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Using first-principles GW plus Bethe-Salpeter equation calculations, we identify exceptionally strong exci-
tonic effects in several vacancy-ordered double perovskites Cs,MX¢ (M = Ti, Zr; X = 1, Br). Giant exciton
binding energies of about 1 eV are found in these moderate-gap, inorganic bulk semiconductors, pushing the
limit of our understanding of the electron-hole interaction and exciton formation in solids. Not only are the
exciton binding energies extremely large compared with any other moderate-gap bulk semiconductors, but
they are also larger than typical two-dimensional semiconductors with comparable quasiparticle gaps. Our
calculated lowest bright exciton energies agree well with the measured optical band gaps. The low-energy
excitons closely resemble the Frenkel excitons in molecular crystals, as they are highly localized in a single
[MX]*~ octahedron and extended in the reciprocal space. The weak dielectric screening effects and the nearly
flat frontier electronic bands, which are derived from the weakly coupled [MX]>~ units, together explain the
significant excitonic effects. Spin-orbit coupling effects play a crucial role in redshifting the lowest bright exciton
by mixing up spin-singlet and spin-triplet excitons, while exciton-phonon coupling effects have minor impacts

on the calculated exciton binding energies.
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I. INTRODUCTION

An exciton is a composite boson consisting of a correlated
electron-hole (e-h) pair bound by screened Coulomb inter-
action. The attractive Coulomb interaction between electrons
and holes creates low-lying excitons with energy E.x below
the quasiparticle (QP) band gap EJ". Systems with large ex-
citon binding energies are important for exploring light-matter
interactions as well as for developing exciton-based optoelec-
tronic devices operating at room temperature [1-8]. They are
also potential hosts for composite quasiparticles such as biex-
citons [9,10], trions [11,12], and exciton polaritons [13,14],
which have been extensively studied during the last decade.
Excitonic effects also profoundly impact the performance of
optoelectronic materials such as quasi-two-dimensional (2D)
hybrid perovskites [15-17].

Well-known examples of materials with strong excitonic
effects include low-dimensional materials [18—21], molecular
crystals [22,23], and alkaline halides [24,25]. The latter two
are bulk materials that can host strongly bound Frenkel or
charge-transfer excitons. On the other hand, Wannier-Mott
excitons in most inorganic bulk semiconductors with mod-
erate band gaps (E; <4 eV) have small exciton binding
energies ranging from a few meV to 100 meV [26-28]. No-
tably, cuprous chloride and cuprous oxide, which have been
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extensively studied for realizing Bose-Einstein condensation
of excitons, possess large exciton binding energy of nearly
200 meV [29-31]. Other inorganic semiconductors with
large exciton binding energies include delafossites (E;* =
0.3-0.5 eV) [32,33] and quasi-2D perovskites [34-36]; all of
them have quasilayered structures.

Owing to the rich choices of chemical composition, tun-
able optical band gap, nontoxicity, and earth abundance, the
vacancy-ordered double perovskites (VODPs) have been pro-
posed as promising materials for photovoltaic applications
[37-39]. In this paper, using density functional theory (DFT)
[40] and many-body perturbation theory [41,42], we investi-
gate the quasiparticle and excitonic properties of a group of
VODPs, including Cs;TiXg and CsyZrXe (X = I, Br). Our
combined GW and Bethe-Salpeter equation (BSE) [43-48]
calculations reveal an extremely strong excitonic effect with
exciton binding energies (X1 eV) far exceeding those in any
other known moderate-gap bulk semiconductors. The discov-
ery of three-dimensional (3D) all-inorganic semiconductors
with moderate gaps and strong excitonic effects not only
broadens our understanding of the e-/ interaction in solids
but may also guide the future search for bulk systems with
large exciton binding energies. It should be mentioned that
recent studies showed a surprisingly large discrepancy (over 1
eV) between the calculated fundamental band gaps of Cs,Tilg
and Cs,Zrls and the measured values [37,49]. The overesti-
mation of fundamental band gaps was ascribed to improper
treatment of localized Ti 3d orbitals within the GW approxi-
mation [37]. Our results clearly show that it is the surprisingly
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FIG. 1. (a) Crystal structures of Cs,MX s showing the weakly coupled [Til]>~ octahedral units. The red dotted circles show M vacancies.
(b) DFT-PBE band structures of Cs,Til crystal (green solid curves), [Tilg]*>~ crystal (dashed black curve), and isolated [Til¢]>~ molecule (red
lines). The highest occupied states are shifted to zero. (c) Quasiparticle band structure of Cs,Tils including the SOC effects. (d) A schematic
diagram showing the spin-orbit splitting and allowed optical transitions at the I" and X points of Cs,Tils.

strong excitonic effects in these materials that are responsi-
ble for the large difference between quasiparticle and optical

gaps.

II. RESULTS AND DISCUSSION

A. Crystal structure and frontier electronic structure

The crystal structure of Cs;MX¢ (M = Ti, Zr; X = 1, Br)
VODP can be visualized by removing every other M-site
cation from the CsMX; perovskite structure, thus the name
of vacancy-ordered double perovskite [38,49], as shown in
Fig. 1(a) in which the dotted red circles indicate the or-
dered vacancies. We mentioned that VODPs are a class of
well-characterized, stable complex halides with the general
composition AxMX e (A = Cs) [37-39]. The [MX]*>~ octahe-
dral clusters in VODP Cs,MX¢ do not form covalent bonds
with one another because they are separated by the evenly
distributed M-site vacancies. The band structures of these four
VODPs are quite similar (Fig. S1 in Supplemental Material
[50]), and replacing Ti (I) with Zr (Br) in Cs,M X increases
the fundamental band gap [37]. Both Cs,TiXs and Cs;ZrXs
have an indirect band gap between the valence band maximum
at I' and the conduction band minimum at X. The low-energy
conduction bands are mainly derived from the M-site d states,
whereas the highest valence bands are mostly contributed by
the halogen element X. Under the influence of the octahedral
crystal field, the d-derived conduction bands split into a dou-
blet and a triplet group; the low-energy triplet bands are fairly
flat with an extremely narrow band width (0.29, 0.25, 0.44,

and 0.37 eV for Cs,Tilg, Cs,TiBrg, Cs,Zrlg, and Cs,ZrBrg,
respectively). The top valence band is virtually dispersionless
from I to X, and the direct gap of Cs;Tilg at I is only 40
meV larger than the indirect gap between I" and X.

In order to facilitate later discussion and to better illus-
trate the roles of Cs* and [MX4]*~ in defining the frontier
states, we compare the DFT band structure of Cs,Tilg with
those of two fictitious systems, namely, a periodic system of
[Til¢]>~ without the Cs™ ions (with the same lattice constant
as Cs,Tilg) and an isolated [Tilg]>~ octahedron, as shown in
Fig. 1(b). The DFT band structures are calculated using the
Perdew-Burke-Ernzerhof (PBE) functional within the QUAN-
TUM ESPRESSO package (after Refs. [51-54]; for details of the
calculations, see the Supplemental Material [50]). The nearly
identical frontier band structures of Cs,Tilg and [Tilg]>~ sug-
gest that Cs™ ions merely function as electron donors and
spacers without significantly affecting the band dispersion
of the system. The role of Cs* here is similar to that of
CH3NH;r in CH3NH;3Pbl; [55]. The highest-occupied molec-
ular orbital (HOMO) of [Til¢]>~ is mostly composed of the
iodine 5p orbitals, while the titanium 3d orbitals dominate the
lowest-unoccupied molecular orbital (LUMO). These [Tilg]*~
derived LUMO and HOMO states interact to form the low-
est conduction bands and highest valence bands of Cs,Tilg,
respectively. The narrow widths of the frontier energy bands
in Cs,Tilg further suggest that [Tils]>~ behaves like a poly-
atomic superanion [56], which interacts weakly with itself. In
this manner, Cs,Tilg crystal can be understood as an assembly
of [Tilg]*~ units and Cs* spacers. As we will discuss below,
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TABLE I. Quasiparticle, excitonic, and dielectric properties of
four VODPs. Energy gaps are in eV.

CSzTi16 CSzTi]‘:“)I'f1 CSzZI'Iﬁ CSzzI'BI'6

QP gap (GW) TI-I' 1.83 3.35 3.22 4.97

X-X 1.94 3.40 3.36 5.03

X-r 1.79 3.31 3.20 4.95
Opt. gap (exp) 1.02 2.00 3.76
EBright 1.04 2.03 2.33 3.59
EDk 0.85 1.66 2.18 3.28
EJmE 0.79 1.32 0.89 1.38
EDPk 0.98 1.69 1.04 1.69
€00 4.46 3.26 3.68 297
&0 11.27 8.59 11.89 8.90
w10 (meV) 2791 34.50 24.40 30.14
AE, (meV) -32.8 —42.0 -32.9 -39.5

such a unique structure is responsible for extremely strong
excitonic effects in VODPs.

B. Quasiparticle and SOC effects

The QP band structure of Cs,Tilg is calculated using the
BERKELEYGW package [43-48] as shown in Fig. 1(c). The
indirect QP band gap of Cs,Tile is 1.79 eV, which is slightly
smaller than the direct band gap at I" (1.83 eV). The calculated
QP band gap within the GyW, approximation is significantly
larger than the measured optical gap of 1.02 eV [49]. It is
noteworthy that our calculated QP gap is smaller than that
reported in a previous work [37] by 0.54 eV. This discrep-
ancy mainly stems from the use of different cutoff parameters
and treatment of the frequency-dependent dielectric function
[57-60]. Indeed, a small cutoff of dielectric matrices used in
GW calculations can lead to an overestimation of the quasipar-
ticle band gap by as much as 0.5 eV (Fig. S2 in Supplemental
Material [50]). We also compare the QP band gaps of all four
VODPs in Table I and the DFT-PBE band structures in Fig.
S1 of Supplemental Material [50].

A comparison of the band structures calculated with and
without spin-orbit coupling (SOC) (Fig. S1 of Supplemental
Material [50]) reveals strong relativistic effects on the top
valence bands, and the gap at the I" point of Cs,Tilg is reduced
by about 130 meV due to the SOC effects. Figure 1(d) high-
lights the impacts of the SOC effects on the frontier electronic
states at the I" and X points of Cs,Tils. If the SOC effects
are neglected, the lowest-energy direct transitions at the I'
and X points (I';y — ', and X4 — X3) are dipole forbid-
den, while the second lowest-energy direct transition at the
I' point (I'js — [ye) is dipole allowed [61]. After the SOC
effects are considered, the triply degenerate states split into
a quadruplet and a doublet (including Kramer’s degeneracy).
The dipole-allowed optical transitions are indicated by green
arrows in Fig. 1(d). Due to the SOC splitting, the energy of
the dipole-allowed transition I'y — F; is smaller than that of
['1s = I',o by about 0.31 eV. In the following, we show that
this trend also holds when the excitonic effects are considered.

C. Optical absorption spectra

Figure 2(a) shows the imaginary part of the frequency-
dependent dielectric constant of Cs,Tilg, calculated with and
without including the e-4 interaction. Our GW + BSE calcu-
lations reveal several prominent excitonic absorption peaks far
below the quasiparticle band gap. In fact, the lowest-energy
exciton locates at 0.85 eV, indicating a giant binding energy
of nearly 1 eV and the formation of Frenkel excitons. The
lowest-energy exciton is a dark exciton with a negligible op-
tical dipole moment, while the lowest-energy bright exciton
locates at 1.04 eV, agreeing well with the measured optical gap
of 1.02 eV [49]. We have carefully checked the convergence of
the calculated exciton binding energies and absorption spectra
and found that the results converge quickly with respect to the
density of the k-point sampling (as shown in Table S1 and
Fig. S3 of Supplementary Material [50]). In contrast, binding
energies of Wannier excitons in bulk and 2D systems often
require extremely dense k grids to achieve proper convergence
[62,63]. As we will show later, the e-h amplitudes of the
low-energy excitons spread across a large part of the Brillouin
zone (BZ), which explains the rapid convergence behavior of
the calculated exciton binding energy.

The strong SOC effects on the calculated band structure,
especially on the top valence states as shown in Fig. 1(c),
result in significant changes in the calculated excitonic struc-
ture and optical absorption. To uncover the effects of SOC on
the low-energy excitons, we compare the excitonic structures
calculated with and without the SOC effects. When the SOC
effects are neglected, an excitonic state can be either spin-0
(singlet) or spin-1 (triplet). The triplet excitons are always
dark since spin is conserved in optical dipole transitions if
the SOC effects are neglected. The excitation energies of the
singlet and triplet excitons for Cs,Tilg are shown in Fig. 2(b),
in which each vertical line corresponds to an excitonic state;
these lines are color coded according to their brightness, i.e.,
the square of the dipole matrix elements. The lowest-energy
triplet exciton is about 0.1 eV lower than the lowest-energy
singlet one, which is also a dark exciton due to the orbital
symmetry as discussed earlier. The lowest-energy bright exci-
ton is located at around 1.34 eV and can be attributed to the
I';s — I', transitions shown in Fig. 1(d).

When the SOC effects are considered, the excitonic states
are a mixture of spin singlets and spin triplets [45]. The
lowest-energy exciton, which is mainly derived from the
low-energy spin-triplet states, is dark, as shown in Fig. 2(c).
Moreover, the SOC effects cause a significant redshift (from
1.34 to 1.04 eV) of the absorption edge, bringing theory in
better agreement with experiment [49]. The exciton bind-
ing energy of Cs,Tilg (E* = 0.98eV) is nearly twice that
of monolayer 2H-MoSe, (E;* = 0.55¢eV) [5], which has a
comparable quasiparticle gap (E; = 2.1 eV). This finding is
rather surprising, as it is well known that the excitonic effects
in bulk semiconductors are often much weaker than those in
2D semiconductors [64—-66] owing to the stronger screening
effect in 3D solids.

The calculated energies of the lowest-energy bright ex-
citons for the other three VODPs (Cs,TiBrg, Cs,Zrlg, and
Cs,ZrBryg) also agree well with the experimental optical gaps,
as summarized in Table I. The imaginary parts of the dielectric
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FIG. 2. (a) The imaginary part of the dielectric function of Cs,Tilg, calculated without (black dashed line) and with (red solid line) e-h
interactions. A Gaussian broaden of 0.05 eV is used in the calculations. The lowest-energy bright exciton and fundamental band gap are marked
in orange and blue lines, respectively. (b) Energies of singlet and triplet excitons. (c) Energies of excitons calculated with the SOC effects.

functions of these three VODPs are compared in Figs. S4-S6
of Supplemental Material [50]. In addition, we compared the
calculated absorption spectra of Cs, Tilg with the experimental
results [67], which achieved best match, as shown in Fig. S9 of
Supplemental Material [50]. Similar to the case of Cs,Tilg, the
lowest-energy excitons of these three VODPs are also dark,
and the corresponding exciton binding energies are extremely
large. Perhaps the most striking finding is the binding en-
ergy of the lowest dark exciton in Cs;ZrBrg, which reaches
1.69 eV.

D. Characters of low-energy excitons

The abnormally large exciton binding energies in these
moderate-gap VODPs deserve closer scrutiny. To gain a
deeper insight into the low-energy excitons, we examine their
wave functions in both the reciprocal and real spaces. Within
the Tamm-Dancoff approximation [45,68], the exciton wave
functions can be expanded as a linear combination of products
of the electron and hole wave functions ¥ (r.) and Y (rp,):

VS @errn) = Y AVt r) Vi (rn), (1)

k,c,v

where S indexes the excitonic state and Afck are often called
the e-h amplitudes, which give the weights of independent
e-h pair states in an excitonic state S. We have analyzed
the BZ distribution of the lowest-energy dark and bright ex-
citons in VODPs by defining a k-dependent e-h amplitude

|Ws(k)|> = D e |A§(_k|2. The radii of the circles in Fig. 3(a) are
proportional to |Wg (k)|%. In contrast to halide perovskites, in
which the Wannier-Mott excitons are highly localized in small
regions of the BZ [69-71], the low-energy excitons in Cs,Tilg
are far more extended in the BZ, as can be seen from Fig. 3(a).
Therefore, the excitonic states can be accurately described
even with a relatively coarse k grid. To further illustrate the

Frenkel nature of the excitons, we compare Wg(k) with that of
2

a hydrogenic model [72,73], Wy (k) = (2ap)? /x (1 + agk?)”",
as shown in the inset of Fig. 3(a). The calculated |lIJS(k)|2
of the lowest-energy exciton agrees reasonably with [Wp, k)|?

using very small Bohr radius ayp = 3.7 a.u., suggesting a
highly localized exciton in this system.

The localization of excitons can also be directly visualized
in real space. To this end, we fix the hole position at an
iodine atom, and plot the electron distribution of the lowest-
energy dark and bright excitons for Cs,Tilg in Fig. 3(b),
which shows that the electron is mainly localized within one
[Tilg]?>~ octahedron. This conclusion does not change with
different choices of the hole position, as shown in Fig. S7
of the Supplemental Material [50]. The fact that excitons are
highly localized is in line with our previous analysis of the
electronic structure, and the conclusion that Cs;MX¢ can be
considered as a 3D assembly of weakly coupled [MX4]*~
clusters, resulting in the formation of Frenkel excitons like
those in molecular solids [74]. The electronic dielectric con-
stants €4, of CspM X ¢ range from 2.97 to 4.46 (Table 1), which
are very small compared to typical semiconductors such as Si
or GaAs, but are comparable to other molecular solids such
as naphthalene or anthracene [75] (Table S2 in Supplemental
Material [50]). The relatively weak dielectric screening of
Cs,M X ¢ also contributes to an overall strong e-h interaction,
thus the exceptionally large exciton binding energies.

Finally, we would like to address possible exciton-phonon
coupling effects on the calculated exciton binding energy. As
recently shown by Filip et al. [76], exciton-phonon coupling
can considerably renormalize the exciton binding energies
in ionic materials. We estimate the correction (AE},) to the
exciton binding energy due to phonon-screening effects using
a simplified formula [76]:

wLo %)
AE, = 2E,——\|1— — ], 2
b bwLO+Eb( 80) @

where €4, is the high-frequency dielectric constant, €y is the
static dielectric constant, and wy g is the frequency of the dom-
inant longitudinal optical (LO) phonon, which is usually the
highest LO phonon. The phonon dispersions [77,78] of four
VODPs are shown in Fig. S8 of the Supplemental Material
[50]. We show in Table I the estimated AE,, which are less
than 50 meV for all four systems studied. Therefore, while
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FIG. 3. (a) Reciprocal-space distribution of exciton wave functions of Cs,Tils. The orange and black circles represent the lowest bright and
dark excitons, respectively. The inset is a fitting of the exciton wave function with a hydrogenic model. (b) Real-space distribution of electrons
for the lowest-energy dark and bright excitons. The hole position is fixed at an iodine atom. About 80% of the electron density is within the

isosurface (shown in yellow).

these corrections are not negligible, they do not significantly
affect our conclusion.

III. SUMMARY

In summary, we have predicted giant exciton binding en-
ergies ranging from 0.95 to 1.65 eV (after correction for
the electron-phonon renormalization effects) in moderate-gap
bulk VODP materials A,MX¢ (A =Cs; M =Ti, Zr; X =1,
Br). The exciton binding energies in these systems are one or-
der of magnitude larger than typical inorganic semiconductors
with comparable quasiparticle band gaps; they are even larger
than those of monolayer transition metal dichalcogenides with
similar fundamental band gaps. The lowest-energy excitons
are dark, and the predicted absorption edges agree well with
experiment, resolving an outstanding puzzle that the calcu-
lated (quasiparticle) band gaps seem to be much larger than
the measured (optical) gaps. SOC effects play an important
role in mixing the spin-singlet and spin-triplet excitons, re-
sulting in a redshift to the absorption edges. We believe these
materials provide a unique platform for exploring the prop-
erties and dynamics of Frenkel excitons, investigating more
exotic composite quasiparticles such as biexcitons and trions,
and realizing exciton-based optoelectronics devices. Our find-
ing also paves the way for searching bulk semiconductors

with extraordinarily strong e-h interaction. Two character-
istics of such semiconductors are (1) the crystal structure
should consist of weakly coupled building units (e.g., clusters,
superatoms, or one-dimensional wires) and (2) the material
should have relatively weak dielectric screening effects to
ensure a strong Coulomb interaction between electrons and
holes.

Note added. Recently, we became aware of computa-
tional studies by Kavanagh et al. [79] and Cucco et al. [80],
which also show the large exciton binding energies in several
vacancy-ordered double perovskites.
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