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ABSTRACT: Organometal trihalide perovskites are emerging
as very promising photovoltaic materials, which is rivaling that
of single crystal silicon solar cells despite their polycrystalline
nature with relatively high density of grain boundaries (GBs).
There is a lack of understanding of the effects of GBs on halide
perovskites as their presence in silicon and other photovoltaic
materials is generally detrimental to their photovoltaic
properties. Using first-principles calculations, we systematically
investigate the geometric structures of high-angle tilt GBs in
halide perovskites CsPbX; (X = Cl, Br, and I) starting from the
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coincidence site lattice model and refining using crystal shifts and lattice expansion. Electronic density of states calculations reveal
that GBs in halides perovskites do not generate midgap states because of the large distance between the unsaturated atoms and
the atomic reconstructions in the GB region. However, we show that the GBs can induce different very shallow states near the
valence band edge that can hinder hole diffusion. We further extend the results to MAPbI; GBs and also show their benign effect

on optoelectronic properties.

B INTRODUCTION

Solution-processable organometal trihalide perovskites
(OMHPs) are garnering great interest from the solar cell
research community given their potential to create disruptive
technology in photovoltaic industry.' ™ It is quite surprising
that only five years of research has enabled the power
conversion efficiency (PCE) of OMHPs solar cells (PSCs) to
rise from 3.8% to ~22%, thus rivaling that of single crystal
silicon solar cells.” The OMHPs have many attractive features,
such as low-cost, flexibility in materials growth,” as well as
several unique properties including tunable band gaps and band
gap alignment,” strong optical absorption,”” and long-range
electron—hole diffusion length of at least 100 nm.*’ In parallel,
all-inorganic cesium-based trihalide perovskites (CsPbXs, X =
Cl, Br, and I) are also attracting great attention.'’™'* Recent
study showed that all-inorganic perovskites, which exhibit
higher stability than the organic ones, have also huge potential
in optoelectronic applications.15

Despite the extensive studies on organic and inorganic halide
perovskites, most modeling studies focused on single crystalline
systems although the growth of large crystals is very
challenging.'® These studies elucidated many fundament
properties of the halide perovskites but shed little light on
effects associated with their polycrystalline nature. Most of the
materials employed in PSCs are polycrystalline with grain
boundary (GB) defects, which is unlikely to change in solar
applications because their solution processability and cheap
large-scale production is a key strength of these materials.
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Therefore, it is imperative to understand the impact of GBs on
the performance of perovskite solar cells, which is still largely
unexplored despite its importance. For example, in conven-
tional inorganic solar absorbers, such as Si, GaAs, CIGS, CZTS,
and CdTe, intrinsic GB disorders are generally considered
extremely harmful to the optical performance as these create
deep levels in their band gaps'’~>' that act as the
recombination center of charge carriers.”>™>* To date, the
major question whether GBs in PSCs help, hinder, or have no
effect on the PCE has not been completely resolved. There is
an increasing evidence that GBs generally degrade the PV
performance and increase the hysteresis in the J—V behavior.
Few studies indicated that charge recombination takes place in
the GB region because of their high charge-trap densities,”™>"
which can be minimized by reducing the total number of
GBs.””*" These findings are in conflict with a recent study by
Yun et al. which argue the beneficial roles of GBs in separating
charges and collecting carriers efficiently.”’ Further, first-
principles calculations by Yan’s group suggested that GBs in
MAPDbI; do not create deep midgap states in the band structure
and are thus electronically benign.”*"** Another recent study
by the same group argues that the GB-induced defect state in
35(310) is close to the VBM, thus acts as a shallow trap state
that can hinder the hole diffusion.”” The conflict between these
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findings underscores the complexity of these studies, and calls
for more investigations to resolve many critical questions.

Modeling the GBs using first-principles methods is generally
challenging because of the relatively large system size of the
models and complexity of the GB region. For example, little is
known about the stability of different GB types, their structures,
and whether they have midgap states that can harm the optical
absorption of solar cells. In this article, we address this research
gap and systematically investigate the nature of GBs in cesium
lead halides (CsPbX;, X = Cl, Br, and I) and explore their
potential energy surfaces. We choose the all-inorganic CsPbX;,
because these materials have similar properties with MAPbX,
but structurally are much simpler which makes them more
amenable to first-principles computational investigations. We
first generate different GB structures using the coincidence site
lattice (CSL) model. Then we search for the ground-state GB
structure by crystal shift and lattice expansion as we discuss
later. Here we thoroughly investigate the optimum structure of
the GB region and determine its local crystal structure, which is
relevant for interpreting experimental measurements. The
changes in the local electrostatic potential across a GB can be
due to bound excess charges in the GB region, or to changes in
the local structure and atomic density in the GB region. For
instance, in CuGaSe,, an electrostatic potential well of the order
of 0.2 V in depth is reported for 23 GB and 0.8 V for 29 GB.
Schmidt et al. used DFT-based GB models and TEM images to
argue that this difference is due to a reduced atomic density in
the GB core, namely Cu atoms, because of the reconstruction
of the polar surface.”® Further, using the obtained optimum
structure, we study the electronic and optical properties of the
stable configurations and explore the GB effect on the bulk
phase.

B COMPUTATIONAL METHODS

Our density functional theory (DFT) calculations are carried
out using the Vienna Ab-initio Simulation Package (VASP)**%
employin§ the projector augmented wave (PAW) pseudopo-
tentials®>*° and the Perdew—Burke—Ernzerhof (PBE) ex-
change-correlation functional.”” The plane-wave cutoff energy
is 400 eV for geometric optimization and electronic properties
calculations. All the systems are fully relaxed until the final force
on each atom is less than 0.02 eV/A. We use a supercell
approach with periodic boundary conditions with two GBs per
unitcell. Finite size effects are mitigated using a supercell with
large lattice constant along the direction perpendicular to the
GB. The Brillouin zone is sampled with 9 X 9 X 9 Monkhorst—
Pack special k-point meshes™® for bulk, and a 2 X 2 X 1 k-grid
for supercells with GB where the gamma point sampling is in
the direction perpendicular to the GB plane.

B RESULTS AND DISCUSSION

The cubic structure (a phase) of CsPbXj has five atoms per
unitcell with Pb and halogen ions respectively located at the
body and face-center forming the corner-sharing PbXq
octahedron, and Cs atoms at the corner of the cell. All the
structures possess the Pm3m symmetry without any distortion,
which are more ordered than that of MAPbX, (MA=
CH;NH;) because unlike the randomly orientated MA
molecule, the single Cs atom has no orientations. The
optimized lattice constants listed in Table 1 are in good
agreement with previous theoretical data,”” and 2-4%
overestimate the experimental values.”” The computed cohesive
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Table 1. Lattice Constants, Cohesive Energy, and Tolerance
Factor of CsPbX; (X = Cl, Br, and I) Cubic Perovskites

CsPbCl, CsPbBr, CsPbl,
a (A) 5.71¢ 5.99¢ 6.407

s.61° 5.87° 6.18"

5.73¢ 5.99° 6.39°
E, (eV) —15.69 —14.34 —12.65
T 0.934 0.927 0.897

“This work. Ref 32. “Ref 31. “Ref 42.

energies of the three bulk phases (Table 1) show that these
become less stable as the size of halogen atoms increases. This
can be understood from Goldschmidt tolerance factor
R, +R,
r= V2 (Ry + Ry)
close to 1 for the material to stabilize in the perovskite
structure.”"** As shown in Table 1, the value of 7 decreases
from Cl to I, displaying the same trend with the cohesive
energy. CsPbl; has the smallest 7 value indicating that Cs is still
not large enough to hold the cubic Pbl framework although it
is the largest alkali element. This explains why the cubic organic
MAPbL, is a stable perovskite while as CsPbl, is not.” As we
dicsuss below, the structural stability of the pervoskites is
crucial for understanding the GB energy.

In this study, we investigate the symmetric tilt boundaries of
CsPbX; constructed by the CSL mode], i.e., the two grains are
tilted by a given angle until their surface planes coincide.”’ In
particular, we focus on X3(111), £3(112), £5(210), and
¥5(310) GBs as these commonly appear in the oxide
perovskite SrTiO;** have low GB energy,” and high
strength.46 Only stoichiometric boundaries are constructed,
that is, the atomic ratio of Cs, Pb, and halogen remains
unchanged as in the bulk phase. The structure of the isolated
GB region is obtained by using a supercell approach where the
lattice constant along the direction perpendicular to the GB
plane is large enough. We find that the GBs have to be
separated by more than 20 A to mitigate the interactions
between the two GBs in the supercell due to the use of periodic
boundary conditions (see Figure S1).

The GB structures obtained using the CSL model are
generally under strain due to unsaturated, wrong, or extra
bonding in the GB region, which would lead to high GB
energies. To obtain their optimum structures, within
stoichiometric conditions, we map out the so-called y surface™
which measures the GB stability given that one grain can freely
translate with respect to the other one by a two-dimensional
vector /| parallel to the GB plane, and further that the lattice
vector perpendicular to the GB plane can relax to release any
residual strain. We gauge the stability by calculating the GB
energy with respect to bulk phase, defined as

(R is atomic radii) that is expected to be

Egs = Epux
2A

where the Eqp and E, are the total energy of the GB and its
corresponding bulk supercell, and A is the area of GB plane.
The factor of 2 accounts for the existence of two equivalent
GBs in the supercell. The y surface is mapped for different
values of /| defined in the primitive unitcell of the bulk material.
This exhaustive search is crucial for finding out the global
energy minima as can be judged by inspecting the complexity of
the obtained y surface shown in Figure 1 (dark regions
represent low ogg configurations).

0GB =
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Figure 1. y Surface of (a) £3(111), (b) £3(112), (c) £5(210), and (d) £5(310) GBs. The darker color represents the structures with lower GB
energy. The x- and y-axes measure the percentage shifts along the GB plane lattice coordinates, as indicated for each GB.

To better understand the procedure used in our GB-
structure search, we take CsPbBry X5(210) as an example.
Figure 2 shows the structural relationship between two
configurations £5(210)(0.4,0) and X5(210)(0,0) obtained
with 7 = (0.4, 0) and the unshifted structure 7, = (0, 0).

>5(210)(0.4,0)

Figure 2. Formation of unrelaxed £5(210)(0.4,0) boundary (bottom)
from 35(210)(0,0) boundary (top) by shifting the rightside grain
(indicated by purple rectangle) along the red-arrow direction by 40%
of the [100] lattice constant while leaving the leftside grain fixed. Gray,
blue, and red balls represent the Cs, Pb, and Br atoms, respectively.
Here, rightside and leftside are not meaningful for periodic systems,
but used for illustrative purposes only.
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The notation X5(210)(0.4,0) indicates that we translate the
grain located at right side of the supercell (see Figure 2)
upward along [100] direction by 40% of the [100] vector
length while leaving the left grain fixed throughout the
simulation. After the shift, we find that the newly formed
¥5(210)(0.4,0) GB also has the mirror symmetry, but this
symmetry plane is right shifted as compared to the initial one.
The y surface is obtained by relaxing the structure fixing [100]
and [02—1] lattice vectors, while making several small
increments along [012] direction to release the strain in
direction perpendicular to the GB plane. The obtained lowest-
energy structure is the optimum configuration with minimal
strain perpendicular to the GB plane, and repulsion in GB
region has been minimized to the largest degree.

Figure la shows that for £3(111), there exists two low ogg
regions with nearly equal energies at /| = (0, 0) and 7 = (0.5,
0.5). Upon further inspection, we verified that the two
configurations are indeed equivalent to each other sharing the
same symmetry. Thus, there is only one unique stable
configuration X3(111)(0,0) for the X3(111) GB. For
23(112), we also observed two low-energy configurations,
respectively located at /| = (0, 0) and /| = (0.66, 0). However,
these two configurations are distinct from each other as shown
in Figure 1b, since £3(111)(0,0) and %3(111)(0.66,0) possess
different mirror and mirror-glide symmetries. Similarly, this is
the case in £5(210) GB. By shifting one grain by I = (0.4, 0),
i.e., along [100] by 40%, we obtain the global minima, while the
unshifted 7, = (0, 0) is a metastable configuration. From the y
surface, we can see that £5(210)(0.4,0) boundary even has a
lower energy than £5(210)(0,0) judging from the color (lower
by 0.081 eV/A?), implying that the grain shift can effectively
weaken the repulsion in GB area, hence reduce ogp. For
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¥5(310), the y surface looks complicated, as there are many
configurations with different /| but similar 6gp. The lowest
energy configuration is located at /| = (0.5, 0). Interestingly, all
the stable GB configurations prefer to have some structural
symmetries (like mirror or mirror glide symmetry). These
arguments based on symmetry were very instrumental in
finding the global minimum energy for a given GB model, and
reducing computational cost associated with searching for the
optimum structure.

Using the approach discussed above, we obtain all the
energetically stable configurations of the different GBs. Due to
the structural similarity of bulk phases among the different
CsPbX; (X = CI, Br, and 1), it is not surprising that the GB
configurations are also similar. Figure 3 shows the optimized
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Figure 3. Optimized stable CsPbX; (X = Cl, Br, and I) GB structures
of X3(111), £3(112), £5(210), and X5(310). All the structures are
relaxed by shift and lattice expansion as explained in main text. Gray,
blue, and red balls represent the Cs, Pb, and X atoms, respectively. The

purple circle (green rectangle) shows the unsaturated halogen (Pb)
atoms.

structures of the four GB models in our study. With the
exception of X3(111) boundary, all the other three GB
structures have two distinct minima. Table 2 lists o5 of GB

Table 2. GB Energies of the Most Stable CsPbX; (X = Cl, Br,
and I) GB Structures

GB energy (J/m?)

GB type tilt angle CsPbCly CsPbBr; CsPbl,
¥3(111)(0,0) 60.0° 0.056 0.039 0.034
¥3(112)(0,0) 60.0° 0.037 0.034 0.010
£3(112)(0.66,0) 0.069 0.076 0.000
$5(210)(0,0) 36.9° 0.157 0.090 0.135
£5(210)(0.4,0) 0.030 0.009 —0.032
£5(310)(0,0) 36.9° 0.123 0.089 ~0.176
¥5(310)(0.5,0) 0.057 0.040 —0.024
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structures in Figure 3. For CsPbCly; and CsPbBr; the GB
energies show similar trends. For example, the most stable GB
configuration is £5(210)(0.4,0). This can be understood by
inspecting the structure of the GB (Figure 3) and noticing that
atoms in the £5(210)(0.4,0) boundary region remain nearly
the same as those in the bulk phase, which means that all GB
atoms are saturated without any dangling bonds. Further, bond
lengths between atoms in the GB region are also similar to
those in the bulk phase. In contrast, for other GB structures,
such as £5(210)(0,0), £5(310)(0,0), and £3(112)(0.66,0)
boundaries, there are unsaturated halogen or Pb atoms (as
indicated in Figure 3) with dangling bonds, which explain their
high interface energy. The case of CsPbl; is somewhat special
due to negative ogg for £5(210)(0.4,0), £5(310)(0,0), and
¥5(310)(0.5,0). At first these negative values seem in error and
nonphysical, but can be understood because the GB energy is
measured with respect to the cubic bulk phase of CsPbl; that is
unstable as discussed before. Although the structural instability
of CsPbl; leads to the abnormal GB energies, it is still useful to
compare the results of CsPbl; with the other systems, because
the properties of CsPbl; are similar to those of MAPbI;, which
will be discussed below.

In Figure 3, we notice that the “grain region” of most GB
models has tetragonal- or orthorhombic-like reconstructions,
namely the lead—halide—lead octahedral angle is different from
180° as those in cubic phase. This is because the cubic phase is
not the most stable configuration at zero temperature in DFT
calculations. The GBs are constructed from the primitive cubic
cell, but these are expected to reconstruct into the tetragonal or
orthorhombic phase if the unitcell is enlarged. However, for
some GBs we found only a partial reconstruction because the
model is not large enough along all lattice directions.

The presence of GBs in silicon and other photovoltaic
materials is generally detrimental to their photovoltaic
properties because these create recombination centers due to
midgap states.'”~>' To investigate the impacts of GBs on
electronic properties of CsPbX; perovskites, we calculated the
density of states (DOS) as well as the band-decomposed charge
density of highest valence band (HVB) and lowest conduction
band (LCB). Figure 4a shows the electronic structures of
different GBs in CsPbBr;, all of which show the absence of
midgap states. This is clearly very favorable for solar cell
applications, which make these perovskites much better than
conventional semiconductors like Si** and CdTe,”” where GB
defects decreases their solar conversion efficiency. CsPbCl; and
CsPbl; display similar behavior as shown in Figure S2 and S3.
Thus, we conclude that the GB effect on their electronic
properties is benign. To further confirm this conclusion, we
also calculated the imaginary part of dielectric function of
different GBs of CsPbBr; as well as the bulk phase, as shown in
Figure 4b. The absorption curve of bulk CsPbBr; agrees with
previous study, which shows relatively large absorption in
visible reglon ? For GB structures, we see that the normalized
absorption curve of all the models are quite similar to the case
of the bulk, further confirming the weak effect of GBs on
electronic structure. Although there is no obvious change in the
absorption spectra, there is a slight down-shift of the intensity
at the absorption peak in X5(210)(0,0) and %5(310)(0,0).
These GB models have the highest GB energy, which as Figure
3 shows, these have unsaturated halogen atoms in the GB
regions. Further, these dangling bonds lead to a shallow trap
states, which decrease the intensity. For the low-energy GBs,
the position and intensity are similar to the corresponding bulk
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Figure 4. (a) Electronic density of states of different GB structures in CsPbBr;. Band decomposed charge density of highest valence band (HVB)
and lowest conduction band (LCB) are plotted in the inset image. (b) Imaginary part of dielectric function of bulk CsPbBr; as well as the GB

structures.

values. Thus, we conclude that GBs in CsPbX; perovskites have
no harmful effects on electronic and optical properties, which is
beneficiary to optoelectronic applications.

Although we do not observe midgap states in all models,
there exist shallow states (Figure 4) near the VBM in some
GBs, which will increase the effective mass of holes as argued
recently in Yin’s work.”” In Figure S4, we plot the difference of
DOS between the GB structure and the bulk phase of CsPbBr;,
where the positive and negative values represent the increase
and the decrease of DOS at a certain energy level. We find that
¥5(210)(0,0) and £5(310)(0,0) have the largest DOS increase
near VBM, resulting from the dangling bonds in the GB
regions. For others, due to the crystal shift and Ilattice
expansion, the DOS difference between GB structure and the
bulk phase is very small. We even observe DOS decrease in
some GBs, like £3(111) and £5(310)(0.5,0), which leads to a
small carrier effective mass, hence increasing the mobility.

Previous reports demonstrated that dangling bonds, wrong
bonds, and extra bonds are the general features of GBs, which is
the origin of midgap states.”**” Therefore, it can be argued that
the absence of deep levels in £3(111)(0,0), £3(112)(0,0), and
25(210)(0.4,0) is due to lack of dangling bonds. Figure 3
shows that the atoms in GB region of these structures are all
fully coordinated like those in bulk phase, and the charge
densities of HVB and LCB in boundary region are, with little
differences, similar to those in the bulk structure. Indeed these
three GBs are relatively stable with lowest GB energy as shown
in Table 2 because of the similarities in their (electronic)
structure to the bulk phase. However, for the other GBs,
¥3(112)(0.66,0), 5(210)(0,0)25(210)(0,0), £5(310)(0,0),
and X5(310)(0.5,0), dangling and wrong bonds are observed
in their optimized structures (see Figure 3), and thus midgap
states are likely to exist. However, this turns out not to be the
case. To understand this, it is useful to draw an analogy with
CdTe. Previous study on CdTe GBs showed that the strong
Te—Te interactions create antibonding ppo™ as deep levels in
their band structure, because the distance of Te—Te dangling
bond (3.47 A) is much shorter than that of Te—Te bond (4.55
A) in the bulk phase.” In contrast in CsPbX; the anion—anion
interaction is relatively weak as we observed in all of the
models, owing to the large distance between unsaturated
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halogen atoms. This feature leads to the absence of midgap
states in these systems. For instance, the Cl—Cl pair at the GB
area is separated by 3.51 A, which is beyond the interaction
range of CI” ions. For CsPbBr; and CsPbl; systems, which also
adapt similar configurations to CsPbCl;, but have a larger lattice
constant (Table 1) than that of CsPbCl,, the interactions
between Br—Br and I-I pair are even weaker, which explains
why midgap states are also absent.

To corroborate our findings and shed light on the origin of
midgap states, we further calculated the partial DOS (PDOS)
of GB without crystal shift and lattice expansion. Here, we take
CsPbCl; X5(210)(0,0) as the example, because the lattice
constant of CsPbCl; is smallest among CsPbX;, and this GB
structure contains both Cl and Pb dangling bonds, which is
representative of other models. Figure S shows the comparison
between electronic structures of the bulk, unrelaxed, and fully
optimized CsPbCl; X5(210)(0,0) GB. First, we compare the
PDOS of the bulk and unrelaxed structures (Figure Sa,b). For
the valence band, we observe a peak near the Fermi level of the
unrelaxed GB model, which is absent in the bulk phase. This
peak is contributed by the p orbitals of Cl atoms in GB region,
implying that although the interaction of Cl dangling bonds
exists, it is not strong enough to move into the band gap.
Another peak is found near the edge of the conduction band,
which originates from the p orbitals of Pb atoms in the GB
region. However, this midgap state disappears after lattice
expansion at which this peak moves into the conduction band.
The underpinning of this behavior is that before lattice
expansion, the Pb—Pb distance in the GB region is 3.40 A,
which is much shorter that in the relaxed structure (4.15 A).
This strong repulsion between the two Pb atoms shifts the level
deep in the band gap. Similar phenomenon was also observed
in CulnSe, GB system, because Se—Se wrong bonding is also
energetically very unfavorable.”* We also find that the midgap
state created by the Cl dangling bonds in unrelaxed structure
also disappears in the fully relaxed structure for similar reasons.
Therefore, we conclude that the reason for the absence of deep
levels generated by GB in halide perovskites is the large
distance between unsaturated atoms in these systems and the
atomic reconstruction during the formation of stable GB
configurations.
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Our findings establish the overall benign nature of the GBs in
CsPbX; perovskites on their optical properties. It will be of
interest to investigate the transferability of these findings to the
organic perovskites, which share many similarities with CsPbX;
except that the A cation (Cs) is replaced by an organic
molecule (MA). We choose the most stable CsPbl; X5(210)-
(0.4,0) as an example, because for the bulk phase, the lattice
constants of cubic CsPbl; and MAPDI; are very close. Figure 6a

and 6b show the geometric structures of X5(210)(0.4,0)
boundary of cubic CsPbl; and MAPbI;, where they share
similar configurations in the GB region. Also, both structures
show similar characters in their electronic properties as
exemplified by having nearly the same total DOS, without
any deep levels (see Figure 6c,d). Further, for both cases, the
edge of valence band is contributed by the p orbitals of I atoms
in the GB region, while the edge of conduction band comes
from the p orbits of Pb atoms. The results are in agreement
with the work of Yan’s group, which investigated the
¥5(310)(0,0) GB> and showed the absence of midgap states.
Electronic structure determines the energy, optical and other
properties of the material, therefore the similarity of electronic
structures of GB in cubic CsPbl; and MAPDI; can guide us to
study the GB properties of organic perovskite from the
inorganic one, which is important in computational studies.

H CONCLUSION

In summary, we carried out first-principles calculations of
different GBs in all-inorganic CsPbX; (X = Cl, Br, and I)
perovskites. The energetically favorable structures are located
by exploring the y surface of initial configurations constructed
using the CSL model with small sigma values. The calculated
GB energy shows that the most stable configuration is
%5(210)(0.4,0) for CsPbCl; and CsPbBr,, and both systems
exhibit similar trends. However, GB energies are abnormal in
CsPbl; due to the negative values in some GB structures, which
results from the structural instability of its cubic bulk phase.
The electronic properties confirm that all the GBs in halide
perovskites do not create midgap states in fundamental band
gap, because of the large distance between unsaturated atoms
and the atomic relaxation in forming the stable GB
configurations. We further compare the geometric and
electronic structures of GBs in CsPbl; and MAPDI;. Results
show that both structures share very similar properties, which
can guide us to understand the GB properties of organic
perovskites from the inorganic ones.

(d)
Total DOS

- 0
Energy (eV)

T T T . T T
1 2 3 4
Energy (eV)

Figure 6. Geometric structures of £5(210)(0.4,0) boundary in (a) CsPbl; and (b) MaPbl,. (c) and (d) are the corresponding electronic DOS of

both structures. The partial DOS accounts for atoms in the GB region.
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