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Organic-inorganic mixed halide perovskites have been of utmost importance for renewable energy and

information technology due to their outstanding properties, but the toxicity of Pb and the instability of the organic
component has hindered their applications. Herein, we present detailed mechanical and elastic properties of
the family of the Pb-free perovskite-derived two-dimensional (2D) A3;B,Xy (A = K, Rb, Cs; B = Bi, Sb, As, P;
and X = Cl, Br, I), and demonstrate different physical property tunability of the archetypical Cs;Bily using
ab initio simulations. Our calculated properties show that the optoelectronic properties can be tuned efficiently,
as evidenced by flat bands in the band structure and the large absorption peaks in the optical spectra. Through
strain engineering, we achieve a redshift of the optical absorption towards the visible regime and demonstrate a
robust tuning of the optoelectronic properties for device applications.
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I. INTRODUCTION

Organic-inorganic mixed halide perovskites have attracted
a lot of attention both for fundamental research and practical
applications due to their simultaneous superlative energy-
efficient properties and low cost. The novel properties are con-
ventionally attributed to long carrier lifetimes, high absorption
coefficients, and tunable energy band gaps [1-3]. However,
fundamental drawbacks such as the toxicity of Pb, instability
of the organic component, and electric field-induced ionic
migration have hindered practical applications [4,5]. One way
to tackle these drawbacks is to design all-inorganic, Pb-free
perovskite-derived materials such as A3B>Xg (A = K, Rb, Cs;
B = Bi, Sb, As, P; and X = Cl, Br, I). Cs;Biylg (CBI) is an
archetypal A3B;,Xo, and recent experiments on the bulk show
that it is ecofriendly and more stable in humid air [6,7].
However, the excellent optoelectronic properties, such as high
absorptivity in traditional Pb-based optoelectronic materials,
are significantly diminished [6-8]. Dimensionality reduction
has been shown to significantly improve the properties of
materials, and in some cases, induce novel physics peculiar
in atomically thin two-dimensional (2D) materials. 2D-based
Cs3Bilg has been recently synthesized and novel properties,
e.g., valleytronics, reported [9,10]. However, essential fea-
tures such as the mechanical and optoelectronic properties are
still not clear or unexplored. Herein, we provide baseline com-
putational data and a detailed physical property analysis of
2D Cs3Bily (2D CBI), including mechanical, optoelectronic,
and Raman (R) and infrared (IR) spectroscopy to guide future
experimental and computational studies. We demonstrate the
unique optical and vibrational features that make 2D-derived
Cs3Bi, Iy a unique optoelectronic material.
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II. METHODS

To explore the physical properties of 2D-based A3B>Xo, we
employed first-principles approaches as implemented in two
complementary codes, the Vienna ab initio simulation pack-
age (VASP) [11] and QUANTUM ESPRESSO (QE) [12,13]. The
mechanical properties and structural relaxation are carried
out using the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional [14] and the electronic properties
are obtained with the Heyd-Scuseria-Ernzerhof (HSEO06)
hybrid functional [15], incorporating spin-orbit coupling,
self-consistently. We used 33% of the Hartree-Fock mixing
parameter, which has been shown to accurately describe the
properties of 2D materials [16—18]. The Raman and infrared
spectroscopy is calculated with density functional perturba-
tion theory (DFPT) [19]. All calculations, self-consistently,
included van der Waals interactions via the DFT-D3 method
[20,21] and used a plane-wave energy cutoff of 600 eV with a
well-converged k-point grid of 8 x 8 x 1 to sample the Brillouin
zone, which ensured that the charge (energy) is converged
to within 1073 eV (107 eV), with the residual stresses and
forces less than 0.01 GPa and 103 eV A", The values of the
elastic constants and phonon frequencies are calculated within
the numerical error of £0.02 N/m and £5 cm™', respectively
[see Supplemental Material (SM) [22] for an error analysis].

Mechanical properties and elastic constants are frequently
used to determine the stability of structures in both experimen-
tal synthesis and integration into devices. At present, such data
are lacking for the family of 2D-based A3B,Xy. To establish
the mechanical stability, we performed first-principles calcu-
lations with our recently developed ELASTOOL toolkit [23]
using VASP as the calculator. The 2D-based A3B»Xy generally
exhibit hexagonal symmetry. To this end, we have adopted
this symmetry in our elastic constant calculations and, as such,
only the knowledge of the two independent elastic constants
Ci1 and Cy, is needed to fully characterize the mechanical
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FIG. 1. Structural and HSE06+4-SOC optoelectronic properties of 2D Cs3;Biyly. (a) The crystal structure, (b) the electronic band structure
and the corresponding density and the partial density of states with Fermi energy Ef shifted to zero, (c) the dynamical complex dielectric
constant as a function of photon energy, and (d) the optical absorption spectrum as a function of photon energy, showing the onset of absorption

at E;
properties. Using the computed elastic constants, we obtained
the mechanical properties, such as the 2D Young’s modulus
(Yap), Poisson ratio (v), in-plane stiffness constant (K), shear
modulus (G), and velocity of sound in both the longitudinal
(V)) and transverse (V;) directions [24,25] (see Table S1 in the
SM [22]). Compared to other 2D materials such as graphene
and MoS,, 2D-based A3 B, Xy show relatively smaller mechan-
ical and elastic constant values characterized by very low
sound velocities. For example, their average stiffness constant
of ~8 N/m is orders of magnitude smaller than that of either
graphene (~340 N/m) or MoS, (120 N/m) [26,27], implying
very soft material; this could offer a balance between hardness
and sustainability, and synthesis, which has been a challenge
in applications.

III. RESULTS AND DISCUSSION

Motivated by the recent experimental synthesis of the
archetypical Cs;Biylg member, we have further explored its
properties. In general, 2D CBI exhibits a nontypical YZX3
perovskite crystal structure [Fig. 1(a)]. A pair of [Bilg] 3
octahedra share three [ atoms forming a [BisIy] 3 bioctahedra,

2.72 eV. The red dotted line is the direct energy band gap EgD = 2.87 eV from our band structure calculation.

and the Cs atoms occupying the Y-cation positions lead to
hexagonal crystal symmetry. A single layer with the [BiyIo] >
bioctahedra, three nonidentical Cs atoms (one edge and two
within the cell with different z coordinates), and a large vac-
uum along the ¢ axis forms the unit cell of the monolayer,
while the bulk crystal is layered along the ¢ axis with a weak
van der Waals interaction between layers. To further confirm
the stability, we computed the formation energy per atom,
Ef = (Ew — Y_; citti)/N, where E,y is the total energy of
Cs3Bislo, ¢; is the concentration of the different atoms (i), and
N is the total number of atoms in the Cs3Bi;Iy unit cell. The
chemical potential u; is approximated with the bulk energy
E; of the constituting elements. The formation energy of the
monolayer was found to be —1.93 eV /atom. This implies
an exothermic formation process and confirms the energetic
stability of the crystal structure. Another important energetic
parameter for characterizing a 2D material is the exfoliation
energy Ecs, which quantifies the amount of energy required to
peel a single layer from the surface of a bulk material [28-30].
Herein, we have defined Es = (E,, — Ep)/A, where E,, (Ep)
is the ground state total energy per layer in the unit cell of
the monolayer (bulk), and A is the cross-sectional area of
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the monolayer unit cell. Our calculated Ecxs ~ 0.22 ] m~2 is
comparable to the previously reported value of 0.29 J m~2 [9],
but smaller than the ~0.34-0.46 J m~2 reported for graphene
and hexagonal boron nitride [28,29]. This suggests a small
requirement of energy to extract a layer of Cs3Biylg from
the bulk. Our calculations predict a 2D CBI structure with
hexagonal symmetry P6 and space group No. 174. The pre-
dicted symmetry is marginally different from the space group
No. 187 with larger E; ~ —1.86 eV /atom previously reported
[9] (see Tables S4 and S5 in SM [22]). This presents the
possibility of a degenerate ground state of 2D CBI. Such
structural behavior has been reported in the bulk counterpart
where lower-symmetry phases emerge at lower pressures or
temperatures [31].

To gain further insight into the physical properties of 2D
CBI, we computed the electronic properties characterized
by the electronic band structure and the density of states
[Fig. 1(b)] using the HSEO06 hybrid functional, including
spin-orbit coupling (SOC). We calculated the band structure
along the high-symmetry paths I'(0,0,0) —M(1/2,0,0) —
K(2/3,1/3,0) —I'(0,0,0) in the first Brillouin zone, where
the numbers in the parentheses represent the coordinates
(u, v, w) of the high-symmetry points in the basis of the recip-
rocal space primitive translation vectors given by by, by, bs.
The calculated electronic properties with SOC led to an indi-
rect band gap EX~T ~ 2.50 eV, which is significantly lower
than the EX-T ~ 3.08 eV obtained without SOC. Similarly,
spin-orbit coupling has been shown to reduce the band gap
of bulk Cs3Bi,ly [32]. Furthermore, the reduction in the band
gap due to spin-orbit coupling is commensurate with halide
perovskites containing heavy atoms [33-35] and other 2D-
based organometallic halide perovskites [36]. We note that
the PBE band gap without SOC is closer to the bulk value
of ~1.9-2.2 eV [32,37]. The states in the proximity of the
Fermi level are characterized by flat bands, especially around
the valence band edge. The decomposition of the density of
states [right panel of Fig. 1(b)] shows that these flat bands
are dominated by a strong hybridization between I-p and
Bi-s and p states. To quantify the curvature of the band edge
states, which describes the transport properties of Cs3;Bi,lo,
we calculated the carrier effective masses m” by fitting a
parabola E; = zﬁ—r;l;TAlz to the states around the valence (con-
duction) band maximum (minimum) in the band structure
[left panel of Fig. 1(b)], where my is the free-electron mass,
k = (ky, ky) is the parallel k point measured from the band
extremum, and the inverse of the effective masses along the
band curvature is given by the eigenvalues of matrix A. The
numerical error in this process is ~0.5x 107, The calculated
electron effective mass m’j along k. (k,) is 0.95 (0.92) and
the corresponding hole effective mass is 0.54 (0.47). This
corresponds to an electron and hole Fermi velocity Vg of
~2.60x10° and 1.90x10° m/s, respectively. Defining the
exciton effective mass p as u=' =m; ' +m, "', we obtain
u ~ 0.34 (0.31) along the k, (k,) direction. Such values of
exciton effective mass could support an exciton condensate
and layer-dependent valley polarization [9]. The flat bands in
the valence band are intrinsic to the perovskite structure and
are independent of crystal dimensionality, as can be seen from
the PBE band structures of bulk and few layer flakes Cs3;Bisl
[9,38,39].

The optical spectroscopy, though less direct than the elec-
tronic band structure, has the significant advantage of being
a true “bulk” probe of the electronic structure of a material.
To study the absorption spectra of 2D CBI, we calculated
the photon-energy-dependent dielectric function using our
HSEO06+SOC eigenstates. The imaginary (absorptive) part
(e2) of the complex dielectric function is determined by
summing over empty valence and conduction band states,
and the real (dispersive) part (€;) is obtained using the
Kramers-Kronig transformation, as implemented in VASP [19].
Thereafter, the frequency-dependent absorption coefficient

a(w) was obtained as a(w) = */z’" [Jel +e€3 — €117, where

c is the speed of light in vacuum. The calculated spectra of
the complex dielectric function is presented in Fig. 1(c) and
the a(w) spectrum is shown in Fig. 1(d). The main feature
of €;(w) is the sharp peak structure around 2.78 eV; this is
followed by a steep descent with a minimum around 3.02 eV,
and subsequently, four smaller peak features around ~3.29—
4.56 eV. After this, the €,(w) spectra slowly decreased as
the curve starts to flatten beyond 6 eV. The absorptive part
is characterized by multiple sharp peak features from 2.93 to
4.66 eV, followed by closer small features up to 6 eV. The
optical band gap E is characterized by the direct transition at
the same k point and it denotes the onset of absorption at the
edge of the absorption spectra. We obtained E; ~ 2.72 eV,
which corresponds to the direct transition along the K point
in the band structure, which lies towards the end of the
visible region of the electromagnetic spectrum. The direct
transitions from the first two almost dispersionless valence
bands at the K point correspond to the peak structures at 2.94
and 3.43 eV with large absorption coefficients a(w) ~ 4x 10°
and 2x 103 cm™!, respectively [Fig. 1(d)]. We note that our
predicted absorption coefficient at the onset of absorption
for 2D CBI is more than twice the experimentally observed
a(w) ~ 7x10* cm~! at ~2.5-3.5 eV for bulk Cs;3Bi,Iy [40],
and comparable to those of organometallic perovskites [41].
Though the HSEO06 functional does not fully account for
electron-hole interactions, the difference between the direct
electronic and optical band gaps can provide some insight
into the binding energy. We estimate a binding energy of
~0.15 eV, which is nearly half that reported for bulk Cs-
Bi-based halide perovskites that accounted for electron-hole
interactions [42]. Due to quantum confinement, we expect the
exciton binding energy to be significantly higher in 2D CBI
than in the bulk; such calculations require solving the complex
Bethe-Salpeter equation, which is beyond the scope of the
current research.

Strain engineering is essential for fine tuning the properties
of materials. Particularly for the family of 2D-based A3B»Xy
structures with soft mechanical properties, strain engineering
could be used to easily tune their properties [43]. The calcu-
lated evolution of the properties of 2D Cs3;Biylg under both
compressional and tensile strain, with and without SOC, are
presented in Fig. 2, and Figs. S2— S5 and Table S3 in SM [22].
It is interesting to note that 2D Cs3Bi, Iy is more susceptible to
compressional than tensile strain due mainly to the larger pres-
sure experienced by the structure under compressional stress
(Table S3). We observe that strains of ~10%—-15% render 2D
CBI mechanically unstable, which supports the small elastic
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FIG. 2. Strain engineering in 2D Cs;Bi, Iy showing the evolution of (a) the electronic indirect and direct band gap and (b) the work function
(WF) as a function of compressional and tensile strains with and without spin-orbit coupling.

and mechanical properties obtained for the pristine structure.
We attribute the faster bond-breaking process under strain that
led to a decrease in the mechanical properties of 2D CBI to
van der Waals dominated interactions within the layer and
a reduction of purely directional covalent bonding with the
octahedra coordinated atoms that promoted a decrease in the
bond energies. To further characterize the modifications of
the Cs3Biylg electronic structure under strain, we calculated
the energy band gap and the corresponding work function,
& = Ep — E,,., where E,,. is the reference vacuum energy
and EF is the Fermi level (Fig. 2). We observe that the rate
of change of the energy band gap increased as the strain
increases. However, under compressional strain, the rate of
change of the energy band gap is more pronounced, rendering
the direct and indirect energy band gap almost degenerate
[Fig. 2(a)]. We also observed that the differences in the band
gaps under strain with and without SOC (~0.75 eV) are
consistent with that seen in the pristine material (~0.6 eV).
Furthermore, the evolution of the band gap under mechanical
strain with and without spin-orbit coupling shows qualitative
similarities. Because the work function is a surface property,
measuring its variations under different levels of applied strain
is useful in predicting the behavior of electronic properties un-
der electron/hole doping in a 2D semiconductor. The impact
of applied strain is analogous to how dopant levels in the band
gap change the position of the band edges by modifying the
work function and vacuum level. Our calculations show that
the work function increases (decreases) with increasing tensile
(compressional) strain [Fig. 2(b)]. Such a trend is consistent
with the evolution of the Fermi level towards the valence band
maximum in the electronic band structure (Figs. S2 and S3),
and depict the n-doping process in 2D Cs3;Bily. The observed
high tunability of the electronic properties is also reflected in
the optical absorption. The peak structures immediately fol-
lowing the onset of absorption are easily tunable. We observe
that compressional strain led to a redshift towards the visible
regime, while tensile strain led to a negligible increase in
the optical gap (Table S3 and Figs. S4 and S5). Such high

tunability, especially retaining the high absorptivity in the
visible regime, suggests that Cs3;Biylg could be an important
optoelectronic material.

To understand the dynamical changes due to atomic in-
teractions, and further probe the property tunability of 2D
Cs3Bixlg, we compute and explore the phonon and vi-
brational properties. We characterize the various phonon
modes with the Raman (R) and infrared (IR) activities.
The most stable crystal structure of 2D CBI belongs to
the hexagonal crystal symmetry with point group sym-
metry Ci3;, (—6). This point group has four real-valued
irreducible representations, A’, A”, E"*, and E"*. Using DFPT
as implemented in QE, we have calculated the irreducible
phonon modes representation at the Brillouin zone cen-
ter (I point): ' = 7A"(R) + 7TA”"(I) + 6E"(R) 4+ 6E"*(R) +
8E'(IR + R) + 8E"™(IR 4 R). The computed R and IR spectra
along with the eigenvectors associated with critical active
modes are presented in Fig. 3. The R and IR modes show
three distinct peak structures, albeit at different frequencies.
The out-of-plane vibrations of these modes establish that they
are indeed optical modes (see the eigenvector plots in Fig. 3).

T T L 43.469 o, 15.3
— Raman E™ .
— IR

107.65 | | 86.21

E 145.24 | 137,14

/

T T 53%
Q(cm™)

FIG. 3. Calculated Raman and infrared spectra, and the corre-
sponding eigenvectors of the three prominent Raman- (blue) and
infrared- (red) active modes with the frequencies in cm™' of 2D
CS3Bi219.

Intensity (arb. units)
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The Raman spectra are characterized by three distinct peak
structures. The low-frequency peak structure at 43.46 cm™!
is due to the interactions between I and Bi atoms with small
vibrations from nonedge Cs atoms and corresponds to the
E’* R-active mode. The A’ R-active mode at 107.65 cm™!
is highly symmetric with the majority of the contribution
coming from identical I (Bi) atoms moving out of phase
along the [001] ([010]) direction in the vicinity of almost
stationary Cs atoms. We also obtained an R-active A’ mode at
145.24 cm™'. Our analysis also shows that this mode is highly
symmetric and is dominated by the out-of-phase vibration of
Bi atoms along the [001] direction and that of I atoms in
the x-z plane, with practically zero contribution from the I
atoms bonded to the nonedge relatively stationary Cs atoms.
Remarkably, we note that the recent experimental work of
Liang and co-workers [9] reported two prominent R-active
modes at 109.3 and 145.2 cm™!, in basic agreement with our
predicted values. In the IR spectra, we predict an E"* IR-active
mode at 15.31 cm~!. This low-frequency IR-active mode is
dominated by the two nonedge Cs atoms. The peak structure
at 86.21 cm™' is dominated by I atoms, particularly those
bonded to nonedge Cs atoms; this is an E’ IR-active mode.

The highest-frequency structure at 137.14 cm™! belongs to
the E™ IR-active mode and its vibrations are entirely from
I and Bi atoms of the bioctahedra undergoing symmetric
stretching.

In summary, we report detailed results and provide base-
line computational data of the structural, electronic, optical,
and vibrational properties of 2D CBI, along with the elastic
and mechanical properties of 46 CBI-like 2D materials. By
quantifying the energetics, we show degeneracy in the struc-
ture of 2D CBI within the hexagonal symmetry. With our
first-principles calculations, we predict an indirect electronic
band gap and large absorption that is visible near the UV
region. The optoelectronic features are easily tunable with
strain engineering that is robust with high absorptivity in the
visible regime.
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