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Bismuth-activated light emissions have been much reported in ternary alkaline earth d'° metal oxides, and
the self-activation nature of these hosts makes it possible to achieve efficient luminescence via energy transfer
between the host and the activator ions. A detailed analysis of the potential intrinsic defects accounting for
the intrinsic emissions is still absent, and the identifications of bismuth-related transitions remain unclear or
controversial. Given these facts, first-principles calculations using hybrid functionals are employed to systemati-
cally study the bismuth-doped (Sr/Ca)Sb, O, (Sr/Ca),Sb,05, (Sr/Ca)SnOs;, and (Sr/Ca)Ga,0,, which contain
d'® metals belonging to VA, IVA, and IIIA groups, respectively. Primary intrinsic defects and self-trapped
holes in these hosts are revealed and the roles played by them on intrinsic emissions are evaluated. Bismuth
ions are identified as trivalent dopants and their *py; — 'Sy (referred to as A-band) transition is assigned
to account for the ultraviolet emission observed in bismuth-doped (Sr/Ca)Sb,0Og, while the visible emission
observed in (Sr/Ca)Sb,0g:Bi is attributed to Bi** dopants in the minute amount of (Sr/Ca),Sb,0O; impurities.
In Sr,Sb,0- and Ca,Sb,0; with bismuth, the excitation bands are identified as 'Sy — 3Py ; transition of Bi*T,
and the observed emission bands are attributed to charge transfer transition (Bi*" + Ay, — Bi’") and A-band
transition Py, — 'Sp), respectively. Furthermore, the bismuth-related transitions are also well identified in
(Sr/Ca)SnO;3 and (Sr/Ca)Ga,04 and the large Stokes shifts of the A-band transition in (Sr/Ca)Ga,0O, are
revealed and analyzed. The insights gained in this work extend our understanding of the properties of intrinsic
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defects and the luminescence mechanisms of insulating bismuth-doped ternary oxides.
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I. INTRODUCTION

The post-transition metal bismuth with the electron config-
uration of [Xe] 4£145d'96s?6p> exists in a variety of oxidation
states from —3 to +5 in solids, among which the most sta-
ble tripositive Bi** has been given the most attention. The
less shielded outer 65> electron configuration of Bi** is sen-
sitive to the coordination environments. As a result, wide
wavelength range spans from ultraviolet to orange can be
observed in Bi*T-doped materials depending on the type of
host compounds [1-5]. The Bi** ion has a 6s outer elec-
tron configuration with 'S, ground state, the excited states
of Bi** ion include 3Py | » triplet and ! P; singlet states orig-
inating from the 6s'6p' electron configuration. The optical
transitions from the 'S ground state to the 3pi, 3P, and
Ip, excited states are usually denoted as A, B, and C bands,
respectively. The 'Sy — 'P; (C band) is a spin-allowed elec-
tric dipole transition, whereas 'Sy — P, are spin forbidden.
The A-band transition ('Sy <> 3P;) becomes partially spin
allowed due to mixing of the triplet *P; with singlet 'p
states via spin-orbit coupling (SOC). The radiative transition
from the metastable >P, state can occur due to mixing of
the 3P, and 3p, states by the vibronic interaction with the
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nontotally symmetric vibrations or by the hyperfine in-
teraction. At low temperatures (T < 100 K), the radiative
emission mainly arises from the lowest-energy metastable
level corresponding to the 3P, level, as the temperature in-
creases, the emission spectrum is shifting to higher energies
due to the thermally stimulated population of the higher 3p;
excited level from the lower * P, level. Considering the energy
difference AE between the metastable level Py and emitting
level 3Py is small, i.e., ~0.1 eV, we will make no distinction be-
tween 3 P and 3 P; but use the symbol “3 Py | as a generic term
in the following. Except for the interconfigurational transition,
ie., 65 < 6s16p1, the charge transfer (CT) processes be-
tween the bismuth ion and the host, i.e., metal-to-metal charge
transfer (MMCT) transition (Bi** <> Bi*" + egpy,) and CT
transition (Bi*" < Bi*t + h{y,,) [6], are also common lumi-
nescence phenomena.

Apart from the role of acting as an activator, Bi’"
has also been used as a sensitizer in lanthanide ions-
activated luminescent materials [7—10]. The versatile prop-
erties and nontoxic nature of Bi’* ion make it promising
in lighting [11,12], bioimaging [13], fiber lasers, and am-
plifier applications [14]. For example, multiple strategies
to approach high-efficiency luminescence controllable in
(blue/cyan/green)-emitting Bi**-activated phosphors is re-
ported recently [15]; high thermal stability blue-emitting
phosphors of Bi3*-activated Na,Y,B,05 is synthesized [16];
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Bi3+-doped CsyAg,_,Na,InClg exhibits efficient and stable
white-light emission and is a promising white-light-emitting
phosphor [17,18]; the single Bi3+-d0ped [(Y,Sc)](Nb, V)Oq4
allows for tunable emission spanning from blue to orange-red
under 340-420 nm excitation, which indicates its potential
application in ultraviolet (UV) excited white-light-emitting
diodes [19]; a general methodology to the rational design of
thermally stimulated 1.06-um Nd** emission for the second
bioimaging window demonstrated by the energy transfer from
Bi*t in La-, Ga-, Y-, and LuPO, is reported [20]; tunable
emission from greenish to blue via chemical composition
modulation in solid solutions (Srl,yCay)zsbgOﬁBi3+ under
near-UV light excitation is also reported [21]; a cladding-
pumped bismuth-doped fiber laser is demonstrated [22].

As an important class of host materials, the ternary alkaline
earth d'0 metal oxides (hereafter referred to as d'° MOs),
i.e., gallates, germanates, antimonates, indates, and stannates,
have been adopted decades ago to study the luminescence
properties of Bi*T ions [23-27], and the scientific interest
in the luminescence from Bi** ion based on oxides contain-
ing d'° metals has maintained a steady increase in recent
years [21,27-38]. The UV and green emissions were ob-
served in SrSb,0¢:Bi** while the CaSb,0g:Bi** reported the
UV and blue emissions [24,25,27-29,31,33,35]; the greenish
emission and blue emission were reported in Sr,Sb,07:Bi*t
and Ca,Sb,07:Bi*t, respectively [21,30]; the UV and visi-
ble (VIS) emissions were observed in both bismuth-doped
strontium and calcium stannates [34,37,38]; an asymmetric
band peaked at 504 nm was observed under 330-nm excitation
in SrGa,04:Bi** [32]. The above-mentioned d'® MOs span
several crystal systems, some of which contain two or more
potential sites that can be occupied by bismuth dopants. As a
result, the features of reported bismuth-related transitions are
quite diverse, and ambiguities and controversies exist in the
assignments of optical transitions. Moreover, intrinsic emis-
sions also emerge as a common luminescence phenomena
in these hosts. For example, VIS and UV emissions were
reported in pristine strontium metantimonates [25]; an orange
emission peaked at 654 nm [39] and a broad blue emission
peaked at 440 nm were observed in Ca,Sb,O; [40]; the
SrSnO3; and CaSnO; both exhibited a broad blue emission
band [41,42]; the broad blue emission with similar features
were also reported in both SrGa,04 and CaGa,0y4 [43,44].
There are also some reports on the spectral properties tun-
ing by manipulating compositions of the hosts: the redshift
phenomenon was observed when doping Sr’* ions in the
Ca,Sb,0; [45]; similarly, the tunable emission from green-
ish to blue via chemical composition modulation in solid
solutions (Srl,yCay)QSb207:Bi3+ was also reported [21]. In
addition to these photoluminescence processes, afterglow
phenomena are also reported in some cases: the yellow long
persistent luminescence and mechanoluminescence were re-
ported in CaGa,04:Pr’*, Lit [46]; a new cyan long afterglow
phosphor CaSnOs:Lu*" was successfully synthesized [47].

Despite such rich luminescence phenomena reported in d'°
MOs, theoretical studies on the luminescence mechanisms are
still lacking. For the purpose of better understanding of the
luminescence mechanisms of the d'® MOs, we carried out
first-principles calculations based on density functional theory
(DFT) on intrinsic defects and bismuth dopants and their

excited-state properties for (Sr/Ca)Sb,0g¢, (Sr/Ca),Sb,07,
(Sr/Ca)SnO3, and (Sr/Ca)Ga,04. These systems are diverse
enough in composition, structure, and luminescent properties,
the studies may help reveal the luminescence mechanisms
in d'© MOs and, at the same time, serve as a test of the
effectiveness of first-principles calculations on a broad range
of Bi-containing oxide systems.

II. METHODOLOGY

A. Computational details

The starting crystal structure data of the host crys-
tals were taken from the Inorganic Crystal Structure
Database (ICSD) [48]. The Vienna ab initio simula-
tion package (VASP) was used to perform the calcula-
tions [49-52]. The Sr (4s24p65s2), Ca (3s23p64s2), Sb
(5525p%), Sn (4d'°5s%5p%), Ga (3d'%4s%4p'), O (25*2p*),
and Bi (5d'°6s*6p’) were treated as valence electrons,
and their interactions with the cores were described by
the projector augmented wave method [53]. The primitive
cells of (Sr/Ca)Sb,0g¢, (Sr/Ca),Sb,07, (Sr/Ca)SnOs, and
(Sr/Ca)Ga,04 contain 9, 22, 20, and 56 atoms, respectively.
The supercells with new base vectors (2a 4+ 2b,a — b, 2¢)
for (Sr/Ca)Sb,O¢ containing 72 atoms, (a+2b+c,a+
¢, —a + ¢) for (Sr/Ca),Sb, 07 containing 88 atoms, (a + b +
c,a—b+c,a—c) for (Sr/Ca)SnO; containing 80 atoms
and (—a — b, —a + b, —c) for (Sr/Ca)Ga; 04 containing 112
atoms were modeled to study intrinsic defects and bismuth
dopants properties. Considering the facts that band edge states
are involved in the intrinsic emissions and the bismuth-related
charge-transfer processes in d'° MOs, a reasonable descrip-
tion of the band gaps is prerequisite and meaningful. As
a result, the mixing parameters « in the hybrid functional
calculations where a given ratio o of the Fock exchange is
mixed with (1 — &) of semilocal generalized gradient (GGA)
functional were tuned to produce direct I' — I gaps of the
supercells to match the direct optical band gaps, which are
determined from the spectroscopic measurements [41,43,54—
59] in d'© MOs, so as to overcome the well-known band
gap underestimation in Perdew-Burke-Ernzerhof (PBE) func-
tional. The mixing parameters « are then determined to be
0.19, 0.20, 0.24, 0.24, 0.23, 0.19, 0.20, and 0.20 for SrSb,Og,
CaszOﬁ, szSb207, CaQSb207, SI'SIIO3, CaSnO3, SI'GEI204,
and CaGa, Oy, respectively.

Bismuth belongs to heavy metal elements and is char-
acterized by strong SOC, where such a relativistic effect is
implemented in VASP by switching on the specific tags [60]
to obtain the geometric structures, the formation energies, and
the transition energies of defects involving Bi atom.

The PBE functional revised for solids (PBEsol) [61] with
an energy cutoff of 520 eV was used for better accuracy in
optimizing the lattice constants of the primitive cells (which
are fixed in calculating band structures and constructing super-
cells) and the calculation of dielectric tensors. A combination
of PBE functional with a kinetic energy cutoff of 400 eV was
adopted for the formation energies’ calculations of the large
amount of intrinsic defects and bismuth dopants (SOC in-
cluded) in the hosts. Hybrid functional calculations (including
SOC for Bi dopants) with a kinetic energy cutoff of 400 eV for
the plane-wave basis were used throughout this work for the
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rest calculations as a compromise of accuracy and computa-
tional costs. The mesh of k point was generated by the VASPKIT
tool [62] with spacing ~0.03 x 27 /A in all three directions
for the primitive cells, and the k path in the Brillouin zone go-
ing between the high-symmetry & points for the band structure
calculations are generated via the SEEK-PATH package [63,64],
and the special k points in the k path for host materials are
provided in Table S1 of the Supplemental Material [65]. A
single I" point was applied to sample the Brillouin zone of
the supercells. To reassure readers, CaSb,O¢ and CaSnO3 are
taken as examples to check the convergence of the k-point
sampling on the Bic, dopants and V,. The energy differences
between the defected supercells and the pristine supercell and
the thermodynamic charge transition levels change relative to
the results of the I'-point calculations by less than 0.1 eV.
Detailed presentations are provided in the Appendix. There-
fore, we consider our calculation results to be converged. The
equilibrium structures were obtained by optimizing atomic
positions until the energy change was less than 107° eV
and the Hellmann-Feynman forces on atoms were less than
0.01 eV/A. The predicted lattice constants of primitive cells
are only different by ~0.5% from published experimental data
(see Table S2 [65] for detailed comparison).

The dielectric tensors are indispensable for the correction
scheme of the defect formation energies discussed in this
study. Both ion-clamped dielectric tensors and ionic contri-
butions to the dielectric tensors were calculated with density
functional perturbation theory [73,74]. The ion-clamped elec-
tric part includes local field effects within DFT. The ionic part
was calculated with a finite different scheme [75].

The spin multiplicity setting complemented with the con-
strained occupancy method were used here to obtain the
equilibrium geometric configurations and energies of the ex-
cited states based on the hybrid functional calculations. With
equilibrium configurations of both the ground and excited
states obtained, the excitation and emission energies were
calculated as the total energy differences (ASCF) between the
excited and ground states of vertical transitions following the
Frank-Condon principle.

B. Defect formation energy and thermodynamic
charge-state transition levels

The formation energy of a defect X in the charge state ¢ is
defined as follows [76]:

E/[X)(Er) = EalX*] + EconX ‘] = Ei[bulk]
— D niti+gEr. (M

Here, Ei[X?] is the uncorrected total energy of the supercell
containing the defect, and Ei[bulk] is the total energy of the
equivalently shaped pristine supercell of the host. The integer
n; indicates the number of atoms of type i (host atoms or
impurity atoms) that have been added to (n; > 0) or removed
from (n; < 0) the supercell to form the defect, and the u;
are the corresponding chemical potentials of these species.
The chemical potential u; represents the energy per atom of
the reservoirs with which the system exchange atoms. Ep
is the Fermi energy, i.e., the chemical potential of the elec-
trons. The correction term E,; accounts for the image charge

correction and the potential alignment term between the host
and charged defect supercell. The corrections which extend
the method due to Frysoldt, Neugebauer, and van de Walle to
anisotropic medium (eFNV) were used via the code developed
by Kumagai to account for the finite-size effects [77-79]. We
note that although some supercells we modeled contain only
72 atoms for (Sr/Ca)Sb,0g, and 80 atoms for (Sr/Ca)SnOs3,
they still have a linear dimension L = V!> ~ 10 A as listed
in Table S3 [65], which are reasonable considering the com-
putationally demanding fully noncollinear hybrid functional
calculations and, moreover, the calculation results of Ref. [80]
show that the formation energies and relative vertical transi-
tion levels (VTLs) of the defects considered were accurately
corrected with eFNV method even in a 64-atom supercell.
Nonetheless, we here still choose the relatively small super-
cells of CaSb,0g and CaSnOs3 as examples to check the size
convergence of the energy differences between the defected
supercells and the pristine supercell and the thermodynamic
charge transition levels for Bic, dopants and V¢, to reassure
readers, with detailed presentations provided in the Appendix.
The changes of the corrected energy differences and charge
transition levels of Bic, dopants and V-, with respect to the su-
percells we adopted are at the order of 0.1 eV in both CaSb,Og
and CaSnQOs;. Therefore, the calculation results based on the
supercells adopted here can be considered as reasonable in
both convergence and reliability. The calculated averaged
static dielectric constants of (Sr/Ca)Sb,Og, (Sr/Ca),Sb,07,
(Sr/Ca)Sn0O3, and (Sr/Ca)Ga,0O4 and their corresponding
point charge corrections are listed in Table S3 [65].

The thermodynamic charge transition level e(q;/q2) is
defined as the value of Fermi energy where the formation
energies of charge states ¢; and ¢, are equal. From Eq. (1),
we obtain

E/[X9](0) — E/[X©](0)
92 —qi1 '

e(q1/q2) = 2

C. Line shape of photoluminescence

The luminescence line shape L(w) is uniquely determined
by the spectral density of the electron-phonon coupling S(w)
and the zero-phonon line (ZPL) energy Ezp.. The S(w)
depends on the coupling between lattice displacement and
vibrational degrees of freedom [81]. The latter information is
encoded in the so called partial Huang-Rhys (HR) factor

1
Sy = ﬁ“’in’ (3)
where 7 is the reduced Planck constant, and the configuration
coordinate @y is the projection of the lattice displacement on
the normalized collective displacement of phonon mode k,
ie.,

O = Z\/’n_ﬁ[nf'(Re,ﬁ —Rgp)] @)
B

Here, R, and R, are the atomic coordinates in the ground and
excited states, while n; is the normalized ionic displacement
vector corresponding to phonon mode k, and myg is the mass
of atom S.
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FIG. 1. Crystal structures and coordination environments of (a) SrSb,Og, (b) Sr,Sb,07, (¢) SrSnOs;, and (d) SrGa,O,. Sr has a balanced
local coordination environments in both bond length and angular distribution in (a) but is imbalanced in (b)—(d). Those O atoms connected to
Sr via a dashed pole in (d) are generally not considered as coordinating atoms of Sr. It is noted that 1 and 2 in (b) and (d) denote Sr1 and Sr2,

respectively.

The electron-phonon spectral function is then obtained by
summation over all modes

S@) =) Sidw — wy), 5)
k

where the § functions are replaced by Gaussian with broaden-
ing parameter o in the actual calculation. The integral over the
electron-phonon spectral function gives the (total) HR factor
of the transition. One possible way to determine L(w) from
the knowledge of S(w) and Ezpy is provided by means of
the so-called generating function appproach [82—-86]. We do
not provide explicit formulas here but refer interested read-
ers to the literature, e.g., Eqs. (7)—(12) in Ref. [86]. In the
computation of the spectral density of the electron-phonon
coupling S(w), phonon spectra of the defective solids were

obtained at the semilocal DFT level (PBE) using the PHONOPY
package [87]. Two parameters of the broadening parameter y
that governs the width of the ZPL and the Gaussian smearing
parameter o that governs the width of the phonon sideband
are both chosen to be 5 meV. The temperature 7 is chosen to
be 300 K for a more reasonable comparison between the cal-
culated line shapes and those measured at room temperature.

III. RESULTS AND DISCUSSIONS

A. Geometric and electronic structures of the hosts
(Sr/Ca)Sb06,  (Sr/Ca),Sb,07, (Sr/Ca)SnOsz, and
(Sr/Ca)Ga,04 belong to the trigonal system with the
P31m (No. 162) space group, the orthorhombic system with
the Imma (No. 74) space group, the orthorhombic system
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FIG. 2. Electronic band structures and DOSs of (a) SrSb,Og, (b) Sr,Sb,05, (¢) SrSnO3;, and (d) SrGa, O, calculated with hybrid functionals.
The mixing parameters in hybrid functionals are 0.19, 0.24, 0.23, and 0.20 for SrSb,0g, Sr,Sb, 07, SrSnO3, and SrGa, Oy, respectively.

with the Pbnm (No. 62) space group and the monoclinic
system with the P2;/c (No. 14) space group, respectively.
Figures 1(a)-1(d) correspondingly show the different relaxed
crystal structures and coordination environments of strontium
ion in SrSb,0¢, SroSb,07, SrSnOsz, and SrGa,O4. The
SrSb,O¢ crystal structure is made up of two-dimensional
infinite sheets of edge-sharing SbOg octahedra alternating
with layers of Sr** jon [54]. Sr atom is coordinated to six
oxygen atoms forming SrOg octahedra. In Sr,Sb, 07, there are
two types of Sr’* sites of the 4a and 4d Wyckoff positions,
which are coordinated to eight oxygen ions [40]. Sr>* ions
in 4d atomic position named as Srl lie in a highly distorted
cube with two different Sr1-O bond lengths and in 4a atomic
position named as Sr2 in a bihexagonal pyramid with three
different Sr2-O bond lengths. Sb>* ions also occupy two
Wyckoft positions 4b and 4¢ with coordination number six.
SbOg in 4b atomic position exhibits a compressed octahedral
structure and in 4c atomic position an elongated octahedral
structure, while three different types of oxygen atoms,
namely, O1, 02, and O3 can be found in Sr;Sb,07. SrSnO3
exhibit an orthorhombic crystal structure, characterized by
tilting and rotation of the SnO¢ octahedra, and the distorted
orthorhombic perovskite structure is assembled by octahedra
with shared oxygen atoms. Both Sr’>* and Sn** individually
occupy only one crystallographic site, while two different
types of oxygen atoms, namely, O1 and O2, can be found in
SrSn0O;. SrGa, 04 possesses a distinct open structure with
tunnel-like cavities running throughout the host lattice along
the a crystal direction. The stacking of the layers along the
a axis results in a three-dimensional framework containing
channels that are occupied by the Sr cations for charge

compensation. In addition, there are two crystallographically
different Sr** sites, marked as Sr1 and Sr2. Srl ions occupy
a hexahedron site with five oxygen atoms, and the average
bond length is 2.52 A; Sr2 ions occupy a tetrahedral site
with four surrounding oxygen atoms, and the average bond
length is 2.50 A. The Ga atoms occupy a tetrahedral site with
four coordinated oxygen atoms, while eight different types
of oxygen atoms, namely, O1, O2, O3, O4, OS5, 06, O7, and
08, can be found in SrGa,O4. Similar structure features are
shared by their calcium counterparts and so are omitted.
Figure 2 plots the electronic band structures and den-
sity of states (DOSs) of SrSb,0Og, SrySb,O7, SrSnOs, and
SrGa, Oy calculated by employing the hybrid functionals with
their corresponding mixing parameters. The hybrid functional
calculations significantly improve the band gaps, predicting
direct I' — T" band gaps of 5.07, 4.17, 4.11, and 5.14 eV for
SrSb,0g, SraSb, 07, SrSn0s3, and SrGa, 04, respectively. The
projected DOSs show that the dominant components of the
valence band edge states are O-2p orbitals, while the conduc-
tion band edge states are constituted by the hybridization of
the sp orbitals of d'° metal ions, mixed with O-2p orbitals.
The situation is similar for CaSb,0g, Ca,Sb,07, CaSnO3, and
CaGa, 0y (see Fig. S1 [65]). Different from the dominance of
d orbitals of transition metal ions in the conduction bands of
ternary dO transition metal oxides [88], the d orbitals of metal
ions in the d'© MOs are stabilized into core levels due to the
large nucleus fields of the d'° metal elements, and instead the
conduction band is formed by sp orbitals. Large dispersion
of conduction band due to the broad sp orbitals can generate
high-mobility photoexcited electrons, suggesting the potential
applications of d' MOs in the field of photocatalysis [89].
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FIG. 3. The chemical potential diagrams for (a) SrSb,Og, (b) Ca,Sb,07, (c) SrSnO;, and (d) SrGa,0,, respectively. The secondary
compounds around the points are used to determine the relative chemical potentials Au;. Notes: For presentation purpose, the chemical
potential of oxygen is relative to uo(p, T') = —5.92, —5.92, —5.85, and —6.12 eV for SrSb,O¢, Ca,Sb,05, SrSnO;, and SrGa, Oy, respectively,

while the chemical potentials of other elements are still relative to their values in the simple substances (metals). The points A and B are selected
to mimic the experimental synthesis conditions. The chemical potential values at vertices are provided in Table S4 [65].

B. Intrinsic and Bi-related defects

The commonly observed intrinsic emissions and after-
glow phenomena and the much reported bismuth-activated
emissions in d'® MOs make it necessary to study the in-
trinsic defect properties and the site preference of bismuth
dopants in these hosts. Here, we choose SrSb,Og, Ca;Sb,07,
SrSn03, and SrGa; Oy, one of each of the four crystal systems

under study, to present intrinsic defect properties and the site
preference of bismuth dopants. The defect formation energy
mentioned in Sec. II is an important physical quantity to char-
acterize the intrinsic defect properties, which can be used to
determine the primary intrinsic defects under corresponding
thermodynamic equilibrium conditions. Defects with smaller
formation energies are easier to form, and are present in higher
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FIG. 4. Formation energies of intrinsic defects as a function of the Fermi level under (a-1) A point and (a-2) B point in SrSb,0Og, (b-1) A
point and (b-2) B point in Ca,;Sb,05, (c-1) A point and (c-2) B point in SrSnOs3, and (d-1) A point and (d-2) B point in SrGa, 0, specified by
their corresponding chemical potential diagrams in Fig. 3. The vertical dashed dot lines are the charge equilibrium Fermi level in the undoped

hosts.

concentrations. Such defects are then more likely to play a role
in the materials’ luminescence properties.

In order to sustain the existence of stable pure phases
of SrSb,0g, CaySb,07, SrSnO3, and SrGa,0Qy4, we consider
the chemical potentials p; at the conditions where com-
peting phases coexist with the host materials, which are
determined from the chemical potential diagrams (CPDs)
shown in Figs. 3(a)-3(d) for SrSb,0g, Ca;Sb,07, SrSnOs,
and SrGa, Oy, respectively. The chemical potential diagrams
are generated by PYDEFECT [79], and the PYDEFECT package
retrieve crystal structures of the stable competing phases from
the Material Project database (MPD) during the construc-
tion of chemical potential diagram (CPD). However, out of
consideration for taking the experimentally measured crystal
structures as a starting point of the first-principles calcu-
lations, we replace the crystal structures of the competing
phases from the MPD with those from the ICSD except for
some very few phases which cannot be found in the ICSD, i.e.,
St (R3m, No. 166), SnsOg (P21 /c, No. 14). Nevertheless, the
CPD which is based entirely on the MPD is still adopted as a
reference for us to choose the potential competing phases [90].

Here, the chemical potentials u; in Fig. 3 are specified with
respect to their u? values for the simple substances except for

the chemical potential of oxygen. The chemical potential of
oxygen gas is usually expressed as [91]

1 kBT pVQ
T)= -E — | In — — In(Z;oiZyiv) |, 6
no(p, T) > Eo, + > [H ko n(ZotZyiv) (6)

where T is the temperature, p is the partial pressure of O,,
Vo = Q2 h? /kaT)% is so-called quantum volume of O, gas
with m the mass of O,, kg the Boltzmann constant and 7
the reduced Planck constant, Z,; and Z;, are the rotational
and vibrational partition functions, and Eo, is the energy of
an isolated O, molecule, which has been added 1.36 eV to
correct the overbinding error in GGA-type calculations [92].
For the purpose of clear and intuitional presentation of the
chemical potentials in the three-dimensional chemical poten-
tial diagrams, the chemical potential of oxygen in Fig. 3,
Ao, is specified with respect to wo(p, T) rather than /LOO,
half of the (corrected) total energy of an isolated O, molecule,
while the chemical potentials of other elements for the hosts in
Fig. 3 are still relative to their values in the simple substances.
Considering the hosts are all synthesized by solid-state
reactions under the air atmosphere with ambient oxygen par-
tial pressure p = 0.21 atm and high-synthesis temperatures
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FIG. 5. Strontium vacancy in SrSb,Og in different charge states:
(a) neutral V; (b) singly negative Vg ; (c) doubly negative Vg, *. The
vacancy location is indicated with an empty square. The isosurface
plots of the hole wave-function squares for Vg and Vg, are also
shown, with the isosurfaces corresponding to 10% of the maximum.
The strontium, stibium, and oxygen ions are represented with green,
brownness, and red, respectively. Notes: The Sr vacancy in the
neutral charge state leaves two holes in the valence band, which
corresponds to two isosurface plots as shown in the figure, and the
situation is similar for calcium vacancy in CaSb,0O¢ and is omitted
here.

T = 1423 [35], 1423 [93], 1373 [40], and 1573 K [43]
for SrSb,0g, CaySb, 07, SrSn0O3, and SrGa, Oy, respectively,
no(p, T) are then determined to be —5.92, —5.92, —5.85, and
—6.12 eV correspondingly by applying Eq. (6). Herein, we
are only focusing on determining the primary intrinsic defects
of the samples synthesized by solid-state reactions under the
air atmosphere, i.e., Auo = 0 in Fig. 3. As a result, two ref-
erence chemical potential points of the reaction in air (A and
B) in Fig. 3 are selected to determine the chemical potentials
;. The points A and B define Sr,Sb,O5-rich and SbO;-rich
conditions, CaO-rich and CaSb,Og¢-rich conditions, SnO,-

@2) (1)

rich and Sr,SnOy4-rich conditions, and Sr3;GasQOg-rich and
SrGa,O5-rich conditions for SrSb,Og, CasSb,O7, SrSnOs,
and SrGa, Oy, respectively. The corresponding formation en-
ergies of intrinsic defects are plotted in Figs. 4(a)—4(d) for
SrSby0g, CaySbr, 07, SrSn0O3, and SrGa, Oy, respectively. The
Bi; O3 compound is used here to determine the upper bound
of u,, and is adopted to calculate the reference formation
energies of Bi-related defects. The chemical potential values
at vertices are listed in Table S4 [65] for interested readers.
As is shown in Fig. 4(a), Vszr’ shows its dominance as
negative intrinsic defect in SrSb,0Og, especially in Fig. 4(a-
2), which corresponds to the SbO;-rich condition. The V(;”
in Fig. 4(a-1) and the Sb;"r in Fig. 4(a-2) are the primary
positive defects under Sr,Sb,O7-rich and SbO,-rich condi-
tions, respectively. Similarly, chi is also revealed as the most
important negatively charged defect in Ca;Sb,05. In spite of
the CaO-rich condition in Fig. 4(b-1), which should be favor-
able for the formation of Cagp; and Cagp, and unfavorable
for the formation of Vi, and V., the chzﬁ still shows its
dominance, and the formation energies of cha_ and Cagg at the
pinned Fermi level do not deviate so much. The more loose
structure of (Ca/Sr)Sb,Og compared with (Ca/Sr),Sb,0;
make it more beneficial for the formation of interstitials, i.e.,
Sr;; and Oj;, in SrSb,Og. We now turn to the SrSnOj;, in
Fig. 4(c-1) corresponding to SnO,-rich condition and the
Fig. 4(c-2) corresponding to Sr,SnOy-rich condition, Vg~
defects both exist as the primary negative intrinsic defects,
while the Sné:r and Vgtz exist as the primary positive intrinsic
defects in Figs. 4(c-1) and 4(c-2), respectively. Finally, when
it comes to SrGa;Qy, Figs. 4(d-1) and 4(d-2) correspond
to Sr3GayOg-rich and SrGa,sO5-rich conditions, respectively.
The 0122_ in Fig. 4(d-1) exists as the primary negative intrinsic

(b-2)

FIG. 6. STHs in (a) SrSb,0g, (b) Ca,Sb,05, (c) SrSnO;, and (d) SrGa,0,4. The isosurface plots of the hole wave-function squares are
shown with the isosurfaces corresponding to 10% of the maximum. The STH is localized on an individual oxygen atom in SrSnO; while
localized on two equivalent oxygen atoms in SrGa, 0, and two STH configurations [one-oxygen STH (a-1), (b-1) and two-oxygen STH (a-2),
(b-2)] are found in SrSb,04 and Ca,Sb,0;. Notes: The blue atoms denote the oxygen ions on which the hole is localized.
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FIG. 7. The thermodynamic charge transition levels of the primary intrinsic defects and self-trapping energies of the STHs in (a) SrSb,Og,

(b) Ca,Sb,04, (¢) SrSnOs3, and (d) SrGa,0y.

defect while the V&, V&, O, and O} in Fig. 4(d-2) all
show their dominance as negative intrinsic defects. And VOZZ,
Sr, and Gag,, defects emerge as primary positive intrinsic
defects in Figs. 4(d-1) and 4(d-2), respectively.

The site preference of bismuth dopants in SrSb,Og,
Ca,Sb,07, SrSn03, and SrGa, 0y is also analyzed according
to the formation energy calculations (Fig. S2 [65]). The bis-
muth dopants prefer to occupy the Sr site and Ca site as Bi**
ion in SrSb,0g and Ca,Sb,07, and may exist as Bi** or Bi’*
ion at the Sb site, both of which are inactive in luminescence.
Moreover, the formation energies of the Bif,, and Big, are
found to be 0.22 eV lower than those of the Bi, and Big, in
Ca,Sb,07 and Sr,Sb,07, respectively. Considering the high-
temperature synthesis conditions, such a small difference in
formation energies indicates that Bi** may occupy both of
the two Sr (Ca) sites in Sr,Sb,O7 (Ca,;Sb,07). The bismuth
dopants in SrSnO; substitute Sr site as Bi**, and may substi-
tute Sn*t as Bi*t, Bi*t, and Bi’T. As for the SrGa,0y, the
bismuth dopants are found to be likely to substitute both two
Sr sites and Gal and Ga3 sites (among the four Ga sites) as
Bi** ions.

C. Intrinsic defects, self-trapped holes, and their
impacts on intrinsic luminescence

The formation energies of intrinsic defects in Fig. 4 reveal
the dominance of the alkaline earth vacancies in the d'® MOs.
It is also well known that Sr and Ca are ionic and their
vacancies do not lead to dangling bonds. In fact, the neutral
charge state of the Sr (Ca) vacancy leaves two holes in the
valence band, which is derived mostly from O-2p states. The
holes, in turn, prefer to become localized on separate O atoms
next to the vacancy, but stay away from each other to reduce
the Coulomb repulsion energy. Similar scenarios were also
reported in SrTiOz [94]. The Sr (Ca) vacancy can be further
stabilized in the singly negative Vg (V{,) and doubly negative
Vg~ (V&) charge states, as shown in Fig. 4. The Sr vacancies
in SrSb,0g in different charge states are shown in Fig. 5 as
an example, the isosurface plots of the hole wave-function
squares for Sr or Ca vacancies in different charge states in
other hosts are also provided in Fig. S3 [65]. The Sr and
Ca vacancies are double acceptors, showing great potential
as hole trap centers in d'° MOs. They may act as hole trap
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FIG. 8. Total energy difference between the neutral supercell with STH geometry and a positively charged supercell with a STH,
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(a) SrSb,0¢, (b) Ca,Sb,07, (¢) SrSn0O;, and (d) SrGa, 0y, respectively.

centers in the long persistent luminescence as reported exper-
imentally [46,47,95].

It has been shown in Fig. 2 and Fig. S1 [65] that the
highest of the valence bands in the 4'® MOs are dominated by
O-2p orbitals and characterized by small dispersion and high
density of states, which indicate the large effective masses
and low mobility of photoexcited holes in the valence bands,
especially for the SrGa,0y, and the scenarios shown in Fig. 5
and Fig. S3 [65] further inspire us to consider the formation
of self-trapped holes (STHs) in the d'® MOs. So we here
investigate the formation of STHs and then evaluate their
impact on optical properties of the hosts. For each of the
four hosts, by removing an electron from the valence band
of the supercell and starting with slightly distorted structures
to avoid being stuck at a high-symmetric configurations, we
obtained the stable STH geometric configurations as shown
in Fig. 6. Two different configurations of the one-oxygen
STH and two-oxygen STH shown in Figs. 6(a-1) and 6(a-2),
respectively, are found in SrSb,Og, leading to elongations of
the local Sb-O bond lengths by 7.6% ~ 7.9% and 5.2%, re-
spectively, the lowest-energy configuration is the one-oxygen
STH shown in Fig. 6(a-1), which is 0.06 eV lower in total en-
ergies. Despite the small total-energy difference between the

one-oxygen STH and two-oxygen STH in SrSb,Og, an energy
barrier of 0.17 eV is found between them (Fig. S4 [65]). That
is to say, the two-oxygen STH can emerge as a metastable
configuration in SrSb,Og. Similar situation is also found in
CaSb,0¢ (Fig. S5 [65]). Two STH configurations of the
one-oxygen STH and two-oxygen STH are also found in
Ca,Sb,05, the one-oxygen STH is 0.14 eV lower in total
energies than that of two-oxygen STH and an energy barriers
of 0.15 eV is found between them (Fig. S4 [65]), which also
indicate the existence of two-oxygen STH as a metastable
configuration in Ca,Sb,0;. However, the two-oxygen STH
in Sr,Sb,05 is highly unstable and is easy to relax to the
one-oxygen STH. The local Sb-O and Ca-O bonds lengths
are elongated by 5.0% ~ 9.5% and 3.0% ~ 3.4% for the
one-oxygen STH and two-oxygen STH in Ca,Sb,07, respec-
tively. The hole left in the valence band becomes localized
on an individual O atom for SrSnO3, leading to elongations
of the local Sn-O and Sr-O bonds lengths by 4.2% ~ 5.6%.
The two-oxygen STH in SrSnO; and CaSnOs is highly unsta-
ble and is easy to relax to the one-oxygen STH. In SrGa;0y,
the structure relaxation of the STH starting from different
initial configurations always results into localizing on two
equivalent oxygen atoms, leading to elongations of the local
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Ga-O bonds length by 3.2% ~ 4.5%. Similar situations in
local environment changes are also found in their strontium
or calcium counterparts (Fig. S5 [65]), which will not be
repeated here.
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The stability of STHs in the hosts can be characterized
by the self-trapping energy Esr, which corresponds to the
position of e(+/0) associated with each STH, the Esr or
e(+/0) is given as [96]

Est = Ey — (E[A"] 4 Econlh™]) — evam, @)

where E[h"] and E, are the total energies of the supercell con-
taining a STH A and the perfect crystal supercell without the
defect, respectively, and eygym denotes the energy level of the
valence band maximum (VBM). The Egr is calculated to be
0.37 eV (SrSb,0g), 0.57 eV (CaySb,07), 0.37 eV (SrSn03),
and 0.89 eV (SrGa,0,), as plotted in Fig. 7. The significantly
large binding energy of STH in SrGa, 04 compared with those
in SrSb,0g, CaSb,07, and SrSnOj is consistent with the
much smaller dispersion of the tops of valence bands for
alkaline earth gallates among the four series of d'°-MOs under
study as shown in Fig. 2. However, it is worth noting that
the satisfaction of the generalized Koopmans’ theorem [97]
(GKT) is important for the good description of the hole po-
laron state, and the optimal mixing parameters determined
via the satisfaction of the GKT may be quite different from
those determined via the reproduction of the optical band
gaps. As a result, a question arose naturally: Is it possible
that the mixing parameters we adopted may lead to an arti-
fact? Hence, it is necessary for us to determine the mixing
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FIG. 10. Configuration coordinate diagrams of the Bi**-related optical transitions for (a) CaSb,04:Bi**, (b) Ca,Sb,0;:Bi** (site 1),
(c) CaSnOs:Bi**, and (d) SrGa,04:Bi** (site 1), respectively. The mass-weighted configuration coordinate Q in (a), (c¢) [or Q; in (b)] is
along the interpolated geometries between two excited-state equilibrium structures, and Q, in (b) or Q in (d) is pointing from the structure of
the Py state to the ground state. The vertical axis energy is relative to the energy of the ground state at its equilibrium structure.
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TABLEI. Calculated (calc) and measured (expt) excitation (exc) and emission (em) energies (in units of eV) for the Bi**-related transitions
in (Ca/Sr)Sb,0¢:Bi**, (Ca/Sr),Sb,0;:Bi**, (Ca/Sr)Sn0O5:Bi**, and (Ca/Sr)Ga,0,:Bi**. In the case of two sites, the left- and right-hand sides

of “/” in “calc” are for sites 1 and 2, respectively.

Calc Expt

MMCT A band Emission 1 Emission 2
Host exc em exc em exc em exc em
SrSb,0¢ 5.07 4.13 3.89 3.65 4.12 [28] 3.70,3.89 ¢ 3.52,3.40°¢ 2.55,2.46,243°¢
CaSb, 0 5.07 3.91 4.08 4.02 4.28 [28] 4.18 [28] 3.68/3.69/3.65 ¢ 2.80,2.84,2.74 ¢
Sr,Sb, 04 /4.09 2.93/2.68 3.24/3.69 248/ 3.33 [21] 2.49 [21]
Ca,Sb,04 4.57/4.17  2.96/2.53 3.66/3.73 2.74/ 3.57,3.68 ¢ 2.84,2.83°¢
SrSn0O; 4.06 2.81 4.33/4.19° 3.09° 4.13 [37] 3.20 [37] 2.85 [37]
CaSnO; 4.06 2.61 4.05/4.03° 3.31° 4.07 [34] 3.44 [34] 2.74 [34]
SrGa, 0y 5.41/540  3.99/4.35 3.90/3.96 2.53/2.68 3.76 [32] 2.23 [32] 2.49 [32]
CaGa,0y4 5.30/5.36 3.71/3.86 4.03/3.84 2.53/2.89

ACT transition.

"Hybrid functional calculation results on the equilibrium configurations obtained with PBE functional.
€3.89, 3.52, and 2.55 from [28]; 3.40 and 2.46 from [35]; and 3.70 and 2.43 from [25].
43.68 and 2.80 from [28]; 3.69 and 2.84 from [31]; and 3.65 and 2.74 from [24].

€3.57 and 2.84 from [21], 3.68 and 2.83 from [30].

parameters « via the GKT and then evaluate the reliabilities of
the mixing parameters o we adopted now for the description
of STHs.

Following Ref. [96], the dependence of the GKT-relevant
quantities on the Fock-exchange mixing parameters o was
investigated by taking the one oxygen STHs in SrSb,Og,
Ca,Sb,05, SrSn03, and SrGa,;04 as examples. The STH ge-
ometry and the finite-size correction terms [78,98] for total
energy Ecor[A1] and single-particle energy &.or [27], obtained
using their respective mixing parameters determined via the
reproduction of the optical band gaps, were applied to a range
of parameter values. Figure 8 shows the dependence of the
E[N] — E[N — 1] for the STH and its single-particle energies
(est[N — 1] and est[N]) on «. As is shown in Fig. 8, when
using the mixing parameters determined via the reproduc-
tion of the optical band gaps of the hosts, as the electron is
added, est[N — 1] shifts upwards to est[N]. In other words,
the functionals we have adopted show convex behavior, pro-
moting hole delocalization to some extent. We find that
est[N — 1] and es7[N] almost linearly increase and decrease
with increasing «, respectively, while comparatively speaking,
E[N] — E[N — 1] is weakly dependent of «. The linear fits
of the three quantities approximately intersect at « = 0.27,
0.26, 0.24, and 0.28 for SrSb,0g, Ca;Sb,07, SrSnO3, and
SrGa, 0y, respectively, which are all larger than the mixing
parameters we adopted now for each host. Consequently,
these mixing parameters determined via the satisfaction of
the GKT undoubtedly support the existence of the STHs in
these hosts. Moreover, the values of the E[N] — E[N — 1]
have a relatively small variation from the mixing parameters
we adopted now to the GKT-optimized parameters. Actually,
E[N] — E[N — 1] corresponds to the absolute position of the
charge transition level at the given geometric structure. We
note that the absolute position here is relative to the electron’s
electrostatic potential energy in the pristine host. This shows
that the calculated STH level or self-trapping energy is reliable
for a wide range of «, as long as an appropriate STH geometry
and electronic structure are obtained and the absolute VBM

position is well reproduced. In addition, the reproduction of
the optical band gap is important for a relatively accurate ab-
solute VBM position. Hence, the mixing parameters we have
adopted can give a reasonable description for STHs as long as
E[N] — E[N — 1] is used, at least on the aspects of demon-
stration of the existence of STHs and the characterization of
the stability of STHs. The dependencies of the GKT-relevant
quantities on « for the STHs in CaSb,Og, Sr,Sb, 07, CaSnOs,
and CaGa, 0y are also provided in Fig. S6 [65].

Next, we consider the optical transitions involving intrinsic
defects and STHs by following the Franck-Condon principle.
Defects in insulators can introduce levels in the band gaps
or near the band edges, which can play an important role
in the intrinsic and long afterglow emissions. Even though
the formation energies of intrinsic defects that are calculated
based on the PBE functional have been used to identify the
primary intrinsic defects and their valences, the well-known
underestimation of the band gap at the GGA-PBE level affects
the positions of the defect-induced states in the gap, which is
insufficient for the reliable evaluation of the role of intrinsic
defects in the luminescence processes. Hence, we present the
results of the thermodynamic charge transition levels for the
primary intrinsic defects in Fig. 7 via the hybrid functional
calculations. In practical calculations, the optical charge tran-
sition levels following the Franck-Condon principle are raised
to determine the optical charge transition energies. The def-
inition of the optical charge transition level is similar to the
thermodynamic charge transition level defined by Eq. (1), but
now the energy of the final state is calculated using the atomic
configuration of the initial state. We note that the conventional
corrections for charged supercell are not applicable to the
calculation of an optical transition level, as this involves a
nontrivial combination of ionic and electronic screening. A
correction method for optical transition levels involving defect
states calculated with a supercell technique is formulated by
Gake et al. [79,80]. This scheme allows us to achieve reliable
optical transition energies for identifying defect signatures in
measured optical spectra.
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FIG. 11. Partial charge density plots of the hole states [(a-1), (b-1), (c-1), and (d-1)] and electron states [(a-2), (b-2), (c-2), and (d-2) for
the excited state of A-band transition in (a) SrSb,0Og, (b) Ca,Sb,05 (site 1), (¢) SrSnOs, and (d) SrGa,0, (site 1), respectively. Notes: For
presentation purpose, the isosurfaces correspond to 0.06%, 1.5%, 0.25%, and 1.5% of maximum value for hole states in SrSb,Og, Ca,Sb,07,
SrSnOj3, and SrGa, Oy, respectively, while 10% of maximum value for electron states. The smaller thresholds used in (a-1) and (c-1) are merely

in order to show the low charge density near the Bi ions.

The calculated peak emission energy for the process Vg, +
ecpm = Ve in SrSbyOg is 2.19 eV, which is close to the ex-
perimental observed VIS emission peaked at 520 nm under the
band-to-band excitation [25,35]. As a result, the Vszr’ is iden-
tified to account for the VIS emission observed in SrSb,Og.
Similarly, the optical emission energies involving Véﬁ, VCZ,
Sb,,» Sbe,,, Cady,, and Cagp, in Ca,SbyO5 are also calcu-
lated, the calculated peak emission energies are 1.47, 1.28,
2.21, 1.61, 1.83, and 0.86 eV for V2, , Vi,, Sb&,,. Sbt,.
Caly,, and Cal,, respectively. Considering the consistency
between the calculation results and the experimental data and
the formation energies of these intrinsic defects, V2, Sb(.,,.
Sb¢,,, and Cajy, are all likely to account for the orange emis-
sion observed in Ca,Sb,O7 under 254-nm excitation [39]. The
440-nm broad blue emission observed in Ca;Sb,07 [40] can
be attributed to the recombination of a conduction band min-
imum (CBM) electron with the STH with predicted emission
energy of 2.46 eV. The relatively large self-trapping energy
of 0.57 eV makes its presence at room temperature possible.
The Vszr’ related optical emission energy in SrSnQOj; is also
calculated, i.e., 1.77 eV, which is 1.15 eV smaller than the
experimental observed blue emission peaked at 2.92 eV [41],
making the assignment unlikely. The recombination of an
electron from the CBM with the STH is calculated to be
2.82 eV in SrSnOj;, remarkably close to the experimental
observed blue emission in the host. Furthermore, the relatively
low self-trapping energy of 0.37 eV for STH in SrSnOj; in
Fig. 7(c) can also explain the temperature dependence behav-
ior of the intrinsic luminescence observed in SrSnQs, i.e., an
intense and broad emission band centered at 425 nm at 77 K

but no luminescence is observed at room temperature [41]. In
SrGa, 0y, the recombination of the electron from the CBM
with the STH results in a 2.38-eV emission, close to the
optical emission energies involving VSZJ, Vszr;, and Ga;ﬂ, but
is 0.67 eV smaller than the peak emission energy, 3.05 eV, of
the blue emission observed experimentally in the host [43].
Nevertheless, it is worth noting that the mixing parameter «,
which is tuned here in the hybrid functional to reproduce the
optical band gap, is not necessarily the most suitable one to
describe the properties of STHs. Especially, the calculated
self-trapping energy in SrGa; 0y is 0.89 eV [Fig. 7(d)], which
is obviously larger than those in other hosts and implies a
significant distortion induced by the STH, and accordingly
the increase of the ground-state total energy (Frank-Condon
shift) due to the deviation of the STH structure from the
ground-state structure is considerable, i.e., 1.96 eV. So we
tentatively attribute the blue emission observed in SrGa,O4 to
the STH-related emission, and the large self-trapping energy
of the STH in SrGa,0, also make it possible to observe the
intrinsic emission even at room temperature, rather than the
absence of intrinsic blue luminescence at room temperature
in SrSnOj3. The vertical transition energies of excitation and
emission involving primary intrinsic defects in the hosts that
under study are listed in Table S5 [65].

In addition, considering the intrinsic emissions peaked at
520 nm for SrSb,O¢ and 654 nm for Ca,Sb,O; are both
attributed to the intrinsic defects, as a useful exploration and
supplementation, we here attempt to calculate the lumines-
cence line shapes involving these potential intrinsic defects.
The calculated spectral densities of the electron-phonon
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FIG. 12. The k-point sampling convergence test on the Bic, dopant and V, in CaSb,0Og. Notes: The 2 x 3 x 2,3 x4 x 3,and 5 x 5 x 5 k-
point meshes correspond to spacing equal to ~0.04 x 27 /A, ~0.03 x 27 /A, and ~0.02 x 27 /A in all three directions. Notes: The total
energy difference is the energy difference between the defected supercell and the pristine supercell.

coupling and the luminescence line shapes for the potential
intrinsic defects mentioned before in SrSb,O¢ and Ca,Sb,0O4
are shown in Figs. (S6) and (S7) [65]. For a more meaningful
comparison, we shifted the ZPL of calculated line shapes
downward by 0.26 eV for Vs, in SrSb,O¢ and 0.72, 0.13, 0.42,
and 0.02 eV for Sbcai, Sbcar, Cagpy, and Ve, in CapSb,07,
respectively, to align the experimental peak emission energies
(Fig. S9 [65]). The full width at half-maximums (FWHMs)
of these calculated luminescence line shapes are 0.68 eV for
Vsr in SrSb,0g and 0.50, 0.47, 0.46, and 0.63 eV for Sbc,,
Sbcaz, Cagpr, and Ve, in CapSb, 07, respectively. And the
FWHMs are measured to be 0.85 and 0.43 eV for the ex-
perimental observed intrinsic emissions peaked at 520 and
654 nm for SrSb,Og and Ca,Sb, 07, respectively. The compar-
ison between the calculated and experimental luminescence
line shapes shows that the intrinsic defect attributions for the
intrinsic emissions observed in SrSb,O¢ and Ca,Sb,O7 before
are reasonable.

D. Bi** ion-activated emissions in the hosts

Except for the intrinsic emissions mentioned above, the
Bi*"-activated emissions were also much reported in the d'°
MGOs, for example, the UV and green emissions were reported
in SrSb,04:Bi**, while the CaSb,04:Bi** gave the UV and
blue emissions [24,25,28]; the greenish and blue emissions
were reported in Sr,Sb,07:Bi** and Ca,;Sb,07:Bi**, respec-
tively [21,30]; the UV and VIS emissions were observed in
both strontium stannate and calcium stannate [34,37,38]; an
asymmetric band peaked at 504 nm is observed under 330-nm
excitation in SrGa,O4:Bi** [32]. The above-mentioned d'°
MOs span several crystal systems, which provide different
local environments for Bi**™ dopants, leading to diverse and
rich luminescence phenomena, which bring difficulties to the
clear identifications and systematic understanding of the lu-
minescence mechanisms. Furthermore, more than a single
doping site in (Sr/Ca),Sb, 07 and (Sr/Ca)Ga, 04 complicates
the analyses and identifications of Bi**-related transitions. As
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FIG. 13. The supercell size convergence test on the Bic, dopant and V¢, in CaSb,O¢. Notes: The distinction can be found between the
energy differences and thermodynamic charge transition levels without finite-size correction and those with finite-size correction (eFNV
correction), and it is clear that the calculation results with finite-size correction are close to the converged results and are at the order of 0.1-eV
level; the total energy difference is the energy difference between the defected supercell and the pristine supercell.

aresult, the first-principles calculations show its importance in
revealing of the excited-state configurations and the electronic
structures of the bismuth dopants which are not accessible
in the experimental studies. The independent and valuable
insights gained in the first-principles calculations can be used
to better understand the luminescence mechanisms of the Bi**
dopants in the d'° MOs complemented with the experimental
findings.

For the purpose of better presentation and comparison, the
thermodynamic charge transition levels of the Bi** dopants
which characterize the trapped levels of the 6s and 6p charac-
ters in the band gaps of the hosts are plotted in Fig. 9 (detailed
data obtained by calculations are listed in Table S6 [65]). We
have neglected the dopants of Big, and Big,, which have only
deep 6s-like defect levels (not shown in Fig. 9) and can not
account for the bismuth-related transitions. It clearly shows
that the (2 + /1+4) charge transition level of Bis;/c, iS in
the band gaps for all the ' MOs studied, and so is for the
e(1 4 /0) except for the alkaline earth stannates, which pos-
sess (1 4 /0) charge transition levels slightly above CBM.
Most of the hole trap levels with the 6s character of the hosts
studied here are quite shallow in the band gaps, except for
the hole traps in CaSnOj3 and Ca;Sb,0O7, which are about
1 eV. This is connected to the compact local structure of
Bic,: the Ca-O bond lengths in calcium d 10_metal oxides
are shorter than their strontium counterparts, which push the
Bi**-induced transition levels upward. Consistently, the hole
trap level of Bi{, (or Bif,) locates at higher position than
that of Big,; (or Bif,,) in SrSb,O;7 (or Ca,Sb,07) due to

the shorter average bond lengths of Sr2-O (Ca2-O), while
in SrGa,04 (or CaGa,04), Bid, (or Bif,,) has the shorter
average bond lengths and locates at higher position than that
of Big, (or Bif,). This also explains the absence of the
(1 + /0) electron traps of Bigyy in Sr,Sb,O7 and Bicy, in
Ca,Sb,0;. However, the presentation of the trap levels in
Fig. 9 is not sufficient to give a comprehensive understanding
of the Bi**-related optical transition processes. For example,
the (1 + /0) charge transition levels of alkaline earth stan-
nates are not in the gaps, however, two emissions of the UV
and VIS are still observed in both SrSnO3 and CaSnO3 doped
with Bi**. As a result, the configuration coordinate diagrams
(CCDs) are adopted here to characterize the actual dynamics
of the Bi** related transition processes, i.e., A band transition
('So <> 3Po.1) and MMCT transition (Bi** <> Bi*" + egpy,)-
The CCDs can be treated quantitatively based on interpolation
between two excited states or between an excited state and the
ground state, as shown in Fig. 10.

The generalized configuration coordinate Q is defined
as [99]

Q= " mpRp — Ripy ). ®)
Bt

where {mg} are atomic masses and Q has a unit of amu'/2 A
[amu (atomic mass unit)]. In Fig. 10, 3 Po.1 is taken as the ini-
tial state 7, and its geometric structure corresponds to Q = 0.
The geometries of the MMCT excited state (Bi*" + ecgyy)
and the ground state correspond to different final states with
different Q = AQ values given by corresponding changes in
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FIG. 14. The k-point sampling convergence test on the Bic, dopant and V-, in CaSnOs;. Notes: The 2 x 2 x 3,3 x 3 x 4,and 4 x 4 x 6 k-
point meshes correspond to spacing equal to ~0.04 x 27 /A, ~0.03 x 27 /A, and ~0.02 x 27 /A in all three directions. Notes: The total energy
difference is the energy difference between the defected supercells and the pristine supercell.

atomic coordinates as follows:

(AQY =) “myARj,. 9)
B.t

The geometric structure {Rg,} of a general state in Eq. (8) is
a linear interpolated geometry of the initial state and a given
final state (MMCT or the ground state in Fig. 10), leading to
a one-dimensional configuration coordinate Q using Eq. (8).
It is worth noting that Bi** dopants in 4'© MOs are alio-
valent ion doping, so during the calculations of Bi**-related
charge transfer processes, the finite-size corrections including
both the image charge correction and the potential alignment
correction should be well considered. Similarly, the correc-
tion method for optical transition levels developed by Gake
et al. [80] is applied here. Following the conventional treat-
ment of the dopant-related charge transfer processes [76,100],
the Bi*'-related optical charge transition levels are also
adopted here to represent the Bi’*-related charge transfer
processes. The localized nature of the initial and final states
involved in the A band transitions ('Sy <> *Py ;) make it
possible to determine the optical transition energies by apply-

ing the ASCF method directly following the Frank-Condon
principle. The calculation results of the Bi**-related transition
energies in the d'® MOs are listed in Table I. The compar-
ison and scrutiny of the calculation results in Fig. 10 and
Table I against the available experimental data help us to better
identify the Bi’*-related optical transitions. Two emission
bands reported with maxima at 510 and 335 nm in SrSb,Og
were attributed to CT emission and *Py; — 'So emission
therein [25], respectively. Our calculated emission energy of
A band is well consistent with the experimental observed UV
emission, but the calculated MMCT (Bi*" < Bi*t + eqpy)
transition energies locate in the UV range, deviating sub-
stantially from the green and blue emissions observed in
bismuth-doped SrSb,O¢ and CaSb,Og, respectively, so are the
corresponding excitation energies.

Different from the trigonal crystal system of the alkaline
earth metantimonates, the alkaline earth antimonates belong
to the orthorhombic crystal system, and give a different lu-
minescence phenomenon compared with that of the alkaline
earth metantimonates. Despite the two nonequivalent poten-
tial Sr’>*(Ca’*) sites for Bi** ions in Sr,Sb,0; (Ca,Sb,07),
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FIG. 15. The supercell size convergence test on the Bic, dopant and V-, in CaSnOj. Notes: The distinction can be found between the energy
differences and thermodynamic charge transition levels without finite-size correction and those with finite-size correction (eFNV correction),
and it is clear that the calculation results with finite-size correction are close to the converged results and at the order of 0.1-eV level; the total
energy difference is the energy difference between the defected supercell and the pristine supercell.

the experimental observed Bi®'-related emissions are sym-
metric [21], implying the nature of a single emission center.
As an obvious comparison, an asymmetric band peaked at
504 nm is observed under 330-nm excitation in Bi**-doped
SrGa, 0,4 [32], which also contains two crystallographically
nonequivalent Sr>* sites for Bi** ions. As a result, based
on the comparison between measured and calculated peak
energies for bismuth-doped Sr,Sb,O; and Ca,;Sb,0O7, and
the trend of variation in emission band from Sr,Sb,O7 to
Ca,Sb,07 in the solid solutions (Sri_yCay),Sb,07 [21], the
emissions observed in Sr,Sb, 07 and Ca,;Sb, 05 are attributed
to Big;, and Bil,,, respectively. And the Bi’*-related ex-
citations in (Sr/Ca),Sb,O; are both identified as 'Sy —
3P0,1 (A-band) transition, while the green and blue emis-
sions observed in Sr,Sb,O; and Ca,Sb,O5 are attributed to
CT (Bi*" + hipy — Bi’") and 3Py — 'Sy (A-band) tran-
sitions, respectively. The change of emission type from
CT (Bi*' + hipy — Bi*") to *Ry; — 'Sy (A band) is also
easily understood considering the shallower thermodynamic
charge transition level of £(2 + /1+) for Sr,Sb,O; compared

with that for Ca;Sb,0; and the dispersive nature of Bi-6s
states. Furthermore, it is interesting to find that the posi-
tions and shapes of the green and blue emissions observed
in Bi3+—doped SrSb,O¢ and CaSb,Og are close and similar
to the greenish and blue emissions observed in Bi**-doped
Sr,Sb, 07 and Ca,;Sb,07, respectively. More surprisingly, the
point A in the CPD of SrSb,Og shown in Fig. 3(a) corresponds
to the coexistence of the SrSb,O¢ and Sr,Sb, 0. Similar sit-
uations are also expected for CaSb,O¢ and Ca,Sb,05. Thus,
we infer that the green and blue emissions observed in Bi**-
doped SrSb,O¢ and CaSb,Og originate from the Bi** dopants
in secondary compounds of (Sr/Ca),;Sb, 07, which arose dur-
ing the synthesis processes of (Sr/Ca)Sb,Og.

When it comes to Bi3+—doped (Sr/Ca)Sn0Os, the lumines-
cence phenomena and spectral assignments in experiments
are clear, the dominant UV emission observed at 10 K in
SrSnO; is attributed to A band transition. As the temperature
is increased to 7 = 200 K, the intensity of the UV band
decreases in favor of a new VIS emission band centered
near 435 nm. And the VIS emission is identified to be the
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MMCT transition [37]. Similarly, the dominant broad blue
emission peaking near 450 nm in CaSnOj; at room temper-
ature is attributed to the MMCT emission while a weak band
near 370 nm which is additionally discerned at low tem-
perature (10 K) is interpreted with A-band transition [34].
The distinction on the temperature-dependence behavior
between SrSnO;:Bi** and CaSnO;:Bi** actually indicates
the much smaller energy barrier between A-band excited
state and MMCT excited state in CaSnO5:Bi**. Further con-
firmation and understanding is provided by our calculation
results of the Bi*"-related transitions in (Sr/Ca)SnOs as is
listed in Table I and shown in Fig. 10(c). The calculated
A-band and MMCT excitation energies are both close to
the experimental excitation energies in (Sr/Ca)SnOs, con-
sidering the partially allowed transition nature of the A-band
excitation, the A-band excitation is identified to account for
the Bi**-related excitation in (Sr/Ca)Sn0Os. As is shown in
Fig. 9, the (1 4 /0) thermodynamic charge transition lev-
els in (Sr/Ca)SnO; both located in positions slightly higher
than the conduction band edge states, which lead to diffi-
culty in obtaining the equilibrium structures of their A-band
excited states. Nevertheless, the hybrid functional calculation
results on the PBE-optimized equilibrium configurations of
A-band excited states presented in Table I still give a well-
consistent prediction. Moreover, as is shown in the CCD of
CaSnOj; [Fig. 10(c)], the A-band excited electronic state for
those geometries between * Py 1 equilibrium configuration and
Bi*" + ¢~ equilibrium configuration is hard to be obtained,
which also implies the much smaller energy barrier between
3P0,1 excited state and MMCT excited state (Bi*™ 4 e¢~) in
CaSnO;:Bi*™.

The asymmetric emission observed in Bi*T-doped
SrGa,04 implies the two-emission-centers nature, Gaussian
decomposition is applied to fit the asymmetric emission
profile [32]. The calculation results shown in Table I
identify the two emissions of 557 nm (2.23 eV) and 498 nm
(2.49 eV) to the A-band transition of the Big,, and Big,
sites, respectively. The calculated A-band excitation energies
of the Bil, and Bi{, sites are so close to each other that
the experimental observed excitation bands are hard to
distinguish, so we infer that the Big,, and Bi{, sites both
contribute to the excitation bands observed in SrGa,Qjy.
Besides, it is interesting to find that the Stokes shifts of
the A-band transitions of Bis;; and Big,, sites are ~1.4 and
~1.3 eV, respectively, which are substantially larger than the
Stokes shift of a typical A-band transition of <1 eV, and are
comparable to that of a MMCT transition. The large Stokes
shift of the A-band transition in SrGa,Q, is resulted from
the obvious bond length changes and the distortion of the
coordination environments of the Bi** ion. By checking the
local structures of potential doping sites for bismuth dopant in
the hosts (Fig. 1), we observed that only the sites of alkaline
ions in (Ca/Sr)Sb,O¢ are balanced in both bond length
and bond angle, giving a small Stokes shift for the A-band
transition, while those in all the other hosts are imbalanced
in bond lengths and angular distribution, especially in
(Sr/Ca)Ga,0y4, allowing a large structure relaxation and
giving a large Stokes shift.

Finally, in order to show the excited state of A-band transi-
tion clearly, the partial charge density plots of the electron and

hole states for SrSb,OQg, Ca,Sb,07, SrSn0O3, and SrGa;0y,
respectively, are shown in Fig. 11 as examples. It shows that
(i) the 6s (antibonding) orbitals in SrSb,O¢ [Fig. 11(a-1)]
and SrSnO; [Fig. 11(c-1)] are distributed more balanced in
mixing the 2p orbitals of the nearest-neighboring oxygen ions,
while the other two are much less so; (ii) the 6p orbitals
in Ca,Sb,05 [Fig. 11(b-2)] and SrGa,0, [Fig. 11(d-2)] are
close to a polar 6p orbital in charge distribution, while the 6p
orbital in SrSb,O¢ [Fig. 11(a-2)] has a more balanced mixing
of different ligand orbitals, and to a lesser extent is that in
SrSnO; [Fig. 11(c-2)]. The isosurface plots of the hole and
electron states for A-band transition in CaSb, g, CaSnO3, and
CaGa, 0y are also provided in Fig. S10 [65], showing similar
trends. The imbalanced or oriented distributions of the namely
6s and 6p orbitals in the excited state make it easy to reduce in
energy via structure relaxation, leading to a large Stokes shift
of A-band emission.

IV. CONCLUSIONS

First-principles calculations are carried out on a series
of pristine and Bi-doped ternary alkaline earth d'® metal
oxides to explore their defect structures and luminescence
mechanisms, and the results have been employed to interpret
the available experimental photoluminescence processes. The
main findings are as follows: (i) The existences of STHs (self-
trapped holes) in pristine hosts are revealed, which are also
identified to account for the intrinsic blue emissions observed
in Ca;Sb,07, (Sr/Ca)Sn0O3, and SrGa;04. (ii) The primary
intrinsic defects under the air atmosphere are revealed, includ-
ing the Vg ¢, V5! and antisites (Sbg, ., Sngf, Ga{,). The
vacancy Vszr_ is shown to be responsible for the VIS emission
peaked at 520 nm in SrSb,Og, and the alkaline earth vacancies
show great potential as hole trap centers in the long persis-
tent luminescence of d'°-MOs. (iii) The optical transitions
of Bi** dopants are identified and clarified. The UV emis-
sions observed in bismuth-doped SrSb,Og and CaSb,0g¢ are
attributed to the A-band (3P0,1 — 13,) transitions, while the
observed VIS emissions are attributed to the emissions of Bi**
dopants in the minute amount of secondary compounds of
Sr,Sb, 07 and Ca,Sb, 07, respectively. The Bi**-related tran-
sitions are also well identified and interpreted in (Sr/Ca)SnO;
and (Sr/Ca)Ga,0y. (iv) The Stokes shift of A-band transition
is small in SrSb,O¢ and CaSb,Og, but is much larger in
other hosts, particularly in SrGa;Qy4, where the value of 1.3 ~
1.4 eV is even comparable to those of MMCT transitions. The
large Stokes shifts are associated with susceptibility to struc-
ture distortion, while in (Sr/Ca)SnOs, they are also partially
due to the 6p levels being slightly higher than the CBM and
prone to mixing with conduction bands. To sum up, the revela-
tion of STHs, the determination of dominant intrinsic defects
and the excitations, emissions, and the large variation of the
Stokes shifts of Bi** with different local ligand arrangements
should be beneficial for designing and optimizing phosphors
based on alkaline earth d'° metal oxides.
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APPENDIX

To dismiss the possible concern of readers on the conver-
gence of our calculation results, the k-point sampling and size
convergence tests on the Bic, dopants and V¢, in the CaSb,Og¢
(Figs. 12 and 13) and CaSnO; (Figs. 14 and 15) which are

modeled with relatively small supercells in our paper were
performed. As is shown in Figs. 12 and 14, the changes of
the energy differences between the defected supercells and
the pristine supercell and the charge transition levels for Bic,
dopants and V-, with respect to the I"-point calculations were
less than 0.1 eV in both CaSb,Og¢ and CaSnOs. Similar to
the k-point sampling convergence tests, the size convergence
tests shown in Figs. 13 and 15 exhibit that the changes of the
corrected energy differences between the defected supercells
and the pristine supercell and the charge transition levels for
Bic, dopants and V¢, with respect to the supercells we adopted
now were also at the order of 0.1-eV level in both CaSb,0O¢
and CaSnOj. Therefore, we considered our calculation results
to be converged and were reliable enough to support our
conclusions.
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