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Optical properties of the organic-inorganic hybrid perovskite CH;NH;Pbl;: Theory and experiment
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We perform a theoretical and experimental study of the optical properties of a CH;NH;Pbl; perovskite
prepared by a vapor-assisted solution process, motivated in part by very high photovoltaic cell efficiencies. Several
widespread theoretical approaches are used in an attempt to determine the most appropriate approach which would
reproduce the experimental electronic structure and optical properties of the CH; NH;Pbl; perovskite. We compare
a semilocal approximation to the density functional theory with hybrid functionals and time-dependent hybrid
functional calculations, evaluating the effects of exchange tuning and spin-orbit coupling. Using these methods
we calculate the electronic structure, optical absorption spectrum, and frequency-dependent dielectric function
of the CH3;NH;Pbl; perovskite. The results are compared to the experimentally obtained dielectric functions
acquired from ellipsometry measurements. We demonstrate that inclusion of spin-orbit coupling in theoretical
calculations is critical in describing the electronic and optical properties of the CH;NH;Pbl; perovskite. Good
agreement with experimental data is achieved when the optical spectra are computed using time-dependent hybrid

density functional theory with spin-orbit coupling.
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I. INTRODUCTION

Mixed organic-inorganic halide perovskites have recently
attracted considerable interest as solar energy harvesters
for a new generation of solar cells. Perovskite-based solar
cells (PSCs) feature high power conversion efficiencies and
potentially low manufacturing costs due to the simplicity of the
fabrication procedure [1,2]. The certified energy conversion
efficiencies of the PSCs produced using simple wet chemistry
routes have progressed from a moderate 3.8% in 2009 to
a remarkable 21% in 2015 [3], with prospects for higher
efficiencies than those of existing bulk-silicon (26%) and thin-
film (21%) single junction solar cells, which dominate today’s
market. The material commonly used as the light absorber
in the PSCs, methylammonium lead triiodide (CH3;NH;Pbl3),
adopts the AB X3 perovskite crystal structure, where A is a
cation of an organic compound methylammonium (CH3;NH3),
B is a divalent metal cation (Pb2*), and X is a monovalent
halogen anion (I7). This perovskite compound is inexpen-
sive, solution processable, and exhibits a series of superior
electronic and optical properties for solar cell applications:
ambipolar charge transport [4], long carrier diffusion lengths
[5,6], high optical absorption, and band gaps that can be
tailored for efficient solar energy harvesting by varying the
chemical composition [7].

In recent years, methylammonium lead triiodide
(CH3NH;3Pbls) perovskites have been explored theoretically
using several common approaches, ranging from effective
mass to several variations of self-consistent density functional
theory (DFT) approaches, as well as quasiparticle methods.
Based on DFT calculations, it was shown that the band gap of
the CH;3;NH;PbI; perovskite is strongly affected by a giant
spin-orbit coupling (SOC), mainly in the conduction band
[8]. The room-temperature optical transitions are between the
valence band and a conduction band, which is the spin-orbit
split-off band from the triply degenerate conduction band
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minimum of the cubic lattice in the absence of SOC. It was
also suggested that the high performance of solar cells based
on these materials is a consequence of their multiband-gap
and multivalley nature, making them natural multijunction
materials [9]. The inclusion of SOC is thus crucial to obtain
the correct electronic and optical structure of the CH;NH;Pbl;
perovskite.

On the other hand, it was also shown that including SOC
in the DFT calculation reduces the band gap by approximately
1 eV, to ~0.5eV [10], creating difficulties in comparing
theoretical results with experiment. Such a significantly lower
value of the calculated band gap is typical for widely used
local and semilocal approximations to the DFT. Therefore, it
was suggested that purposely omitting the spin-orbit coupling
in the calculation, thus increasing the band gap towards
the experimental value of ~1.6eV, is an effective way to
counteract the underestimation of the band gap [11,12]. In
the CH3NH;Pbl; perovskite this cancellation of two opposing
trends is rather effective, and the results obtained by using DFT
without SOC showed reasonable agreement with experimental
data [13-15].

Alternatively, relativistic quasiparticle GW calculations
were performed in order to capture the effects of SOC
and accurately determine the band structure [16—18]. These
calculations, while being state of the art in electronic structure
methods, are very computationally demanding. A reasonable
compromise, offering a good trade-off between accuracy and
computational cost, is afforded by hybrid functionals. It has
been recently shown that hybrid functionals employed along
with SOC are able to reproduce some experimental optical
quantities of CH3;NH;3Pbl3, such as band gap, reduced exciton
mass, and exciton binding energy [19]. The authors also
showed that tuning the hybrid functional to a high-frequency
dielectric constant leads to good agreement with experiment.

The structural properties of the CH3;NH;Pbl; perovskite
present an additional layer of complexity. Standard local
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density approximation (LDA) or generalized gradient approx-
imation (GGA) to the DFT is unable to capture the van der
Waals interactions. Calculations employing special function-
als, which include the nonlocal van der Waals correlations
(however, without SOC), suggest that these interactions are
critical for appropriate descriptions of the interaction between
the organic and the inorganic parts [20]. Such a treatment
might be necessary to obtain the realistic crystal structure of
CH;NH;PbI;. The effects of disorder due to the distortions
by rotating organic molecules at room temperature and the
asymmetry of the inorganic framework leading to Rashba
splitting are also among the currently unsettled issues.

In this paper, we use several widely employed theoretical
methods to calculate the electronic structure and optical
properties of two common phases of the CH;NH;Pbl; per-
ovskite, cubic and tetragonal. We use the GGA approximation
to DFT to estimate the effects of SOC on the overall
band structure, absorption spectra, and frequency-dependent
dielectric function. In order to obtain the correct band structure
and optical spectra, we apply the Heyd-Scuseria-Ernzerhof
(HSE) hybrid functional [21,22] in both standard and the exact
exchange tuned versions, including SOC self-consistently.
Finally, the time-dependent HSE approach is used in order
to bring the theory to a close agreement with experiment.
On the experimental side, we use spectroscopic ellipsometry
measurements on the samples grown by a vapor-assisted
solution process [23,24]. Spectroscopic ellipsometry allows a
parameter-free and very accurate determination of the real and
imaginary parts of the dielectric function in the whole spectral
region of interest. The ellipsometric data are frequently used
for evaluating the results of the combined band-structure and
optical property calculations for many materials [25-27].

II. METHODS

A. Calculations

We use several methods of electronic structure calculations
to evaluate their suitability to address the experimentally
obtained optical and electronic properties of the CH;NH;Pbl;
perovskite. We use the semilocal GGA parametrization of
Perdew-Burke-Ernzerhof (PBE) [28], with the projector aug-
mented wave (PAW) pseudopotentials [29] for atomic relax-
ations and initial estimations of the electronic structure and
SOC effects. The SOC was included in the calculations self-
consistently with noncollinear spins according to Ref. [30],
and implemented in the VASP code [31,32].

Starting from the experimental lattice structures for cubic
and tetragonal phases of CH3;NH;Pbl;, atoms were allowed
to relax to minimize the forces to 0.01 eV/;\ or less. Plane
wave cutoffs of 400 eV were used for lattice relaxation, and
300 eV for subsequent band-structure and optical calculations.
Test calculations show negligible differences in band structure
and optical spectra with this reduced cutoff energy. For atomic
relaxations and calculations of the electronic structure, I'-point
centered k-point grids of 6x6x4 and 6x6x6 were used for
the tetragonal and cubic phases, respectively. GGA tests show
that 3x3x2 and 4 x4 x4 k-point grids, used for the tetragonal
and cubic phases, result in total energies that are converged to
within 2 meV /atom.
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In order to obtain an accurate electronic structure, we
performed HSE hybrid functional [21,22] calculations. In
an exchange-tuned HSE hybrid functional calculation, the
semi/local density exchange-correlation part of the density
functional is mixed with a Fock-type exchange part in a ratio,
which can be adjusted to reproduce the experimental band gap
of the material. We start with the standard parametrization of
the HSE hybrid functional with a fraction of the exact exchange

of 0.25, and a screening parameter of 0.2 10%_]. To bring the
results to a closer agreement with experiments, we further tune
the fraction of exact exchange to recover the experimental band
gap, as described below.

The optical properties were computed using two differ-
ent approaches. First, the imaginary part of the frequency-
dependent dielectric function was calculated using the sum-
mation of transitions over the conduction band states, which
were computed with both standard and exchange-tuned HSE.
In turn, the real part of the dielectric function was obtained
using the Kramers-Kronig transformation. This method, rep-
resenting the independent particle approximation, is described
in detail in Ref. [33]. Second, to include excitonic effects,
time-dependent hybrid functional calculations (TD-HSE) were
performed, following Ref. [34], which are based on the
exchange-tuned hybrid HSE functional, including SOC self-
consistently. In the TD-HSE calculations, the excitonic effects
are approximately described by replacing the electron-hole
ladder diagrams with the screened exchange. The dielectric
function is obtained by solving the Cassida’s equation [35].
It has been pointed out that this is essentially equivalent to
the Bethe-Salpeter equation, with the screened interaction W
replaced with one-quarter of the nonlocal screened exchange
term, which is obtained from the standard or exchange-
tuned HSE [34]. Both the independent particle approximation
method and TD-HSE approach are implemented in VASP [32].

Both approaches to capture optical properties require fairly
dense k-point meshes. This is challenging for nonlocal HSE
calculations which also self-consistently include SOC. GGA
and HSE tests show that for the cubic phase of CH;NH3Pbls,
both imaginary and real parts of the frequency-dependent
dielectric function are sufficiently converged to allow a sat-
isfactory comparison with experiment for an 8 x8x 8 k-point
grid (a 6x6x4 grid for the tetragonal phase). However, a
direct calculation on these meshes at the HSE+SO level,
where noncollinear spins are included and no symmetry con-
sideration is used, is computationally prohibitive. Therefore,
the results were obtained by summing over a number of
4x4x4 k-point grids, shifted with respect to each other to
overall reproduce the 8x8x8 grid (sums over a number of
3x3x2 grids were used to reproduce the 6x6x4 grid for
the tetragonal phase). All calculations used the Methfessel-
Paxton [36] first-order method for partial occupancies with a
smearing of 0.2 eV.

B. Experiment

CH;NH;Pbl; perovskite samples used for the investiga-
tions were prepared by a vapor-assisted solution process
[23,24]. At the initial stage, Pbl, films were fabricated by
spin coating of 0.88 M solution Pbl, (99%, Acros Organics)
in N,N-dimethylformamide on sapphire substrates. Prior to
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FIG. 1. Schematic describing the synthesis of perovskite layers
from a spin-coated inorganic layer by the vapor-assisted solution
process.

coating, the substrates were degreased in boiling acetone and
boiling methanol. The spin coating was performed in a nitrogen
atmosphere at a rate of 1000 rpm for 5 s, followed by 5000 rpm
for 40 s. The as-coated films were prebaked on a hotplate
at 120°C for 15 min in nitrogen. Then, the substrates were
mounted face down in a petri dish with methylammonium
iodide (MAI) powder spread on the underside, as shown in
Fig. 1. The MAI powder (>99.9%) was purchased from Ossila
Ltd. and used as received. The petri dish was placed in an oven,
and maintained at a temperature of 137 °C under nitrogen
flow, where the samples were exposed to MAI vapor. After
annealing for 3 h, dark-brown CH3;NH;3Pbl; perovskite films
were obtained.

The morphology and structural properties of the perovskite
layers were examined by optical and atomic-force microscopy
(AFM), as well as x-ray diffraction (XRD). The microscopy
imaging evidenced the formation of continuous films. From
the AFM measurements, the root mean square roughness of
the perovskite films was determined to be 26 nm for 20x20 um
[2] scans. XRD w-26 scans showed reflections at 14°, 23.1°,
28.3°, 31.8°, 34.8°, and 43.2° corresponding to the tetragonal
perovskite structure of CH3NH;3Pbl; [37,38]. The absence of
apeak at 12.6° related to Pbl, indicates that its conversion to a
perovskite under exposure to the MAI vapor is complete, and
no unreacted Pbl, remained in the films [38].

The spectroscopic ellipsometry study was performed for
angles of incidence of 60° and 67° on a rotating analyzer
ellipsometer equipped with an autoretarder (J. A. Woollam,
Co. Inc.) for photon energies varying from 1.2 to 6.55 eV. To
minimize possible degradation of the perovskite films under
ultraviolet irradiation, the chosen instrument monochroma-
tized the light before the mounted sample. To prevent the
effect of moisture on the material properties, a dry atmosphere
was maintained during the optical experiments. Furthermore,
samples were stored in vacuum before measurements and all
delay times were kept as short as possible.

The ellipsometric angles W and A were recorded. A
multilayer fit, including the sapphire substrate, the perovskite
layer under study, and the surface roughness in the Bruggeman
effective medium approximation, was performed. From this
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multilayer fit, the dielectric function of the perovskite layer
was obtained via point-by-point fitting, i.e., no assumption
on the line shape of the dielectric function was made. The
resulting dielectric functions were successfully tested for the
Kramers-Kronig consistency. The method yielded real and
imaginary parts of the complex photon energy-dependent
dielectric function with high accuracy.

III. RESULTS AND DISCUSSION

A. Crystal structure

There are three stable phases of the CH3NH;3;Pbls per-
ovskite, e.g., a low-temperature orthorhombic phase, a tetrag-
onal phase, which is stable at room temperature, and a cubic
phase which is formed when T > 330K [37,39]. Among
these polytypes, when performing first-principles structural re-
laxations representing zero temperature, the low-temperature
orthorhombic phase is favored. Since the goal of this work is
to address the room-temperature experimental structures, and
capture their optical properties, we retain the experimentally
determined lattice constants for both the orthorhombic and
cubic phases, while optimizing atomic coordinates using PBE
to yield the minimum energy structures. We start with the
experimental crystal structures taken from Ref. [40]: a Pm3m
symmetry, 12-atom unit cell of the cubic phase with a lattice
constant of a = 6.391 10\, and /4/mcm symmetry, 48-atom
unit cell of the tetragonal phase with lattice constants a =
8.80A and ¢ = 12.685 A. The full atomic relaxation results
in the atomic structures of the unit cells of the cubic and
tetragonal phases of CH3;NH;3Pbls, as shown in Figs. 2(a) and
2(b), respectively. (The relaxed structures are available in the
Supplemental Material [41].)

In our calculations the atomic relaxation leads to distortions,
moving the Pb atom off the I-Pb-I center, thus breaking the
inversion symmetry of the unit cell, which leads to Rashba
splitting [42]. It was also suggested that this splitting could be
controlled by an applied electric field. This could be crucial
for photovoltaic applications, because Rashba splitting has
been reported to reduce the recombination rate due to the
presence of spin-forbidden transitions [43]. On the other hand,
calculations based on DFT including van der Waals forces
suggest that the extended carrier lifetimes in the CH;NH;Pbl;

FIG. 2. Crystal structure of the unit cells of the (a) cubic phase and
(b) tetragonal phase of CH3;NH;Pbl;. Atoms are black (Pb), purple
(D), brown (C), gray (N), and white (H).
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perovskite could be due to dynamical changes of the band
structure [44]. The motion of differently oriented CH3;NHj3
molecules leads to distortions of the perovskite octahedra,
leading to a time-varying band structure with indirect band
gaps, which suppresses electron-hole pair recombination.

Another complication arising from the structural features
of CH3;NH;Pbl; is the effect of disorder due to the CH3;NHj3
groups rotating freely at room temperature [9]. The distortions
due to rotating molecules contribute to Rashba splitting and
lead to lower observed band gaps, compared to the ordered
static case. This effect was recently addressed by the G W (with
SOC) supercell calculations with randomized orientations of
organic groups [18]. It was shown that although the band-edge
states are mostly derived from the inorganic components with
almost no hybridization with CH3NHj3 groups, the organic
molecules indirectly affect the band gap by introducing lattice
relaxations and distortions to the inorganic cage.

Clearly, the structural properties and their influence on
the electronic and optical properties of the CH3;NH;Pbls
perovskite present a number of complex problems. In this in-
vestigation, we address room-temperature optical properties of
the CH3;NH;Pbl; perovskite. We find that using experimental
lattice constants while allowing the atomic structures to relax
in order to capture lattice distortions is adequate to address the
band structure of CH3;NH3Pbls. The ellipsometry experiments
performed here probe transitions related to the electronic band
structure of the CH3;NH;Pbl; perovskite. Properties at lower
frequencies, such as phonons, or contributions due to the
rotational motion of CH3NH§r cations, are not accessed in
our experiments, and therefore they are not addressed here.

B. Cubic phase: GGA electronic structure
and optical properties

In order to describe the optical properties of the
CH;NH;Pbl; perovskite, we first calculate the basic GGA
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FIG. 3. GGA (PBE) band structure of the cubic phase of the
CH;NH;Pbl; perovskite, calculated with (red lines) and without
(black lines) spin-orbit coupling. The path through the high symmetry

points of the cubic lattice, X = (0,1/2,0), M = (1/2,1/2,0), and
R =(1/2,1/2,1/2).
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(PBE) band structure of the cubic phase, shown in Fig. 3, and
compare the band structures computed with and without SOC.

Neglecting spin-orbit coupling, we obtain a direct band
gap of 1.73 eV at the R point for the cubic phase, which
is reasonably close to the experimentally measured gap of
1.6 eV. We note that theoretical GGA band-gap values reported
in the literature vary between 1.2 and 1.7 eV. The spread in
the reported values is likely due to differences in the crystal
lattices, the orientations of the organic molecules, and the
resulting atomic relaxations. The conduction band minimum
at the R point is triply degenerate in the ideal cubic perovskite
geometry [8]. In our calculations, the atomic relaxations lift
this degeneracy by 0.24 eV. Similarly, at the M point, the
twofold degeneracy is lifted as a result of atomic relaxations
by 0.12 eV.

Including SOC in the GGA calculation significantly reduces
the band gap by almost 1 eV, down to 0.73 eV, which is
significantly lower than the experimental values. The drastic
changes mostly originate in the Pb-derived conduction band
states, where the value of the spin-orbit splitting is unusually
large, i.e., 1.3 eV (often named a giant SOC), while the
spin-orbit splitting of the iodine-derived valence band is also
large, 0.42 eV. Thus, SOC further drives the bands apart
that were initially split by the crystal fields due to atomic
relaxations. As evident from a comparative analysis of the
band structures computed with and without SOC, the valence
and conduction band structure is significantly affected by SOC.
Therefore, SOC should not be omitted in the calculations, even
if doing so yields the correct band gap within GGA.

Recently, it was also suggested from the first-principles cal-
culations that the alignment of methylammonium molecules
alone does not significantly move the band-edge states.
Instead, the relaxation of the atomic positions leads to an
off-center displacement of the Pb atom, which induces a large
Rashba splitting [45]. In our calculations this splitting in the
conduction band minimum is found to be 18 meV, similar
values at both the R and M points. Furthermore, it has been
argued that since the PBE calculations that omit SOC yield the
band gap in a reasonably good agreement with experiment,
they should also accurately predict the optical properties of
hybrid perovskites [13]. In order to evaluate the validity of
this supposition, we calculate optical properties of the cubic
CH3;NH3Pbl; perovskite within PBE-GGA, also testing the
influence of the SOC. Figure 4 shows the PBE real and
imaginary parts of the dielectric function calculated using the
independent particle approximation with and without SOC,
along with those derived from the ellipsometric data.

In the case when SOC is not taken into account, the
GGA computed dielectric function is overestimated and nearly
featureless. Even though the degeneracy in the conduction and
valence bands is lifted by atomic relaxations, without SOC,
the bands are sufficiently close to each other to produce a
smooth absorption spectrum, and all optical transitions are
averaged out by the integration over a dense k-point mesh. The
experimentally measured curves, on the other hand, clearly
show several peaks. Thus, the overall shape, structure, and
values of the imaginary and real parts of the dielectric function
are not well reproduced in non-SOC PBE calculations, in spite
of the fact that in this case the band gap is closer to the
experiment than in the SOC case. Inclusion of SOC introduces
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FIG. 4. Independent particle approximation GGA (PBE) calculated (a) real and (b) imaginary parts of the dielectric function of the
cubic phase of the CH;NH;Pbl; perovskite, with (red lines) and without (black lines) the spin-orbit coupling. The experimental ellipsometry

measurement is shown with blue circles.

large spin-orbit energy splittings into the conduction and
valence bands, as discussed above. This improves the overall
structure of the calculated dielectric function and absorp-
tion, predicting the absorption peaks that are also observed
in the experiment. However, the underestimated band gap
shifts the spectra to lower energies by ~1 eV, the energy error
in the GGA calculated band gap. Nevertheless, since the band
gap is significantly underestimated, the dielectric function and
absorption spectrum are redshifted by approximately 1 eV in
comparison with experiment. Therefore, a theoretical method
which would better reproduce the experimental band structure
is needed to describe the optical properties of the CH3;NH;Pbl;
perovskite.

C. Cubic phase: HSE electronic structure and optical properties

Hybrid functionals have emerged in recent years as a
new class of electronic structure methods, which significantly
improved the agreement between calculations and experiment
at an affordable increase in the computational cost. In a
hybrid functional calculation, the local density (LDA or GGA)
exchange-correlation part of the density functional is mixed
with a Fock-type exchange part in varying proportions. In
the HSE functional, the exchange-correlation interactions are
separated into long- and short-range parts. The short-range
part includes 25% of exact exchange and 75% of semilocal
GGA exchange, while the long-range part is calculated with an
approximate semilocal GGA expression [21]. The splitting is
accomplished by introducing screening of the exact exchange
interactions (similar to the screened exchange approach) with
an optimal screening length of approximately 7-10 A. HSE
hybrid functionals significantly improve the band structure
of most semiconductors [46]. In addition, effective masses
are also improved, typically yielding values within a few
percent of experiment [47]. However, in its standard form,
with 0.25 fraction of exact exchange, the band gaps of most
semiconductors still remain somewhat underestimated. For
example, in the case of the CH3;NH;Pbl; perovskite, the
HSE computed band gap at the R point (including SOC)
is 1.15 eV. The spin-orbit splitting in the conduction band
minimum (CBM), which is computed self-consistently, also

increases to 1.45 eV, and the splitting in the valence band
increases to 0.68 eV. In this case, the optical absorption and
the frequency-dependent dielectric function (not shown here)
are improved, however, there is still a notable shift to lower
energies due to the underestimated band gap.

In light of the above, in order to recover the band
structure that would agree with experimental measurements,
we increase the ratio of exact exchange from 0.25 to 0.45, while
keeping the exchange range separation parameter at 0.2. A sim-
ilar parameter of 0.46 in HSE calculations of CH3NH3SnBr3
and CH3;NH;Snl; perovskites was also recently suggested
[48]. Figure 5 shows the band structure of the CH3;NH;Pbl;
perovskite calculated with the exchange-tuned HSE hybrid
functional described above. The resulting band gap at the R
point is now 1.57 eV, which is in very good agreement with
experiments. The SOC in the conduction band is also increased
to 1.54 eV, while that in the valence band is 0.87 eV. These

FIG. 5. Exchange-tuned HSE band structure of the cubic phase
of the CH3NH;Pbl; perovskite, including SOC. The right panel
shows site- and /-projected densities of states on the same energy
scale. Bands are color coded according to their predominant orbital
character.

075206-5



D. O. DEMCHENKQO et al.

PHYSICAL REVIEW B 94, 075206 (2016)

(a) T T T T T T (b) T T T T T T T T ) T ) T
6F 1 9 ]
L {1 st -
4 o

2 | 2.0

£ 3 E3r
2 r
1 T

1 1 1 1 n 1 : I . I
% I 6 G : 2 °

3
E (eV)

3
E (eV)

FIG. 6. (a) Real and (b) imaginary part of the dielectric function of the cubic phase of the CH;NH;Pbl; perovskite calculated within the
independent particle approximation using exchange-tuned HSE (including spin-orbit coupling). The experimental measurement is shown in

blue circles.

values are larger than those obtained with standard HSE. The
values of Rashba splitting at the conduction band minimum
remain almost the same, 16 and 18 meV, at the R and M points,
respectively.

In agreement with previous studies [15,18], we also find that
the band structure around the band edges is mostly determined
by the inorganic components of the hybrid perovskite. The
valence band and conduction band extrema are derived from
p orbitals of iodine and lead, respectively, as shown by the
site- and [-projected densities of states (Fig. 5). There is
almost no hybridization of the band-edge states with the states
of the organic components. The organic molecules have an
indirect effect on the band structure (but affecting mainly the
crystal structure and its distortions); however, there is very
weak coupling between the electronic states of the organic
and inorganic components of the material.

It is important to note that it is possible to recover the
experimental band gap by tuning the HSE functional without
SOC. However, the important details of the band structure
in the valence and conduction bands are lost in the process,
i.e., without the large SOC driven splittings the structure
of the experimental absorption spectrum and the frequency-
dependent dielectric function cannot be reproduced. Thus,
both the correct value of the band gap and the SOC are crucial
to theoretically address the experiment. The exchange-tuned
HSE hybrid functional with self-consistent SOC accomplishes
this task.

Figure 6 shows the results of the exchange-tuned HSE
calculation of the real and imaginary parts of the dielectric
functions of the CH3NH;3Pbls perovskite, within the frame-
work of the independent particle approximation and including
SOC. In spite of the fact that the band gap is tuned to
match the experiment, the computed optical properties poorly
compare to the experimentally obtained data. Overall, within
the independent particle approximation, the HSE calculated
real part of the dielectric function is underestimated when
the correct band gap is recovered in this calculation. Tuning
of the exact exchange exacerbates the problem, i.e., raising
the Fock exchange ratio from 0.25 to 0.45 lowers the overall
dielectric function curve by nearly a value of 1. However, a
more important conclusion is that even though the computed

band gap is correct, the calculated results are significantly
blueshifted in comparison to experiment, due to the neglected
electron-hole Coulomb interaction. For example, the measured
peak of the absorption spectrum is about 0.5 eV lower in
energy, even though the calculated absorption onset is in good
agreement with the experiment. The overall conclusion is
that optical spectra calculations that ignore excitonic effects
yield unsatisfactory results, even when the band structure is
recovered in the calculation.

D. Cubic phase: TD-HSE optical properties

Figure 7 shows the exchange-tuned TD-HSE computed
dielectric function and optical absorption of the CH;NH;Pbl;
perovskite contrasted to the experimental ellipsometric mea-
surements. The general features of the calculated excitonic
peaks is significantly improved, although the dielectric func-
tion is still underestimated, as is the case for all HSE calcula-
tions performed here. However, the overall absolute values of
the dielectric function are raised up to the level of the standard
HSE, which is also an improvement over the independent
particle picture. The absorption spectrum is also reproduced
reasonably well with exchange-tuned TD-HSE. As expected,
the overall spectra are redshifted compared to the independent
particle calculation HSE. The exact exchange interaction range
in the HSE functional (u = 0.2) appears appropriate for
capturing weakly bound electron-hole pair interactions in the
CH;NH;Pbl; perovskite. TD-HSE calculations also predict
four bound excitons below the fundamental HSE band gap
with binding energies of 50-58 meV. However, there are a
few calculated peaks that are not present in the experimental
data. This discrepancy could be due to the averaging of
random orientations of the methylammonia in the experimental
samples, leading to statistical averaging of the local distortions
and broadening of the individual absorption peaks.

E. Tetragonal phase: HSE electronic
and TD-HSE optical properties

The band structure of the tetragonal phase is notably
different from that of the cubic phase. The tetragonal phase
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FIG. 7. Exchange-tuned TD-HSE calculated (a) real and (b) imaginary parts of the dielectric function of the cubic phase of the CH;NH;Pbl;
perovskite (including spin-orbit coupling). The experimental measurement is shown in blue circles.

is formed by rotating Pb - I octahedra by ~12° about the ¢
axis in opposite directions in adjacent cubic cells along the
c axis. This doubles the unit cell along the ¢ axis, leading to
the band folding in this direction. Most notably, this results in
a merging of the R and I" points of the cubic structure into
the I' point of the tetragonal structure. Therefore, as can be
noted in Fig. 8, the band gap of the tetragonal phase is direct
at the I' point. Using the same fraction of exact exchange
of 0.45, we obtain a band gap of 1.54 eV, which is slightly
smaller than that of the cubic phase. As in the case of the cubic
structure, the effect of SOC is also very significant. The SOC
splittings below were evaluated by comparing Fig. 8 with the
band structure of the tetragonal phase calculated without the
SOC (not shown here). First, the calculated band gap is reduced
by SOC by ~1.1eV (from 2.62 eV). Important changes are
also introduced by SOC to the Pb p-orbital derived band that

[ 3.22ev 274 eV

FIG. 8. Exchange-tuned HSE+SOC band structure of the tetrag-
onal phase of the CH3;NH;Pbl; perovskite. The right panel shows
site- and /-projected densities of states. Bands are color coded
according to their orbital character. Red arrows indicate the SOC
splitting in the conduction band. The path through the high symmetry
points of the tetragonal lattice, X = (0,1/2,0), M = (1/2,1/2,0), and
Z =(0,0,1/2).

is about 1 eV above the conduction band bottom. This band
is moved significantly upward, with degeneracies lifted by
SOC, as shown by red arrows in Fig. 8. Here, each arrow
shows the SOC splitting Ago at the points where the bands
would be degenerate in the absence of the SOC. At the I
point, this splitting is 0.75 eV, which is roughly the value of
the average SOC shift associated with this band. The iodine
p-orbital derived valence band shows a significantly smaller
SOC splitting of ~0.16eV, as also indicated in Fig. 8. Thus,
the values of SOC splittings at the I point are similar in the
cubic and tetragonal phases, in spite of the fact that the bands
of the cubic R point are folded into the tetragonal I point, and
the SOC splittings at the cubic R point are significantly larger,
i.e., 1.54 and 0.87 eV in the conduction and valence bands,
respectively.

The right panel of Fig. 8 shows the site- and /-projected
densities of states, revealing the origin of the states around
the band edge. In agreement with most previous findings, for
example, most recently in Ref. [18], we find the valence band
near the band edge to be derived mostly from iodine p orbitals
with a small contribution from the lead p orbitals, similar to the
cubic phase. The conduction band is formed almost entirely
by the lead p orbitals. The contributions from the organic
components to the states around the band edge are negligible.
Several localized carbon and nitrogen orbitals derived from
the corresponding p states are 6.5, 8.8, and 11.2 eV below the
top of the valence band. Therefore, the measured absorption
spectrum is affected by these organic molecules only indirectly
via lattice distortions.

The calculated optical properties of the tetragonal phase
of MAPbDI; are similar to those of the cubic phase (Fig. 9).
For example, in this case, TD-HSE calculations also find
four bound excitons below the fundamental HSE band gap
with binding energies of 45-51 meV. The overall structure
of the absorption spectrum as well as the frequency-dependent
dielectric function is in reasonable agreement with experiment.
However, there are some notable differences compared to the
case of the cubic phase (shown as a dotted line in Fig. 9). There
are two calculated peaks around 3-3.5 eV in the absorption
spectrum that are not present in the measured data. Although
the room-temperature crystal structure of CH3;NH;3Pbl; is
tetragonal, the computed optical properties of the cubic phase
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FIG. 9. Exchange-tuned TD-HSE calculated (a) real and (b) imaginary parts of the dielectric function of the tetragonal phase (solid line) of
the CH3;NH;Pbl; perovskite (including spin-orbit coupling). The experimental measurement is shown in blue circles. The results for the cubic

phase are shown as a dotted line for comparison.

appear to fit the experiment as well. The differences between
the calculation and experimental conditions of the perovskite
film could account for the discrepancies. The presence of
disorder, interface strains, and the polycrystal nature of the
samples would affect the experimentally measured absorption
and dielectric function. Furthermore, at room temperature the
organic molecules rotate, creating dynamical strains in the
inorganic framework, which leads to a dynamical fluctuating
band structure around the band edge. In a macroscopic sample,
statistical averaging of these fluctuations would lead to a
smoother absorption spectrum compared to the one calculated
from an ordered static single crystal at zero temperature.
Considering these differences between real experimental
conditions and theory, the obtained agreement between cal-
culations and measurements is satisfactory.

IV. CONCLUSIONS

We have performed a direct comparison of the optical
properties of the CH3;NH;3Pbl; perovskite obtained by several
widely used theoretical methods with experiment. Specifically,
through a comparative analysis of the calculated results with
experimental ellipsometry measurements of the frequency-
dependent real and imaginary parts of the dielectric func-
tion, we evaluate the applicability of the applied theoretical
methods. Our results indicate that while the LDA/GGA

without SOC can indeed lead to band gaps near the experi-
mental values, some important details in the band structure
away from the band edges are missing in both the valence
and conduction bands. On the other hand, if the SOC is
included in the LDA/GGA calculations, the resulting band
gap is severely underestimated, as expected in local/semilocal
approximations to the DFT. Importantly, we show that nonlocal
hybrid functionals, such as HSE, can recover the correct
band structure of the CH3;NH;Pbl; perovskite if the SOC
is included in the calculations. Standard parametrization of
the HSE with SOC reproduces the correct band structure,
albeit with a slightly lower band gap. Tuning the HSE
functional results in a band structure, which is in close
agreement with experiment. However, HSE optical properties
calculated within the independent particle approximation show
notable differences as compared to experiments. Finally,
time-dependent hybrid functional calculations (TD-HSE) of
the optical properties, based on exchange-tuned HSE with
SOC included in the calculation, produce absorption spectra
and dielectric functions that are in good agreement with
experiments.
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