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Crystal structure, stability and optoelectronic properties of the organic-inorganic wide
bandgap perovskite CH;NH;3;Bal;: Candidate for transparent conductor applications
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Structural stability, electronic structure and optical properties of CH3NH3Bals hybrid perovskite
is examined from theory as well as experiment. Solution-processed thin films of CH3NHzBals
exhibited a high transparency in the wavelength range of 400 nm to 825 nm (1.5 eV to 3.1 eV
for which the photon current density is highest in the solar spectrum) which essentially justifies
a high bandgap of 4 eV obtained by theoretical estimation. Also, the XRD patterns of the thin
films match well with the {00/} peaks of the simulated pattern obtained from the relaxed unit cell
of CH3NH3Bals, crystallizing in the I4/mcm space group, with lattice parameters, a = 9.30 A, ¢
= 13.94 A. Atom projected density of state and band structure calculations reveal the conduction
and valence band edges to be comprised primarily of Barium d-orbitals and lodine p—orbitals,
respectively. The larger band gap of CHsNH3Bals compared to CH3NH3sPbls can be attributed to
the lower electro-negativity coupled with the lack of d—orbitals in the valence band of Ba?*. A more
detailed analysis reveals the excellent chemical and mechanical stability of CH3NHzBals against
humidity, unlike its lead halide counterpart, which degrades under such conditions. We propose La
to be a suitable dopant to make this compound a promising candidate for transparent conductor
applications, especially for all perovskite solar cells. This claim is supported by our calculated results

on charge concentration, effective mass and vacancy formation energies.

PACS numbers: 81.15.-z, 81.10.Dn, 31.15.E-, 61.50.Ah, 61.10.Nz, 42.70.Qs, 71.20.-b

Recently, compounds in the organic-inorganic halide
perovskite family (ABXj3: A is an organic cation, B is
an inorganic cation, and X is a halide element) have gar-
nered a lot of attention in the solar photovoltaic commu-
nity. This is due to their superior optoelectronic proper-
ties, easy synthesis techniques and variety of compounds
that can be obtained wvia simple substitutions of the A,
B and X ions. Specifically, solar cells, with (CH3NH3)™
as the A cation and Pb?* as the B cation, have shown a
rapid growth in the solar-to-electricity power conversion
efficiency.! ® The lead halide perovskite solar cell was first
introduced by Kojima et al in 2009, wherein it was used
in a dye-sensitized solar cell architecture.® Much of the re-
search in recent times has focused on solid-state cells with
different architectures, hole transport layers, composi-
tional engineering, and synthesis techniques.’>7 10 Even
then, there are some caveats associated with the various
components of the CH3NH3PbX3-based solar cells: the
stability of the absorber material in ambient conditions
and the presence of Pb to name a couple. Active research
to address these problems is being conducted worldwide
through suitable replacements to both the CH3NH3 and
Pb cations.

Tunability of the properties by changing the con-
stituent elements gives this class of material more scope
of research and applicability.' '3 Such tunability in the
bandgap has been observed in the oxide perovskites,
wherein only a small variation in bandgap is observed
in ATiO3 compounds, with A being Ca (3.46 eV), Sr

(3.25 eV), Ba (3.2 eV) or Pb (3.4 eV).1* 16 However,
there is a large change in bandgap on changing the B
cation, e.g. BaTiO3 (3.2 eV) and BaZrOz (5.3 eV).17
The optimization of the absorber material in the case
of the lead halide perovskites is also done in a similar
manner, albeit via replacement of the halide i.e. T with
Br and Cl and the associated changes in the band gap
and structure was the subject of many studies.'® 2! Sim-
ilarly, reports on replacing or mixing organic A cation
i.e, CH3NHZ with formamidinium have shown that their
stability in ambient conditions is increased, albeit its im-
pact on properties such as carrier mobility and band gap
is not that significant (= 0.1 eV).18:22:23

In this letter, we will discuss the effects of complete
replacement of Pb by Ba in CH3NH3Pbl;. When Shan-
non ionic radius of cation A(CH3NHs) and anion X(I)
are taken as 1.8 A and 2.2 A respectively,?* a stable
high symmetric tetragonal structure (energetically most
favourable for CHsNH;Pbl3) requires the radius of cation
B to be in-between 0.94 and 1.84 A as per Goldschmidt’s
tolerance factor estimate. Charge neutrality and coordi-
nation number of 6 in the BXg octahedra further reduces
the number of possible replacements at B site??6 Con-
sidering the size to be comparable to Pb, Ba and Sr are
obvious choices for the Pb replacement at the B site. Sr
as a replacement for Pb has already been reported.?” Us-
ing the ionic radii of MA cation (A) , Ba, and I as 1.80 A,
1.35 A and 2.2 A respectively,?” the Goldschimdt toler-
ance factor is calculated to be 0.797 for the CH3NH3zBals



FIG. 1. (Color online) XRD patterns of the CH3NH3Bals
films obtained on glass substrates from solution held under
ambient conditions for (a) 7 days, (b) 14 days, (c) 21 days, and
(d) 25 days. The bottom pattern is the simulated XRD pat-
tern from our ab initio calculated structure of CH3NHzBals
in I4/mem space group. Only peaks corresponding to {001}
planes are shown in the simulated pattern.

crystallizing in the perovskite structure. We, therefore,
expect the crystal structure and the atom positions of
CH3NH3Baljs to be similar to that of the tetragonally dis-
torted perovskite CH3NH3PblIs (Goldschmidt tolerance
factor = 0.83).2% Here, organic-inorganic barium halide
perovskite was synthesized via solution processing and its
XRD and UV-Vis spectroscopy was done. The ab-initio
density functional calculation validates our experimental
data as well as explores other properties such as chemical
and mechanical stability, electronic structure and advan-
tages of La doping.

Equimolar amounts of the synthesized CH3NH3I pow-
der (see?”) and anhydrous Baly (99.995% trace metal-
Sigma Aldrich) were dissolved in Di-methyl formamide
(DMF) to form a solution with 40 wt% of CH3NH3Bals.
The freshly prepared solution was maintained at a tem-
perature of 70 °C under constant stirring in a glove box.
Part of the solution was withdrawn from this solution
repository after different time periods: 12 h, 24 h, 48
h, and 96 h. Thin films were prepared via spin coat-
ing from these solutions followed by an annealing step
at 100 °C. XRD patterns of the films were performed
in a Rigaku Smartlab X-ray Diffractometer using Cu-
K, radiation. Unlike CH3NH3Pbl3, there were no XRD
peaks observed, under any of the conditions. The XRD
patterns of these thin films prepared with the solution
withdrawn after 12 h, 24 h, 48 h, and 96 h are shown in
Fig. S1.1 of supplement.?? Our observations are similar
to that of the synthesis of CH3NH3SrI3.2” The difficulty
in the synthesis of the perovskite, where the B cation
is an alkaline earth element, can be attributed to the or-
thorhombic structure of Srly inhibiting the incorporation
of CH3NH3I and further intercalation of layers. In the
case of CH3NH3PbI3, the rhombohedral Pbls cell easily
traps a CH3NH3I molecule in its voids.

A freshly prepared 40 wt% solution was kept at 70 °C
under constant stirring for 12 h, in the glove box. The
solution was taken out afterwards and kept under the
ambient conditions in a closed vial. This solution was
then spin-coated and annealed at 100 °C after regular
intervals of 7, 14, 21, and 25 days. The XRD pattern
observed is shown in Fig. 1. The XRD patterns of the
films made on 7" (Fig. 1(a)) 14*® (Fig. 1(b)), 21°* day
(Fig. 1(c)), and 25" day (Fig. 1(d)) have distinct XRD
peaks, indicating that ample time is required for the crys-
tallization of the compound. Crystallization of the film is
first observed after 7 days where in a peak at 260 = 25.29°
is seen. Longer wait times resulted in XRD pattern with
increased peak intensity at 20 = 25.29°. In addition, we

FIG. 2. (Color online) (a) Relaxed structure of CHsNHsBals.
The C-N dipoles in the organic molecule, as highlighted in
(a), are relaxed in three different orientations i.e when they
are aligned (b) L (c) along [111] and (d) [001] directions.

also observe appearance of other peaks at 20 = 12.60°,
38.31°, 51.86°, and 66.26°. The corresponding d-spacing
values, calculated from the 26 positions of the five peaks
(in Fig. 1(d)) are 7.01 A, 3.53 A, 2.34 A, 1.76 A, and
1.40 A. One suggestive possibility from this analysis is
that the d-spacings correspond to a single {hkl} family
of planes; the spin coating resulted in a textured film.
CH3NH3Bal3 being a novel compound, does not have
a reference JCPDS file so we resorted to first principle
calculations to determine the most stable structure for
CHgNHgB&Ig.

First principle calculations were performed using Den-
sity Functional Theory (DFT) with plane wave basis set
as implemented in Vienna Ab initio Simulation Pack-
age (VASP).3932 Projector Augmented Wave (PAW)
pseudo-potentials with Perdew—Burke-Ernzerhof (PBE)
exchange correlation functional were used.?335 A plane
wave energy cut off of 500 eV with a gamma centered
k-mesh was used to sample the Brillouin zone. Forces
(energies) were converged to values less than 0.01 eV/A
(107%) eV). Further computational details are provided
in the Supplement.?®

Figure 2(a) shows the representative crystal struc-
ture of CH3NH;3Bal; (space group 14/mem (#140)) with
highlighted organic molecules. As the orientation of or-
ganic molecule CHP,NH;)r plays a key role in stabilizing
these class of compounds,?® we fully relaxed the struc-
ture with three different orientations of C-N dipoles, as
shown in Fig. 2(b), (c), and (d). These are basically when
neighboring C-N dipoles are (b) L to each other (c) along
[111] and (d) [001] directions respectively. The [001] and
[111] orientation of C-N slightly change their alignment
after relaxation. The structure having L neighboring
C-N dipoles turns out to be the most stable structure
with [001] and [111] oriented structures having energies
4.8 meV/atom and 6.3 meV/atom higher than this, re-
spectively. This was also the case for CH3NH3PbI;3.28
The relaxed lattice parameters for most stable structure
came out to be a=b= 9.30 and c= 13.94 A which are
larger than that of CH3NH3PbI3 as expected because of
a larger ionic radius of Ba than Pb.?* A somewhat similar
study is carried out recently>* with a different theoretical
method.

Based on the atom positions, lattice parameters, C—
N bond alignment, and the space group, the XRD pat-
tern for CHsNH3Bals with a {00 }-texture was simulated
with the CrystalMaker software suite [CrystalMaker Soft-
ware Ltd, Begbroke, Oxfordshire, England]|. Such a pat-
tern is shown in bottom panel of Fig. 1. For the simulated
pattern, the {00!} peaks are found at 20 = 12.69°, 25.5°,
38.74°, 52.49°, and 67.11°, which are in good agreement
with the 26 positions of the peaks in the XRD pattern



FIG. 3. (Color online) Band structure and total density of
states (DOS) for CHsNH3Bals at relaxed lattice parameters.
The valence band near Er are majorly contributed by lodine
p-orbitals (see inset for atom projected DOS) while those near
conduction bands are composed of Ba d-orbitals.

for the film obtained after the 25 days [Fig. 1(d)]. The ¢
lattice parameter calculated from the d—spacings of the
various {001} peaks for the simulated [¢ = 13.94 A] and
the experimental [c = 14.08 & 0.03 A] pattern differ by ~
1%, which can possibly be attributed to a tensile strain
along the growth direction.

For comparison sake, we calculated the formation en-
ergies of CHsNH3BX3 for B = Ba, Pb, Ca and Sr (see
Section 4 of Supplement??). Ba based compound turn
out to be quite stable. Apart from chemical stability,
there are always concerns regarding the mechanical sta-
bility of these class of compounds. In order to check that,
we have done a lattice dynamics calculation to estimate
the elastic properties of CH3NH3Bal3 (see?” for compu-
tational details). Table I shows the elastic constants for
tetragonal CH3NH3Bals. These elastic constants satisfy
the Born and Huang mechanical stability criteria®” for a
tetragonal structure, i.e. Ci1; > 0, Cs3 > 0, Cyy > 0,
Cog > 0, (Cll — Clg) > 0, (Cll +C33—2x 013) > 0, and
[2 % (C11 4+ C12) 4+ C53 +4 x C13] > 0, implying the strong
mechanical stability of the structure. The Voigt and the
Reuss bound of the bulk modulus and shear modulus are
10.16, 9.85, 4.82, 3.48, respectively in GPa.38

Interestingly, XRD analysis for the same film kept for
20 days in normal humid conditions gave the previously
obtained pattern. This was something unusual compared
to CH3NH3PbI3, which degrades in humid atmosphere,
suggesting CHsNH3Bals to be stable even in humid en-
vironment.

Figure 3 shows band structure and density of states
(DOS) for CHsNH3Bals. It shows a band gap of 4.0 eV,
which is in fair agreement with CH3NH3 BI3 (B=Alkaline
earth) class of materials.?” Analysis of the band topol-
ogy and atom projected DOS (inset) near the Fermi
level (Ep) reveals that the valance band edges have main
contribution from the Iodine p—orbitals whereas the Ba
d-orbitals contributes majorly to the conduction band
edges (see Fig. S5.1 of Supplement.??). The larger band
gap in this case as compared to CH3NH3Pbl3 can be
mainly attributed to the much lower electronegativity of
Ba than Pb.39:40

The high bandgap of CH3NHzBals indicated by our ab
initio calculations implies that this material should show
high transmittance in the visible range, thus suggesting
its use as the base material for developing a perovskite

TABLE I. Elastic constants of tetragonal CHsNHsBal3(GPa)

Cn Cas Caa Ces Ci2 Cis
12.58 21.56 6.29 3.18 9.52 6.11

FIG. 4. (Color online)Transmission and reflectance spectra
of films obtained on glass substrates via spin coating of the
precursor solution after waiting for 25 days. A transmittance
of 90 % and more is observed in the demarcated wavelength
range of 400 nm to 825 nm for the film.

FIG. 5. (Color online) (a) Total and atom projected density of
states for CH3sNH3Bai_xLaxIs (x= 0,3.125,6.25 and 12.5%)
at relaxed lattice parameters. (b) Vacancy formation energy
vs. Ep for single vacancy defect at Ba (vga) and I (v1) sites in
parent and 3.125% La doped (Laga) compound. Black lines
indicate the result for doped compound without any vacancy.
Each defect is simulated in three charged states (q=—1,0,+1)

transparent conductor (TC). Towards this, the precursor
solution that was held for 25 days, was spin-coated on
soda lime glass and the transmission and reflection were
measured using Perkin-Elmer Lambda 950 UV-Vis-NIR
Spectrometer. Both the reflection and transmission spec-
tra were recorded after applying the baseline correction of
bare glass substrates. It is evident from Fig. 4 that the
film’s transmission in the wavelength range of 400-825
nm is always higher than 90% and reflectance is always
less than 5%. Efforts are ongoing in our lab to develop
experimental techniques to achieve doping of this highly
transparent, insulating material to make it conducting.

Historically, oxide perovskites (band gap in UV range)
are often used as transparent conductors with optimal
doping. There has been some efforts to utilize hy-
brid perovskites for the same purpose.?” To explore this
possibility, we simulated the effect of La doping i.e.
CH3NH3Ba;_,La,I3,which is achieved by replacing 1,
2 and 4 Ba atoms with La in a 2 x 2 x 2 supercell
which gives 3.125%, 6.25% and 12.5% La-doping respec-
tively. Figure 5(a) shows the total and atom projected
DOS for pure and La-doped compounds. It should be
noted that, La doping introduces small states at Ep and
more importantly shifts it towards the conduction band.
The separation between lodine p—orbitals in the valence
band and Ba d-orbitals in the conduction band almost
remains same suggesting the formation of a donor level
close to the conduction band keeping the band gap almost
same, and hence reflecting a degenerate semiconductor.
Naively, one can imagine a figure of merit to be (/) for
designing a TC, where o, « are the electrical conductivity
and absorption coefficient respectively. Empirically, o is
related to charge concentration (n.) and effective mass
(m*) as, 0 = nee?r/m*. As such, within a non-varying
relaxation time approximation, the ratio (n./m*) plays
an important role in the TC design. These quantities
along with the band gap as a function of various La-
doping are shown in Fig. S6.1 of supplement.? Notably,
the ratio (n./m*) increases with increasing doping con-
centration (x) and hence the conductivity.

Doping, however, enhances the possibility of defect
formation and often reduce the mobility. Figure 5(b)
shows the vacancy formation energies (see Section 4 of



Supplement?® for computational details) as a function
of Ep for various single vacancy defects (i.e. Ba and I
vacancies in parent and 3.125% La-doped compounds).
Various colored lines indicate different defects. Here, La
is substituted in a 3+ state. There are 3 charged states
(q=-1,0,+1) for each defects. Solid lines indicate defect
charge state at minimum energy. Points of transition of
charge states is indicated as (q1/qz), e.g. (0/-1) means
charge transition occurs from state 0 to -1. Notably, Ba
vacancy in La-doped sample (green line) is the lowest
in energy, and hence are most likely to form. Vacancy
free La-doped compound and the same compound with
Todine vacancy are almost equally favorable. Ba and I
vacancy in the parent compound are least favorable, as
expected. Vacancies in La doped sample can thus play
an important role in conduction. We have simulated two
other defect complexes which directly provide a charge
balanced state, they are i) a pair of Ba?T vacancy and
I-vacancy and ii) three Ba?T are simultaneously replaced
by two La®t and one vacancy. The results for these are
shown in supplement S4.12°.

In summary, CH3NH3sBal; was synthesized by solu-
tion processing. Relatively longer time (> 7 days) was
required for obtaining a proper mixture in the precursor
solution leading to a crystalline film upon spin coating.

One possible reason, suggested by the simulation data,
is that the formation energy needed to crystallize the
compound is higher compared to the CHsNH3Pbls. The
high transmittance in visible range, a remarkable stabil-
ity and our calculated results based on charge concentra-
tions, effective masses and vacancy formation energies for
La-doped CH3NH3Bals opens up the possibility of using
this material in applications such as transparent conduc-
tors, scintillator detectors etc..
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