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Abstract. We herein investigate theoretically both 2D and 3D Hybrid Organic/inorganic Perovskite (HOP) crystal structures based on Density
Functional Theory (DFT) calculations and symmetry analyses. Our findings reveal the universal features of the electronic band structure for the
class of lead-halide hybrids (R-NH3),PbX, where (n,m)=(2,4) and (1,3) respectively for 2D and 3D structures. Among those, the large spin-orbit
coupling acting on the conduction band is shown to play a major role on the band gap of these materials. Moreover, this approach can easily be
generalized to related layered and 3D hybrids, thus providing a clear-sighted inside in their electronic and optical properties.
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1. Introduction

Over the past decade, Hybrid Organic/inorganic Perovskites (HOP) have attracted increasing interest in the
field of optoelectronics (Mitzi et al. 1995) and solar cells (Lee et al. 2012), thanks to their ease of synthesis
that opens the way to low-cost technologies. Moreover, the organic part allows tailoring their optical
properties by chemical substitution, leading for example to higher luminescence efficiencies and a fine tuning
of emission wavelength (Zhang et al. 2009). Most of the recent work has focused on lead-halide based
materials of general formulae (R-NH3),PbX,,, where R is an organic group and X a halogen atom. Control of
the stoichiometry (n,m) affords crystal packing of various dimensionalities, ranging from three-dimensional
(3D) corner-shared perovskite lattices to OD structures with isolated inorganic octahedra (Mercier et al.
2009). The quantum and dielectric confinement expected in the 2D layered HOPs (n=2,m=4) prompt active
research to develop optoelectronic devices with enhanced performances (Mitzi et al. 1995). Indeed, such
layered structures have been demonstrated to show enhanced non-linear optical properties in microcavities
(Wei et al. 2012). More recently, 3D HOPs (n=1, m=3), with relatively small organic cations, have been
suggested as a novel class of low-cost materials for high efficiency hybrid semiconductor photovoltaic cells
(HSPC) (Kojima et al. 2009; Lee et al. 2012; Park 2013; Burschka et al. 2013).

Given the versatility offered by the organic part, the design of novel devices with enhanced responses may
greatly benefit from a realistic modeling of these HOPs. Such knowledge can be gained from Density



Functional Theory (DFT) based simulations. Surprisingly, despite the important relativistic effects expected
for lead, the effect of spin-orbit coupling (SOC) has been overlooked (Burschka et al. 2013; Sourisseau et al.
2007) until recently. In fact, in two recent papers by some of us, we have demonstrated the importance of
SOC both for 2D (Even et al. 2012) and 3D (Even et al. 2013) lead-halide based HOPs. The present work
aims to generalize our findings using related 2D and 3D structures and compare their properties, especially in
terms of optical activity. To this end, we consider two structures for 2D HOPs, namely the orthorhombic and
monoclinic phases of (CsH14N*),(Pbl,%) (Billing et al. 2007) and (C,H;IN*),(Pbl,*) (Sourisseau et al. 2007)
respectively (Fig. 1), and one for the 3D HOPs, namely the low temperature orthorhombic phase of (CHs-
NH3)Pbl; (Baikie et al. 2013), hereafter abbreviated to MAPDI;. We mention that while numerous self-
assembled HOP (SAHOP) systems with lead-halides have been studied, only a few related crystallographic
structures are known precisely. In fact, growth of monocrystals for X-ray diffraction is difficult because of the
lattice disorder and strain induced by the organic molecule that however plays a fundamental role in the
dielectric confinement of 2D HOPs. Nevertheless, we believe that this study will contribute to reach the level
of knowledge already attained for conventional semiconductors that will be used as a reference.

(b)

Fig. 1. Orthorhombic and monoclinic crystal structures of (CsH1aN"),(Pbl,%) (a) and (C,H;IN"),(Pbl,*) (b), respectively.
2. Computational details

All DFT calculations were performed with the ABINIT package (Gonze et al. 2002) or VASP code (G. Kresse
and J. Furthmuller, Phys. Rev. B 54, 11169 (1996).). For both 2D HOPs, we employed the LDA or the PBE
gradient correction for exchange-correlation (Perdew et al. 1996) to ensure appropriate comparison to earlier
results on (pFCgH12N*),(Pbl,*) (Even et al. 2012) and MAPbI; (Even et al. 2013). For the latter compound,
additional band structure calculations were carried out within the Local Density Approximation (LDA) on the
low-temperature orthorhombic phase. A plane-wave basis set with an energy cutoff of 950 eV was used to
expand the electronic wave-functions. The reciprocal space integration was performed over 4 x 4 x 4 and 4 x
4 x 1 Monkhorst-Pack grids (Monkhorst and Pack 1976) for MAPbIs, (CsHiN")»(Pbls*) and
(CoH7IN™)»(Pb1,%), respectively. Energies were computed from the linear response method and convergence
was accurately checked with tolerance on the residual potential that stems from differences between the input
and output potentials. To reveal the importance of SOC, calculations were carried out both with and without
SOC and relativistic norm conserving separable dual-space Gaussian type pseudopotentials (Hartwigsen et al.
1998) were employed. This approach was already checked for HOP crystals against all-electron computations
(Even et al. 2013).



3. 2D lead halide HOPs

The electronic band structure calculated without SOC of (CsH1N")2(Pbl,*) and (C,H;7IN*),(Pbl,*) are shown
Fig.2 (a) and (b) respectively. For the monoclinic phase of (C,H;IN*),(Pbl,*), the optical absorption near the
band-edge involves three active Bloch states at the I'-point: a non-degenerate level for the VB maximum
(VBM) and two nearly doubly-degenerate levels for the CB minimum (CBM). This is consistent with the band
structure reported for the monoclinic phase of (pFCgH12N*),(Pbl,*) (Even et al. 2012). For the orthorhombic
phase of (CsH14N")2(Pbl4%), the number of electronic states involved at the CBM and VBM is twice larger but
still degenerated, due to the unit cell doubling along the stacking axis. Nevertheless, this cell doubling has no
direct consequences on properties since inorganic layers are electronically decoupled. Indeed, as shown Fig
2(a), no dispersion can be seen along the I"-Z direction (corresponding to the stacking axis in real space) even
though (CsH1:N")2(Pbl?) is one of the HOPs with the shortest aliphatic chain (Fig.1 (a)) (Lemmerer et al.
2012). This 2D confinement is a direct consequence of the dielectric mismatch between Pbl, anionic layers
and the organic cationic sheets (Even et al. 2012). As a result, the density of states close to the band gap
exhibits a reduced 2D dimensionality in connection with the 2D character of excitons reported for related
SAHOPs (Hong et al. 1992). Interestingly, the band structure of (C,H7IN"),(Pbls*) (Fig. 2(b)) reveals small
dispersions of the band edge states along the I"-Y direction (corresponding to the stacking axis in real space).
This effect is rarely observed in the simulations of the electronic properties of 2D HOPs. In fact, the
(CoH7IN")»(Pb1,%) crystal structure exhibits a particular feature (Fig.1 (b)): the iodoethylammonium cations
are organized so as to form a sheet of iodine atoms intercalated between the layers. The small dispersion
observed along I'-Y may thus be the consequence of a reduced dielectric mismatch between the sheets and a
weak coupling between inorganic layers.
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Fig. 2. Electronic band structures of the (CsH14N"),(Pbl,%) (a) and (C,H;IN"),(Pbl,*) (b) compounds without SOC calculated at the
GGA PBE level. The origin of the energy scale is taken at the top of the VB.
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Moreover, the DFT band structures reveal a direct band-gap that is preserved when taking SOC into account
(Fig. 3). The direct character of the fundamental transition is consistent with the luminescence reported at
room temperature for related SAHOPs [2]. For (CsH14N*),(Pbl,%), the calculated band gaps amounts to 2.0
and 1.2 eV, respectively without (Fig. 2(a)) and with SOC (Fig. 3). Similarly to earlier findings on



(PFCgH12N")2(Pb14?), it evidences a large spin-orbit split-off of the first CB levels (1.2eV) that cannot be
reasonably disregarded. Direct comparison to experimental band gaps is hampered due to the well-known
underestimation afforded by ground state DFT computations. Including many-body effects, by means of GW
self-energy correction for the band gap or resolution of the Bethe Salpeter equation for the excitons, may cure
this problem. Unfortunately, such calculations are beyond available computational resources for these large
crystal structures. However, the one-shot GW self-energy correction of +0,6eV reported for the cubic phase of
CsPbl; (Even et al. 2013) is a clear indication that GW corrections should be large and act in the opposite
direction to the SOC effect that reduces the band gaps red. Thus, we underline that a good agreement between
experimental and DFT band gaps calculated without SOC is fortuitous and a consequence of error
compensations. Despite this shortcoming, the overall conclusions related to the energy band dispersions and
symmetries are reliable and can be used to build semi-empirical Hamiltonians, such as a k.p model, where
detailed information of Bloch states and selection rules are required, or inspect the band gap changes related to
phase transitions.
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Fig. 3. Electronic band structures of (CsH;4N*),(Pbl,*) with SOC calculated at the GGA PBE level. The origin of the energy scale is
taken at the top of the VB.

In fact, the calculated band gap change when going from the monoclinic low temperature phase (293K) to the
orthorhombic high temperature phase (334K) of (CsH1N")2(Pbls*) amounts to 0.15eV both with and without
SOC. This band gap reduction is consistent both with the color change from orange to red reported by Billing
and Lemmerer and with that reported on a Cy,-alkylammonium.

Overall, the present results on (CsHwN")2(Pbl,*) and (C,H7IN"),(Pbl,*) confirm the general conclusions
drawn from the study of the reference compound (pFCgH1N"),(Pbl,*) (Even et al. 2012). The fundamental
transition of these 2D lead halide HOPs displays a nearly-perfect transverse electric character (TE). This TE
character might be further enhanced in SAHOP thanks to orientational disorder introduced by the organic
part. It is similar to that reported for conventional zinc-blende quantum wells with D,y point symmetry or
anisotropic wirtzite crystals having Cg, point symmetry. However, symmetry and ordering of the Bloch states
are reversed between the HOPs and the tetrahedrally bonded conventional semiconductors. This is also the
case for the SOC splitting that acts on the CB in HOPs while it splits VB in conventional semiconductors.
Pushing further the analogy with conventional semiconductors, one can define Kane matrix elements (P;= h
Mvewmi.cemi/Me, Where Myewi cewmj IS the dipolar matrix elements between states VBMi and CBM)j) and derive



corresponding Kane energies. For Il1-V semiconductors, the Kane energy E;j; is about 20eV and excitons
have low binding energies of a few meV, typical for extended Wannier-Mott excitons. In contrast, the Kane
energy of the present 2D HOPs is four times smaller and excitons are strongly bound, given the large
binding energies of a few hundreds of meV reported in related SAHOP (Hong et al. 1992). We believe that
both the exciton’s binding energy and the Kane energy are at the origin of the peculiar optical properties of
this class of materials.

4. 3D versus 2D lead halide HOPs

Contrarily to the 2D hybrids, 3D HOPs show sizeable dispersion in the whole Brillouin zone as illustrated
Fig. 4. Therefore, theory predicts an almost isotropic absorption for these materials. The direct band gap at
the center of the Brillouin zone is consistent with the strong absorbance reported at room temperature
(Tanaka et al. 2003; Lee et al. 2012). The fundamental transitions for the low temperature phase of MAPbBr3;
calculated at the GGA level of theory amount to 2.0 eV (Fig. 4 (a)) without SOC with VASP code.
Identically, the fundamental transitions for the low temperature phase (T<161K) (Baikie et al. 2013) of
MAPDI; calculated at the GGA level of theory amount to 1.6 eV (Fig. 4 (b)) and 0.7 (Fig. 4 (c)) respectively
without and with SOC with VASP code. These values confirmed the large effect of SOC (Even et al. 2013).
Moreover, the splitting is large and comparable to that calculated for the 2D lead halide HOPs. These
theoretical results are consistent with the SOC effects revealed in optical reflectivity (Hirasawa et al. 1994)
and absorption (Tanaka et al. 2003) measurements on MAPbI;. Thus, the same conclusion holds regarding
SOC inclusion for relevant band structure calculations on such materials. In addition, as for the 2D HOPs,
accurate prediction of absolute band gaps of these 3D analogues requires also many-body technics whereas
both dispersions and symmetry considerations stay reliable on the DFT level of theory.
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Fig. 4. Electronic band structures of MAPbBr; without (a) SOC, MAPbI; without (b) and with (c) SOC calculated at the GGA
level. The origin of the energy scale is taken at the top of the VB.
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Among the noticeable differences between 2D and 3D lead-halide HOPS considered in this work, strain
effects induce a splitting of the VBM in the latter (Fig. 4). Strain effects act also on the CBM but the splitting



introduced by SOC effects is much larger leading to comparable band gap reductions in both 2D and 3D
HOPs. The high temperature (T>330K) phase of MAPDI; is cubic and the room temperature phase is a
slightly distorted tetragonal phase (Baikie et al. 2013). The analysis of critical electronic states most relevant
for applications can indeed be performed using the cubic phase as a reference (Even et al. 2013). When SOC
is not taken into account, the cubic phase has a triply-degenerated CB associated to the vectorial

representation of a cubic simple group, commonly described by the |X), |Y), |Z) symbols. For the low

temperature orthorhombic phase considered here, the number of CB states is doubled (Fig. 4 (b)). In the
corresponding double group including spinors, the CB of the high temperature cubic phase gets split by SOC
into twofold degenerate states and fourfold degenerate states (Even et al. 2013). A similar effect is predicted
for the low-temperature phase although strain effects must be taken into account for a detailed analysis (Fig.
4 (c)). The high (and room) temperature CBM is associated to the twofold degenerate spin-orbit split-off
states

11/21/2) = i\(X+ iY)T>+%‘Z ¥)
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These spin-orbit split-off states lead to strong and isotropic optical transitions with the even ‘S>-Iike VBM

states. We underline that for both 2D and 3D HOPs, one obtains reversed ordering of band-edge states as
compared to tetrahedrally bonded conventional semiconductors.

In 3D crystals, strain effects induce an additional contribution to splitting on the conduction bands. For both
types of HOPs, the calculated band gap is direct in agreement with strong absorbance or luminescence
observed at room temperature. The electronic band structure of 2D hybrids reveals effectively the 2D
character with none or little dispersion in the direction of reciprocal space corresponding to the layers
staking axis, depending on the nature of the cationic layer that may affect the dielectric contrast between
organic and inorganic sheets. The fundamental transitions have a nearly perfect transverse electric character,
similarly to zinc-blende quantum wells or wiirtzite bulk compounds with respectively D,y or Cg, point
symmetry. In contrast, for 3D hybrids almost isotropic optical activity is expected from symmetry. Indeed,
for the high temperature cubic phase, this activity stems from transitions between a triply degenerated
conduction-band and a single valence-band, in a simple group representation. In the double group
representation, the resulting twofold degenerate spin-orbit split-off states are build from a weighted mixture
of these conduction band states that retain the isotropic nature of the optical activity.

5. Summary

Based on DFT calculations and symmetry analyses of the band-edge states, the electronic and optical
properties of both 2D and 3D lead-halide hybrid perovskites have been investigated. In these materials, spin
orbit effects induce a dramatic splitting of the conduction bands and appear to dominate their band gap. These
results are consistent with evidence of SOC in reflectivity and absorption spectra reported earlier on
MAPDbX;. Both types of hybrids exhibit a reversed band ordering when compared to conventional



semiconductor quantum wells and bulk materials.
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