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Computational details

Structural optimizations and electronic structure calculations were performed using the pseudopotential plane wave method
as implemented in the Quantum ESPRESSO package [[1]. We used the ultrasoft pseudopotentials for relevant atoms, and the
vdW-DF-0b86 [2]] and Perdew-Burke-Ernzerhof (PBE) [6] functionals within the generalized gradient approximation (GGA)
for the exchange-correlation (XC) interaction between the valence electrons. The plane-wave kinetic cutoff energies were set
to be 70 and 600 Ry for wave functions and electron densities, respectively. The special k-point meshes were 8 X 8 x 8 and
4 x4 x 1 for bulk and interface models, respectively. All of the atom positions were relaxed until the atomic forces converged
to 5 x 107> Ry/Bohr.

We considered the effect of FA cation orientation of the 3D part on the structural and electronic properties. We performed
structural optimizations of FAPI unit cells with three different initial FA orientations, distinguished by orientation of line from
C atom to the middle point between two N atoms along the <100>, <110> and <111> directions. After optimization process,
it turned out that the <100> orientation structure was not formed and transformed to the <110> orientation. Then we present
the structural and electronic properties of FAPI bulk obtained using the unit cell with the <110> and <111> orientation of FA
cation as shown in Fig. S8. We found that the unit cell with the <110> orientation has the lattice constant of 6.37 A and band
gap of 1.48 eV, which are in good agreement with the experimental values of 6.35 A and 1.45 eV. Meanwhile, for the case
of <111> orientation, the lattice constant and band gap were obtained to be 6.40 A and 1.52 eV, respectively, both of which
are more over the corresponding experimental values compared with the <110> case. Moreover, the total energy of the unit
cell with the <110> orientation was 0.04 eV lower than that with the <111> one, indicating that the <110> orientation in
FAPI is energetically more stable than the <111> orientation. Through the present work, we therefore employed the <110>
orientation. In spite of the fact revealed from the bulk calculation, we further considered the different direction of spontaneous
polarization field of FA in the 3D part on the electronic structure of interface. As a typical example, we constructed the two
different FAPI-AN interface systems with <110> FA orientation and the inverse direction, and calculated the band structures,
as shown in Fig S9. We found that the two band gaps were almost identical as 1.75 eV, indicating that the different directions
of spontaneous polarization field of FA cation in the 3D part have not much effect on electronic structure of the interface
system.

For the case of hybrid iodide perovskites such as MAPI and FAPI, the PBE functional was found to give band gaps
agreed well with the experimental values, due to the fortuitous error cancellation between the underestimation of PBE and
overestimation by ignoring the spin-orbit (SOC) coupling effect. We calculated the band structure of FAPI bulk with both
PBE and hybrid HSEO06 [[12] functionals with and without SOC effect, as shown in Fig. S10. It turned out that PBE could
give the band gap of 1.48 eV in excellent agreement with the experimental value of 1.45 eV, HSE06 greatly overestimated
the band gap as 2.01 eV, and both of PBE+SOC and HSE06+SOC severely underestimated the band gap as 0.23 eV and 0.76
eV, respectively. For the cases of including SOC effect, the underestimation was mainly attributed to the down-shift of the
lowest conduction band, namely Rashba effect.

The activation barriers for water diffusion were estimated by applying the nudged elastic band (NEB) method [3} 4] in
connection with the SIESTA package [5]], where the double-{ polarization (DZP) basis sets were used. For the XC functional,
we used the PBE fashion with the van der Waals (vdW) dispersion correction [7], as confirmed to give reliable results for the
interface systems in our previous works [8}9]. During the NEB calculation, eight images were generated along the migration
path between the initial and final states. The lowest three atomic layers were fixed to their initial positions and the rests were
allowed to relax until the atomic forces were less than 0.03 eV/A.
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The binding strength between the interface layers, the binding energy between the 3D perovskite combined with one OS
layer (3D-OS1) and the 2D perovskite with one OS layer (2D-OS1) was calculated by using the following equation,

E, = Eine — Esp-os1 — Eop-osi, 1

using the DFT total energies of the interface system (int) and separate subsystems. We also evaluated the binding energies
between the 3D part and the 2D part combined with two OS layers (2D-0S2), and between the 3D part combined with two
OS layers (3D-0S2) and the 2D part by using the following equations,

Ep = Ein — E3p — Eapos2 @)
Ep = Eint — Esp.os2 — Eop (3)
The interlayer spacing distance di,; was measured as the distance between the top Pbl, layer of the 3D part and that of the
2D part. In the formation of these interface systems, the OS iodide molecules such as BAI and PEAI infiltrates into the 3D

surface and bisect the perovskite into 2D domains [10, [I1]. Thus, the formation energy per area of 3D/2D interface was
calculated by using the following equation,

1
Ef= 1 (Eint —4EDN — 2EPEAI/BAI/ANI) )

where A is the interfacial area, and EEZHSI and Epgasayani are the total energies of the unit cell of bulk FAPI and isolated BAI

or PEAI or ANI single molecule (see Fig. S2), respectively.

S2



. Ebl . Ebz

BA PEA AN

3D/2D FAPI - OS OPrb Ol oC oN °H 18

Fig. S1. (a) Schematic representation of 3D/2D interface based on formamidinium lead iodide FAPbI; (FAPI) and different
organic spacer (OS) ammonium cations. (b) Ball-and-stick view of optimized structures for the three different isolated
OS cations; butylammonium (BA™), phenylethylammonium (PEA™) and anilinium (AN™). (c¢) Polyhedral and ball-and-stick
view of optimized structures for the FAPI-based 3D/2D interfaces with three different OS cations, where the interface spacing
distance dj, is defined as the distance between the Pbl, layers of 3D and 2D parts. Dashed lines represent the hydrogen bond
between I and H atoms. (d) Calculated interface binding energies between the 3D and 2D-0OS2 parts (Ej;), and 3D-OS2 and
2D parts (Ej;). (e) Calculated formation energies per area for the interfaces from bulk FAPI and ligand iodide molecules like
BAI, PEAI and ANI.
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Fig. S2. Ball-and-stick view of optimized molecular structures of ammonium iodides including BAI, PEAI and ANI. Bond
length between I and H atoms are displayed.
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FAPI-BA

Fig. S3. Detailed atomic structure of FAPI-BA 3D/2D interface. The hydrogen bond lengths between the H and I atoms are
displayed.

FAPI-PEA

Fig. S4. Detailed atomic structure of FAPI-PEA 3D/2D interface. The hydrogen bond lengths between the H and I atoms are
displayed.
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FAPI-AN

Fig. S5. Detailed atomic structure of FAPI-AN 3D/2D interface. The hydrogen bond lengths between the H and I atoms are
displayed.
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Fig. S6. Binding energy E}, as a function of interface spacing distance dj,; for OS-bridged FAPI 3D/2D interfaces with OS

being BA, PEA and AN. Equilibrium distance and the corresponding binding energy are presented. Inset shows schematic
view for separating the interface system into the two parts.
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Fig. S7. Isosurface view of electrostatic potential at the value of 0.5 for PEA and AN. Yellow (blue) color represents the
positive (negative) potential.
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Fig. S8. Polyhedral view of optimized FAPI unit cells with different FA orientations of <100>, <110> and <111> (top
panel), and band structures in <110> (left) and <111> (right) orientations (bottom panel).
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Fig. S9. Polyhedral view of optimized structures for the FAPI-AN 3D/2D interfaces with (a) <110> FA orientation and (b)
inverse direction (top panel), and their electronic band structures (bottom panel).
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Fig. S10. Electronic band structure for bulk FAPI obtained by using PBE (top panel) and HSEQ6 exchange-correlation
functional (bottom panel) without (left) and with (right) including spin-orbit coupling (SOC) effect. The Fermi level is set to

zero, and the band gap is displayed.
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Fig. S11. Atomic resolved DOS in the interface systems with different organic spacer cations employed in this work; FAPI-
BA, FAPI-PEA and FAPI-AN.
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Fig. S12. Detailed atomic structures of 3D/2D FAPI-OS interface systems (OS = BA, PEA, AN) at the first transition state
T1.
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