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Computational Methodology

All calculations were performed using Density Functional Theory (DFT) within periodic
boundary conditions through the Vienna Ab Initio Simulation Package (VASP).** The
PBEsol DFT functional was used for geometry optimizations and calculations of static di-
electric constants,® while the hybrid functional HSE06 was implemented for band structure,
band offset and optical calculations,.® To fully account for relativistic effects, spin—orbit in-
teractions were included (HSE064+SOC) in all electronic and optical calculations. HSE0G6 is a
range-separated, screened hybrid-DFT functional which incorporates 25% exact Hartree—Fock
exchange for short-range interactions, using a screening parameter of w = 0.11 bohr~!, with
the remaining exchange-correlation effects treated by the Generalized Gradient Approxima-
tion (GGA) DFT functional PBE.” Scalar-relativistic pseudopotentials were employed, and
the projector-augmented wave method was used to describe the interaction between core
and valence electrons.® The ionic dielectric response was calculated under Density Func-
tional Perturbation Theory (DFPT),? while the optical response was calculated using the
method of Furthmiiller et al. to obtain the high-frequency real and imaginary dielectric
functions. A convergence criterion of 1meV/A was imposed on the forces on each atom
during structural optimization. Bulk electronic structure calculations were carried out using
a b x 5 x 5 Monkhorst-Pack k-point mesh and a well-converged 550 eV plane-wave cutoff,
while a tighter k-mesh of 9 x 9 x 9 was used for the optical calculations. Charge carrier effec-
tive masses were obtained from non-parabolic fitting of the electronic band edges using the
effmass package,*? and electronic band structure diagrams were generated using the sumo
package.tt

In each calculation, convergence with respect to k-point density and plane-wave energy cutoff
was confirmed for the property of interest. The equilibrium structures and input calcula-
tion parameters, alongside convergence analysis, of the crystal materials investigated in this
report are provided in an online repository at: https://github.com/SMTG-UCL/Bi_Sb_

double_perovskites|
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Band Alignment

In order to calculate the relative alignment of the electron bands, the electrostatic potential
offset between the two materials, AV, was required. This was determined using the method
of Butler et al.,** with calculated values for AV verified by comparison with relative core-
level energy shifts. A 160-atom heterojunction supercell of length 89 A, consisting of eight
primitive unit cells each of Cs,AgSbBr, and Cs,AgBiBry, was generated using the average
lattice parameter of the two structures, with no interfacial atomic relaxation permitted.
Electronic relaxation of this interface with hybrid-DFT yielded a value for the electrostatic
potential offset AV between the two bulk materials, from which the alignment of electronic
states in the two materials could be determined, according to equations[I]and [2| In order to
account for the opposing changes in electrostatic potentials of the materials upon formation of

the average-lattice-constant supercell, the absolute volume deformation potentials (ADVPs)

i _ _adv?

Ay = Fn(o)

were calculated for both materials using the method of Wei et al.t314 Within
this method, an angular average is performed over the uniaxial deformation potentials a’. =
d(;in—vgn)), determined via a series of strained-homojunction supercell calculations, to yield a

value for a’.
Valence Band Offset (VBO) = €, — €550 + AV +alld(In(va)) + aZd(in(vp)) (1)

Conduction Band Offset (CBO) = eACBM — EBCBM +AV + afd(ln(vA)) + afd(ln(vg)) (2)
CBO = VBO + E, 4 — E, 3 + ald(InVy) + aBd(InVy) (3)

In the above equations, €'y, 5, and €’ 5,, are the eigenvalues (referenced to the average elec-

trostatic potential) of the VBM and CBM for the ideal bulk material i, while d(In(v;)) = 2%
is the relative volume change between the equilibrium structure of ¢ and the average-lattice-
constant unit in the supercell. £, ; is the fundamental band gap of material i.

Convergence of the potential offset AV with respect to supercell size was verified by re-



peating the calculation with 80-atom (45 A) and 120-atom cells (68 A). While hybrid DFT
(HSEO06) was used in these supercell alignment calculations, in order to ensure accuracy and
consistency, it is noted that both LDA and GGA standard DFT gave matching results in

each case to within 0.02eV.

Results and Discussion

Crystal Structure

Structural relaxation of the experimentally-observed 16 elpasolite K,NaAlF crystal struc-
ture did not produce any alteration in symmetry for either Cs,AgSbBrg or Cs,AgBiBry. This
structure, shown in ﬁgure corresponds to the cubic F'm3m space group. Each of these ideal
double perovskite structures is composed of a three-dimensional network of [AgBry]°~ and

[SbBrg]®>” or [BiBrg]?" alternating corner-sharing octahedra. The Cs* cations are located in

]117

the interstitial cavities between octahedra, forming face-sharing [CsBr, cuboctahedra.

Figure 1: Equilibrium crystal structure of Cs,AgSbBr, (and Cs,AgBiBrg)(a) and orienta-
tion along cubic lattice vector (b). The [SbBrs]*” ([BiBrg]* ) octahedra are coloured purple
and the [CsBr,]''” cuboctahedra are shown in green.

Within the F'm3m cubic space group, the atoms are located at the following Wyckoff po-
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sitions: Cs: 8c(i,i,i); Sb/Bi: 4a(0,0,0); Ag: 4b(%,%,%); Br: 24e(z, 0, 0). In the perfectly
symmetric case, r = % Structural calculations reveal a slight off-centering of the bromine
atoms from the perfectly-symmetric sites, as witnessed experimentally,2®.” with x = 0.2514
for CsyAgSbBrg and z = 0.2539 for Cs,AgBiBrg. This is compared to an experimental
value of z = 0.25143(2) for Cs,AgBiBry, measured at room-temperature with single-crystal
XRD.* To the knowledge of the authors, no experimental values of x exist in literature for
Cs,AgSbBryg,

Predicted lattice parameters at 7 = 0K for the conventional cubic unit cell are 11.082 A
for Cs,AgSbBry and 11.187 A for Cs,AgBiBrg. As expected, Cs,AgSbBr, exhibits a slightly
smaller lattice parameter than Cs,AgBiBrg, due to the reduced ionic radius of Sb** (76 pm)
relative to Bi*t (103 pm)."8

In all subsequent calculations, the ideal ‘checkerboard’ arrangement of Agt and Sb*" /Bi**

sites was assumed, with zero structural disorder.

Electronic Structure
Cs,AgSbBrg

Cs,AgSbBry was found to have an indirect band gap, with the valence band maximum
(VBM) located at X = (0.5,0,0.5) and the conduction band minimum (CBM) at L =
(0.5,0.5,0.5). The fundamental band gap was initially calculated as 1.43 eV using the hybrid
DFT functional HSE06, which decreased slightly to 1.37eV upon the inclusion of spin-orbit
coupling (SOC) effects. Electronic structure calculations by Wei et al. (HSE06+SOC) and
Du et al. (HSE+SOC) yielded similar values of 1.46eVand 1.67 eV, respectively.*?2Y The
direct band gap was calculated as 2.60eV, located at b = (0.5,0.38,0.62), along the high-
symmetry reciprocal-space path Q from L = (0.5,0.5,0.5) to W = (0.5,0.25,0.75)).
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Figure 2: Calculated band structure of Cs,AgSbBr; with (a) and without (b) spin-orbit
coupling effects, illustrating the spin-orbit splitting of the conduction band. Valence band
coloured blue, conduction band coloured orange. VBM set to 0 eV.

Spin-orbit splitting of the electronic states is primarily manifest in the conduction band, as
demonstrated in figure 2l This is due to the strong Sb 5p orbital character of the conduction

band, highlighted in figure {3 as the 5p orbitals split into 5p;/, and 5ps/, states.
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Figure 3: Projected band structure of Cs,AgSbBry (a) and electronic density of states (b).
VBM set to 0 eV.

Analysis of the electron band orbital character revealed that the conduction band states are
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dominated by anti-bonding Sb 5p - Br 4p interactions, while the valence band states primarily
arise from Br 4p, Ag 4d and Sb 5s orbital interactions. The Cs™ cations act as spectator
ions, as noted in literature,?! with a relatively large nearest-neighbour-ion distance to Br~

of 3.918 A, compared to Sb-Br and Ag-Br bond lengths of 2.787 A and 2.752 A respectively.

Cs,AgBiBry

Cs,AgBiBry was also found to have an indirect band gap, with the CBM and VBM located
at the same high-symmetry k-points as Cs,AgSbBry (L and X respectively). The funda-
mental gap was initially calculated as 2.02 eV without spin-orbit interactions, which reduced
significantly to 1.77eV upon the inclusion of SOC effects.

HSE06+SOC electronic structure calculations by Savory et al. yielded a similar value of
1.79 eV 22 with other levels of theory yielding values in the range 1.75-2.0 eV, 19202326 hile

experimental values in literature vary from 1.9-2.2 eV 15172027130

a g b ¢

2 — ! =
ST 1 7 1
5 of —~__1] B =l &
2 /\ - S (e, /\
w_o w.2 — 7

s e | ] ¥l -4/7 /—\

| e— = ] A,
~6¢ L W X r =6 L w X r

Figure 4: HSE06 band structure of Cs,AgBiBrg calculated with (a) and without (b) spin-
orbit coupling, demonstrating the significant spin-orbit splitting of the conduction band.
Valence band coloured blue, conduction band coloured orange. VBM set to 0 eV.

The direct band gap was calculated as 2.49eV, located at X = (0.5,0,0.5). It is interesting

to note that, despite a larger fundamental band gap, the direct gap of Cs,AgBiBry was
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calculated to be smaller than that of Cs,AgSbBrg (2.49eV vs 2.60eV), in addition to being
located at a different point in k-space (X = (0.5,0,0.5) vs b = (0.5,0.38,0.62)). From
direct comparison of the band structures of both materials in figures [2h and [4h, it is evident
that the differing reciprocal-space location of the direct gap is due to the stronger spin-orbit
interactions of the Bi 6p orbitals in the Cs,AgBiBry CBM (see figure |5)) relative to the Sb
5p orbital-dominated CBM in Cs,AgSbBrg.

The predicted values of the direct gaps compare favourably with reported experimental

values; 2.51 eV, 2.41eV27 for Cs,AgBiBrg and 2.49 eV™ for Cs,AgSbBr.
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Figure 5: Projected band structure of Cs,AgBiBrg (a) and electronic density of states (b).
VBM set to 0 eV.

As in the case of Cs,AgSbBrg, the conduction band states of Cs,AgBiBry are dominated by
anti-bonding interactions between the trivalent pnictogen cation (Bi 6p) and halide anion
(Br 4p) orbitals, while the valence band states primarily arise from Br 4p, Ag 4d and Bi 6s
orbital interactions. As with Cs,AgSbBrg, the Cs™ cations act as spectator ions, with a large
nearest-neighbour-ion distance to Br~ of 3.955 A, compared to Bi-Br and Ag-Br bond lengths
of 2.841 A and 2.752 A respectively. In both cases, the calculated orbital projections of the

VBM and CBM states agree with other theoretical investigations of these materials. 202231



The charge carrier effective mass values for both materials, calculated using non-parabolic

fitting of the band structures, are tabulated below.

Table 1: Calculated effective mass values for Cs,AgSbBry and Cs,AgBiBry in units of

electron mass.

Material | m; =~ | m " | mV =L | mL-T
Cs,AgSbBrg | 0.15 | 0.62 | 026 | 0.32
Cs,AgBiBrg | 0.18 | 0.61 | 031 | 0.45

Electron Band Alignment

The ‘natural’ band offset of the two double perovskite materials was determined using equa-

tion , and is shown in figure @ aS#249508r6 = 7,63V and af*2498Bre = 741V were the

calculated deformation potentials. Our investigations indicate a ‘staggered gap’ (type II)

heterojunction alignment, with a valence band offset (VBO) of 0.75eV and a conduction

band offset (CBO) of 0.34eV (Cs,AgSbBr, above Cs,AgBiBry in both cases).

Conduction Band

| 1.37 eV ]

Cs,AgSbBrg

VBO: +0.75 eV

Valence Band

Figure 6: Electron band alignment of Cs,AgBiBry and Cs,AgSbBry. CBO = Conduction
Band Offset, VBO = Valence Band Offset.



Such band alignment suggests the possibility of significant band gap bowing in a mixed-metal
random alloy of the two materials, as a consequence of an aperiodic crystal potential. 2 If a
perfectly-ordered crystal were obtained upon alloying, with a homogeneous distribution of
Sb and Bi in the alloy compositional ratio, one would expect approximately linear shifts in
the CBM and VBM, with only a small degree of band gap bowing. However, in the more
realistic picture of a random alloy, ‘imperfect’ mixing of electronic states can occur, with
crystal regions of greater Sb proportion than the overall alloy ratio (yielding a higher VBM)
and vice versa (yielding a lower CBM). Thus, the combination of a type II staggered gap
alignment and an aperiodic distribution of bismuth and antimony in the alloy material can

lead to a band gap which is in fact smaller than the fundamental gap of either pure material.

It is typically expected from (non-relativistic) molecular orbital theory that atomic sub-
stitution with heavier members from a group in the periodic table provides higher-energy,
more diffuse valence orbitals, leading to increased orbital overlap, greater electron band dis-
persion and consequently a smaller separation between the valence band and conduction

band states.3L:33:34

However, the reduced band gap of Cs,AgSbBrj relative to Cs,AgBiBry is
an interesting contradiction to the usual trend of decreasing band gap with increasing atomic
radius for elements in the same periodic group.

From figure @ the reduction in band gap upon substitution of Bi** with Sb*" in Cs,AgBiBrj
can be attributed to the higher energy VBM of the antimony-containing perovskite. This can
be understood through consideration of the orbital character of the electron band extrema.
As mentioned earlier, and shown in figure [§ there is significant cation s orbital character
in the electronic density of states at the VBM. Typically, the energies of valence electrons
becomes less negative as one moves down a group in the periodic table, corresponding to a
decrease in ionisation energies. However, for Bi*" and Sb®", this is not the case, with the

Bi*" 6s? lone pair being lower in energy than the Sb*" 5s2 lone pair.®® This is a result of

the relativistic contraction of the Bi 6s orbital, due to its large atomic number, resulting
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in a more localised, lower-energy valence s orbital, compared to Sb 5s.%% Consequently, the
more-diffuse, higher-energy Sb 5s? lone-pair has a stronger interaction with the Ag 4d and Br
4p orbitals, due to a reduced energy separation of the bonding orbitals. This produces both
greater dispersion in the valence band and a higher energy VBM, as shown schematically in
figure 7l The importance of this cation s - anion p interaction in determining the valence
band position in halide double perovskites has been previously noted.2257 Indeed, the similar
cation (Pb*") s - anion (I") p anti-bonding interactions that are partially attributed to the

outstanding photovoltaic properties of lead-based perovskites.38

=
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* I / 4 Sb5s |
Bi1 6s i
H oLl

Deep VB
Deep VB

CSzAgBiBTO CSgAgsbBl'o
Figure 7: Schematic molecular orbital diagram demonstrating the effect of cationic lone-

pair interactions on the VBM position.

There are multiple sources of evidence for this effect. Firstly, it is apparent from the VBM
density of states in figure [§ that there is a greater degree of Sb 5s character at the VBM of

CsyAgSbBry than Bi 6s in the VBM of Cs,AgSbBr.
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Figure 8: Electronic density of states of Cs,AgBiBr, and Cs,AgSbBrg near the VBM. VBM
set to 0 eV.

Another point of evidence for this effect is the greater valence band width in Cs,AgSbBrg
(figure 3a) of ~ 1.64eV compared to ~ 1.38eV in Cs,AgBiBry (figure [5p). Moreover, a
greater energy separation between the VBM and the lowest energy pnictogen s states is
witnessed for Cs,AgSbBrg (corresponding to the ‘deep VB’ states in figure [7)), a predicted
consequence of stronger orbital interactions.

It is noted that the increased valence band width in Cs,AgSbBr, is likely aided by the
reduced cation-bromine nearest-neighbour distances in this material (2.787 A for Sb-Br vs

2.841 A for Bi-Br).

A previous theoretical investigation of these materials by Volonakis et al. also predicted
a reduction in band gap upon substitution of bismuth with antimony in Cs,AgBiBr,.5"
However, in this case, the authors attributed the decrease in band gap to a decrease in en-
ergy of the pnictogen p states, thus lowering the energy of the conduction band minimum.
Our results contradict this hypothesis. While the first ionisation energy of Sb is indeed larger
than than of Bi, the third ionisation energy (corresponding to the removal of a p electron

from Sbh?*/Bi**) is in fact 0.3eV lower for Sb than for Bi,3® indicating higher energy p

12



states. When the pnictogen elements are in the +3 oxidation state, as is the case in these
materials, the third ionisation energy gives a better estimate for the energy of the unoccupied
p orbitals. Hence we argue that, in the +3 charge state, the Sb valence p orbital states are
in fact higher in energy than those of Bi, suggesting a higher energy CBM for Cs,AgSbBry,

as witnessed in our investigations.

Another theoretical study of these materials, by Du et al, also predicted the reduction
in band gap from Cs,AgBiBr, to CSQAngBr()‘.m In agreement with our findings, a posi-
tive VBO of Cs,AgSbBry relative to Cs,AgBiBr; was predicted, with a calculated value of
0.29eV. However, the CBO was calculated as —0.04eV, a divergence from our predicted
value of 0.34eV. However, in this case, band alignment was performed using the Cs 5s lev-
els, which is not a reliable reference. This is due to the fact that orbital energies will vary

significantly with changes in chemical environment,?? as witnessed in our investigations.

Optical Properties

The optical absorption was calculated for both materials, as shown in figures [9] and [10]
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Figure 9: Optical absorption plots of Cs,AgSbBry (a) and Cs,AgBiBry (b). Fundamental
(indirect) and optical (direct) gaps indicated by dashed blue and red lines, respectively.
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Figure 10: Superimposed optical absorption plots of Cs,AgSbBrg (blue) and Cs,AgBiBrg
(red).

For both materials, the lowest direct electronic gap corresponds to a symmetry-allowed
transition from the valence band to the conduction band. Thus, the direct gap is equivalent
to the optical gap of each material. The calculated dielectric constants, optical exciton
binding energies E., o, and spectroscopic limited maximum efficiencies (SLME)* gy yp
are provided in table

Table 2: Calculated dielectric constants, optical exciton binding energies E., .+ and spec-
troscopic limited maximum efficiencies (SLME)“? g (for 1 um thick absorber material)
of Cs,AgSbBrg and Cs,AgBiBrg.

Material €Tonic €0 €0 = €jonic T €co Eex,opt NSLME
Cs,AgSbBrg | 8.87 | 4.82 13.69 124 meV | 4.49%
Cs,AgBiBrg | 8.16 | 4.60 12.76 167meV | 6.06%

Filip et al. calculated a similar value of 5.8 for the high-frequency dielectric constant (€.,) of
Cs,AgBiBrg, ' using the random-phase-approximation (RPA), while Steele et al. reported
values of 5.42 and 16.73 for e, and ¢, (Cs,AgBiBrg).%* However, in the latter case, density
functional perturbation theory (DFPT) was used for the calculation of €, which is well-

known to overestimate values for €., as a consequence of the band-gap underestimation in

14



DFT.*4
It is proposed that the larger dielectric constant of Cs,AgSbBry can be attributed to a smaller

band gap and lattice constant (and thus a larger atomic density).

The spectroscopic limited maximum efficiency ngpa g is a metric proposed by Yu and Zunger
that includes the strength of optical absorption and the nature of the band gap in the overall
theoretical efficiency of a photovoltaic absorber material.4°

The calculated values of ngpap are significantly reduced from the Shockley-Quiesser limit
efficiencies of ~ 11%. This is a direct consequence of the fact that both materials possess
fundamental (indirect) gaps which are significantly smaller than the optical (direct) gaps,
thereby incurring substantial non-radiative losses in efficiency as charge carriers relax to the
band edges before extraction.

From the calculated values for the effective masses (Table [1)) and dielectric constants (Table

, the optical exciton binding energies were determined under the effective mass approxi-

mation:42
m*
Eex,opt = ( )RH (4)
2
mop€5,
where m* = nTT% is the reduced effective mass, mq is the electronic mass, Ry is the
e

Rydberg constant and e, is the optical dielectric constant as before.
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