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Halide double perovskites are a chemically-diverse and growing class of compound semiconduc-
tors that are promising for optoelectronic applications. However, the prediction of their funda-
mental gaps and optical properties with density functional theory (DFT) and ab initio many-body
perturbation theory has been a significant challenge. Recently, a nonempirical Wannier-localized
optimally-tuned screened range-separated hybrid (WOT-SRSH) functional has been shown to accu-
rately produce the fundamental band gaps of a wide set of semiconductors and insulators, including
lead halide perovskites. Here we apply the WOT-SRSH functional to five halide double perovskites,
and compare the results with those obtained from other known functionals and previous GW cal-
culations. We also use the approach as a starting point for GW calculations and we compute the
band structures and optical absorption spectrum for Cs2 AgBiBrg, using both time-dependent DFT
and the GW-Bethe-Salpeter equation approach. We show that the WOT-SRSH functional leads to
accurate fundamental and optical band gaps, as well as optical absorption spectra, consistent with
spectroscopic measurements, thereby establishing WOT-SRSH as a viable method for the accurate

prediction of optoelectronic properties of halide double perovskites.

I. INTRODUCTION

Over the past decade, halide double perovskites have
emerged as potential lead-free alternatives to light ab-
sorbing lead halide perovskites [1-11]. These semicon-
ducting materials possess the compositional flexibility of
the perovskite structure, and can exhibit greater ther-
modynamic stability compared to other perovskites [6, 7].
Lower effective masses [2], small gaps in the visible range,
and long recombination lifetimes [8] make these materials
highly favorable as potential solar absorbers [9-11].

The optoelectronic properties of halide double per-
ovskites have generated significant theoretical and com-
putational interest, with most calculations of halide
double perovskites relying on density functional theory
(DFT) [13, 14] and ab initio many body perturbation
theory (MBPT) within the GW approximation and the
Bethe-Salpeter equation (BSE) approach [15, 16]. These
methods are vital tools for the prediction of critical quan-
tities, e.g. band gaps, exciton binding energies, effec-
tive masses, and optical absorption spectra [17, 18] of
halide double perovskites [12, 19]. However, state-of-
the art Green’s function based approaches are sensi-
tive to the underlying (generalized) Kohn-Sham “start-
ing point” used in computationally-efficient “one-shot”
GoWy MBPT calculations [20-24]. Within Kohn-Sham
DFT [14], semilocal and local exchange and correlation
(XC) functionals, along with hybrid functionals in the
generalized KS scheme [25], have been a popular and nec-
essary tool for approximating the fundamental band gaps
of material systems, even given their known deficiencies.

FIG. 1. Schematic view of the cubic, F'm3m phase of the
halide double perovskite, Cs; AgSbBrg. Ag atoms are denoted
in silver, and Cs in orange. The Wannier function used for
the tuning is seen in blue and yellow; it comprises a local-
ized s-orbital on the Sb (magenta) atom, with surrounding
p-orbitals localized on the Cl (green) atoms, which is in agree-
ment with orbital contributions (e.g. orbital makeup) of the
valence band maximum predicted in Ref. [12].

These XC functionals (including popular global hybrids)
are also used to approximate the optical properties of ma-
terial systems using the time-dependent DFT (TDDFT)
framework [26-28]. But these XC functionals are known
to severely underestimate the fundamental gap, mainly
due to the missing derivative discontinuity [29-33]. Thus,
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the need for an XC functional that is both non-empirical
and beyond the semilocal and local level, and that can
alleviate some of the deficiencies present in existing XC
approximations, is current.

To date, there is no single local, semilocal, global hy-
brid functional, alone or in conjunction with a GW ap-
proach, that has accurately and consistently predicted
fundamental gaps or related properties of halide double
perovskites [22]. Their chemical complexity and the pres-
ence of heavy elements pose significant challenges [34].
Furthermore, some of these materials are known to have
non-negligible exciton binding energies of ~ 0.2 — 0.6 eV
[12, 19], complicating the interpretation of experimental
data; values extracted from optical absorption spectra
that are obtained from fitting procedures with models
that do not account for electron-hole interactions can be
in error. While significant progress has been made in
synthesizing these material systems, experiments report
conflicting gaps [2, 34, 35], potentially calling for a re-
analysis of measured data with models that account for
electron-hole interactions [36]. An accurate XC func-
tional would provide a deeper understanding of these
issues and enable greater predictive power of potential
as-yet-unsynthesized or characterized halide double per-
ovskites.

Recently, a non-empirical range separated hybrid func-
tional was proposed for the prediction of fundamental
band gaps and has been benchmarked on group III-
V semi-conductors and insulators [37], lead halide per-
ovskites [38], and closed-shell metal oxides [39]. This
Wannier-localized optimally-tuned screened range sepa-
rated hybrid (WOT-SRSH) functional has yielded fun-
damental band gaps with a mean absolute error (MAE)
relative to experiment of 0.08 eV for a set of typical semi-
conductors and insulators [37], and ~ 0.1 eV for lead
halide perovskites [38], and has even been used as an
optimal starting point for MBPT calculations [39, 40].
The parameters associated with this hybrid functional
are computed non-empirically on a system-by-system ba-
sis to satisfy an ionization potential ansatz and to enforce
the correct asymptotic screening limit of the Coulomb po-
tential in solids. While use of other advanced functionals
can certainly improve the accuracy of band gaps [41-50],
the search for a scheme that is accurate to within the
experimental uncertainty in a nonempirical fashion for
halide double perovskites is ongoing. Here we apply the
WOT-SRSH XC functional to compute the fundamen-
tal band gaps of five double halide perovskites, namely
CsyAgBiBrg, CsoAgBiClg, CssAgSbBrg, CsyAgSbClg,
and CsyAgTIBrg, and also use it as a starting point for
GoWy calculations. We compare with common density
functionals, previous GW calculations, and recent ex-
perimental results, where appropriate. We also use the
WOT-SRSH functional to obtain band structures and op-
tical absorption spectra for Cso AgBiBrg, comparing with
previously reported optical gaps and with ab initio GW-
BSE calculations. We find that the WOT-SRSH func-
tional predicts fundamental gaps for these systems that
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FIG. 2. (a) v tuning plots, with a = 0.4, for Cs;AgBiCls,
Cs2AgBiBrg, Cs2AgSbClg, CsaAgSbBrg, and Cs; AgTIBrs.
Variation in band gap (eV) with respect to («, ) pairs for
(b) Cs2AgBiBrg, and (c) Cs2AgBiClg. Labeled points on the
curves correspond to the tuned v (Bohr™!) for the value of a.
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are, to date, the most consistent with experiment when
accounting for known exciton binding energies and mod-
ulo any effects of lattice vibrations.

II. THE WOT-SRSH FUNCTIONAL

The screened-range separated hybrid (SRSH) [51] func-
tional depends on three parameters: the fraction of short-
range exact (Fock) exchange, «; the range-separation
parameter, v; and the orientationally averaged high-
frequency dielectric constant, €,,. These three param-
eters are introduced into the exchange contribution of
the Coulomb interaction via the identity [51]

XX,SR KSx,SR

—_— ———
1 aerfc(fyr) +-a) erfe(vyr) N
r r r

1 erf(yr) N (1 3 1) erf(yr) - (1)
Eoo T Eco r
XX,LR KSx,LR

In Eq. (1), the first two terms correspond to short-range
(SR) interactions, and the latter two terms to long range
(LR) interactions. The first and third terms are treated
using exact exchange (xx), and the second and fourth
terms are treated using Kohn-Sham (KS), semilocal ex-
change (KSx). Choosing £+, as the prefactor of the LR
exact exchange ensures that the many-body interaction
tends to the correct physical form in the asymptotic po-
tential [37-40, 51]. More generally, the SRSH XC func-
tional using semilocal correlation (KS¢) can be written
as

SRS S S
EXI; H(a,%soo) = aEXE{( +(1- a)EKng—l—

1 1 2
—EN+ (1 - S)Eﬁgx + Exse- )

o0 oo

For finite systems, the range-separation parameter -y
was tuned to satisfy the ionization potential (IP) theo-
rem [31, 42-48, 52-54], but a different approach is re-
quired for extended systems. This known issue arises
due to a delocalization of the KS orbitals, which causes
the TP theorem to be trivially satisfied [55-58]. To ad-
dress this, the WOT-SRSH functional uses maximally-
localized Wannier functions to tune « to satisfy an IP
ansatz [59]. In practice, v is tuned until AI7 = 0 [37],
where

A" = Bl [9l(N — 1) = EV(N) + (9| Hipspl ). (3)

In Eq. (3), the total energy of the system with N elec-
trons, E7(N), is subtracted from the total energy of the
system with one electron removed from the Wannier func-
tion, ¢, EY .[¢0](IN — 1), using a Makov-Payne image

Fm3m v (Bohr))  eo  aia (A)
Cs2AgBiBre 014 5.02[12] 5.63[1]
Os2AgBiCls  0.15  4.68[12] 5.39[1]

Cs2AgSbBrg 0.14
Cs2AgSbClg 0.15
Cs2AgTI1Brg 0.165 3.81

]
5.96[12% 5.58[61]
4.77[12] 5.33[62]
5.54[5]

TABLE I. Tuned v values (for « = 0.4), the dielectric con-
stants, €., and experimental lattice constants, aj.+ , used in
the calculations.

charge correction [37, 60]. <¢|H’§RSH|¢> is the expecta-
tion value of the energy of a Wannier function, ¢, with re-
spect to the SRSH generalized KS Hamiltonian, Hdgqy-
The crucial aspect here lies in the removal of an electron
from the state corresponding to the localized Wannier
function, ¢, instead of from the delocalized orbital with
the highest energy. This removal is enforced by minimiz-
ing the total energy of the NV — 1 electron with an added
constraint imposed by the equation,

(Hsrsm + M) (@) i) = €ls). (4)

Here )\ acts as a Lagrange multiplier, which at the limit
of large A enforces the electron to be fully removed from
¢. Eq. (4) is solved self-consistently for the (N — 1)
electron system, with {1;}, {€;} defined as the set of
eigenfunctions and eigenvalues corresponding to it.

To summarize, the WOT-SRSH scheme has four steps.
The first step is the calculation of the ion-clamped
orientationally-averaged dielectric constant, e.,. Second,
using a supercell, we obtain a maximally localized Wan-
nier function, ¢, with the highest energy (i.e. the expec-
tation value of the generalized KS Hamiltonian, with re-
spect to the Wannier function). Third, ~ is tuned, given
a choice of ¢, in the same supercell until |AI7| < 0.02 eV
[37]. Fourth and finally, we perform SRSH calculations
with the tuned « and ~ values in a primitive cell, to ob-
tain the band gap or any property of interest. Following
previous work [37, 38] we tune in a 2x2x2 supercell using
I'-point only sampling of the Brillouin zone, and neglect-
ing spin-orbit interactions. Spin-orbit interactions are
included in the final calculation (of step 4) and are re-
quired to obtain accurate band gaps and band structures
for this set of halide double perovskites [34]. Below, we
elaborate and discuss each step in detail.

III. RESULTS

The tuned v parameters for a fixed choice of a = 0.4,
as well as the computed orientally averaged dielectric
constants e.,, obtained for different cubic halide dou-
ble perovskites are given in Table I. Experimental lat-
tice constants at room temperature are used for all
calculations[1, 61, 62]. While CsyAgBiBrg transforms
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into a tetragonal phase at low temperatures exhibiting
octahedral tilting and small deviations from the cubic
phase [36] we are unaware of low temperature data for
the other compounds studied here. The dielectric con-
stants needed for step 1 for the Bi and Sb compounds are
taken from Ref. [12] where they were obtained from the
inverse of the head of dielectric function computed within
the random phase approximation using the BerkeleyGW
[18, 63, 64] software package. We use the dielectric con-
stants for the materials of Ref. [12] to facilitate compar-
ison with their reported values. The dielectric constant
for CsyAgTIBrg is computed here in the same manner.
Both the £ and the image charge correction are kept
fixed throughout the calculations for consistency, in line
with Ref. [37]. Additional details on all calculations, in-
cluding a discussion of choice of pseudopotentials, can be
found in the Supplementary Information [65].

Following Ref. [37], we select the maximally-localized
Wannier function that has the highest expectation en-
ergy. As a representative example, in Fig. 1 we show
the isosurface of this Wannier function for Css AgSbBrg.
We find our calculated Wannier functions to be in line
with previously reported orbital contributions to the va-
lence band maximum [12]. In particular, Fig. 1 shows
a localized s-orbital on the Sb atom, with surrounding
p-orbitals localized on the Cl atom. We note that using
a Wannier function with lower energy shifts the gap by
< 0.2 eV. However, this is not physically motivated, par-
ticularly if the Wannier function does not resemble the
known orbital contributions of the valence band maxi-
mum.

The tuning curves, namely Al as a function of ~, are
given in Fig. 2. Fig. 2a shows the tuning curves for all
the materials investigated, for « = 0.4. The curves are
smooth and monotonic, as previously reported for other
materials [37]. The tuned 7 parameters (for o = 0.4)
are found when these curves cross zero, and thus satisfy
Eq. (3). We emphasize some aspects of the tuned param-
eters. First, all tuned v values are within 0.02 Bohr—!,
consistent with the fact that all compounds have the
same F'm3m cubic phase and exhibit similar chemistry.
Second, a larger amount of SR exact exchange is needed
compared to other common global hybrids in order to
tune the range separation parameter 7y, i.e., no tuned
(o, 7y) pairs could be found for o« = 0.25. This trend has
previously been noted in other functionals of different
construction (using a distinctly different rationale) [66—
69], but also with the WOT-SRSH for lead halide per-
ovskites [38]. As defined in the generalized KS scheme of
RSH functionals, in principle any choice of a maps the
exact density equally well [70], and thus the choice of «
can vary from the traditional value of 0.25. Further, as
previously noted [37], when 1/eo ~ 0.25, AI becomes
independent of v, and thus a value different than 0.25
must be used.

As shown in Ref. [37], there are many («, ) pairs that
can satisfy Eq. (3), such that |AI7| < 0.02 eV. In other
words, («, ) pairs are not unique. However if different,

indirect  PBE PBEO HSE il]g/A@[12] -\SNROSE GV_VS@R\SNHOT
Cs2AgBiBrg 1.05 245 1.82 1.66 2.66 2.67
Cs2AgSbBrg 0.76 2.02 1.41 1.40 2.15 2.28
Cs2AgBiClg 1.50 3.13 2.92 2.58 3.52 3.79
Cs2AgSbClg 1.26 2.75 2.10 2.26 3.05 3.45
Cs2AgTIBrg — - - - - -

TABLE II. Indirect (fundamental) gaps of the F'rn3m cubic
halide double perovskites, calculated using PBE, PBEO, HSE,
GoWo@QLDA [12], WOT-SRSH and GoW,@ WOT-SRSH, in-
cluding spin - orbit coupling effects. All quantities reported
in eV.

direct PBE PBEO HSE i‘g/A@[12] —\SNROS{I GV_VSCI@{\SZEOT
Cs2AgBiBrg 1.76 3.13 2.48 2.41 3.31 3.38
Cs2AgSbBrg 1.93 3.22 2.65 2.73 3.32 3.69
Cs2AgBiCls 2.05 3.64 2.79 2.98 4.03 4.27
Cs2AgSbClg 2.37 3.86 3.18 3.43 4.10 4.56
Cs2AgTIBrg 0.00 0.92 0.17 - 1.36 1.11

TABLE III. Direct gaps of the Fm3m cubic halide double
perovskites, calculated using PBE, PBE0, HSE, GoW,QLDA
[12], WOT-SRSH and GoWy@ WOT-SRSH, including spin -
orbit coupling effects. All quantities reported in eV.

tuned (o, ) pairs are used, the gap (both direct and
indirect) varies by less than 0.2 eV, which agrees with
Ref. [37]. This is shown in Fig. 2b, ¢ for Csy;AgBiBrg
and CssAgBiClg, and also demonstrates the stability of
the WOT-SRSH functional.

Tables I, and ITI summarize the indirect and direct gaps
computed using WOT-SRSH and GyW,@WOT-SRSH,
and include for comparison results computed with PBE
[71], PBEO [72] and HSE [73] functionals, as well as
GoWo@QLDA [12]. With the exception of CsyAgTIBrg,
which has a direct fundamental gap at I, all materials
investigated have an indirect fundamental gap with the
valence band maximum at the high symmetry point X
in the Brillouin zone, and the conduction band minimum
at L . As reported previously, the PBE gaps are smaller
than those predicted by other methods by at least ~ 1
eV; also consistent with prior calculations, PBE erroneu-
ously predicts the T1 compound to be metallic. While di-
rect and indirect band gaps computed with PBEO, HSE,
and WOT-SRSH exhibit similar trends for the five halide
double perovskites studied here, the different function-
als predict gaps that are significantly different quantita-
tively. Notably, while the HSE gaps are all larger than
those computed with PBE — by close to a factor of two for
CsaAgSbBrg and Csy; AgBiClg — the PBEQ gaps can be up
to 50% larger than HSE. The significant quantitative dif-
ferences with WOT-SRSH found here for different hybrid
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functionals (with the exception of PBEQ), and the sen-
sitivity to starting point for GoWj have been discussed
previously, where it was noted that a “one-size-fits-all”
functional for predicting band gaps is lacking for double
and single halide perovskites [22]. Moreover, the WOT-
SRSH gaps are computed to be somewhat larger than the
PBEO gaps. Although they are in general within 0.2 eV of
PBEO in most cases, the exceptions are Css AgBiClg and
CsoAgTIBrg, where the WOT-SRSH gaps are noticeably
larger compared to PBEO — a clear contrast between the
two functionals. While GoW, corrections to the LDA
gaps lead to values aligned with HSE, they are signif-
icantly smaller than GoWj corrections to WOT-SRSH.
This is possibly due to LDA severely underestimating the
gaps for these systems, and thus affecting the GoWj re-
sults, when used as a starting point. We further note that
the GoW, values obtained with WOT-SRSH are much
larger when compared to GoWy@QLDA, and more consis-
tent with the uncorrected WOT-SRSH gaps. This is in
agreement with prior work finding small GW corrections
to WOT-SRSH gaps of semiconductors and insulators
[40]. Consistent with prior reports [12, 74], we find the
Cl compounds to have a larger gap than Br compounds
(for a fixed Bi or Sb), associated with the fact that the Cl
compounds have smaller volumes and therefore greater
hybridization. Likewise we find the Bi compounds have
smaller gaps than those with Sb likely due to Bi 6s and 6p
contributions to the band edges being more delocalized
than their Sb 5s and 5p counterparts.

Despite experimental interest in the halide double per-
ovskites explored here, we are not aware of direct mea-
surements of the fundamental gaps of these compounds,
rendering a direct comparison to experiment challeng-
ing. Reports of measured band gaps in the literature
are often derived from optical data, usually taken at
room temperature, relevant to device operating condi-
tions. Optical gaps are by definition smaller than funda-
mental gaps, with the difference being the exciton bind-
ing energy. While previous calculations of these materials
(excluding Cs2AgT1Brg) report resonant excitons corre-
sponding to direct optical transitions at X and L (with
relatively large exciton binding energies of ~ 0.2 — 0.4
eV [12]), prior band gaps extracted from measured op-
tical absorption spectra were obtained from Tauc fits of
spectra that do not account for electron-hole interactions
(likely an acceptable approximation for these compounds
[5]). In particular, all indirect gaps reported from experi-
ments were extrapolated from Tauc plots [36, 61, 62]. For
the reported experimental gap [5, 75] of CsyAgTIBrg, a
Kubelka-Munk transformation was used to determine the
gap, which also neglects electron-hole interactions. Fur-
ther, distinct experimental reports for the indirect gap of
Cs2AgBiBrg differ by 0.3 eV [2, 8, 34].

In what follows, we compare our WOT-SRSH calcula-
tions with experimental optical spectra for CsyAgBiBrg,
which accounts for excitonic effects [36] via an Elliot fit
that captures electron-hole interactions assuming hydro-
genic Wannier-Mott excitons [76, 77]. Comparing the

reported ~ 3 eV direct gap of Csy;AgBiBrg extracted
from this experiment, we find a value within ~ 0.3 eV
of our WOT-SRSH direct gap. While this difference is
larger than those previously found for simpler systems
[37, 40], it lends strong support to the claim of quan-
titative improvement of non-empirical WOT-SRSH and
GoWy@WOT-SRSH gap values, which are systematically
larger than those we obtain with the hybrid function-
als PBEO and HSE. We also observe that GoW, calcu-
lations using the WOT-SRSH eigensystem yield a min-
imal correction of 0.07 eV for the direct gap and 0.01
eV for the indirect gap. Such a small change is in line
with previous work [40] and also suggests that the WOT-
SRSH functional is accurate and predictive for these ma-
terials. From our WOT-SRSH calculations and single-
shot GoWj calculations on top of WOT-SRSH, we can
conclude that nonempirical WOT-SRSH functionals are
more predictive than other functionals to date, provid-
ing values and trends within the expected range for the
halide double perovskites and exhibiting similar perfor-
mance as for other systems [38].

We can also compare the previously-reported
GoWy@QLDA Cs3AgBiClg band structure [12] with
that computed here with the WOT-SRSH func-
tional, as shown in Fig. 3. As shown in Fig. 3a,
the Wannier-interpolated WOT-SRSH band structure
agrees qualitatively (i.e., band dispersion) with the
previous GoWy@QLDA result, with the main difference
being that the magnitude of the WOT-SRSH gap is
larger. Likewise, Fig. 3b compares the WOT-SRSH
band structure along with GoWy@QWOT-SRSH, which
again depicts agreement in band shape, but also in the
magnitude of the gap itself. This agrees with the results
of Tables I and II, and the trends with methods are also
consistent with reported band structures of the simpler
Pb-based halide perovskites [38].

Finally, in Fig. 4 we plot the linear optical absorp-
tion spectra of Cs; AgBiBrg using time-dependent WOT-
SRSH (denoted as TDWOT-SRSH), GoW,-BSEQPBE,
and GoWy-BSEQWOT-SRSH, comparing to re-scaled
experimental data taken from Ref. [78]. In Ref. [36],
excitonic effects were considered in an Elliot fit of the
CsoAgBiBrg absorption spectrum, and an exciton bind-
ing energy of approximately 200 meV was reported at
room temperature. The GoWp-BSEQLDA spectra un-
derestimates the experimental absorption onset by ~ 0.4
eV, as previously noted [12], while those obtained using
WOT-SRSH either with GoWy-BSE or TDDFT overesti-
mate it by a smaller amount, ~ 0.2 eV. The WOT-SRSH
overestimate of the onset by 0.2 eV is a clear improve-
ment over prior calculations in comparison with these
room temperature experiments, as our calculations ne-
glect the effects of lattice vibrations on the peak energies
and line shapes. As we have discussed in our analysis of
other compounds in prior work [37-39], such effects will
tend to redshift peak energies, and one possible explana-
tion of the overestimated peak energies are due to phonon
effects. We specify that quantitative calculations of the
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FIG. 3. Band structures of Cs2AgBiBrg, comparing (a)

WOT-SRSH (black) with previous GoWo@QLDA (blue) calcu-
lations [12], and (b) WOT-SRSH (black) with GoWo@WOT-
SRSH (blue).

role of phonons on the absorption spectrum of this system
would be required to make a more conclusive statement
and be an interesting subject of future work. Moreover,
we note there are additional uncertainties associated with
Elliot fit, given the low-lying excitons have been reported
to be nonhydrogenic [19]. Finally, both spectra obtained
using WOT-SRSH reproduce the line shape associated
with the first valley in the experimental spectrum, while
the spectra derived from a PBE starting point does not.

IV. CONCLUSIONS

We have applied the WOT-SRSH functional to a set of
halide double perovskites, a class of materials for which
the prediction of the fundamental and direct gaps with
any known approach has been a challenge. Previous cal-
culations with both hybrid XC functionals and single shot
G W, approaches have fallen short of predicting a consis-
tent set of gaps. Here we find that WOT-SRSH predicts
the gaps in a consistent manner when compared to prior
GoWo@QLDA calculations. We find our WOT-SRSH cal-
culations agree best with previous experimental results
when accounting for excitonic effects (and modulo the ef-
fects of lattice vibrations), and that the improvements to
predicted band gaps over other approaches is consistent
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FIG. 4. Optical absorption coefficient «e2/cn of the Fm3m
cubic Cs2AgBiBrs, where 2 is the imaginary part of the di-
electric function, c¢ is the speed of light, and n is real part of
the index of refraction. The GoWy-BSEQPBE denoted in pur-
ple, experiment data from Ref. [78] in black, TDWOT-SRSH
in green, and GoWo-BSEQWOT-SRSH in orange. Original
experiment from [78] reports absorbance (unitless) as a func-
tion of wave length. To compare with our calculation of the
absorption coefficient (in units of em™") as a function of pho-
ton energy, we have transformed the energy axis in eV and
have also rescaled the experimental data such that the height
of the excitonic peak is the same as from GoWy-BSEQWOT-
SRSH.

with previously investigated materials [37-39]. We also
find agreement with previously reported band structures
using WOT-SRSH. Finally, for Css AgBiBrg, we find that
WOT-SRSH can improve on predicted optical absorption
spectra when used either as a starting point to TDDFT
calculations or for GoWjy-BSE.
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