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ABSTRACT: Halide perovskites, commonly studied in optoelectronics, have an ABX; structure, where A* is a monovalent cation,
B*" is a divalent cation, and X" is a halide ion. The use of the Pb** ion in the B site has generated some concern regarding its toxicity
in a possible large-scale application. To address this, replacing Pb*" with heterovalent elements is explored to obtain double halide
perovskites, denoted as A,B'B"X,, where B’ and B” are trivalent and monovalent cations, respectively. Anion exchange reactions can
tailor the optical and electronic properties of these structures by band gap energy control. This study seeks to reveal the strong
correlation between the structure composition of Cs2AgSbCly_;Br; mixed-halide double perovskites by means of computational
simulations. These structures consist of three-dimensional (3D) lattices of [SbCls_sBrs] and [AgCl_sBr;] distorted octahedral
clusters. For different & values, the compounds exhibit different space groups: I4mm (C,,) for & = 2 and 4, remaining I4mm (C,,) for
6 =1 and S, and showing R3m (C;,) symmetry for & = 3. Incorporating Br~ significantly reduces structural organization in short and
long ranges. All Cs,AgSbCly_;Br; compounds exhibit indirect band gap energy at the X — L point, reducing from 2.72 to 1.77 eV
with the increased Br content.

1. INTRODUCTION

In recent years, solar energy has emerged as a promising
alternative to conventional fossil fuels, offering a sustainable
and inexhaustible energy source.’ This development has
spurred advancements in photovoltaic technology aimed at
efficiently harnessing the solar energy spectrum within
economically viable and environmentally sustainable sys-
tems.”” Although silicon-based solar cells contributed to the
early development of solar energy, they are still considered
relatively inefficient due to production problems and
inefficiency in the energy conversion rate.”> Consequently,
there has been a growing effort to explore alternative novel
photovoltaic materials that are cost-competitive and environ-
mentally friendly.””® The efficiency of perovskite-based solar
modules has increased significantly in the past decade (i.e.,
with an area up to 0.1 cm?), which in 2009 was ~3.8% and in
2021 ~25.7%."""

One of the most promising compounds commonly studied
in optoelectronic applications are halide perovskites ABX;,"""’
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where A" represents a monovalent cation (which can be a
monovalent metal or an organic molecule), B** is a divalent
cation, and X~ a halide (such as CI~, Br~, or I_).12 The most
reported halide perovskites have Pb** ions occupying the B
site, but Pb-based solar cells present challenges related to
stability and toxicity.>~"> Therefore, the Pb** replacement
with homovalent elements (e.g, Sn, Ge, and others) and
heterovalent elements (such as Bi**, Sb®*, In**, Ag', and
Cu*),’"*° with general formula A,B'B"X,, where B’ are
trivalent and B” monovalent cations, respectively, has been
investigated.”> A,B'B"X, perovskites are also known as
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“elpasolite,” named after the mineral K,NaAlF,.*'*" The ABX,
and A,B'B"X halide perovskites structures and their
representative octahedra are represented in Figure 1. The
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Figure 1. ABX; cubic halide perovskite (a) and AB’B"X; cubic double
halide perovskite (b), along with their representative octahedra.

cubic ABXj; perovskite comprises a three-dimensional lattice of
corner-sharing [BX]™* octahedra with the A" cations located
within the interstices formed by these clusters. Meanwhile, the
A,B’B"X, perovskite possesses an analog structure but exhibits
two different alternating [B'X¢]*~ and [B"X,]*” octahedra.

Due to its highest stability, the double halide perovskites
class (e.g, Cs,AgBiBr, Cs,AgSbCl,, and Cs,AgInCl,) has
recently been easily synthesized from different methods with
pronounced potential for many emerging optoelectronic
applications.”” >* In this sense, McClure et al.”® obtained
Cs,AgBiBry and Cs,AgBiClg with promising band gap energies
of 2.19 and 2.77 eV, respectively, and superior moisture
stability than CH3;NH,PbX;. Particularly concerning the
Cs,AgSbClg, Zhou et al.”’ observed that this material possesses
a high decomposition temperature and is stable upon
prolonged exposure to air and moisture. Deng et al.”* showed
via theory and experimental collaborative approach that
Cs,AgSbCl, would be a promising light-absorbing material in
contact with anatase TiO,. On the other hand, Yu et al.*’
revealed the excellent photoelectric performance for Cu-
modulated Cs,AgSbCly systems, with the increase of Cu lead
in a band gap decrease due to the extra interactions between
the Cu 3d orbitals.

Modifying the band gap energy of lead-free double halide
perovskites to tailor their optical and electronic properties can
be achieved through anion exchange reactions. This cost-
effective method involves varying the amounts of CI~, Br~, and
I” ions during synthesis.’”’ Such exchanges can affect the
electronic structure,”' charge carrier mobility,32 and light
absorption.”® Akkerman et al.’* demonstrated through
controlled anion exchange reactions that it is possible to
tune the chemical composition and optical progperties of
CsPbBr; nanocrystals precisely. Similarly, Wu et al,”> employ-
ing halide exchange on solid thin films, obtained mixed-halide
double perovskites, Cs,AgBiBr,_,I,, with tunable band gap
energy as a function of I~ concentration. Su et al.*® and

Wanniarachchi et al.’’ have explored the anion exchange in
Cs,AgBiX'¢_sX"5 (X' and X” denoting different halides) alloys
via computational simulations and revealed that these systems
have an indirect band gap transition regardless of the halide
substitution and concentration.

Motivated by the promising properties of lead-free double
halide perovskites and the lack of anion exchange studies on
Cs,AgSbCl, this article offers a comprehensive analysis of the
electronic structure and long-range and short-range order
characterization of Cs,AgSbCl,_sBr; alloys (with 6 =0, 1, 2, 3,
4, S or 6) structures via periodic density functional theory
(DFT) simulations. The anion exchange effect in these
structures makes it possible to design and direct the synthesis
of lead-free double halide perovskites with specific character-
istics adapted for emerging optoelectronic technologies.

2. METHODOLOGY

The modeling and computational simulations were performed
by means of the CRYSTAL17*® package program under the
DFT/PBESOLO functional®” with triple-zeta-valence with
polarization (TZVP)* basis sets to describe the Cs, Ag, Sb,
Cl, and Br atomic centers. The precision of the convergence
criteria for bielectronic integrals was controlled by a set of five
thresholds (1078 1078 1075 107% 107'°) that represent the
overlap and penetration for Coulomb integrals, the overlap for
HF exchange integrals, and the pseudo-overlap, respectively.
The reciprocal space was sampled with a shrinking factor of 12.
Optimization convergence was monitored using root-mean-
square (RMS) and the absolute value of the largest component
of both the gradients and the estimated displacements. Hence,
the convergence criteria employed for RMS and the largest
component for gradient and displacement were 0.00030 and
0.0004S au, and 0.00120 and 0.00180 u.a., respectively. Then,
the lattice parameters and atomic positions obtained from the
optimized structure were used in the VESTA software®' for
conducting powder X-ray diffraction (XRD) simulations. The
band structure and density of states (DOS) of
Cs,AgSbCl,_sBrs (5 = 0, 1, 2, 3, 4, S or 6) were analyzed
using the same k-point sampling employed for the diagonaliza-
tion of the Fock matrix in the optimization process along the
high-symmetry Brillouin Zone path. Raman intensities were
computed using solutions of first and second-order coupled
perturbed Hartree—Fock/Kohn—Sham (CPHF/KS) self-con-
sistent equettions.48’49

3. RESULTS AND DISCUSSION

The cubic unit cell structure of Cs,AgSbCl; belongs to Fm3m
space group (no. 225), and the crystallographic information
was extracted from experimental data (a = b = ¢ = 10.557
A).™*% After structural optimization, it was observed that the
calculated lattice parameters a = b = ¢ = 10.560 A agreed with
the average experimental value, whose difference is only 1.22%.
Concerning band gap energy (Egap) , the calculated value is 2.72
eV, a difference of 1.21% from the experimental values (2.69
ev). 2

The relative positions of Br in Cs,AgSbCls_sBrs systems
were analyzed to determine the most stable structural
arrangement. In this approach, 1, 2, 2, 2, and 1 different
nonequivalent positions for 6 = 1, 2, 3, 4, and S were
considered, respectively, as demonstrated in Figure 2. For § = 1
or S (Figure 2ab, respectively), only one possible non-
equivalent configuration was obtained; for § = 2 or 4 (Figure
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Figure 2. Nonequivalent cluster configurations within
Cs,AgSbCly_sBr; alloys are depicted. They include the Cs,AgSbCl;Br
(a), Cs,AgSbCIBr; (b), Cs,AgSbCL,Br, (c), Cs,AgSbCL,Br, (d), and
Cs,AgSbClBr; (e) systems. Additionally, the generic representation
illustrates the relative rotations between neighboring octahedra, which
are characterized by 7—6y ., and 7—0x_,, (X = Cl or Br) of these
alloys (f).

2¢,d, respectively), two nonequivalent arranges can be noted,
where the Br or (Cl, for § = 4) can be disposed in two cis or
trans isomers. Considering 6 = 3, two nonequivalent
configurations were evaluated, with three Br atoms in the
plane (Figure 2e) or two Br atoms in the plane and the third in
the axis, equivalent to meridional and facial isomers,
respectively.

The relative stability of the Cs,AgSbCls_sBrs systems was
evaluated in terms of cohesive (E.;) and excess (E..)
energies, as seen in Table 2. Particularly, the E_ refers to
the energy required to completely separate a solid into its
isolated constituent atoms, accounting for the interactions
between the atoms within the solid and is expressed by the
equat10n46‘47

Ecoh = N[ECSZAngClé_‘;Br(S - (ZECS + EAg + ESb

+ (6 — 8)Eq + OEy,)] (1)

where N is the number of atoms in the unit cell, Ec agspci, 8r;

is the energy of Cs,AgSbCls_sX;; systems, and Ec, Exy Eg,y Ecyy
and Ep, denote the energies of isolated Cs, Ag, Sb, Cl, and Br
atoms, respectively.

The excess energy (E.,) is a function of the composition,
which measures the relative stability of the alloys compared to
that of the pure components (§ = 0 and 6). The E,,.(5) can be
obtained from the following equation

exc(5) - 6ECs ,AgSbCly_sBrs — 5ECszAngBr6

- (6 - 5)ECSZAngC16 (2)

where the Ecgagepc;, and Ecgagsps:, represent the energy of

Cs,AgSbCls and Cs,AgSbBrg, respectively. These two
methods, in general, are used to assess the energetic cost of
obtaining Cs,AgSbCl,_sBr; alloys and their stability.

To obtain data concerning the spatial arrangement of
octahedra in the lattice, measuring the apical and equatorial
(X-B- X) angles can be helpful in measuring the polyhedra
rotation.”” For the Cs,AgSbX, (X = Cl or Br) halide double
perovskite, these distortions can be described by apical ((Sb—
X—Ag),, or (X),,) and equatorial ({Sb— X— —Ag)eq or (X))
angles (Flgure Zf) The Ey, Eexo and the (Br),g, (Br),, (Cl)eq,
and (Cl),, bond angles for Cs,AgSbCls_sBr; alloys are
surnmarized in Table 1.

Table 1. Cohesive Energy (E_;,) in €V/atom, Excess Energy
(E..) in €V, and Sb — Br — Ag and Sb — cl - Ag Apical
and Equatorial Bond Angles ((Br)ap, (Br)eq, (Cl)ap, and
(Cl),q Respectively) in (deg)

3 Eeop e (Br)eg  (Cheg  (Br),  (Cl)y,
0 —4.436 180.00 180.00
1 —4.391 0.139 179.87 180.00 180.00
2-cis —4.348 0.198 179.29 179.41 179.29 179.41
2-trans —4.347 0.261 180.00 180.00
3-fac —4.306 0.184 178.67 178.73 178.67 178.73
3-mer —4.308 0.244 178.36 178.81 180.00 180.00
4-cis —4.264 0.174 177.36 178.43 178.65 178.43
4-trans —4.263 0.225 180.00 180.00
S —4.223 0.097 177.25 177.25 180.00
6 —4.183 180.00 180.00

It is noticed that E_j, increase monotonically with the Br
amount, indicating that the Br addition makes the
Cs,AgSbCls_sBr; alloys less stable. In light of the E,,. values,
the crystallization of Cs,AgSbCIBr; is more favorable between
the alloys, i.e., closest to zero E. At the same time, a higher
energetic cost to obtain the systems for 6 = 2, 3, and 4
concentrations is noticed (higher E.,.). The closer to zero E,,
demonstrates that the alloys are reliable compared with their
pristine counterparts, although they are not necessarily more
stable.

In the pristine Cs,AgSbXy structures, the octahedra do not
have a freedom degree to make these relative displacements,
ie., due to the high symmetry of these compounds and the
<Sb X- Ag> angles are equal to 180°. However, in
Cs,AgSbCl,_sBr;s alloys, the anion substitution induces a
breakdown in symmetry, allowing for the relative motion of the
[SbCls_sBrs] and [AgCl,_sBrs] octahedra. For Cs,AgSbCl,Br,
and Cs,AgSbCl,Br, alloys, the trans isomers do not exhibit
rotations, being unstable compared to cis. For Cs,AgSbCl;Br;,
the octahedra rotation is observed in a unique direction for the
meridional isomer, i.e., only for (X)., angles, which can be a
differential to the facial where the distortion is observed in
both apical and equatorial (X) angles. This study focused on

https://doi.org/10.1021/acs.jpcc.4c01990
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Table 2. Lattice Parameters (a, b, ¢, , f§, and ), Space Group (SPG), and Point Group (PG) for Cs,AgSbCl,_sBrs Alloys

a (4) b (4) c (A) a (deg) [ (deg)
5=0 10.557 10.557 10.557 90 90
6=1 7.486 7.486 10713 90 90
5=2 7.601 10.604 7.596 90 90
6=3 7.618 7.618 18.633 90 90
5=4 10.942 7.632 7.627 90 90
5=5 7.756 7.756 10.800 90 90
5=6 7.770 7.770 10.989 90 90

y (deg) SPG PG t t' u
90 Fm3m 0O, 0.944 3.802 0.528
90 I4mm Cy 0.931 3.959 0.487
920 Imm2 C,, 0.921 4.116 0.452

120 R3m G, 0911 4.273 0.422
90 Imm2 Gy 0.901 4430 0.396
920 I4mm Cy 0.893 4.587 0.373
90 14/ mmm Dy, 0.886 4744 0352

the isomers that presented the closest to zero E.. and lowest
E., values for each Cs,AgSbCl_sBrs composition.

The calculated lattice parameters (a, b, ¢, a, §, and y), space
group (SPG), point group (PG) and Goldschmidt’s (¢) and
Bartel (¢') tolerance and octahedral (u) factors for the
Cs,AgSbCl_gBr; alloys are described in Table 2. The highest
symmetry is observed for the Cs,AgSbCly structure, with the
Em3m (0,) space group. Interestingly, it was expected that
Cs,AgSbBry exhibits the same symmetry as Cs,AgSbClg.
However, a distortion in the bond lengths of the [SbCls_sBr;]
and [AgCl,_sBrs] polyhedra is observed, ie. resulting in a
flattening of octahedra and reducing the symmetry of this
compound to I4/mmm (D,;,). While this distortion is almost
insignificant from a structural point of view, the literature often
reports this structure as cubic with the Fm3m (O,) space
group.”””" Nevertheless, this minor distortion leads to a
reduction in the symmetry operations and therefore in the
vibrational active modes, as can be displayed in the vibrational
analysis. A correspondence between ¢ = 2 and 4, and for 6 = 1
and S with the Imm2 (C,,) and I4mm (C,,) space groups,
respectively, can be observed. Additionally, for 6 = 3, the R3m
(C4,) symmetry is observed.

Differently reported for simple perovskites (ABX;) where
the Goldschmidt’s tolerance factor t = (ry + ry)/ \/ 2(rg + 1y),
for double halide perovskites, the rz was obtained as the
average value between rg* and r,,*. In mixed-anion perov-
skites, the parameter ry can be further described using the
anionic effective radius (denoted here as 7,g,q.) which is equal
to (1 — 8)rer + Orp, as reported by Siddique et al.”” to
analyze the stability of mixed CH;NH,;PbBr; 5Cls perovskites.
These modifications were also inserted into the calculations of
the u and ' factors. t values between 0.75 and 1.00 indicate the
formation of perovskite structure.’> The modified Gold-
schmidt’s (t) and Bartel (¢') tolerance and octahedral (u)
factors were employed to describe the stability of the
perovskite Cs,AgSbCl_sBr; alloys according to the following
expressions

teet + (1 = 8)rg + 61

t=
++
\/f[(l — &)t + Org,~ + w] )
rg+ + Tag*
u=
2[(1 = 8)rer + Ory,-] (4)
. 2L(1 = 8)rg + O]
t = — Ngg
Top* + rAgJr
27C5+/(7’Sb3+ + rAng)
Nes —
1n[ers+/(er3+ + rAg*')] (5)

11861

where rc, T, o, s, and ray represent the Cs*, Cl7, Br,
Sb*', and Ag" atomic radii and nc, denotes the oxidation
number of Cs. The atomic radii values were based on the ref
54.

According to Table 2, it is noticed that 0.944 < t < 0.886 and
0.886, and 0.528 < u < 0.352, both parameters decreasing with
0 increase. On the other hand, more recently, the Bartel
tolerance factor (') was proposed in 2018.%° In this study, the
authors evaluated 576 materials with perovskite structures,
achieving a higher accuracy of 92% compared to that of
traditional t. It is verified that ¢’ increases with § and 3.80 < t' <
4.74. The upper critical value for t' is 4.18, ie., t' values less
than 4.18 indicate stability. This condition is fulfilled only for &
= 0, 1, and 2, which represents a remarkable difference to ¢,
which suggests good stability for all structures. The results
highlight that the addition of Br increases the instability in
Cs,AgSbCls_sBr; alloys, with § > 3 tending to be unstable.
Finally, the behavior of ¢t and t' corroborates the E_y, increase
with the Br concentration.

The anion exchange leads to structural distortion in the
[SbCls_sBr;] and [AgCls_sBrs] (polgrhedra. Hence, the effective
coordination number (ECoN)”*™*" serves as a valuable metric
to characterize these distortions, as depicted in Table 3, which

coh

Table 3. Effective Coordination Number (ECoN), Average
Bond Lengths (dxg_cy dag_po dsp_cy and dg, g, in A) and
Volume (V,, and Vg, in A’) for Ag and Sb-Centered
Octahedra, Indicated by the Respective Subindexes

ECoNg, ECoNu,  dagc1i dag-pr  dsp-a1 sb-pr
6=0 6.00 6.00 2.65 2.63
6=1 5.94 6.00 2.67 2.67 2.63 2.75
0=2 5.99 5.90 2.67 2.69 2.63 2.75
6=3 5.90 5.99 2.67 2.71 2.64 2.75
d=4 5.89 5.98 2.67 2.71 2.64 2.76
6=5 5.92 5.98 2.66 2.72 2.63 2.76
6=6 6.00 6.00 2.76 2.73

displays the ECoN, the average bond length and volume of Sb
and Ag-centered polyhedra. As expected, for 6 = 0 or 6, the
octahedra do not present distortions. However, for 6 = 6, as
mentioned before, there are slight distortions that this
parameter cannot fully capture. Considering the alloys, notice
that, in general, the Sb-centered octahedra are more distorted
than Ag, where 6 = 2 is the exception. Notably, greater
distortion in the [AgCls_sBr;] octahedra is reported for § = 2,
whereas for [SbCl,_sBr;], it occurs when § = 4. Regarding the
bond lengths, significant variations were not verified, with the
most notable deviations found in da,_c (A =030 A).
Additionally, it is widely recognized that the positions and
intensities of diffraction peaks reveal the arrangement of atoms
in the crystal lattice, i.e., thereby elucidating the symmetry and
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periodicity of the long-range structural organization.”’ In light
of this, the XRD patterns were simulated for the
Cs,AgSbCls_sBrs compounds, as depicted in Figure 3a. This
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Figure 3. Simulated XRD patterns (a) and Raman spectra of
Cs,AgSbCl,_sBr; structures (b).

result shows well-defined XRD peaks are present, ie,
indicating the highest long-range order within these systems.
This observation aligns with the analysis presented in Table 2,
where it is evident that these systems possess more symmetry
operators than solid solutions (consider the space group and
point group). As outlined in Table 2, the § = 3 configuration
exhibits enhanced long-range order among the solid solutions,
characterized by well-defined peaks.

At a 20 angle of approximately 24°, the highest peaks are
prominent in Cl-majority systems, while in Br-majority, these
peaks shift to 20 = 33°. Noteworthy is the equilibrium point
where Br and Cl concentrations are equal (§ = 3), resulting in
two equal peaks. These observations underscore the utility of
XRD analysis in discerning the impact of different
compositions on the crystalline arrangement of the
Cs,AgSbCl_sBr; alloys.

The simulated Raman spectra of the Cs,AgSbCl,_sBr;
structures are reported in Figure 3b, revealing alterations in
short-range order (SRO) produced by the Br amount. Notably,
an increase in SRO within the solid solutions manifests as an
emergence of new bands in the Raman spectrum. A redshift in
the peaks with increasing Br content in the lattice is observed,
which indicates bond stretching in the [SbCls_sBrs] and
[AgCly_sBrs] octahedra, in agreement with the XRD data
mentioned above. For § = 0, there are 9 Raman-active modes
(TRaman = 6F,, + 2E, + Ag) , with F,, and E, representing triple
and double degenerate vibrational modes, respectively. When 6
=1 or 5, 29 Raman-active (I'g,,., = 7A; + 2B; + 2B, + 18E)
modes can be observed. For § = 2 or 4, 27 Raman-active
modes (I'gyman = 94, + 4A, + 7B, + 7B,) are reported. For § =
3, there are 25 Raman-active modes (' ., = 74; + 18E). At §
= 6, are verified 11 Raman-active modes (I'y man = 6E, + By, +
2By, + 2A1g). The number of Raman-active modes is related to
the SRO, with the highest SRO observed for the
Cs,AgSbClL;Br; alloy decreasing for 6 = 2 or 4, and reaching
a minimum for & = 0 or 6. According to the composition, it is
expected that Cs,AgSbCls and Cs,AgSbBr, exhibit the same
vibrational modes. However, the larger SRO for Cs,AgSbBr,
arises from the Br~ ions inducing deformation in the
octahedral field. This deformation causes almost negligible
stretching in the [AgBr4] and [SbBr4] polyhedra, resulting in a
reduction of SRO and consequent symmetry operations.

The observed distortions in Cs,AgSbCls_sBrs alloys are
intricately related to electronic density redistributions within
Ag- and Sb-centered octahedra caused by anion exchange.
These distortions lead to the disruption of degeneracy in
electronic levels and the emergence of novel electronic states.
Figure 4 illustrates the partial DOS (pDOS) for both Ag and
Sb atoms in the [AgCls_sBrs] and [SbCls_sBrs] octahedra,
respectively. From the pDOS, it becomes evident that anion
exchange, depending on the proportion § (Br amount), i.e.,
induces diverse orbital degeneracy splittings.

The degeneracy is observed in the t,,, t,, and ¢, orbitals for
0 values of 0, 3, and 6, respectively. However, compositions
with 6 = 1 or 5 exhibit a breakdown in degeneracy, revealing
distinct splittings for t,, (e.g, p, and p,), t,, (e.g, d,, and d,),
and ¢, (e.g, d> and d.2_2). Similar orbital behavior is reported
for § = 2 or 4, resulting in double degenerate (p, and py) and ¢
(d,, and d,,) orbitals.

Furthermore, in the central atoms (Sb or Ag) of the
octahedra, the Ag e, and t,, as well as the Sb a,, orbitals,
predominantly contribute to the valence band (VB).
Conversely, the Sb ¢, t,, and t,,, along with the Ag a;; and
t;, orbitals, make more substantial contributions to the
conduction band (CB). Notably, the interval with lower
pDOS closer to the VB maximum (VBM) for Ag e, orbitals
indicates higher carrier mobility states, as evidenced by the
considerable dispersion of the VBM in the band structures
(Figure S). Similarly, the soft behavior of Sb t;, pDOS in the
CB minimum (CBM) signifies higher carrier mobility,
corroborated by the pronounced dispersion of the CBM
(greater than the VBM).

Upon examining the orbital occupancy for the d-orbital
levels of Ag and Sb in Cs,AgSbCl,, Cs,AgSbCl;Br;, and
Cs,AgSbBr, it becomes evident that the octahedral crystal
field splits these levels into triply degenerate t,, (dxy, d,, and
d,,) and doubly degenerate ¢, (d.> and d,_) levels, for both
Ag" and Sb*" (refer to Table S1 in Supporting Information).
Interestingly, the degeneracy of Sb®" d levels is more
pronounced than that of Ag’, with minimal differences in
orbital occupancy, particularly in the £, and ¢, orbitals. In the
case of Ag*, a low Jahn—Teller effect (due to the symmetry
breaking process) is observed in the tyg and ¢, for & values of 1,
2, 4, and S, respectively.

Looking at the band structures in Figure S, a decreasing
trend in band gap energy (E,,,) is shown with increasing Br
concentration. Specifically, the highest and lowest E,,;, values
are found to be 2.72 and 1.77 eV for Cs,AgSbClg and
Cs,AgSbBrg, respectively. It is noticed that the band gap
transition remains the same independently of the Br
concentration, exhibiting an indirect transition with the VBM
at X point and CBM at L point, consistent with previous
findings for Cs,AgSbCl,_sBr; compounds.36 Additionally, a
notable dispersion is noticed for the band edges and,
consequently, good carrier mobility with the CBM exhibiting
a parabolic format. At the I" point, it is observed that the two
highest energy bands of VBM are degenerate for the
compositions without splitting the f,,, f,;, and e, orbitals (6
=0, 3 and 6). In contrast, this is not observed for the other
compositions, corroborating the degeneracy breakdown
observed via pDOS. As expected, the reduction of E,, is
attributed to the downward movement of the CBM, while the
VBM remains practically constant with the Br concentration.
Figures S and 7 provide a visualization of the E,,; as a function

gap
of Br concentration, revealing an almost linear decreasing
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m), and § = 6 (g n).

trend. This observation underscores the potential for precise
control over the composition of the Cs,AgSbCl,_sBrs matrices.

The indirect band gap transition of Cs,AgSbCl,_sBrs can limit

its effectiveness in photovoltaic application.”' However, doping

11863

the direct band gap transition.

at Sb-site or the design of alloys Cs,AgSb,X,_;Cls_sBrs, where

X is a metal such as In®> or TL*® can be a strategy to promote

https://doi.org/10.1021/acs.jpcc.4c01990

J. Phys. Chem. C 2024, 128, 11858—11869


https://pubs.acs.org/doi/10.1021/acs.jpcc.4c01990?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c01990?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c01990?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c01990?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c01990?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

Energy (eV)

Energy (eV)

Egap= 187 eV|

=1
e ————

I XWK I L UW LKI XWK

' L UWNW LK XWK

Figure S. Cs,AgSbCl,_sBrs; band structures for § =0 (a),6 =1 (b),6 =2 (c), 6 =3 (d),6 =4 (e), d =S (f), and 6 = 6 (g) and the high-symmetry

pathway employed along the Brillouin Zone (h).

An electron moving through a crystalline lattice experiences
a periodic potential due to the arrangement of atoms in the
lattice. This potential arises from the electrostatic interaction
between the negatively charged electrons and positively
charged atomic nuclei. As the electron moves through the
lattice, it interacts with this periodic potential, leading to the
concept of an effective mass (m*). When an electron moves
along different directions in the lattice, it encounters different
strengths of the periodic potential, leading to anisotropic
behavior. The concept of effective mass is crucial to
understanding the mobility of charge carriers in semi-
conductors. A lower effective mass means that the electron
(or hole) can more easily accelerate in response to an applied
electric field, leading to a higher carrier mobility.

In view of this, the effective masses of electrons (m¥) and
holes (mjf) were calculated by fitting a parabolic function to
the CBM and VBM, respectively. These parabolic fits were
applied in the equation E = 7°k*/2m* with a k-point spacing
smaller than 0.002 A™'. Applying the reciprocal effective mass
tensor, defined as

( 1 ) _ 1 dE, (k)
m* v n dkﬂdkv (6)

where E, (k) is the nth band energy dispersion, k, and k, are
the K-points in the Brillouin zone in the y and v directions,
respectively, the m} and mj® can be obtained. This
approximation considers symmetric paths to obtain a parabolic
shape, such as '=M—I" and M—R—M, for example.

To describe the effects of anion-mixing in Cs,AgSbCl_sBr;
systems over m¥/m, and mj¥/m, these values were presented
as functions of Br concentration in Figure 6. In this analysis,
the symmetrical pathways in relation to the VBM (I'-X-T")
and CBM (L—U-L) were considered to obtain the m*/m,
and mi¥/my, respectively. The m¥/m, and mif/my values for all
high-symmetry pathways adopted in the band structure plots
are present in Table S2 (for more details, see Supporting
Information).
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Figure 6. Hole (m¥/m,) and electron (mjf/m,) effective masses
obtained on the VBM (I'-X-I'" pathway) and CBM (L-U-L
pathway), respectively, as functions of Br content (8).

Effective mass values smaller than 0.5 indicate higher carrier
mobility, which can be evidenced for m¥/m in all systems
evaluated (0.39 < m*/m, < 0.51). On the other hand, the holes
exhibit effective masses approximately twice greater than
electrons (0.66 < mj*/my < 0.93). An abrupt decrease for both
m¥/mgy and mi¥/my was perceived with the introduction of one
Br (6 = 1) in the Cs,AgSbCl; lattice. After this fall, between &
=2 and 0 = 4, the effective masses decrease almost linearly
with the & increasing. For & larger than 4, the behavior
becomes irregular; however, it follows the decreasing trend
with the Br addition. These results, corroborated by the values
in Table S2, unravel that the anion-mixing in these
Cs,AgSbCls_sBrs also can be an effective mechanism to tune
the carrier mobility. This higher mobility is essential for
efficient charge separation and transport in semiconductor
devices such as solar cells, transistors, and sensors.

The elastic behavior of a cubic double halide perovskite is
characterized by three independent elastic constants: C;;, Cy,,
and C,,. Each of these constants plays a distinct role in the
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material response to external forces and deformation.
Specifically, C;; describes the material stiffness against the
strains, while C;, signifies its resistance to shear stress,
providing insights into its behavior under lateral forces. Lastly,
C,4 represents the material resistance against shear deforma-
tion. Due to the symmetry reduction induced by the anion
mixture in the alloys, new independent constants should be
considered: for tetragonal systems (6 = 1,2, 4, S or 6), C;5 and
Cs; are introduced. Similarly, for rhombohedral (6 = 3), Cy;,
Cy4 and Cs; are analyzed, in both symmetries, C¢s = (C;; —
Cpn)/2.

Table 4 shows the calculated elastic constants for all
structures. The Born elastic stability criterion was employed to

Table 4. Calculated Elastic Constants C,;, Cy,, Cy3, Cy4, Cs3,
Ca4 and Cgg (GPa) for Cs,AgSbCl,_sBrs Compounds

Cn Ci Ci3 Cu Cs Cu Ces

60=0 68.95 24.70 11.585

6=1 69.27 24.14 24.14 65.30 11.78 11.30
6=2 66.02 23.64 23.56 62.20 12.00 10.90
0=3 62.62 23.23 2323  —-0.05 62.62 11.34 11.34
6=4 59.64 22.96 22.45 61.39 11.45 11.48
6=35 58.65 23.24 19.88 58.65 11.84 11.84
6=6 59.02 20.67 20.67 59.00 10.59 10.59

determine the mechanical stability of Cs,AgSbCl,_sBr;s alloys
for which the necessary and sufficient conditions are”” C;; —
C;,>0,Ci; +2Cy, > 0, and Cyy > 0 for cubic symmetry, C,; >
ICyl, 2(C3)* < C35(Cyy + Cp), Cuy > 0, and Cgg > O for
tetragonal, and Cy; > IC,l; Cyy > 0, (C3)* < 1/2(Cy3(Cyy +
Cp)), and (Cyy)* < 1/2(Cyu(Cyy Cp)) = CyuCe for
rhombohedral symmetry. It can be concluded that the studied
structures exhibit both mechanical and structural stability,
meeting the criteria outlined by the Born elastic stability
criterion.

The mechanical properties of Cs,AgSbCls_sBrs are
comprehensively summarized in Table S, encompassing
essential parameters such as the bulk modulus (K), Young
modulus (Y), Poisson ratio (v), and shear modulus (G). These
parameters offer insights into the material’s response to various
mechanical stresses and deformations. In particular, the K
describes the material resistance to compression or volume
reduction, and Y characterizes its stiffness against tensile or
compressive forces. Poisson ratio, v, describes the material
deformation behavior—whether it tends to expand or contract
laterally when subjected to axial stress. The G quantifies a
material resistance to deformation under shear stress, providing
insights into its structural integrity.”> Utilizing the Voigt
averaging scheme, average values of these properties (K,,, Y,

av) av)

and v,,) are computed, alongside presenting the maximum and
minimum values for each parameter (Y, Yinins Vimaw Vininy Grmaw
and G,,,) in order to assess anisotropy.

Upon introduction of Br into the system, both K,, and Y,,
exhibit a noteworthy decrease. Intriguingly, this reduction
follows an almost linear trend concerning Br concentration, as
illustrated in Figure 7a. The linear fittings underscore the
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Figure 7. Bulk modulus (K,,) and Young modulus (Y,,) average
values in GPa (a), Band gap energy (Egap) (b) and sound velocity
(v,,) and Debye temperature (0p) (c) as functions of the Br
concentration (8) and their respective linear fittings.

possibility of accurately describing these relationships with two
linear expressions, supported by R’ values approaching 1.
Notably, K, experiences a slightly more pronounced decrease
than Y,,.

In contrast, Poisson ratio (v,,) and the shear modulus (G,,)
demonstrate practical independence from Br concentration,
showing minimal variations. For 6 # 0 and 6, the anisotropy in
Y is lower compared to pure compounds (§ = 0 or 6) and
diminishes with increasing Br concentration. Maximum and
minimum values of 2 and G remain nearly constant, unaffected
by the Br concentration. Among the mechanical properties
evaluated, the highest anisotropy is observed for v.

The Debye temperature (6,) represents the temperature at
which the highest frequency vibration mode (and conse-
quently, all modes) is excited in a crystal.’®®” From this
perspective, the Debye temperature acts as a divider between
the high- and low-temperature regions of a solid, being
particularly useful for the study of thermal phenomena and
properties (e.g., thermal conductivity, lattice vibration, specific
heat, and volume thermal expansion coefficient). When the
temperature T of a solid is raised above 6, it is expected that
each vibration mode is associated with an energy equal to kzT.

Table S. Average, Maximum, and Minimum Values of Bulk Modulus (K,,, K,
Vinaw and V), and Shear Modulus (G

Ymin), Poisson Ratio (v,
Values were Obtained Using the Voigt Averaging Scheme

Ky Yo Vay Gy
6=0 39.45 41.77 0.32 15.78
6=1 38.32 40.67 0.32 15.36
6=2 37.31 40.18 0.32 15.21
0=3 36.36 38.83 0.32 14.68
6=4 35.16 38.00 0.32 14.40
6=35 34.06 36.79 0.32 13.93
6=6 33.48 36.89 0.32 14.01

Y,

55.92
56.25
53.30
50.05
49.18
46.92
48.32

11865

av)

w Knaw and K.), Young Modulus (Y,,, ¥;,., and

G and G.i). K, Y, and G are in GPa, and the Average

Yot Vmax Vmin Grnax Guin
31.56 0.53 0.17 22.12 11.5§
31.2§ 0.53 0.17 21.54 11.30
31.37 0.54 0.18 21.19 10.90
30.40 0.51 0.18 19.70 11.24
30.87 0.48 0.20 19.02 11.36
30.01 0.49 0.19 19.39 10.20
28.74 0.51 0.17 19.17 10.58
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At T < 6p, all high-frequency modes are suspended, with
vibrational excitations due to acoustic vibrations. Here, the
Anderson method was used to determine the Debye
temperature (). The Debgre temperature is determined
from the following equation:6 69

— i|:(3n/4ﬂ)NAp ]l/sv

0. =
P kg M ?)

where v, is the average sound velocity, h is Planck’s constant,
kg is Boltzmann constant, n is the number of atoms per unit
cell, N, is Avogadro’s number, p is the mass density, and M is
the molecular weight. The v, within a material is obtained by

T
S EI RS ()

where v, and v represent the transverse and longitudinal sound
velocities, respectively. These velocities can be estimated by
using Navier’s equations:

1/2
3B + 4G
V= —3p

—1/3

)

1/2
G
v =|—
[P] (10)

Figure 7¢ shows the calculated 6y and v, as functions of the &
for Cs,AgSbCls_sBrs alloys. Increasing &, i.e. the Br
concentration, the Debye temperature decreases linearly.
Low 6y values indicate lower interatomic forces and weak
bonds. This can be evidenced by Table 4, where it is noticed
that the elastic constants decrease with increasing 8. Also, it
can be observed that the sound velocity (v,,) decreases linearly
with an increase in Br concentration. A lower thermal
conductivity leads to a lower Debye temperature, which is
suitable for thermoelectric applications. Similar behavior was
reported for Cs,AgSbX, (X = Cl, Br, and 0, revealing that
most soft anions lead to a reduction in the 6, and v,
explaining the reduction of these parameters with the Br
addition.

4. CONCLUSIONS

This computational study investigated the lead-free
Cs,AgSbCl,_sBrs mixed-halide double perovskites, including
lattice parameters, band structures, density of states, XRD
patterns, vibrational frequencies, and mechanical properties,
using DFT/PBESOLO calculations.

The structural stability of various perovskite materials was
assessed through the analysis of tolerance factors such as
Goldschmidt and Bartel. According to Goldschmit factor, all
perovskites can be considered stable. In contrast, Bartel factor
demonstrates that the stability is guaranteed only for 6 = 0, 1,
and 2, which represents a remarkable difference between these
two very utilized parameters. However, the two indicate that Br
increases the instability in Cs,AgSbCl,_sBrs systems.

The short-range order was investigated via Raman spectros-
copy. As Br content increased, an increase in short-range order
was verified, leading to the emergence of new bands,
accompanied by a red shift in peaks. Different § values
correspond to varying numbers of Raman-active modes: 9
modes for § = 0, 29 modes for 6 = 1 or 5, 27 modes for § = 2
or 4,25 modes for 6 = 3, and 11 modes for é = 6. This red shift

is related to bond stretching in the [SbCls_sBrs] and
[AgCl_sBrs] octahedra, consistent with simulated X-ray
diffraction patterns.

The incorporation of Br atoms leads to a reduction in the
band gap energy of Cs,AgSbCls_sBr; from 2.72 to 1.77 eV. All
structures exhibit indirect X — L band gap transitions. The
observed reductions in bulk modulus and Young modulus with
increasing Br concentration highlight the influence of anion
exchange on mechanical behavior.

Furthermore, the linear decrease in Debye temperature and
average sound velocity as Br concentration increases suggests
weaker interatomic forces and bonds within the alloys. This
finding has significant implications for applications requiring
low thermal conductivity such as thermoelectric materials.
Finally, from this perspective, we demonstrate the tunability of
structural and electronic properties through halide substitution,
highlighting the potential of the Cs,AgSbCls_sBr; system as a
versatile lead-free platform for emerging optoelectronic
applications.
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