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ABSTRACT

In this paper, we examine recent theoretical investigations on 3D hybrid perovskites (HOP) that combine concepts
developed for classical bulk solid-state physics and empirical simulations of their optoelectronic properties. In fact, the
complexity of HOP calls for a coherent global view that combines usually disconnected concepts. For the pseudocubic
high temperature reference perovskite structure that plays a central role for 3D HOP, we introduce a new tight-binding
Hamiltonian, which specifically includes spin-orbit coupling. The resultant electronic band structure is compared to that
obtained using state of the art density functional theory (DFT). Next, recent experimental investigations of excitonic
properties in HOP will be revisited within the scope of theoretical concepts already well implemented in the field of
conventional semiconductors. Last, possible plastic crystal and orientational glass behaviors of HOP will be discussed,
building on Car-Parrinello molecular dynamics simulations.

Keywords: hybrid perovskite, tight binding, band structure, optical absorption, exciton, molecular dynamics, plastic
crystal, orientational glass

1. INTRODUCTION

In the last few years, a scientific breakthrough for solar cells occurred with 3D Hybrid Organic Perovskites (HOP) of
general the chemical formulae MABXj;, where MA is an organic cation CH;NH;", X is a halogen atom (X=I, Br, Cl) and
B a metal atom (B=Pb, Sn). The efficiency of hybrid perovskites solar cells rose rapidly from 3.8% in 2009 with DSSC-
like technologies to about 10% in 2012 using new concepts [1][2][3][4]. These record values steeply increased to about
15% in 2013 thanks to new deposition techniques[5][6]. At the end of 2014, optimized conversion efficiency amounts to
19.3% and then 21% in the last (January 2016) NREL efficiency chart [8]. In addition to the current certified world
record, over 21% efficiency was announced for a perovskite on silicon tandem cell at the HOPV15 held in Rome May
2015. Clearly, in the midst of such a rise, understanding physical properties of operational HOP and design of novel
devices with improved performances is important and can greatly benefit from theoretical approaches. Prior to 2013,
most theoretical studies either focused on layered HOP [8] or purely inorganic 3D perovskites, and the few dealing with
3D HOP manifestly neglected inherent physical properties such as the spin-orbit coupling (SOC). In 2013, a few
theoretical papers started to appear on 3D HOP following their breakthrough in the field of photovoltaics, currently
resulting in an exponential growth [9][10][11][12]. Since the initial outbreak, significant progress has been made
towards the understanding of the unusual physical properties of this new class of semiconductors [13][14]. In this work
we design a novel tight-binding model and illustrate how it can accurately model the properties of HOP using the
prototype MAPbI; material. Next, based on concepts and tools already well developed in the field of conventional
semiconductors, we discuss nonlinear absorption and excitonic effects. Last, we determine whether and to what extent
HOP may have plastic crystal phases or behave similarly to orientational glasses.

2. TIGHT BINDING METHOD AND RESULTS

The semi-empirical tight-binding method is a powerful formalism to describe the electronic structure in molecules and
solids. Slater and Koster called it the tight binding or Bloch method and their historic paper in 1954 [15] “Simplified
LCAO-method for the Periodic Potential Problems” gave a systematic procedure to build an orbital-based Hamiltonian
in a multi-center approach within an interpolation scheme. Some methods include orbital overlap both in parameterizing
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the Hamiltonian and in the secular equation. In particular, the self-consistent charge density functional tight-binding
which allows treating a large range of systems (clusters, biomolecules, hybrid nanostructures) with DFT accuracy [16].
Conversely, methods that neglect overlaps in the secular equation are usually labeled orthogonal and over the last 30
years there have been numerous applications which have been pursued in a variety of material problems, following
different philosophies and placing different levels of emphasis on the required level of accuracy [17]. In this context, for

semiconductors, the extended-basis extended sp3dSs* tight binding model relies on the availability of correct
approximations [18] and the unique ability to describe with the same precision any region of the Brillouin zone. It has
been effective in accurately calculating physical properties of different structure configurations, for instance, in multi-
million atom electronic structure simulations [19][20]. New developments of orthogonal models concern the exact
representation of the local wave-function in real space suited to many-body calculations [21][22].

In this paper we use this approach to investigate the properties of HOP, considering the reference cubic structures of the
3D ABXj family. We underline that M. Kim and co-workers already proposed a tight binding Hamiltonian, developed
on an 8 functions basis with SOC, for ABX; halide perovskites to model Rashba effect [23]. In their Hamiltonian, the
triple bands come from the p orbitals of the B-site atom, and the single band from the s orbital of B and p orbitals of the
surrounding halogens. They clearly obtain evidence of strong Rashba effect, thus confirming the DFT previous results of
some of us [24], but do not claim that their TB scheme affords the real band structure.

Our tight-binding model is based on a 16 functions basis without SOC or a 32 functions basis with SOC. For cubic
ABX; halide perovskites, we consider one “s” and three “p” orbitals for the B atom, and the same for each of the three X
atoms in the simple cubic unit cell. No basis function is taken into account for the A organic molecule, which’s position
is not fixed because it has rotational degrees of freedom/disorder in the cubic phase. We only consider first neighbor
interactions, only between B and X atoms. We have chosen the minimal sp’ basis as developed by Slater and Koster and
we have tried to reproduce the already known experimental data like energy band-gap and effective masses around the
bandgap with our semi-empirical TB model. Nine parameters are considered without SOC: four different diagonal
matrix elements related to the atomic energies of the chemical constituents B and X: Egg, E,5, Esx and E,x. Five transfer
matrix elements refer to the overlap integral of atomic functions: Vi, Vigox, Vixps, Vipos Vepre SOC only appears for p
orbitals with two SOC values 4,3 and A,y. The 32-band Hamiltonian is larger than the one obtained by Kim " but
remains very empty. This method has been applied to MaPbl; cubic phase.

MaPbl; dispersion relation has been calculated using the sp” tight binding method including SOC. Figure 1 presents the
band diagram obtained, fitting existing experimental and theoretical results [5][6][25]. The bandgap is obtained at R

point with EG = 1.620 eV. Effective masses around the bandgap are the following: mZ =0.235m, and

m: =(0.229 m,,. The dispersion relation shape is in very good agreement with the one obtained using DFT and many-
body calculation [25].
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Figure 1. MAPDI; band diagram obtained within the TB scheme with SOC. The energy of valence band maximum is set
to zero. Bands are colored according to their main orbital character: red depicts I 5p, pink depicts Pb 6p, black depicts Pb
6s and blue depicts I 5s. Points denoted M, X and R are zone-boundary points close to (1/2,1/2,0), (1/2,0,0) and
(1/2,1/2,1/2) respectively. The I point is the BZ center.

Figure 2 shows the effect of spin-orbit coupling at R point around the energy bandgap in the conduction band. Without
SOC, the energy bandgap value is 2.58 eV and the three Pb 6p states are degenerated at R in the conduction band. SOC
lifts this degeneracy. Six Pb states are now to be considered: the four Pb upper states are obtained at 2.91 eV and the two
lower states are at 1.62 eV with a SOC value of 4,,3= 1.3 eV in the conduction band. In fact, in MAPbI; 4,z has been
shown to be comparable to the bandgap energy (Eg = 1.6 V) *. Another SOC is taken into account for I p-type states in
the valence band: Agx= 1.2 eV. This SOC for halogen states has no effect around the energy bandgap but it plays a
great role for the lower valence band dispersion relation. These results confirm the importance of SOC for both the metal
and the halide predicted earlier [10][26].
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Figure 2: Effect of spin-orbit coupling in the conduction band near the R point. The energy of valence band maximum is
set to zero. The arrows towards M and I denote the directions in reciprocal space. These band diagram zooms only
represent 20% of the BZ in each direction. Labels of irreducible representation obtained for simple (a) or double (b)
group representation are given at the R point near the bandgap. (a) Band diagram computed without SOC, (b) Band

diagram computed with SOC: A, = 1.3 eV.

As for the T" point, R corresponds to a special high symmetry k-point for which the group of the wave vector is Oy,
Without SOC, simple group irreducible representation (IR) is used. Ty, is the relevant IR for the bottom of the
conduction band (equivalent to R4 in the Py3m, space group), and A, corresponds to the totally symmetric orbitals of the
top of the valence band (equivalent to R;" in the Py, space group). Considering SOC requires double groups: Ejp is the
electron spin IR: double space representations are deduced from the product of E», with the simple group IR. Top
valence band R-point IR is therefore E;,. Conduction band minimum becomes a two-fold spin orbit-split off state
named E;;, (equivalent to Rs in P, space group) and the remaining four-fold degenerated states is labelled Fjp,
(equivalent to Rg ™ in the Py;3, space group). A complete study of these symmetry properties is available in Ref. [13][26].

3. NON-LINEAR ABSORPTION AND EXCITONIC EFFECTS

Excitonic effects in semiconductor crystals can be accounted for using the Bethe-Salpeter Equation (BSE) starting from
the monoelectronic states calculated at the DFT level, or even including many-body corrections at the DFT+GW level.
When taking the pseudo-cubic high temperature reference phases of MAPbI;, enhancement of absorption at the bandgap
was clearly evidenced in the first DFT-based BSE simulations reported in the literature [24]. This simulation was in
agreement with old experimental absorption spectra reporting a large exciton binding energy at 4K (~50meV). A careful
reexamination of old experimental absorption spectra of MAPbI; at higher temperatures, from about 75K to the room
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temperature revealed the importance of the exciton screening at high temperature. This interpretation was later on
confirmed by detailed experimental observations. In fact, using a theoretical expression accounting both for bound pair
states and a continuum of pair states to simulate the optical absorption clearly showed that the generally accepted value
of the dielectric constant for MAPDI; is inappropriate for describing the real exciton resonance at room temperature. In
the perturbative BSE/DFT or BSE/DFT+GW approach, screening of the electron-hole interaction due to atomic motion
or molecular fast rotations (vide infra) is however not taken into account, and is more suited to the low temperature
phases where these motions are frozen.

The modifications of exciton resonances by a change of the dielectric constant related to ionic contributions or free
carriers may be simplified by combining an empirical method for the monoelectronic eigenstates and the computation of
the exciton Green’s function. In order to account for non-linear effects induced by a free carrier population, a full
BSE/DFT or BSE/DFT+GW treatment is indeed beyond available computational resources. The optical susceptibility
can be written in terms of the exciton Green’s function and the BSE is used to compute the exciton Green’s function. In
this work, we use an empirical basis of electron and hole monoelectronic states obtained with the k.p method, to analyse
the modifications of the optical spectrum close to the band gap [28]. In the linear regime, the BSE contains the dipole of
the e-h optical transition at R as a source term for the Green function and an e-h Coulomb interaction, which singularity
deserves a specific numerical procedure. Figure 3 is the result of the computation of the optical absorption spectrum
assuming a small dielectric constant (6.5), therefore adapted to the exciton at low temperature in the linear regime. The
simulation shows a strong 1S exciton resonance, together with additional 2S, 3S resonances and low continuum optical
absorption above the electronic band gap.
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Figure 3: The optical absorption of MAPbI; computed using the BSE and the exciton Green’s function in the linear
regime at low temperature. An empirical basis of electron and hole monoelectronic states obtained with the k.p method
close to the R point is used to compute the exciton Green’s function. The e-h Coulomb interaction is computed with an
effective dielectric constant equal to 6.5. 1s-3s exciton resonances are shown (the electronic band gap is set at 1.685eV)

In the non-linear regime and under the influence of a plasma of free carriers, the BSE equation is strongly modified: /)
the e-h Coulomb interaction is screened, which is usually represented within the plasmon-pole approximation, 2) the
oscillator strength is reduced by the phase-space population due to free carriers, and 3) self-energy contributions for both
electrons and holes, lead to band gap renormalization and damping of the exciton resonances (figure 4).
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Figure 4: Optical absorption of MAPbI; computed using the BSE and the exciton Green’s function in the non-linear
regime at T=160K. The concentration of free carriers is equal to: a) 0, b) 107cm™ , ¢) 5.107cm™, d) 10"*cm™, )
2.10"cm™. The band gap in the linear regime is set to 1.685¢V

Figure 4 is the result of the computation of the optical absorption spectrum assuming an intermediate dielectric constant
(12), adapted to the exciton at about T=160K where the exciton binding energy is reduced [13]. For moderate free carrier
concentrations of about 10'"cm™, the screening of the exciton resonance is the most important phenomenon. For larger
concentrations 5.10'"cm™/10"¥¢m-3, phase space filling effects start to dominate until population inversion is reached for
2.10"cm™. For low carrier concentrations, the band gap renormalization is partially compensated by the screening of the
exciton resonance. For large concentration the band gap is shifted to lower values (about 1.65¢V for 2.10"*cm™).

4. PLASTIC CRYSTAL PHASE AND ORIENTIONAL GLASS BEHAVIOR

MAPbDI; and MAPbBTr; crystals exhibit low temperature Pnma orthorhombic phases, where the molecular orientations are
fixed. Fast MA cation reorientations occur in the cubic (Pm3m) and tetragonal (I4/mcm) high temperature phases. The
characteristics of this motion, namely existence of stochastic orientational degrees of freedom at high temperature [29],
can be assessed from experimental results reported in the literature. Recent quasi-elastic incoherent neutron scattering
results, recorded on MAPbI; or MAPbBr; powders, are consistent with the simultaneous fast rotations of the methyl and
ammonium groups around the C-N axes and the slower tumbling of the C-N axis between symmetry equivalent position
[31][32][29]. This is described with a C4xC; symmetry-based jump model designed for the tetragonal phase [31]. The
existence of a stochastic reorientational motion, leading to a collective freezing at low temperature and thus a plastic
crystal behavior, has been thoroughly analyzed in [29], combining group theory analysis and the concepts of discrete
molecular pseudospins and continuous rotator functions. Additional first principles molecular dynamics simulations
were performed using the CP2K package under NVT ensemble using periodic boundary conditions with the temperature
controlled using a Nosé-Hoover thermostat. The electronic structure properties were calculated using the PBE functional
with the addition of the Grimme D3 scheme to correct dispersion interactions. The time-step for the integration of the
dynamic equation was set to 1 fs. Figure 5 represents the average autocorrelation function of the CN axis orientation in
MAPDI; extracted from MD simulations performed on a 444 cubic supercell. These molecular dynamics simulations
clearly show a slowing down of the critical reorientational fluctuations as a function of the temperature (Figure 5).
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Figure 5: Temperature dependence of the average autocorrelation function of the CN axis orientation in MAPbI;
extracted from first principles MD simulations for a 444 cubic supercell (solid lines): (top) 300K, (middle) 400K and
(bottom) 450K. Dashed lines are fits using stretched exponential functions.
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Figure 6: Time dependence of the autocorrelation function for all molecules within the 444 supercell extracted from first
principles MD simulation at T=450K. The average time dependence is plotted in bold dark for comparison.

When typical plastic crystals are cooled, the rotational motion freezes and, an orientational order appears at low
temperature. Plastic crystals may exhibit two different behaviors in this temperature range. In the first case, the rotational
motion freezes under careful cooling, keeping quasistatic random molecular orientations. These materials are
orientational glasses, which exhibit most of the properties related to conventional glasses, such as specific heat
anomalies, ageing and distributions of relaxation times. Prototypes of orientational glasses are cyclohexanol and
cyanoadamantane. In the second case, spatial correlations or interactions between molecular orientations are strong. The
plastic crystal undergoes a structural transition at low temperature to a partially or completely ordered crystalline phase.
Molecular dynamics studies have revealed through the study of the molecular orientational distribution, that the
intermolecular correlations are weak [29]. Moreover, recent neutron scattering experiments have also revealed that only
a minor fraction of the MA cations is involved in rotational motions in the high temperature phases (T>160K for
MAPDI;) [30]. This is also consistent with our MD simulations (Figure 6) [29]. In fact, the time dependence of the
average autocorrelation function for molecular reorientation in the MD is strongly non-exponential (Figure 5) and can be
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nicely fitted using stretched exponentials. Detailed inspection of the dynamics at T=450K (Figure 6) reveals that it is
related to a wide dispersion of reorientational dynamics of individual molecules. This might be indicative of remaining
static disorder in the orientations of the cations at very low temperature, thus to an incomplete long range freezing of
cation’s orientations: in other words, an orientational glass. A significant part of the cations (roughly 30%) remain
almost frozen with respect to a tumbling motion on the time scale of our MD trajectory [29]. At low temperature,
frustrated interactions are expected to lead to an orientational glass behavior where translational symmetry is broken for
the molecular orientations [29]. This prediction was confirmed experimentally very recently [33], showing dielectric and
calorimetric signatures typical of glassy states.

5. CONCLUSION

This review shows that combining various sophisticated theoretical approaches is useful to study the optoelectronic
properties of HOP compounds. A new atomistic empirical method is proposed to describe the electronic properties of
HOP, including spin-orbit coupling effects. This method is promising for future simulations of large scale HOP
nanostructures. Moreover, it is shown that the solution of the BSE equation may start from an empirical basis of electron
and hole monoelectronic states obtained with the k.p method close to the critical R point. The computation of the exciton
Green’s function including interaction with a free carrier gas is then possible, leading to a description of exciton
screening, band gap renormalisation and population inversion effects. Finally, a new approach for the stochastic
rotational motions of the cations in HOP leads to the definition of symmetry-based molecular pseudospins and rotator
functions. The high temperature reference cubic phase of HOP is described as a plastic crystal, and an orientational glass
behavior is predicted at low temperature, in agreement with recent dielectric and thermodynamic characterizations.
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