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ABSTRACT: Hybrid organic—inorganic lead halide perovskites are projected as new generation
photovoltaic and optoelectronic materials with improved efficiencies. However, their electronic
structure so far remains poorly understood, particularly in the orientationally disordered cubic phase. .
We performed electronic structure investigations using angle-resolved photoemission spectroscopy on 1(88
two prototypical samples (MAPbBr; and MAPbBCL,) in their cubic phase, and the results are compared 1
with the calculations within two theoretical models where MA" is orientationally (1) disordered (MA* L
ion is replaced by spherically symmetric Cs* ion) and (2) ordered (MA oriented along (100) direction)
but keeping the symmetry of the unit cell cubic. Degeneracy of the valence bands and behavior of
constant energy contours are consistent with model 1, which supports strongly the disordered nature of
the orientation of the MA" ions in the cubic phase. Band structure calculations also reveal that spin—
orbit coupling induced Rashba splitting is suppressed by the orientational disorder.

O rganic—inorganic halide perovskites of the type MAPbX;
(MA = CH,;NH,, i.e., methylammonium and X = Cl, Br,
and I) are one of the most widely investigated classes of
systems for photovoltaic applications due to their strong light
absorption ability’ coupled with the ease and low cost of
fabrication.” Further, their excellent performance in a solar cell,
with above 25% efficiency,” almost at the level of commercially
available silicon cells, has stimulated considerable interest to
understand the photophysical properties of these systems."”
However, fundamental questions concerning their electronic
structure, importance of spin—orbit coupling, and the effect of
orientational disorder (of methylammonium) on their
electronic structures are not well understood.®™ "

It is known that the organic cations MA" do not contribute
directly to the electronic states near either the highest valence
or the lowest conduction bands, which contribute predom-
inantly to the charge carriers. However, their orientation in the
crystal strongly influences the optoelectronic properties."” ™"
Changing MA* orientation from (100) to (111) direction has a
profound effect on the electronic structure, namely, the
bandgap changes from direct to indirect."> Further, it is
observed that the orientational dynamics of the MA" ion inside
the PbXy octahedral cage is responsible for strong frequency
dependence of the relative permittivity,'® reduction of the
Frohlich electron—phonon coupling'” and reduction in the
thermal stability of the hybrid perovskites.'®

Electronic band structure of hybrid perovskites were also
found to be sensitive to the orientation of the MA™ ions, the
choice of exchange—correlation functional,"”*° and relativistic
effects, i.e., spin—orbit coupling (SOC).”® One of the earlier
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studies predict Rashba spin-split bands for specific orientation
of the MA* ions.”! However, some of these theoretical findings
are in disagreement with experimental observations. For
example, angle-resolved photoemission spectroscopy
(ARPES) study by Komesu et al.'' reported the absence of
any k-dependent spin-splitting of the bands in their room
temperature experiments, (where the MA" ions are orienta-
tionally disordered) whereas another experimental study by
Niesner et al.'” suggested giant splitting of ~0.086 A™" in the
same high temperature cubic phase of MAPbBr;. The precise
nature of the Rashba spin-split states from experimental and
theoretical investigations is also controversial. Niesner et al.'”
suggested the presence of Rashba spin-split bands near the
valence band maxima, i.e., near the M point in the cubic phase
and also in the low temperature orthorhombic phase, whereas
theoretical calculations based on density functional theory
(DFT) did not find any such spin-splitting near the M point,
rather a small spin splitting was found near the T point.””

In this work, we revisit the issues mentioned above and
discuss the electronic structure of MAPbCl; and MAPbBr;
single crystals in the cubic phase using photoelectron
spectroscopy (angle-integrated and angle-resolved) along
with first-principles band structure calculations based on
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Figure 1. (a) Experimental angle-integrated valence band spectra acquired at 20, 31, and 40 eV photon energies in comparison to the calculated
total DOS for MAPbBr; and MAPbCl; using model 2 where the molecules are oriented along the (100) axis but keep the unit cell cubic. The inset
to the figure shows all valence band spectra (with different photon energies) normalized and plotted in the same figure for comparison. Calculated
total and orbital projected density of states for (b) MAPbBr; and (c) MAPbCl,. The delta-function peaks between 9 and 13 eV come from the C

and N atoms of the MA* molecule.

density functional theory using different models to handle
orientational order/disorder of MA" jons. To theoretically
investigate the effect of orientational disorder on the electronic
band structure properly in a molecular solid using ab-inito
methods is indeed a very difficult problem. If we assume that
the molecular orientational dynamics time scales are similar to
phonon time scales, then the electrons essentially propagate in
a disordered medium. If the electronic states of interest consist
of orbitals associated with the molecule itself as in M;Cq,
solids?® and MO,>*™*° (M is an alkali atom), then methods
like coherent potential approximation (CPA) and cluster CPA
are needed.”® If, however, the orbitals of interest belong to
atoms other than the molecular species as in MAPbCl; and
MAPDBr;, then one can avoid using CPA or similar methods
and use simpler approaches as discussed below.

Consider the potential produced by MA* ion seen by an
electron inside a unit cell. In general, it will be nonspherical
and can be written as (we have chosen the center of the
molecule as the origin)

Vi (F) = V(1) + Vo (759)

The spherical part V,(r) does not depend on the orientation of
the MA" ion Q, whereas the nonspherical part V, ' (HQ) does.
The spherical average of V, (r,Q) over the molecular
orientations Q is (V, (r,Q)>Q = 0. If the molecular orienta-
tional dynamics were fast compared to the electronic time
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scale, then V(r) will control the band structure. If not, then
one has to treat the orientational disorder carefully using CPA-
like methods. Instead, we use two different extreme models for
band structure calculations considering the following assump-
tions. (i) The nonspherical part is small and can be neglected,
particularly for the states arising from Pb-s and X-p orbitals. To
obtain the spherical part, we replace MA* ion by Cs* ion,
referred to as model 1 in the following text. (Optimization of
lattice parameters and related information are provided in
Supporting Information.) (ii) All the MA* molecules are
oriented in the same direction (along (100) direction) but
keep the unit cell cubic (average global structure in the
disordered phase); this model gives a measure of the strength
of the nonspherical part of the potential and its effect on the
band structure. It is referred as model 2. As pointed out by
Sarkar et al,,'* there are subtle effects on the band structure of
MAPbDBr; at low temperature where the MA* molecules are
orientationally ordered and the lattice is noncubic. Recently,
Mannino et al.”” and Zhu et al.*® carried out a comparative
study of band edge carrier dynamics in MAPbBr;, FAPbBr;,
and CsPbBr; and showed how orientational disorder of organic
cation affects the band edge parameters (bandgap, absorption
coefficient, recombination rate constant, etc.). However, no
explicit proposal was presented about how to treat the effect of
orientational disorder of the MA molecule and how and under
what conditions it could be approximated in the zeroth order
by replacing the molecule by a Cs atom. We believe such an

https://dx.doi.org/10.1021/acs.jpclett.0c01386
J. Phys. Chem. Lett. 2020, 11, 5719-5727
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Figure 2. Valence band structure of MAPbCl; [(a) and (c)] and MAPbBr;[(b) and (d)]. Experimental band dispersion obtained from angle-
resolved photoemission spectroscopy (ARPES), acquired at a photon energy of 37 eV [(a), (b)]. Calculated band structure [(c), (d)] using model

2 (see text).

approximation will help in understanding the strongly
disordered nature of the orientation of the MA" ions in the
cubic phase.

Angle-integrated photoemission spectra of MAPbBr; and
MAPDCl;, acquired with different photon energies are depicted
in Figure la. Valence band edges of these two compounds
were extracted by extrapolating the experimental spectra with
the baseline and the intersects are observed at binding energies
of 2.16 and 2.48 eV for MAPbBr; and MAPbCI;, respectively,
with the top of the valence band for MAPbCl; approximately
0.32 eV higher in ener_gy than MAPDBr;, in good agreement
with the earlier reports.”"” Additionally, it is also observed that
the entire valence band spectrum, including the features
between 8 and 10 eV, for MAPbCI; are shifted to higher
binding energies for all acquired photon energies. The
calculated total DOS of both the compounds for model 2
are also presented in the bottom part of Figure 1a. Ignoring the
sharp nearly delta-function-like peaks associated with the
molecular states of MA, and considering only the lead halide
contributions to the experimental spectra, we analyzed the
atom projected density of states (PDOS) for Pb, Br, and ClI
atomic orbitals and results are presented in Figure Ib,c,
respectively. From the PDOS calculations, it is evident that,
though the Pb spectral weight contibutes throughout the top of
the valence band,”® both the halide and Pb PDOS are shifted
toward higher binding energies for the MAPbCI; perovskite,
which is consistent with our experimental results. Different
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electron affinities and the chemical bonding of halide ions are
responsible for this binding energy shift."

To gain further insight into the orbitals involved in
hybridization, normalized photoemitted intensity of the ejected
electrons (density of states) was compared using different
photon energies, as shown in the inset of Figure la. Based on
the photoionization cross-section analysis (Table S2), our
results suggest that the Pb-s state has a significant contribution
near the valence band edge, ie, at A and A’, whereas the
halogen p states make dominant contributions at B and B’.
PDOS calculations also support the experimental findings; they
reveal that the major contributions to the valence band arise
from the Cl-3p or Br-4p orbitals, while a substantial
contribution from Pb-6s orbitals is present both at the top of
the valence band and well below 9 eV from the Fermi level.
This can be understood in terms of bonding—antibonding
levels resulting from Pb-6s—Br/Cl-p hybridization.”” The
bonding levels are deep below the Fermi level (at ~9 eV
binding energy) and have dominantly Pb-s character, while the
antibonding levels are close to the Fermi energy with
predominantly Br/Cl-p character. Different aspects of this
hybridization will be discussed in detail in the following
sections.

ARPES measurements were performed at room temperature
on the (001) grown surface of the crystals, as revealed by X-ray
diffraction pattern (XRD) (Flgure Sld) The experimental
results are plotted along '—X and =M symmetry directions

https://dx.doi.org/10.1021/acs.jpclett.0c01386
J. Phys. Chem. Lett. 2020, 11, 5719-5727
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Figure 3. Charge density plot of MAPbCL, for the valence band maximum at (a) the X point, (b) the T point, and (c) the M point. (d) Schematic

representation of sp hybridization in hybrid perovskites.
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Figure 4. Calculated band structure of (a) MAPbCl, (model 2) and (b) CsPbCl; (model 1). The inset shows the zoomed view near the I point.

of the surface Brillouin zone (Figure Sle). Panels a and b of
Figure 2 display the first derivative of ARPES intensity map
along X—['—M symmetry directions for MAPbCl; and
MAPDBr; crystals, respectively. A strongly dispersing down-
ward band around X and M symmetry points with dispersion
reaching a minimum at [" is observed. The absence of any
spectral density between Ej (zero of energy scale) and above
the top of the stated bands suggests that the maximum of the
valence band projected onto the (001) plane lies at a binding
energy of 2.4 eV (2.1 eV) at the M point (denoted by C (C")),
while the band peaks at 3.1 eV (2.4 V) at the X point
(denoted by A (A’)) for MAPbCl; (MAPbBr;). Large weakly
dispersing spectral weight is observed around 4.6 eV (4.1 eV)
at the zone center (I point, (denoted by B (B’))) and below
4.2 eV (3.6 eV) at the two zone edges (X and M point) of
MAPbHCl; (MAPbBr;), which are denoted by D—E (D’—E’) in
Figure 2a,b, respectively. Noticeably, for the parallel
component of the surface momentum (k;), the X point is at
0.67 A7 (0.53 A™") and the M point is at 0.83 A™' (0.75 A™")
for MAPbCl; (MAPbBr;), which are in good agreement with
the values calculated from lattice parameters.”' "'

To gain insight into the orbital character of the bands, DFT
calculated bulk band structure for MAPbCl; and MAPbBr;
using model 2 where the MA" ions are ordered parallel to each
other (ferro-ordered) along the (100) direction, but
constraining the unit cell to be cubic, were analyzed and are
depicted in Figure 2c,d, respectively, with fat band
representation for Pb-s and halide-p orbitals. For the highest
occupied valence bands at the X, M, and I' points, it is
observed that the bands at the X point have contributions from
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the Pb-s orbital and Cl/Br-p orbitals. The same set of orbitals
also contribute to the valence band maximum at M with the
difference that at X only the Cl/Br-p, has substantial
contributions while at M both p, and p, orbitals contribute
equally to the valence band maximum. However, the highest
occupied band at I" has mostly Cl/Br-p, character.

This analysis also highlights the nature of Pb—Cl/Br
covalency, which can be understood by calculating the charge
densities at X, I', and M for the highest occupied bands,
depicted in Figure 3 for MAPbCl;. In Figure 3a, the charge
density at X plotted for the valence band maximum clearly
suggests that Pb-s and Cl-p, orbitals are contributing to the
valence band maximum while the contribution from other Cl-p
orbitals are minimal/absent. At I" (Figure 3b), only the Cl-p,
orbital contributes and no s—p (Pb—Cl) hybridization is
observed. Further, at M (Figure 3c), the valence band
maximum has contributions from Pb-s as well as Cl-p, and
p, orbitals. This characteristic contribution of the halide p
orbitals at various high symmetry points in the Brillouin zone
(BZ) can be understood from the symmetry analysis of a tight-
binding Hamiltonian.”® An average over all possible orientation
of organic cations at high temperature restores the full cubic
symmetry. Contributions from the different Cl/Br-p orbitals at
different k-points appear by symmetry allowed hopping
between Pb-s and Cl/Br-p orbitals. At the X (0, 0.5, 0) (M
(0.5, 0.5, 0.0)) point, the phase of the Bloch states allows the
mixing of Pb-s and Cl/Br-p, (p,p,). Hence their corresponding
orbital character at these k-points shows up at the VBM in the
electronic band structure as well in the charge density plots. At

the I' point, such a hybridization is prohibited by the cubic

https://dx.doi.org/10.1021/acs.jpclett.0c01386
J. Phys. Chem. Lett. 2020, 11, 5719-5727
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symmetry of the crystal. This is evident in the charge density
plot at the I" point where there is no Pb-s contribution and the
VBM solely has Cl/Br-p, character, which may be arising from
a direct hopping between these orbitals. The same analysis was
also done for MAPbBr; (not shown here) and similar results
were found. Hence, it can be concluded from the above
analysis that the Pb—Cl/Br hybridization (covalency) is
highest at the M point, and then it gradually decreases as
the I' point is approached where the covalent character is
absent, followed by an increase as one approaches the X point.
A schematic representation of bonding—antibonding hybrid-
ization between Pb-s and Cl/Br-p is shown in Figure 3d,
clearly visualizing the orbital contributions to the valence and
conduction bands of hybrid perovskites.

As we have discussed above, the MA" orientation has a
profound effect on the electronic band structure of hybrid
perovskites.” For configurations where the MA* cations are
oriented along the (100) direction and are parallel to each
other (ferro-ordering) the potential generated by the MA*
cations lowers the cubic symmetry even if the unit cell is cubic
(model 2) and partially removes the degeneracy at the I point
associated with nine hybridized Cl-p—Pb-s bands (correspond-
ing to three Cl atoms/unit cell)) even in the absence of spin—
orbit coupling (Figure 4a). However, if we use a ferro-ordering
of the MA" ions along the (110) direction, the bandgap
decreases by 0.04 eV and the 9-fold degeneracy is also lifted.
These findings clearly indicate that the orientation of the MA*
ion plays an important role in the electronic band structure by
reducing the symmetry.*> > Comparison between experimen-
tal and theoretical band structures near the I' point clearly
shows a large discrepancy, the latter giving a gap between the
top dispersing valence band and the flat band below it, the gap
being ~0.5—1.0 eV. Since in the cubic phase, orientation of the
MAY cations is dynamically disordered (they are almost freely
rotating), one has to sample the band structure for all possible
orientations. As discussed earlier, we use model 1 to describe
this situation, where we consider only the orientational average
of the potential produced by the rotating MA" ion, V(r),
which we represent by replacing the molecular ion by a
spherically symmetric Cs* ion, which has roughly the same size
and same charge.

The resulting band structure of CsPbCl; is presented in
Figure 4b. We find that the nine partially split Cl-p bands of
MAPDBCl, at the I' point (Figure 4a) have nearly 9-fold
degenerate Cl-p bands for CsPbCl; (Figure 4b). The small
splitting is caused by spin—orbit interaction. The large gap
between the topmost dispersing band and the nearly flat band
in Figure 4a is also gone in Figure 4b. The band structure
shown in Figure 4b is much closer to the experimental
observation, suggesting that model 1 provides a better picture
of the orientationally disordered nature of the MA" ions.

In order to understand the specific effect of SOC on the
band structure we use the two models and focus on the top few
(valence) bands only. For model 2 we take the top 2 (valence)
bands and for model 1 we take the top 6 (valence) bands.
Strong Rashba type spin—orbit split bands are observed at the
I" point for model 2, the orientationally ordered model, when
SOC is considered (Figure Sc), while no such effect is
observed (Figure Sd) for model 1. More importantly, bands
continue to remain doubly degenerate near the M and X
symmetry points for both the models.

Our theoretical calculations do not support the giant Rashba
splitting in MAPbBr; reported by Niesner et al.'” in the
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Figure 5. Calculated band structure of MAPbCl; without (a) and
with (c) spin—orbit coupling (SOC), and of CsPbCl, without (b) and

with SOC (d).

disordered cubic phase, where the authors have interpreted the
ring-shaped band contours observed near the valence band
maxima (i.e.,, at M point) in terms of Rashba splitting. They
associate these contours with the splitting of doubly (spin)
degenerate bands into two bands shifted with respect to each
other in k space (Rashba splitting). Their result is an isolated
one where a strong Rashba splitting at the M point has been
claimed. Che et al.” also investigated the possibility of the
Rashba effect for a 2 X 2 surface reconstructed of MAPbBr,
using first-principles calculations and did find a surface induced
Rashba effect. They found a Rashba splitting of much smaller
magnitude at the I' point for specific orientation of the MA*
molecule, in agreement with our results. Frohna et al.*” also
predicted a Rashba effect in the hybrid perovskite arising from
a net electric field from many randomly oriented polar MA*
ions, which was also supported by McKechnie et al.*® These
results clearly indicate that the spin—orbit coupling induced k-
dependent valence band splitting arises due to local asymmetry
resulting the A-site cation (MA").

As ARPES derived intensity maps can provide a direct
picture of the k-dependence of the electronic bands, we present
constant energy plots (iso-energy cuts) derived from 3D band
mapping of MAPDbCI; for some selective values of the binding
energies in Figure 6a—h. At 2.35 eV below the Fermi edge
(Figure 6a), one sees the spectral density in the form of single
dot at the M symmetry point, which suggests that the top of
the valence band projected normal to the (001) surface is at M.
With increasing binding energy, the dot evolves into a closed
band contour with the shape of the band contour being
decided by the extend of sp hybridization of the Pb-6s and CI-
3p orbitals.”” At around 3.7 eV binding energy, the top of the
valence band at X appears in the iso-energy cut. A further
increase of binding energy resulted in a cubic (square) band
contour around the I' point (3.7—3.9 €V) with maximum
intensity observed at " at ~4.5 eV arising from Cl-p, orbital.

Niesner et al.'” in their ARPES constant energy maps for the
cubic phase of MAPbBr;, taken near the top of the valence
band maximum, ie., at M, observed a ring-shaped contour,
with a minimum spectral intensity at the center. This feature
around M with a dip at the center was interpreted (as shown in
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Figure 6. ARPES constant energy contours of the electronic structure in the X—T'—M plane at different binding energies marked in the figure [(a)—
(h)]. Corresponding energy cuts from theoretical data of MAPbCl; model 2(ij) and CsPbCls, model 1 (k1) are shown.

Figure 7. Effect of SOC and the resulting Rashba effect on constant energy contour curves (schematic). (a) In the presence of SOC, the valence
band splits into two spin-split bands and corresponding contours at different energies. (b) Without SOC, a doubly spin-degenerate band with a
single maximum is expected and corresponding contours at different energies.

the schematics Figure 7a) as the Rashba splitting of the bands. single ring-shaped contour (Figure 6b—d) around M. This
However, within our experimental resolution (for MAPbCly) corresponds to a single downward dispersing band (as
we did not observe any drop in the spectral intensity near the suggested in schematic Figure 7b) and does not support the
top of the valence band maxima (i.e., at M) and observed a idea of Rashba spin-split bands for which one expects to see
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concentric bands with increasing energy (Figure 7a).* Xu et
al.*' also demonstrated that molecular orientations of organic
cation influence the fundamental electronic bandgap and the
Rashba-type energy band splitting. Assuming a ferro-orienta-
tional ordering of the molecule for a cubic unit cell, as we have
done, they showed that the Rashba parameter near the valence
band maxima is larger in MAPbX; (1.16 eVA) than in FAPbX,
(0.59 €VA) or in EAPbX; (0.84 ¢VA) and that there is no
Rashba splitting in CsPbX;, which is consistent with our
results.

Although inclusion of spin—orbit coupling in our (and
other) theoretical calculation does suggest spin-split bands
near the I" point, in most of these calculations the disordered
nature of MA* molecular orientation is not taken into account
and calculations are performed with a specific orientation of
MA* molecule. Also, these calculations predict a much smaller
band gap than the experimental one.”””" Our results (obtained
with spherically averaged potential) appear to be more reliable,
as they suggest that spin—orbit splitting is not a dominating
effect, at least in the cubic phase. While comparing the
experimental constant energy contours with the theoretical one
(for MAPbCI,, Figure 6i,j), we observe a symmetry lowering
(noncubic) in the system. (i) Calculated constant energy
contours at 3.3 and 3.7 eV for model 2 are not symmetric
about the M point, and (ii) bands about X point are different
in the same iso-energy contour. In contrast, model 1 has cubic
symmetry, and the constant energy contours are shown in
Figure 6k,l. The results of constant energy contours at 3.4 and
4.0 eV match relatively better with the experimental energy
contours at 3.3 and 3.9 eV. Thus, a comparison of the valence
band dispersion between ferro-ordered model (model 2) and
spherically symmetric model (model 1) reveals that the band
structure in the organic-molecule orientationally disordered
cubic phase may be somewhere between these two extreme
limits, but closer to model 1. This can be confirmed by
performing coherent-potential approximation in DFT to
average over the ensemble of various molecular orientations
and provide an average band structure, which is beyond the
scope of this paper.

To conclude, we have investigated the electronic structure of
MAPDBCl; and MAPbBr; using photoemission (both angle-
integrated and angle-resolved) in the organic molecule
orientationally disordered cubic phase and have correlated
these results with DFT based theoretical calculations using two
different models. Photoemission results suggest strong
dispersion of the valence bands, which we find arises from
the hybridization between halide Cl/Br-p and Pb-6s
(antibonding) orbitals. The two theoretical models used to
understand the experimental angle-integrated photoemission
results are (1) MA" ion is orientationally disordered and the
nonspherical part of its potential is small and averages out (we
do this by replacing the MA™ ion by spherically symmetric Cs*
ion and calculate the band structure of CsPbCl;) and (2) MA*
ions are orientationally ordered along the (100) direction but
constrain the unit cell to retain its cubic structure. Model 2,
which breaks the local symmetry caused by molecular
orientation, gives a large splitting of the top six p-bands (out
of total nine p bands associated with three Cl atoms) near the
[ point into a group of 2 and 4. This does not agree with the
experimental observation. This model also fails to explain the
constant energy contours. In contrast, model 1 gives band
structure close to the experimental observation where the top
six p-bands near the ' point are nearly degenerate. Constant
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energy contour curves obtained with this model also match
closely with the experiment. We believe the real situation is
closer to model 1 with small MA* molecular ion induced
nonsphericity correction. Since our theoretical calculations
using this model do not give Rashba splitting, experimentally
observed small Rashba splitting has to come from non-
sphericity corrections caused by local orientational order, albeit
random. The effect is, however, weak. However, one can
expect to see strong Rashba splitting in the orientationally
ordered noncubic phases.
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