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1. Band structures

It is well recognized that the spin-orbit coupling (SOC) is crucial for the band structure calculation of
CH3NH3Pbls.! We also calculated the band structure of orthorhombic CHsNHsPbl; using the
Perdew-Burke-Ernzerh (PBE) functional without and with the SOC effect, as shown in Fig. S1 (a) and (b). The two
band structures are aligned with the organic states, e.g., C-2p states around —5.0 eV below the valence band
maximum (VBM) state, of which the SOC effect is neglectable. While the top of valence band undergoes limited
changes, radical change is found at the bottom of conduction band. Specifically, the conduction band minimum
(CBM) and VBM shifts are 0.86 and 0.18 eV, respectively, after including the SOC effect in the calculations. To
understand the difference, it should be noticed that the CBM is solely from the Pb-6p states, but the VBM is from
hybridized I-5p and Pb-6s states. The energy shift of Pb-6p states owing to SOC effect is much heavier than the
I-5p states. Moreover, compared with the energy shifts of Pb-6p and I-5p states depending on the SOC effect, the
Pb-6s states have negligible response to the SOC effect and, thus, the anti-bonding states of Pb-6s and I-5p further
reduce the energy shift of VBM state. As a result, after the SOC effect considered in the calculation, the energy
shift of CBM state is four times bigger than the VBM state.

The modified Becke-Johnson (mBJ) potential is well-known for its reliable prediction of both bandgaps and
band topologies for narrow-gap semiconductors, especially for simple sp-hybridization systems.? We also
calculated the results from this functional, as shown in Fig. S1 (c) and (d). As expected, the overall band structures
are quite similar from the PBE and mBJ functional, although the bandgaps are significantly improved within the
mBJ potential. The comparison with experimental bandgaps will be given in the following section.
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Fig. S1. Band structures of orthorhombic CH3NH3Pbls: (a) PBE without SOC effect, (b) PBE with SOC effect, (c) mBJ
without SOC effect, and (d) mBJ with SOC effect. The band structures with and without the SOC effect are compared by
aligning the deep-lying organic states. The Pb-6s wave function is projected onto the band structures. The dispersion
curves for the three phases are shown along the following directions of T(-%2,0,%2) — Z(0,0, %2) — I'(0,0,0) — Y (-%2,0,0)
— S(-%2,%2,0) — X(0, ¥2,0) — U(0, ¥4, ¥2) — R(¥2,%,%). The VBM:s are set to be zero.
2. Structural influence on the bandgap

The bandgap of CHsNH3Pbls is calculated to be around 1.1 ~ 1.3 eV from the mBJ functional with the SOC
effect included for tetragonal and orthorhombic phases (see Table S1). The result seems to be still underestimated
compared with the experimental values of 1.5 ~ 1.7 eV,*% which is in contrast to the observation that the mBJ
works well for bandgap of sp-hybridization semiconductors. In fact, such “underestimation” was also observed for
the many-body correction in the form of GOWO calculation.”® We argued that there are two possible issues tend to
affect the straightforward comparison between the theoretical and experimental results.

Table S1. Bandgaps (eV) of CH3sNH3Pbls from experimental measurement and theoretical calculations

Orthorhombic Tetragonal Pseudo-Cubic
Experiments 1.68-1.722 1.5-1.6°
PBE, without SOC 1.64 1.86 1.29
PBE, with SOC 0.68 0.83 0.18
mBJ, without SOC 2.16 2.37 1.81
mBJ, with SOC 1.13 1.27 0.67

a reference 3,4
b reference 5,6

Firstly, the bandgap of CH3NH3Pbls can be sensitively influenced by the structural properties. As discussed in
our article (see Section 3.4), the effective masses of band-edge states sensitively rely on the Pb-I bonding length,
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which in turn is strongly depended on the thermodynamic movement of CH;NHZ organic base. It is obvious that
bandgap has a strong dependence on the temperature. Experimentally, the measured structures at finite temperature
(such as the cubic phase) give the average atomic positions, which undergo strong dynamic movement induced by
the thermal movement of the organic base. It is quite possible that, for example, the cubic structure also contains
strongly deformed Pblg octahedra (and thus distorted Pb-I bond lengths) in practice, although the lattice parameters
remain unchanged. However, this temperature effect is not fully or accurately considered in our current work. So,
the crystal structure properties should be carefully investigated for a reliable prediction of the bandgap.
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Fig. S2. Local Pbls octahedra of (a) orthorhombic, (b) tetragonal and (c) pseudo-cubic CHsNHsPbls. The average Pb-I
bond lengths in a Pbls octahedron are 3.18, 3.22, and 3.14 A for the orthorhombic, tetragonal, and pseudo-cubic
structures, respectively.

Secondly, the practical issue is about the phase mixing or defects in CH3NH3Pbls. It is found that CHsNHsPbls

sample is sensitive to moisture and tends to decompose into Pbl, (and CH3sNH,, HI),° which has a much greater
bandgap of 2.3 eV.1%-12 So, we argued that the phase mixing with Pbl, can contribute to bandgap overestimation
experimentally. In fact, similar effect has been found in CuzZnSnSes, of which the bandgap had been strongly
overestimated due to the mixing with a secondary phase of ZnSe.*?

3. Band shift with volume dilation

Deformation potential is the shift of site energies with respect to the volume dilation. So, it is helpful to firstly
investigate the properties of band-edge states. The case for the CBM is quite simple, i.e., it is from anti-bonding
states between Pb-6p and I-5p orbitals. The upper valence band is mainly composed of three types of states, i.e.,
bonding states from Pb-6p and I-5p orbitals coupling, anti-bonding states from inter-site Pb-6s and I-5p coupling,
and anti-bonding states from intra-site Pb-6s and Pb-6p coupling. The last two couplings are typical interactions in
systems with “lone pairs”, such as PbO.'* We noticed that the lone pair effect causes abnormal VBM deformation
potential in CH3sNH3Pbls. Because the intra-site hybridization will be seldom influenced by the volume dilation, we
only focus on the inter-site item in following discussions.

Table S2. Contributions to the shifts of the VBM and CBM site energies in CHsNHsPbl; and ZnS with
volume dilation. The 1 and | arrows mean that the energetic items are shifted upwardly and downwardly,
respectively, upon dilation. The xmeans no effect.

VBM CBM
MAPDI; | Kinetic energy | | !
Pb-6p, 1-5p 1 (Bonding) | (Anti-bonding)

Pb-6s, 1-5p | (Anti-bonding) > (No states)
Pb-6s, Pb-6p | ><(Anti-bonding) >(No states)

ZnS Kinetic energy | | !
Zn-4s, S-3p 1 (Bonding) | (Anti-bonding)
Zn-3d, S-3p | (Anti-bonding) >(No states)
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The responses of dominant energetic items that contribute to the VBM and CBM positions in CH3NHsPbls
upon dilation are shown in Table S2 and Fig. S3. The kinetic energy, which is proportional to 1/1? (I is the
cation-anion bond length), becomes smaller for all the states. Another item contributes to the CBM s the
anti-bonding between Pb-6p and I-5p states and it goes downwardly upon dilation. As a result, the deformation
potential of the CBM is quite strong, as usually found in other semiconductors like ZnS.*> However, our calculation
shows that the VBM site energy has a much stronger response to the dilation, which is ascribed to the anti-bonding
item from hybridization between Pb-6s and 1-5p orbitals.
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Fig. S3. Schematic diagrams of chemical bonding in (a) CHsNH3sPbls and (b) ZnS. The red and blue solid/dashed lines
represent the anti-bonding and bonding states, respectively. The dashed lines show the energy shift with volume dilation.
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