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Cs2AgBiBrg is a representative halide double perovskite which exhibits promising photovoltaic and
light-emitting properties, making it a candidate for next-generation solar cells and LED technologies.
Here, we study various possible excited states of this material to understand its absorption and
emission properties. We use Time-Dependent Density Functional Theory (TD-DFT) coupled with
non-empirical hybrid functionals, specifically PBEO(«) and dielectric-dependent hybrids (DDH) to

explore direct, indirect, and self-trapped excitons in this material.

Based on comparison with

experiment, we show that these methods can give excellent prediction of the absorption spectrum
and that the fundamental band gap has been underestimated in previous computational studies. We
connect the experimental photoluminescence signals at 1.9-2.0 eV to the emission from self-trapped
excitons and electron polarons. Finally, we reveal a complex landscape with energetically competing
direct, indirect, and self-trapped excitons in the material.

Halide perovskites (HPs), materials with the general
ABX3 formula, have attracted significant interest for
their advanced optoelectronic applications, including so-
lar panels and lighting. A subclass within the HP family,
halide double perovskites, replaces the single B metal
cation with a combination of two different elements,
yielding the A; BB’ X¢ formula. Also known as elpaso-
lites, these materials hold potential for applications in
photovoltaics, X-ray detection, and white light emission.
Among halide double perovskites, CsyAgBiBrg stands
out as one of the most studied. It has gained interest
as a viable alternative to lead-based perovskites due to
its high stability, non-toxicity, outstanding optoelectronic
properties, and multifunctionality. Additionally, it has
emerged as a benchmark case, both for experimental and
computational studies.

One of interesting properties of halide double per-
ovskites is that they often exhibit significant light emis-
sion. In CseAgBiBrg, a photoluminescence (PL) peak
has been measured at 1.9-2.0 eV[1-3]. This emission has
been assigned to the indirect band gap [2, 4, 5] or sub-gap
states [6] such as color-centers [1, 3]. It is therefore use-
ful to computationally assess the likelihood of different
sources of emission. Since the possible interpretations in-
volve both free (in particular indirect) excitons and self-
trapping, such comparison requires a method that can
model energetics of delocalized and localized excitations
on the same footing.

The study of excited states requires methods extend-
ing beyond the density functional theory (DFT), such as
the Bethe-Salpeter equation (BSE)[7-11]. However, the
high computational cost of BSE makes its use imprac-
tical in the case of self-trapped excitons (STEs), which
in the most commonly used approach require the use of
supercells. One notable exception is a study by Ismail
et al. [12] on the STE in SiO2. We note that recent
developments by Dai et al.[13, 14] made it possible to
model STEs in unit cells. However, this technique has
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not been yet widely applied and in the present study
we focus on a cubic perovskite phase, which has been
shown to be impossible to describe completely using a
small symmetric structure [15-17]. Alternatively, recent
advancements have paved the way for more computation-
ally efficient alternatives without compromising the ac-
curacy inherent in BSE. Most notably, the combination
of time-dependent density functional theory (TD-DFT)
with non-empirical hybrid functionals has been shown to
achieve the accuracy of BSE at a fraction of the cost
[18, 19]. While this method has been so far used for pris-
tine materials and free excitons, its predictive power and
relatively high computational efficiency make it a promis-
ing method for studying STEs as well. In a recent study
by Jin et al. [20] it has been shown that STEs can be effi-
ciently studied using the TD-DFT method. At the same
time, they showed that the constrained-occupation DFT
method, also called ASCF, leads to very similar geome-
tries using TD-DFT forces to relax the structure of the
STE.

In the present study, we combine TD-DFT with two
types of non-empirical hybrid functionals. One is based
on the PBEO(«) functional where the fraction of exact
exchange « is set to a value which satisfies the general-
ized Koopmans’ condition [21-23]. Another one belongs
to the class of dielectric-dependent hybrid functionals
(DDH) [24-26], in which the exchange potential follows
the inverse of the dielectric function. From these meth-
ods, we extract the transitions of the direct and indirect
free excitons as well as of the self-trapped exciton in the
singlet and triplet state. We show that different excited
states can be close in energy and by performing careful
convergence studies we obtain the emission energy from
the singlet state of the STE close to the experimental PL
signal.

Calculations are performed using two simulation cells.
Parametrization of the DDH functional and most conver-
gence tests are done using the unit cell of CsyAgBiBrg
(spacegroup Fm3m) using the experimental lattice pa-
rameter of 11.27 A [27]. Calculations for the free ex-
citons and the STE are done in a supercell containing
320 atoms, based on the polymorphous cubic structure
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(a) Inverse dielectric function versus wave vector at the I' point calculated within the RPA and fitted with Eq. 1.

(b) Absorption spectra calculated using TD-DDH and TD-PBE0(28%) compared with the experimental results from Ref. [3].

[16] from Ref. [23], where we used the ASCF method
for the excited state. In that work, we studied charge
localization in CsyAgBiBrg and showed that small elec-
tron polarons and STEs are stable in the material, while
the localization of small hole polarons is less favorable.
We note that these results align well with the later find-
ings by Lafuente-Bartolome et al.[28]. From Ref. [23], we
adopt the o parameter in PBEO(«) of 0.28, which has
been shown to satisfy the Koopmans’ condition for the
Br vacancy. All simulations presented in the main text
include spin-orbit coupling (SOC), while some of the con-
vergence tests shown in the Supporting Information (SI)
are done without this contribution. Additional computa-
tional details and convergence tests can be found in the
SI.

We first calculate the dielectric function e of
CsoAgBiBrg within the random-phase approximation
(RPA). The calculation is carried out using an energy
cutoff of 400 eV and a k-point mesh of 6x6x6. As shown
in the SI, these parameters lead to a very well converged
dielectric function. The result is given in Fig. 1a in which
we also include the fit following:

eHE) =1 (1— e t)e” G/, (1)

where ¢, ! corresponds to the long-range exchange frac-
tion at G = 0, G is the wave vector, and p is the
range-separation parameter. We obtain ¢ 1'=0.19 and
pn=1.1.

To verify the validity of our hybrid functionals, we
compare the absorption spectra calculated via TD-DFT
with experimental results from Ref. [3] (see Fig. 1b).
Convergence tests corresponding to the TD-DFT cal-
culations are given in the SI. We observe a very good
agreement with the experimental results using both hy-
brid functional, with TD-PBEO0(28%) reproducing the
position of the first absorption peak almost exactly and
TD-DDH slightly overestimating it, while giving a better
agreement for the valley after the first peak. We note

that using the nonempirical hybrid functionals we obtain
a much better agreement with experimental data than
previous GoW calculations [5, 29], where the position of
the first peak was underestimated by about 0.6 eV. This
is due to the fact that while non-empirical hybrid func-
tionals have been shown to give high accuracy in describ-
ing band gaps of halide perovskites [22, 30], the one-shot
GoWy used in Ref. [29] can significantly underestimate
that property [15, 31, 32]. We note that while Ref. [5]
considered partial self-consistency by updating energies
in G and W (the evGW scheme), this approach still did
not lead to the full increase of the band gap that would
reproduce experimental results. In Table I we include the
fundamental direct and indirect gaps calculated with the
DDH and PBEO(«) methods and compare them with pre-
vious computationally reported values (the band struc-
ture is given in the SI). First, we note that the two hy-
brid functionals constructed using different physical con-
siderations lead to almost the same indirect and direct
band gaps. Second, we observe that the values present
here, about 2.7 and 3.5 eV for the indirect and direct
transition, respectively, are much higher than all previ-
ous estimates. The highest values from earlier works,
2.1 and 2.7 eV respectively, from partially self-consistent
evGW calculations, are still lower by 0.6 and 0.8 eV, re-
spectively. Considering the excellent agreement between
absorption spectra calculated here and the experiment,
we argue that the presented fundamental gaps are more
reliable predictions than the previously reported values.

The previous calculations were performed for the per-
fect cubic structure of CsyAgBiBrg. It has been shown
that such a symmetric model is not a good represen-
tation of the locally and dynamically disordered halide
perovskites [15-17]. Therefore, we now turn to the study
of the excited states of CsoAgBiBrg based on a more
realistic polymorphous model constructed in Ref. [23].
We adopt one polymorphous structure for the pristine
Cs2AgBiBrg and one for the STE from Ref. [23]. These



structures were generated using the CP2K code [34, 35]
and here, for consistency, we further relax the atomic
position within vAsp. In the following, we focus on the
PBEO0(28%) functional, as it gives a slightly better agree-
ment with experiment for the lower part of the absorp-
tion spectrum. The STE is relaxed within its lowest
triplet state and we assume that the atomic positions do
not change significantly for the singlet state. We show
the isodensities of the localized hole and electron in Fig-
ure 2a). We then perform TD-DFT calculation using the
two hybrid functionals on top of these geometries. While
the relaxation is performed using the I' point only, for
the TD-DFT calculations we use a special grid with four
k-points. As shown in the SI, this grid yields lower parts
of the absorption spectra that agree well with those from
the 2x2x2 grid. The differences in the positions of the
two lowest peaks between the two grids are below 0.03 eV.
In the pristine material, we observe the lowest transition
at 2.45 eV. This transition is dark and corresponds to
the lowest indirect exciton. It would not be captured
in the unit cell, unless momentum transfers are consid-
ered as in Ref. [5]. However, in the supercell used in this
study, the X and L points are folded onto the I'" point
and are directly accessible by TD-DFT. From the differ-
ence between this dark transition and the fundamental
band gap in the polymorphous supercell of 2.83 eV we
estimate the binding energy of the lowest indirect free
exciton to be 0.39 eV. This is slightly lower than the
value of 0.48 eV, reported by Palummo et al. [5]. The
first bright transition, corresponding to the lowest di-
rect free exciton is found at 2.96 eV, while the lowest
direct independent-particle transition equals 3.57 eV in
the same setup. This implies the binding energy of the
direct exciton of 0.61 eV. We note that this value is signif-
icantly higher than previously reported ones (0.34 eV in
Ref. [5] and 0.17 eV in Ref. [29]), which can be assigned to
the higher fundamental band gap of CsyAgBiBrg in the
present setup. In their study, Biega et al. [29] demon-
strated a linear relationship between the exciton binding
energy and the size of the direct band gap, which would
explain the higher value found here. Additionally, our
estimation of the exciton binding energy is based on a
polymorphous cell containing local distortions and octa-
hedral tilts, while the previous studies considered unit
cells of CsyAgBiBrg.

We now analyze the transitions in the TD-DFT cal-
culations for the STE geometry. We note that the cal-
culation corresponds to the excitation from the singlet

TABLE I. Fundamental indirect and direct band gaps from
the PBEO(«) and DDH functionals compared with previously
reported values.

Indirect gap (eV) Direct gap (eV)

PBE0(28%) 2.66 352
DDH 2.66 3.50
GoWo Ref. [33] 1.83 2.51
GoWo Ref. [29] 1.66 2.41
evGW Ref. [5] 2.1 2.7
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FIG. 2. (a) Isodensities of the hole (in red) and electron
(in blue), localized within the AgBrs and BiBrg octahedron,
respectively. The rest of the structure was removed for clar-
ity. (b) Emission from the STE compared with the experi-
mental PL spectrum from Ref. [3]. The broadened spectrum
was generated by convolution with Gaussians with a width of
0.03 eV. All spectra were rescaled to have the same maximum.
(c) Band contributions to each of the transitions marked in
the upper panel. For each initial (final) state, the contribu-
tions of different final (initial) states, as well as all k-points,
are added up.

ground state. However, since absorption and emission
are inverse processes, the calculated energy transitions
can be expected to be directly comparable to measured
photoluminescence spectra. The calculated transitions
of the STE are given in Figure 2b). While TD-DFT
gives all transitions, we only plot those below 2 eV, as
they correspond to the energy range in which photolu-



.\ FC Dir /
4 I FCingir 7
STE S
g 3 FE \ndi i A/
B STET T
© — .
> \> ©
D5 @ @ ]
[} © —
c @ I
L o LEL'\
1r 8 .
©
Gs w
0 \
Displacement (Q)
FIG. 3. Configuration coordinate diagram of different

electron-hole pairs in Cs2AgBiBrs, including free carriers
(FC), free excitons (FE) and self-trapped excitons (STE). ‘In-
dir’ and ‘Dir’ refer to indirect and direct transitions, and ‘S’
and ‘T’ to singlet and triplet states.

minescence is measured. We compare the results with
the experimental PL spectrum from Ref. [3]. The mea-
surement was done at 4 K, hence the phonon broadening
can be neglected in the comparison. While the simulated
spectrum is at lower energies than the experimental one,
the difference between the middles of the spectra is only
about 0.2 eV, representing fairly good agreement. We
also note that the broadness of the experimental peak at
low temperatures can be explained by the distribution
of transitions which contribute to it. In Figure 2c) we
show the band composition of the calculated transitions.
The lowest transition at 1.42 eV has a very low inten-
sity and corresponds to a spin-forbidden triplet-singlet
transition between the localized electron and hole states
from within the STE. Then, at 1.68 eV there is a bright
transition from the singlet state of the STE. This im-
plies a separation of 0.26 eV between the lowest triplet
and higher singlet states of the STE in Cs;AgBiBrg. At
higher energies, between 1.74-1.95 eV, there is a distribu-
tion of transitions which all involve the localized electron
state and both localized and delocalized hole states. This
range of energies can be used as an estimate of PL stem-
ming from the electron polaron, if the STE dissociates.
In this energy range, we do not observe any transitions
between the localized hole and delocalized electrons, be-
cause the hole in the STE has a more shallow level than
the electron and this type of emission would mostly over-
lap with the absorption onset close to 3 eV.

Using the energy transitions from the TD-DFT calcu-

lations, we finally construct the configuration coordinate
diagram. It allows us to compare the energies of direct,
indirect and self-trapped excitons. The diagram, given
in Figure 3 is based on TD-PBE0(28%) calculations in
the polymorphous cubic supercell. The diagram reveals
a complex landscape of electron-hole excitations in the
material and can be used to analyze the dynamics of the
excited charges. First, direct free excitons are created.
These free excitons can then be trapped, in the form of
the singlet STE. This STE can then undergo four pro-
cesses. One, it can recombine leading to a bright emis-
sion that can be measured in photoluminescence. Two,
it can lower its energy and turn into a triplet form of
STE. Three, it can detrap and become an indirect free
exciton, which has an energy very close to that of the
triplet STE (within 0.1 eV in the current computational
setup). Finally, it could also dissociate leaving behind a
localized electron and possibly a delocalized hole [23].

In conclusion, we have studied different types of exci-
tons in Cs;AgBiBrg halide double perovskites. We first
assessed the performance of two non-empirical hybrid
functionals, PBE0(28%) and DDH in the description of
the optical properties of the pristine material. We have
shown that both of them predict band gaps higher than
what was previously reported in the literature and give
absorption spectra in very good agreement with exper-
iment. We then used the TD-PBE0(28%) technique to
study excitations in the polymorphous cubic supercells
corresponding to the ground-state structure and the self-
trapped exciton. This allowed us to show that the emis-
sion from the STE is in good agreement with experi-
mental PL spectra. Based on a configuration coordi-
nate diagram, we finally revealed a complex landscape of
electron-hole pairs in the materials with direct, indirect
and self-trapped excitons having comparable energies.
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1 Computational details

All calculations in the main text are done within the Projector Augmented-Wave (PAW) method, as
implemented in the VASP software package.!? The atomic position in the unit cell were first relaxed
within the SCAN+1VV10 functional®, which has been shown to give very good predictions of structural
properties of halide perovskites.* As the valence states, we consider 5s25p%6s! for Cs, 4d'°5s! for Ag,
6526p> for Bi, and 4s524p® for Br. We note that in a recent study, Wang et al.® showed that including
semicore states has an important effect on the band gaps of CsyAgBiBrg calculated combining norm-
conserving pseudofunctionals and hybrid functionals. We verified that, when using the PAW method,
including one additional shell in the valence states of Ag, Bi, and Br increases the band gap by only
0.08 eV and 0.05 eV with the DDH and PBE0(28%) functionals, respectively. Therefore, we conclude
that the issue observed by Wang et al. is specific to norm-conserving pseudopotentials.
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Figure 1: Band structure of Cs;AgBiBrg calculated within the PBE0(28%) functional.

We calculate the frequency-dependent dielectric function in the unit cell within the Random Phase
Approximation (RPA). We verify the convergence with the cutoff energy and the k-point grid and find
that the dielectric function is well converged with the grid of 4x4x4 and cutoff of 400 eV.

Next, we test the convergence of the absorption spectra calculated within the TD-PBE0(28%)
method in the unit cell. We find that the lower part of the spectrum is well converged using the cutoff
of 200 eV, the k-point grid of 6x6x6 and considering 10 occupied and 10 unoccupied bands in the
Casida equation. We note that we apply here the Tamm-Dancoff approximation.
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Figure 3: Convergence of the absorption spectrum with respect to the cutoff energy.

We perform separate convergence tests for the supercell calculations.

remains the same, we verify the convergence of the absorption spectra with respect to the k-point

mesh and the number of occupied and unoccupied states in the Casida equation. To speed up the

convergence with the number of k-points, we use a special grid with 4 points at (0,0,0), (0,0.5,0.5),
(0.5,0,0.5), and (0.5,0.5,0). This grid gives absorption spectra in good agreement with the 2x2x2

grid and is used in the main text.
peaks in the absorption spectra to slightly higher energies.
states considered in the Casida equation shifts the peaks to lower energies. Therefore, we anticipate a

We observe that increasing the density of k-points shifts the
Conversely, increasing the number of

significant cancellation of errors between these two convergence parameters.
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While the cutoff energy
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Figure 4: Convergence of the absorption spectrum with respect to the k-point grid.
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Figure 5: Convergence of the absorption spectrum with respect to numbers of occupied and unoccupied
bands included in the Casida equation.
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Figure 6: Convergence of the absorption spectrum calculated on the ground state in the geometry of
the STE with respect to the number of k-points. The convergence tests was carried out without SOC.
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equation.
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