -




(a) (b)
=500 =650 =700 m2x1x6 W3x2x7 m4x2x11

18 18

=16 16

@14 14

12 12

[

§10 10

§ 8 8

Q6 6

i I : I

: il !
: m ; m

Ci1 Coo Cyy Cyy Cs5 Cos Crz Cys Cog Ci1 Co2 Ca Cas Cs5 Ceo Crz Cia Co

Figure S2. Graphs showing the convergence in predicted elastic constants for GAPbIs
using different cut-off energy and k-point mesh. Note that for the convergence tests of
cut-off energy, the k-point mesh is 3>2x7. And for the convergence tests of k-point

mesh, the cut-off energy is 650 eV.
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Figure S3. Graphs showing the convergence in predicted piezoelectric stress constants
for GAPbIs using different cut-off energy and k-point mesh. Note that for the
convergence tests of cut-off energy, the k-point mesh is 3>2x7. And for the

convergence tests of k-point mesh, the cut-off energy is 650 eV.
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Figure S4. Crystal structures of (a) edge-sharing and (c) face-sharing GAPbIs. Note
that (b) displays the edge-sharing connectivity of [Pble] octahedra along the c direction
for (a), and (d) displays the face-sharing connectivity of [Pbls] octahedra along the b

direction for (c).

Table S4. Experimental and calculated lattice parameters with different van der Waals
(vdW) corrections for the edge-sharing GAPbIs. Note that percentage differences of

calculated parameters from the experimental ones are shown in brackets.

Methods a(A) b(A) c(A)

Expt.!0 11.990 20.880 4.476
DFT-D3  11.904 (-0.72%) 20.737 (-0.68%) 4.500 (-0.54%)
PBEsol  10.453 (+12.82%) 24.180 (+15.80%) 4.567 (+2.03%)
vdW-DF2  12.152 (+1.35%) 21.087 (+0.99%) 4.667 (+4.27%)
optB86b-vdW  11.920 (-0.58%) 20.635 (-1.17%) 4.427 (-1.09%)

Table S5. Calculated structural parameters for Sn?*-doped and C7H7*-doped GAPbDIs.

Sn**-doped C7H;"-doped

a (A) 11.869 11.683
b(A) 20.735 21.813
c(A) 4.486 4.561
a (deg) 89.86 89.35
p (deg) 89.97 92.02

y (deg) 90.02 93.22

V(A% 1104.01 1159.64

Pb—1I bond length (A) 3.15-3.36 3.12-3.39




Pb—I-Pb bond angle (deg) 82-88 88-91
Sn—I bond length (A) 3.09-3.33 -
Pb—I-Sn bond angle (deg) 92 -

Table S6. Elastic stiffness constants C;; of C7H;"-doped and Sn**-doped GAPbI;.

Cii (GPa)
Ci Cn Ci3 (C3 Cn (C3 Cau Css Ces
C7H7"-doped 10.6 12.1 81 82 185 149 29 2.1 3.0
Sn**-doped 16.6 141 79 72 172 159 28 2 45
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Figure S5. The snapshots of structure (after 5 ps) and the free energy fluctuations of (a
and c) C7H7*-doped and (b and d) Sn?*-doped GAPbIls, with ab initio molecular
dynamic (AIMD) simulations at 300 K.

Table S7. Experimental structural data (i.e., space group and structural dimensionality),
octahedral connectivity, and band gaps (Eg) of some iodide compounds ABI3 (A =

organic molecules or Cs; B = Pb, Sn, and Ge).

Materials Space Octaheflr.al . Strucfcural_ E; Ref
group connectivity dimensionality  (eV)
CsPbls Pm-3m Corner-sharing 3 1.73 21
CsSnls Pnma Corner-sharing 3 1.3 22
CsGels R3m Corner-sharing 3 1.6 12
MAPbI; l4cm Corner-sharing 3 1.57 23
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MASnNI; P4Amm Corner-sharing 3 1.23 24
MAGelz R3m Corner-sharing 3 1.9 12
FAPDI; Pm-3m Corner-sharing 3 1.48 25
FASnI; Amm?2 Corner-sharing 3 1.41 24
FAGels R3m Corner-sharing 3 2.2 12
GAPbI; Pna2, Edge-sharing 1 2.25 10
GAGels P2i/c Face-sharing 1 2.7 12
GASnI; P63/m  Corner/Face-sharing quasi 3 1.9 24
MFOGelz P2, Corner/Face-sharing quasi 3 2.5 12
TMAGel; P63 Face-sharing 1 2.8 12
IPAGel; 1-42d Face-sharing 1 2.7 12
TMASnI; R3c Face-sharing 1 2.55 24
IMSnlI; Pc Corner/Face-sharing quasi 3 2.2 24
NMe4Snlz  P63/m Face-sharing 1 2.6 24
(C3)Pblz P63mc Face-sharing 1 3.1 26
DDASnI3 P-1 Corner/Edge-sharing 2 2.02 27
DMAPDI;  P63/mmc Face-sharing 1 2.39 28
(C7)Pblz Pnma Face-sharing 1 1.97 29

The abbreviation of organic molecule A in the Table is: “C3”: (CH3)sS; “C7”: C7Hy;
“DDA”: CH3(CHa2)11NHz; “DMA”: (CH3)2NHz; “TMA”: (CHz3)sNH; “NMes”: (CHs)aN;
“IM”: C3NzHs; “IPA”: (CH3)2C(H)NHs; “MFO”: CH3C(NH2)2; “EA”: CH3CH2NHs3;
“GA”: C(NH2)3; “FA”: HC(NHa)2; “MA”: CHsNHa.
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