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Abstract: Layered perovskites have been actively studied due to their outstanding electronic
and optical properties as well as kinetic stability. Layered perovskites with hexagonal
symmetry have special electronic properties, such as the Dirac cone in the band structure,
similar to graphene. In the presented study, the heterostructure of single-layer all-inorganic
lead-free hexagonal perovskite of the A3B,Xg type (A = Cs, Rb, K; B =In, Sb; X = Cl, Br)
and graphene (Gr) was studied. The structural and electronic characteristics of A3B;Xg
and the A3ByXy/Gr composite were calculated using density functional theory. It was
found that graphene is not deformed, while the main deformation is observed only in
perovskite. B-X bonds have different sensitivities to stretching or compression. The Fermi
level of the A3InyXg9/Gr composite can be shifted down from the Dirac point, which can
be used to create optoelectronic devices or as spacer layers for graphene-based resonant
tunneling nanostructures.
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1. Introduction

A two-dimensional perovskite structure can be obtained by cutting ABXj3 perovskite
along the <001>, <110>, and <111> crystallographic planes [1]. Reducing the dimensionality
of ABX3 perovskite usually results in increases in the band gap and lattice constant [2].

The 2D perovskites are considered promising materials for applications in the field
of optoelectronic applications [3], and solar cells [4], and possess interesting properties
such as ferromagnetism [5] or ferroelectricity [6]. However, for their stability, they must
contain lead, which is a toxic element. Lead is rapidly leached from lead-based perovskite
devices and released into the environment [7,8]. Another divalent metal can be used as a
substitute for lead. However, they do not have the same stability as Pb-based perovskite.
For example, in Sn-based perovskite, Sn?* is easily oxidized to Sn** in air [9].

One example of the 2D perovskites that do not contain lead atoms in their structure is
<111>-perovskites, which have the general formula A;1BnX3n43 and trigonal symmetry
P3m1, but generally 1 = 2 (A3B,Xo). Here, A is a monovalent cation, B is a trivalent metal,
and X is a halogen anion. The structure is formed by a corner-sharing halogen octahedral
bilayer, inclined along the ab-plane by 45 (Figure 1).
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Figure 1. The monolayer of the Cs3In;Clg perovskite.

Among this class of 2D perovskites, two-dimensional Cs3ByXg crystals based on
antimony [10] and bismuth [11] have been successfully synthesized, and nanocrystals based
on them have been obtained [12]. Quantum dots based on Cs3SbyBrg demonstrate stability
in the air for more than a month and have been experimentally obtained [13]. Rb3Bislg
has also been successfully synthesized. Another element located next to antimony in the
periodic table and having a stable oxidation state of +3 is indium. Theoretical calculations
have confirmed the stability of CszInyXg (A = Cs, Rb; X = Cl, Br, I) structures [2], which
exhibit electronic and optical properties superior to those of Sb-based perovskites [9].
Unfortunately, indium-based 2D perovskites remain poorly understood, and their role in
composites and under deformation has not been studied.

Interest in 2D perovskites A3ByXg is caused, among other factors, by the presence of
a Dirac point formed by s-p hybridized orbitals of B-site halogen and X-site halogen. If
we consider the halogen octahedron BXy as a quasi-atom, then the bilayer perovskite will
have a honeycomb lattice similar to silicene. In semiconductor crystals with honeycomb
geometry, the presence of Dirac bands is expected [14,15]. Therefore, perovskites with the
<111>-orientation observe the Dirac point at the K symmetry point. For semimetals Pd or Pt,
the compound A3B,Xg has Dirac points at the Fermi level [16]. On the other hand, if we could
use a p-metal, the Dirac point would be located in the valence band or conduction band [17].

The use of tensile and compressive strain is an effective way to change various proper-
ties of the materials, such as carrier mobility, photoconductivity, exciton binding energy [18],
band gap width [19], catalytic and ferroelectric properties [20], magnetic properties [21],
photoluminescence [22], and thermoelectric properties [23]. One of the simplest ways to
induce external strain is by creating composite structures with a little lattice mismatch.

One of the possible options for creating such composite structures is graphene
placement on perovskites. The deposition of graphene on perovskites is discussed in
works [24-26], where these systems are held by van der Waals forces. The lattice mismatch
can exceed 5%, leading to perovskite distortion [27]. The use of graphene in such structures
improves the efficiency of solar cells and the stability of perovskites [28]. In addition, due to
the transparency of graphene to light, field phototransistors based on Graphene/Perovskite
systems have been developed [29]. In these systems, graphene serves as a conductive
channel, in which either electron doping occurs or, conversely, the Fermi level in graphene
shifts relative to the Dirac point.

In the presented study, the heterostructure of single-layer all-inorganic lead-free hexag-
onal perovskite of the A3ByXg type (A = Cs, Rb, K; B = In, Sb; X = CI, Br) and graphene
(Gr) was studied. The choice of different A-cations is determined by the influence on the
substrate, tuning the lattice constant of the perovskite.

2. Methods of Calculation

To assess the stability of perovskites, it is usually used two geometric parameters:
the Goldschmidt tolerance factor and the octahedral factor. These parameters are based
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on the ionic radii of the elements and serve as geometric indicators, with ionic radii from
Shannon’s work [30]. The Goldschmidt tolerance factor is expressed as [31]

(ra+71x)
V2(rg 4 rx)

where r4, rp, rx are the ionic radii of elements on A-, B-, and X-site, respectively. Also,

one needs to calculate the octahedral factor:
_ B
Ca

If we consider an ideal perovskite, its tolerance factor is equal to 1. However, this is not
observed. Typically, the tolerance factor for cubic perovskites ranges from 0.9 to 1.0. When
the value is lower, the structure adopts a different symmetry (tetragonal, orthorhombic, or
rhombohedral) and dimensionality (dimeric, zero-dimensional) [32].

These geometric parameters do not have strict boundaries. In [33], the Goldschmidt
factor (0.8-1.06) and the octahedral factor (0.377-0.895) were established for A3B,Xg per-
ovskites. If the tolerance factor goes beyond this range, the structure is highly likely to
be one-dimensional or zero-dimensional in its ground state, and various polytypes may
form [34]. Cs3Sbylg has been experimentally obtained in two structural forms: a dimeric
phase with space group P63 /mmc [35] and a two-dimensional layered form with P3m1
symmetry [36].

For the geometry optimization and study of the electronic properties of the mono-
layer of A3B,Xg and heterostructures based on perovskite and graphene, we employed the
implementation of DFT calculations in the QUANTUM Espresso program v.6.7MaX pack-
age [37,38]. The plane-wave basis set for valence electron states with the cutoff energy of
~1300 eV, corresponding to ~5400 eV for the charge density cutoff, was taken. Generalized
gradient approximation (GGA) in the Perdew—Burke-Ernzerhof (PBE) functional form for
the exchange-correlation energy [39], and the projector-augmented-wave (PAW) method
for the electron-ion interaction [40,41] were used to perform the calculations. The structures
are optimized by the Broyden—Fletcher—Goldfarb—Shanno (BFGS) algorithm. The atomic
equilibrium positions were obtained by the complete minimization of the unit cell using the
calculated forces and stress on the atoms. Furthermore, all atomic positions and the unit cell
itself were optimized until all components of all forces acting on the atoms became smaller
than 2.6-10~* eV/A. Convergence threshold for self-consistent calculations ~1.3-10~7 eV.
Such criteria ensure the absolute value of stress is less than 0.01 kbar. In addition, we added
20 A space along the z-axis for the unit cell of perovskite to avoid unphysical interactions.
For modeling the interface between graphene and perovskite, the following approach
was used: a perovskite unit cell with the same parameters as the 2D perovskite, and a
3 x 3 graphene supercell was constructed. The dispersion corrections D3 proposed by
Grimme [42] were also included to take into account the weak non-covalent interactions in
graphene-based perovskites A3B,X9/Gr. As a result of the relaxation of this structure, the
interlayer distance was determined, with the layers being held together by van der Waals
forces. The Brillouin zone integrations were performed using the Monkhorst-Pack k-point
sampling scheme [43] with the 13 x 13 x 1 mesh grid. For the non-self-consistent field
calculations, the k-point grid size has been increased to 26 x 26 x 1. For the calculations of
the electronic density of states, the Bochl tetrahedron method [44] was employed.

3. Results and Discussion

Among the various perovskites, In-based AzInyXg perovskites can be distinguished,
since they have the highest electron mobility and have a tunable band gap, which can
change several times depending on the choice of halogen atoms [2]. Sb-based per-
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ovskites also deserve attention, since advances have been made in the synthesis of their
<111>-oriented configurations [36,45]. In the presented study, monolayers AzIn;Xg
(A =Cs,Rb, K; X=Cl, Br) and A3SbyXg (A = Cs, Rb; X = Cl, Br) with hexagonal symmetry
are analyzed (Figure 1). The unit cell of such perovskites consists of two halogen octahe-
drons interconnected by a common chlorine atom; inside the octahedra, there is an In/Sb
atom. In the optimized cell, a displacement of metal atoms from the center of the halogen
octahedron is observed. The observed displacement of metal atoms from the octahedral
center is related to the structural features of the studied compound. This occurs precisely
because we are examining a low-dimensional compound (quasi-two-dimensional crys-
tal) rather than a bulk “three-dimensional” crystal. In quasi-two-dimensional structures,
the spatial distribution of chemical bonds and interactions differs significantly from bulk
materials. For instance, the environment of edge atoms at the boundary differs from the
corresponding environment in a bulk system. This leads to a redistribution of electron
density, which causes structural distortions—in our case, the observed displacement of
metal atoms from the centers of octahedral positions. This effect is not related to the size of
the unit cell and is also observed for larger supercells. This feature is confirmed by other
independent studies, see reference [2]. In such a structure, it is possible to distinguish
two types of B-X bonds—bridging and terminal ones (Figure 2). Bridging bonds are always
longer than terminal ones. Optimized lattice constants are given in Table 1. A comparison
of the results with other studies showed that the lattice constants are in good agreement.
The maximum deviation from other studies was 1.1% for Cs3Sb,Bry.

Terminal

Bridging

/
\/

a b Terminal

Bridging

Figure 2. The bond structure in the halogen octahedron. Bridging bonds form B-X-B connections and
are located in the center of such a structure. The structure has six bridging and six terminal bonds.
Line shows the unit cell boundary.

To calculate the Goldschmidt tolerance factor t, we used Shannon ionic radii [30].
The K3InyBrg has the lowest tolerance factor t = 0.907, and Cs3SbyClg has the highest
one t = 0.997 (see Table 1). The octahedral factor for A3InyClg is equal to 0.442. The
A3SbyBrg structure has the lowest octahedral factor p = 0.388. Therefore, all perovskites
considered are theoretically stable.

Calculations of the electron band structures and density of states (DOS) were carried
out. The band structure and DOS of all compounds studied in this work are given in the
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Supplementary Materials (see Figure S1). All of the considered perovskite structures exhibit
semiconductor properties. The calculated values of the band gaps are given in Table 1.
Sb-based perovskites possess the largest band gap among all considered perovskites.

Table 1. Characteristics of the A3ByXg perovskite, where ¢ is the Goldschmidt tolerance factor, and a,
b, and c are the lattice parameters, y is the octahedral factor. Values obtained in other studies and the
corresponding references to these studies are given in parentheses for comparison.

Compound a=b,A oA (Direcieginets | Bond A Borda
Cs3In,Clg 0.442 0.973 7.457 (7.45 [9]) 6.057 2.00 (D) 2.448 2.770
Cs3In,Brg 0.408 0.967 7.848 (7.86 [9]) 6.272 1.18 (D) 2.601 2.955
Rb3In,Cly 0.442 0940  7.328(7.327[2]) 5.819 2.04 (D) 2.439 2.755
RbsIn,Brg 0.408 0927  7.744(7.752[2]) 6.235 1.16 (D) 2.591 2.945
Cs35b,Clg 0.420 0997  7.712 (7.715 [46]) 6.312 2.76 (D) 2,519 2.869
Cs35b,Brg 0.388 0972  8.026 (7.935 [46]) 6.693 2.32(I) 2.679 3.014
Rb3Sb,Cly 0.420 0971 7561 (7.561 [2]) 6.320 2.73(I) 2513 2.859
Rb3SbyBrg 0.388 0957  7.906 (7.848 [35]) 6.692 227 () 2,671 3.008
K3InyCly 0.442 0933  7.261(7.264[2]) 5.775 2.05 (D) 2.430 2.751
KsInyBro 0.408 0907  7.693(7.693 [2]) 6.192 1.16 (D) 2.582 2.946

Calculations show that Cs3Sb,Clg, Rb3SbyClg and Rb3zSbyBrg have an indirect band
gap; the remaining perovskites are direct-gap semiconductors. All considered perovskites
have CBM (conduction band minimum) at the I' point, but VBM (valence band maximum)
is located on the I'-K path. The band structures of bulk Cs3Sb,Xg have been previously
described in detail [47]. In such structures, s-p interaction is observed in the valence band,
which is responsible for the formation of an antibonding orbital. In our study, a similar
effect is observed for two-dimensional Sb-based perovskites. It has been determined that
the contribution at the Fermi level is mainly associated with the p-orbital of the halogen and
the s-orbital of antimony, with halogens having a different contribution. The contribution
of central halogen atoms (connected to Sb by terminal bonds) is the most significant. As
the antimony atom shifts from the center of the octahedron, the overlap changes, leading
to a shift in the valence band maximum. As a result, some structures exhibit an indirect
bandgap. To confirm this, we modeled a unit cell where the antimony atom remains at
the center of the halogen octahedron, with atomic positions kept unrelaxed (Figure S8).
The band structure of this configuration differs slightly, primarily due to the shift in the
conduction band minimum and the valence band maximum, resulting in the transition
to an indirect bandgap (Figure S9). A similar explanation for the formation of direct and
indirect bandgaps has been demonstrated for three-dimensional Cs3SbyXg (X = Cl, Br),
where the primary factor behind this transition is the X-Sb-X bond angle between terminal
halogens [10].

Figure 3 shows the electronic band structure and the density of states for the perovskite
Cs3In;,Clg, which is a direct band gap semiconductor. All considered, perovskites have a
Dirac cone at the K-point. Among the electronic features of In-based perovskites, one can
note the shift in the Dirac point above the Fermi level in the conduction band, while in
Sb-based perovskites, the Dirac point shifts below the Fermi level in the valence band.

Next, we considered the situation where a graphene monolayer was deposited on the
A3ByX9 monolayer. Graphene is held on perovskite by van der Waals forces (Figure 4), the
characteristic distance between graphene and perovskite is ~3.5 A.
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Figure 3. Electronic band structure and density of electronic states of Cs3InyClg. Perovskite has a
direct bandgap at I' point.
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Figure 4. The atomic structure of the composite built from the graphene and perovskite layers.

The lattice constants of the considered perovskites are about 3 times greater than the
lattice constant of graphene. The exception is Rb3In;Clg and K3InyCly perovskites. These
structures are stretched because their lattice constants are less than three times the lattice
constant of graphene. The covalent bonds in graphene are much stronger, so the structure
of perovskite is deformed. The K3In,Clg system has a larger tensile deformation, which
increases the lattice constant by 1.64%. On the other hand, the reduction in graphene lattice
is only ~0.22%. As a result of stretching, a decrease in the height of the structure along
the c-axis is observed, simultaneously with an increase in the length of the B-X bonds.
Moreover, the stretching of terminal bonds predominates. The greatest compressive strain
is observed in the Cs3SbyBrg system. The lattice constant decreases by 7.7%, while at
the same time, the graphene lattice stretches only by 0.73%. The greatest compression
deformation is experienced by bridge bonds, while terminal bonds are practically not
deformed. Terminal bonds in chlorine perovskite lead to a slight elongation of the bonds as
a result of compression. Some electronic and geometric characteristics of composites based
on perovskite and graphene are given in Table 2.

The lattice constant of most of the considered perovskites is about three times greater
than the lattice constant of graphene, then at I' point on the k-path, the Dirac cone of
graphene is observed due to the band folding [48]. In-based perovskites have a downshift-
ing Fermi level relative to the Dirac point in graphene (Figure 5). When materials come
into contact, their chemical potentials (Fermi levels) align. Since the initial Fermi level
of graphene is higher than the Fermi level of the perovskite, charge transfer occurs from
graphene to the perovskite. The conduction band of the perovskite begins to fill, while
the Fermi level of graphene decreases. As a result of this process, a state is established
corresponding to a shift in the Dirac cone of graphene (Figure S3).
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Table 2. Geometry and electronic characteristics of the A3ByXg/Gr composite. Parameter d is the
distance between the perovskite and graphene. Average values of the length of terminal and bridge
bonds are presented.

°

Downshifting of the  B-X, Terminal B-X, Bridging

Compound a=b,A ¢ A d, A Fermi Level, eV Bond, A Bond, A Compound
Cs3InyClyg 7.403 6.071 3.610 0.326 2.450 2.755 Cs3InyClyg
CszInyBrg 7.444 6.563 3.660 0.328 2.592 2.877 CszInyBrg
Rb3In,Cly 7.390 5.793 3.548 0.253 2.445 2.753 Rb3In,Clg
Rb3InyBrg 7.429 6.393 3.578 0.341 2.583 2.871 Rb3InyBrg
Cs3Sb,Cly 7.418 6.404 3.579 - 2.522 2.823 Cs3Sb,Cly
Cs3Sb,Brg 7.452 6.965 3.636 - 2.664 2.941 Cs3Sb,Bry
Rb3Sb,Cly 7.405 6.296 3.488 - 2.519 2.814 Rb3Sb,Cly
Rb3Sb,Bry 7.437 6.877 3.560 - 2.657 2.931 Rb3Sb;Bry

K3In,Clg 7.382 5.693 3.459 0.279 2.440 2.754 K3In,Clg
K3InyBry 7.419 6.316 3.545 0.364 2.575 2.871 K3InyBrg
KsIn2Bro/Gr
2.0 ~ =
1.51 \
1.0
> 0.5
e
W 0.01
W _os]
—1.0 M
_1_5.§/ 3
20 == —— 3
r K M r

Figure 5. Electronic band structure and density of electronic states of K3InyBrg/Gr.

The highest downshifting Fermi level possesses the electronic structure KzIn,Bry,
which is 0.364 eV. On the other hand, in the Sb-based perovskites, there is no shift in the
Fermi level (see Figure S2 in Supplementary Materials).

4. Conclusions

In the presented study it was established that A3B;X9 perovskites are semiconductors,
and various cations and anions allow the bandgap to be tuned. We investigated the
possibility of depositing graphene on a perovskite monolayer. Graphene has stronger
covalent bonds, which lead to the perovskite deformation in A3B;Xg/Gr structures. The
B-X bonds in perovskite have different sensitivity to deformation. Bridging bonds have
larger deformation due to compressive strain than terminal bonds. At the same time,
terminal bonds have larger deformation due to tensile strain.

For the In-based perovskite—graphene composite, a downshifting of the Fermi level
by ~300 meV is observed; on the other hand, the Sb-based composite does not show such
a change in electronic structure. The K3In;Brg perovskite has the highest downshifting
of the Fermi level. This property can be applied to the creation of new optoelectronic
devices [49,50] or in hybrid supercapacitors [51].

The obtained results can be used further in combination with machine learning meth-
ods for predicting the properties of new perovskite-graphene composites. Machine learn-
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ing algorithms are now actively used for predicting the atomic structure of quasi-two-
dimensional materials, including perovskites, and their properties, such as band gap [52],
mobility [53], thermoelectric properties [54], structural stability [55], etc. We also plan to
use these approaches in our future studies.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/colloids9020023/s1, Figure S1: Electronic band structure and density of elec-
tronic states of different A3B,Xy perovskites; Figure S2: Electronic band structure and density of electronic
states of different composites built from perovskite and graphene A3B,Xg/Gr; Figure S3: Partial density of
electronic states of different composites built from perovskite and graphene A3ByXq/Gr; Figure S4: Gr
supercell (3 x 3); Figure S5: Gr supercell (3 x 3) electronic band structure and density of electronic
states; Figure S6: Relaxing of 2 x 2 supercell Cs3In,Clg/Gr; Figure S7: Electronic band structure and
density of electronic states of 2 x 2 supercell Cs3InyClg /Gr; Figure S8: Not relaxing Cs3Sb,Clg unit cell;
Figure S9: Electronic band structure and density of electronic states of not relaxing Cs3Sb,Clg unit cell.
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