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The Bi*" ion is an excellent activator and sensitizer for luminescent materials. However, the complexity and
variety of the Bi**-related transitions bring a great challenge to the study of luminescence processes of Bi**
doped materials. Here, we presented first-principles calculations to determine the excitation, relaxation, and
emission processes of Bi*" activated materials by using CaMOs : Bi*t (M = Zr, Sn, Ti) as prototype systems,
where Bi*" substitutes Ca®" in similar coordinate environments but presents tremendously different excitation
and emission spectra. The equilibrium geometric structures of excited states were calculated based on density-
functional theory (DFT), with appropriately constraining the electron occupation and including the spin-orbit
couplings. Then the hybrid DFT calculations were carried out to obtain the electronic structures and defect levels.
Different metastable excited states and Stokes shift were obtained for M = Zr, Sn, and Ti, which explain the
remarkable differences in the measured emission spectra. The energies of three types of transitions are obtained
from the calculations, including intra-Bi** bands transition and charge transfer between Bi** ions and the band
edges. This leads to a clear and reliable interpretation of all the excitation spectra in the series. The method and
its applications to CaMOs : Bi** show the potential of first-principles calculations in analyzing and predicting

luminescent properties of Bi** activated materials.
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I. INTRODUCTION

Bi** doped materials can produce ultraviolet to red lumi-
nescence in different hosts, which exhibit various potential
applications, such as solid-state lighting and display [1-3], op-
tical fiber lasers [4], biomedicine [5], and optical sensing [6].
In recent years, the dramatically increased research interest
also shows the importance of the bismuth activated materials
[7]. The possible underlying photoluminescent mechanisms
and the strategies for phosphor design have been discussed
in several recent review articles [7-9]. The Bi** ion has a
(65)? outer electron configuration with 'Sy ground state. A
strong absorption band located in the vacuum ultraviolet re-
gion is usually attributed to the (6s%) 'Sy — (6s6p) 'P, (C
band) transition, whereas the generally measured excitation
and emission bands are attributed to the transition between
(65%) 'Sy and (6s6p) 3P; (A band in Fig. 1), which is enabled
by spin-orbit coupling (SOC) [10]. Except for the transition
between two electron configurations of a Bi** ion, Fig. 1
also plots the excitation and emission processes involving
charge transfer between a Bi** ion and the host, such as the
valence band (VB) to Bi** charge transfer, usually denoted
as CT [8,9]. And the ionization of an electron from Bi**
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to the condition band (CB), usually denoted as metal-metal
charge transfer (MMCT) [8,9]. All those processes in Bi*" are
electric dipole transitions in nature, although magnetic dipole
transitions can be important for low valent bismuth dopants.
Experimental studies have been carried out for many Bi** ac-
tivated luminescent materials and the excitation and emission
spectra have been analyzed with empirical models [11-15] or
the guidance of band structure calculations [16,17]. However,
there remain ambiguities in the analyses due to the difficulties
in predicting reliable energies of Bi’* excited states and their
relative positions with respect to the band edges of the host
[8]. This makes the design and optimization of Bi*"-activated
materials challenging.

In order to reveal the luminescence mechanisms of differ-
ent Bi** doped phosphors, Awater and Dorenbos introduced
a set of vacuum referred binding energy (VRBE) diagrams,
which exhibited the binding energy of the electron in the
valence and conduction bands, as well as in the 6s ground
and 6p excited states in 117 different inorganic compounds
and provided insight into the physical properties of the
Bi**t activator ion in different chemical environments [11].
Boutinaud er al. introduced a criterion assisting the Bi**-
related excitation spectra assignments [13—15]. Taking into
account the structural characteristics of the hosts, the anion
relaxation and environmental factor, this criterion allows an
estimation of the Bi*t-related excitation bands. Recently,
Back er al. have studied Bi**-activated CaMO; : Bi*"
perovskites (M = Zr, Sn, Ti) to investigate the origin of the
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FIG. 1. Left: schematic configuration coordinate diagram of the
excitation and emission involving A band, the lowest MMCT and
CT states; right: thermodynamic charge transition levels, with double
directional arrows showing the transitions zero-phonon lines.

luminescence experimentally together with above empirical
models [12]. It is very interesting that, despite great simi-
larity in geometric structure and coordinate environment, the
emission of Bi** in these three hosts and their corresponding
excitation spectra show tremendous differences in the peak
position and the band broadening [18-21]. The rich experi-
mental phenomena in the CaM O3 : Bi** series provide a good
prototype for a systematic theoretical study of the luminescent
processes of Bi** activated materials.

First-principles calculations have played a crucial role in
studying the luminescence of the rare-earth ions, such as Eu*"
and Ce**, and provided accurate information about the tran-
sition energies and Stokes shifts with methods based on DFT
and analysis of the system energies [22-24]. In recent years,
advanced calculations based on the hybrid DFT have im-
proved the predictions of chemical and electronic properties
of materials with activators [25]. For the Bi** activated phos-
phors, previous first-principles studies of the band-structure
type calculations have limited capacity in analyzing and inter-
preting experimental results [16,17]. It has been realized that
effectively theoretically modeling the luminescent processes
and optical performance of Bi** doped materials is important
but very challenging [8]. The greatly underestimated band
gap in the conventional DFT calculations strongly affected
the analyses of optical transitions of dopants and defects.
Meanwhile, for systems containing heavy ion Bi**, the large
relativistic effects, both scalar and spin-orbit coupling, and the
correlation of valence electrons bring difficulties in the DFT
calculations. In connection to the optical transitions of Bi**
activators, the excited states calculations remain the greatest
challenge in their luminescence mechanism studies.

Here, we presented first-principles calculations to de-
termine the excitation, relaxation, and emission pro-
cesses of Bi** activated materials by using CaMOj; : Bi**
(M =Zr, Sn, Ti) as prototype systems due to rich ex-
perimental phenomena and data [12,18-21]. The atomic
geometric structures and electronic properties of both the
ground and excited states were obtained. The obtained exci-
tation and emission processes and energies agree very well
with experimental results. A clear picture of all the levels at
both ground and excited equilibrium geometric structures was

constructed. It shows the potential of first-principles calcula-
tions in analyzing and predicting properties of Bi** activated
luminescent materials, which will benefit the design and opti-
mization of new phosphors.

II. METHODOLOGY

A. Parameter settings

The crystal structure of CaMO; (M = Zr, Sn, Ti) com-
pounds belongs to the orthorhombic distorted perovskite
structure with the space group Pbmn [21]. In our calcula-
tion, the Bi-doped CaMOs crystals were modeled using a
2 x 2 x 2 defective supercell containing 160 atoms. Struc-
tural optimization was carried out with DFT calculations,
and the Perdew-Burke-Ernzerof (PBE) exchange-correlation
functional within generalized gradient approximation was
selected, as implemented in the Vienna ab initio Simula-
tion Package (VASP) [26,27]. The projector augmented wave
(PAW) pseudopotentials [28] were adopted to describe the
interactions of elements, where the valence configurations
of Ca, Ti, Sn, Zr, O, and Bi are 3s?3p%4s?, 35s?3p%3d>4s?,
4d'1°5525p?, 4524p°4d?5s?, 25s*2p*, and 5d'°6s%6p> respec-
tively. A plane-wave basis set with an energy cutoff of 400 eV
was adopted. For the initial unit cell, much larger 7 x 5 x 7 k
points grids were employed to optimize the unit cell before
the band structure calculation. As for supercell, the k-point
I" was used to sample the Brillouin zone. Based on our tests
using 520-eV cutoff energy and 3 x 3 x 3 k-point grids, the
errors in transition levels and excitation and emission energies
are less than 0.1 eV. The dispersion of the defect level of
bismuth dopant in the supercell Brillouin zone shows that
interaction between neighboring dopants is small and the size
of the supercell is sufficient. Evidence of this is provided in
Fig. S1 of the Supplemental Material (SM) [29]. The ionic
positions were fully relaxed until the residual force acting on
each ion was less than 0.01 eV/A. In the calculation of the
band structures, the point coordinates of the high symmetry
k path G, Z, T, Y, S, X, U, and R in the Brillouin zones
were chosen for K points [37]. For comparison, the band
gap was also calculated by utilizing the Tran—Blaha modified
Becke—Johnson exchange potential approximation (TB-mBJ)
method [38] with the WIEN2K package [39]. The valance band
maximum (VBM) alignment of the three hosts relative to the
vacuum state were obtained by PBE calculations on a slab for
each host. The slab contains 2 x 1 x 1 unit cells with 40 atoms
and a vacuum layer of 30 A along the a axis.

B. Defect level calculations

Hybrid DFT, which includes a portion of Hartree-Fock
exchange o [40], has emerged as a useful method to improve
the calculations of the band structure and defect levels for
many semiconductors and insulators. The required content of
Hartree-Fock exchange « has been shown approximately the
inverse of the optical dielectric constant for excellent descrip-
tion of the electronic structure of both the perfect crystal and
a broad range of defects in wide-gap oxide semiconductors
[41-43]. By following this empirical relation, we took o =
15% for CaTiO3 (denoted as PBEO15 hereafter), « = 25% for
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CaSnO; (PBE025), and o = 20% for CaZrOs; (PBE020) in
the PBEO calculation, without fine tuning « values to suit the
measured band gaps. Because of the large SOC in the Bi*"
and the 3P0,1 excited state of Bi*t, hybrid DFT + SOC cal-
culations were applied in the calculations [44]. The formation
energy of a defect X in the charge state of g can be derived as
follows:

Ef (X9, Er) = ElX] — E[bulk] = > " mipt; + qEp. (1)

L

where E, is the total energy of the optimized supercells,
n; are the numbers of the atoms of elements i which are
added to (n; > 0) and or removed from (n; < 0) the perfect
supercell [45], and u; are corresponding chemical potentials
of these species. The Fermi energy level Ep represents the
chemical potential of the electrons. For the energy corrections
in the DFT computations for the supercells containing charge
defects, including the image charge interaction corrections
and potential alignments, Durrant et al. proposed that the
combination of the Lany-Zunger correction for the defect
energy due to image charge and the potential alignment be-
tween the two neutral systems (the original host supercell
and the unrelaxed defect containing supercell) can yield accu-
rate corrections [33]. In our calculations of the Bi*t induced
defect levels and the formation energies of CaMO; : Bi**"
(M = Zr, Sn, Ti), the charge corrections are all the level of
0.1 eV or less. More details of the charge corrections can
be found in Note 1 of the Supplemental Material [29]. The
thermodynamic charge transition level €(q;/qg,) was utilized
to predict the positions of defect levels, and it is defined as the
Fermi level at which the defect formation energies of X' and
X equal each other. It can be deduced from Eq. (1) as

Eu({X9},) — B ({X?),,)
q2 — q1 '

€(q1/q2) = 2

C. Excited state optimizations

There are three types of excited states for Bi** in crystals:
the so called MMCT (Bi** + ecg), CT (Bi** + hyg), and the
Aband Po.1) excited states. Since an extra extended electron
or hole in the energy band of the host has little impact on
the local geometric structure of the defect, the equilibrium
structure for MMCT and CT type excited states were approx-
imately obtained by geometry optimization for the supercell
with electron number setting corresponding to Bi** and Bi**
using PBE functional. The calculation of the equilibrium
structure of the 3 Po.1 state is much more involved. The 3P0
state is expected to be the lowest excited state of the defect, so
it can be calculated by constraining the spin multiplicity when
SOC is not included. However, SOC needs to be taken into
account, since it can affect the relative position of the 3 Po1
and other excited states. With the inclusion of SOC, geometry
optimization can be performed by moving an electron from
the nominal 651/2 KS orbital to 6[)1/2.

The geometric structures of the lowest excited state in all
the three CaMOs : Bi*t are readily calculated, but it can be
troublesome to determine them for other excited states. Due
to the small band gap in CaTiOs, the Bi** 6p KS orbitals
are high up in CB. In the PBE calculation of CaTiO3:Bi**,
even after the SOC of Bi*T has been included, the Bi**-6p KS

orbitals remain scattered and high up in the CB. Thus one of
the Bi** 6s electrons could hardly be promoted to occupy the
lowest 6p KS band to form the excited state (Bi**)*. In the
case of the CT excited state in CaTiOs3, the electron excited
from the VB cannot be constrained to occupy the Bi**-6p
KS orbital to form Bi** either. Thus, in CaTiO5:Bi*™, only
the atomic configuration of the lowest exited state, i.e., the
MMCT state, is obtained. As for CaSnOj3, the band gap is
larger than that of CaTiO3, but Bi*"-6p KS orbitals remain
slightly higher than the conduction band minimum (CBM) in
the PBE + SOC calculations. Although the equilibrium struc-
ture of (Bi**)* cannot be obtained by setting spin multiplicity,
the original Bi** 65 electron can be lifted to occupy the lowest
6p KS band by adding two extra electrons to the CB in the
constrained DFT calculation.

D. Calculation of excitation and emission energies

Based on the Franck-Condon principle, the peak energy for
excitation or emission for a given transition can be obtained by
the differences of the total energies of the excited and ground
electronic state at the equilibrium geometric structure of the
initial electronic states of the transition. Since the excited state
of the MMCT excitation is composed of Bi** and an electron
in CB, the MMCT excitation energy is approximated by the
difference of the energy of the CaMOj3:Bi** system plus an
electron in CBM from that of the CaMOj : Bi?* system, i.e.,

emmer = [ecm + Eot((Bi*T)3,)] — Eq({Bi*T)5,).  (3)

Here the two total energies with subscript “34-" are calcu-
lated at the CaMOs : Bi** ground state geometric structures.
The corrections to eymcer due to the Coulomb interaction
between Bi** and the electron in CB were taken into account
together with charge corrections (Table S3 in the SM [29]).
The MMCT emission is calculated similarly but at the equi-
librium structure of CaMO3:Bi** by neglecting the impact of
the extra itinerant electron in CB. Similarly, the CT absorption
and emission energies can be calculated as the difference of
the energy of CaMO5:Bi** plus a hole from that of CaMOs :
Bi** system, also by following the Frank-Condon principle,
ie.,

ecr = [E({Bi*T)3,) — evem] — Ea({Bi*T}3). (@)

In principle, the excitation and emission energies for the
A band can also be calculated as the difference of the total
energy of the initial and final states. Actually, we calculated
these transition energies using the PBE functional with or
without including SOC and obtained their differences, which
were then used to account for the SOC contribution to the
transition energies of hybrid DFT.

III. RESULTS AND DISCUSSION

A. Properties of the hosts

The calculated lattice parameters and volumes for the three
pristine CaM O3 hosts are very close to those from experi-
ments (Table I), with differences in lattice parameters mostly
less than 0.5% for CaTiO3; and CaZrO3; and no more than 1%
for CaSnOs. In all three hosts, Ca ions locate at Wyck. 4c sites
inside of a distorted cube of eight MO¢ groups [Fig. 2(a)].
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TABLE I. Comparison of the PBE calculated with measured lattice parameters (A) of CaMO;.

Calculated Experimental®
a b c volume a b c volume
CaTiOs 5.358 5.449 7.621 222.52 5.381 5.442 7.641 223.76
CaSnO; 5.531 5.692 7.910 249.07 5.482 5.638 7.839 242.31
CaZrO; 5.567 5.758 7.994 256.24 5.583 5.759 8.007 257.45

4The experimental data come from Refs. [18,19,50].

As shown in Fig. 2(b), the Ca ion has 12 oxygen ligands,
but four of them have bond lengths exceeding 3 A and will
not be counted as the ligands of Ca in our analysis. PBE
calculations predict band gaps of 2.43, 2.59, and 4.06 eV for
M = Ti, Sn, and Zr, respectively, which are seriously under-
estimated, as the host band excitation peaks are at 3.78, 4.79,
and 5.70 eV [12]. Hybrid DFT calculations with appropriate
parameters lead to improved band gaps of 3.72, 4.85, and
5.94 eV, which are comparable to the band gaps of 3.57, 4.99,
and 5.54 eV obtained by utilizing the TB-mBJ method [38]
with the WIEN2K package [39]. The PBE band structures (with
band gaps corrected by hybrid DFT) are plotted in Fig. 3. It
shows that the CaTiO3 and CaZrOj; are both direct band gap
insulators, while CaSnOj is an indirect band gap material with
the CBM and the VBM located at the high symmetry k point
of G and S respectively. The CaTiO3 and CaZrO;3 are both
direct band gap insulators, while CaSnOj is an indirect band
gap material with the CBM and the VBM located at the high
symmetry k point of G and S respectively. In CaSnO3 host, the
CB at the I" point is less flat than that in CaTiO3 and CaZrOs,
meaning a lower effective mass of the electron. The computed
densities of states (DOSs) show that the top of VBs for all
the three CaM O3 are dominated by the Op orbitals, and the
compositions of CB are dominated by thes or d orbitals of
M** ions. The bottoms of CBs of CaTiOs and CaZrO; are
similar and both dominated by the M d orbitals, in contrast to
CaSnOs3, where Sns and Op hybrid orbital are dominant.

B. Ground and excited states of CaMOs : Bi**

The mean distances between the Ca atom and their eight
nearest-neighbor O atoms are 2.495, 2.529, and 2.556 A for
CaTiO3, CaSnOs3, and CaZrOs, respectively. Due to the simi-
larity in ionic radii and chemical properties, the incorporated
Bi?t (ion radius r = 1.03 A, coordination number CN = 6;
r=1.17 A, CN = 8) ions tend to substitute the Ca*" (r =

FIG. 2. (a) Crystalline structure of CaMO; orthorhombic dis-
torted perovskite. (b) Polyhedron diagram of Ca”" site in CaMOs,
which is coordinated with 12 oxygen atoms, with four oxygen lig-
ands of bond lengths are more than 3 A showing in green.

1.12A, CN = 8) sites (denoted as Bic,), rather than Ti**
(r = 0.605 A, CN = 6), Sn** (r = 0.69 A, CN = 6), or Zr**
(r=0.72 A, CN = 06) sites in the three hosts. This is also
confirmed by our calculation that the formation energies of
Bi}w_, ie., Bi*t replacing M*t(M =Ti, Sn, Zr), are substan-
tially larger than Bil (Bi*" replacing Ca’") under relevant
chemical conditions. The details can be found in Fig. S3 of
the SM [29]. The charge compensation can be fulfilled by
negatively charged calcium vacancies Vég, but its effect on
the excitation and emission energies is negligible in the case
of low dopant concentration. Direct calculations show that
there is no tendency of Bic, and V¢, clustering, and so we
do not include the charge compensation in our supercell cal-
culations but will take charge corrections into account instead.
In CaTiO; and CaZrOs3, the oxygen environments are hardly
changed by Bi** substitution (Table II) in that the mean bond
lengths change by less than 0.002 A, while in CaSnOs the
oxygen environments change slightly by Bi** substitution,
resulting in a decrease in mean bond length by 0.015 A
(Fig. S4 in the SM [29]).

It is noted that, although the MMCT of Bi** to host cation
or CB has been denoted as Bi*T — Bi*t + ecg, the electron
is actually removed from an antibonding orbital contributed
by bismuth 6s atomic orbital and oxygen 2p atomic orbital,
as plotted in Fig. S5 in the SM [29]. Similarly, in A band
transition, an electron is lifted from such an antibonding or-
bital to a bismuth 6p orbital according to our calculations.
Comparing with the ground states, the excited states struc-
ture relaxations show clear changes in the bond lengths, as
shown in Fig. S6 of the SM [29]. The mean bond lengths of
Bi-O in the MMCT states decrease about 3% (~0.07 A in
CaTiO3 and ~0.08 A in CaSnO;3; and CaZrO3), as listed in
Table II. It is interesting that the variation of bond lengths is
far from an overall shrinkage but dominated by the decrease
in length of three bonds, which is ~0.20 A in CaZrO5 and
~0.13 A in CaSnO3, while in CaTiOs, there are five oxygen
ligands whose bond length decrease by ~0.10 A, as shown in
Table S4 in the SM [29]. For CT states, we obtained the equi-
librium configurations in CaSnO3 and CaZrOs3, and the mean
bond lengths of Bi-O increase by about 7% (~0.18 A) com-
pared to the ground states. The three oxygen ligands, which
are sensitive during the structure variation from the ground
state to the MMCT state, remain the most sensitive ones and
their bond lengths increase by ~0.31 A from the ground state
to the CT state for CaZrO3; and CaSnO3. Meanwhile, there are
three other oxygen ligands whose bond lengths increase more
than ~0.10 A in the CT state. For the (Bi*+)* excited state
(3P0,1), the mean bond length of CaZrO; increases by 5.0%
(~0.13 A) and 3.3% (~0.08 A) in CaSnO;. The changes in
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FIG. 3. PBE calculated band structures, with band gaps taken from hybrid DFT calculation for pristine hosts: (a) CaTiO;, 3.72 eV; (b)
CaSn0s, 4.85 eV; (c) CaZrOs;, 5.94 eV, and the corresponding total or partial densities of states shown as DOS and colored PDOS, respectively.

bond lengths are dominated by the four outermost oxygen
ligands in both CaSnO; (~0.17 A) and CaZrO; (~0.23 A).
In short, different from the expectation of a dominant overall
variation of all the Bi-O bond lengths over the ground state ge-
ometry structure, some bond lengths vary dramatically while
others are barely changed.

In hybrid DFT calculations, the transition energies of the
lowest excitation and emission are always readily calculated.
Only in CaZrO5:Bi** all the higher excitation energies and
the emission energy were obtained by straightforward cal-
culations. In the case of CaTiO;:Bi*t, due to the smaller
band gap, we could not obtain the equilibrium structures
of the higher CT and 3Py excited states. Similar problem
also occurred in the higher 3P0,1 state in CaSnO3:Bi**. A
proper mixing parameter « can produce improved band gap
energies, and by assuming approximately the generalized
Koopmans theorem [46], the hybrid DFT calculation is also
able to give a consistent description for localized defects [43].
We utilized the eigenvalues in hybrid DFT calculation, the
so-called generalized Kohn-Sham (GKS) eigenvalues as an
approximation for determining the transition energies [see
Fig. S7 for the detailed partial DOS (PDOS) diagram] [25].
The energy difference between the unoccupied 6s and 6p KS
orbitals were applied to approximate the A band excitation
energy in Bi-doped CaTiO3. For CaSnOs, this approximation
was also available in the emission energy since we obtained
the equilibrium geometric structure of the excited state. The
CT excitation in Bi-doped CaTiO3 and CaSnO3 was approx-

TABLE II. Calculated mean bond lengths of Ca-O and Bi-O in
units of A.

System  Ca’*-0* Bi**-0 (Bi*")*-0 Bi*"-0 Bi**-0
CaTiO; 2.495 2.497 2.429

CaSnOs 2.529 2.514 2.597 2431 2.696
CaZrO; 2.556 2.555 2.682 2475 2.734

2Ca%" and Bi** represent the host Ca®* site and the dopant site, re-
spectively. (Bi**)*, Bi*", and Bi*" are the optimized A band, MMCT,
and CT excited states for the Bi*" dopant, respectively.

imated with the energy difference between the VBM and
lowest unoccupied 6p KS orbital in CaMO3. The CT exci-
tation in CaSnOj3 was approximated with GKS eigenvalues,
while the emission was calculated with Eq. (4) since the
optimized CaSnOs:Bi>* structure was obtained. The validity
of the approximations in our Bi**-related excited state calcu-
lations will be scrutinized by the comparison of the calculated
excitation and emission energies to the experimental results.

C. Bi**-related defect levels

In order to compare the Bi** induced defect levels in three
materials, the VBM was aligned relative to the vacuum level
as plotted in Fig. 4, whereas the data are listed in Table S5 of
the SM [29]. The doped Bi** ions can work as hole traps in
all three CaM Os. The depth of the hole trap is found to be the
largest in CaSnO3 (1.39 eV), whereas it is 0.99 eV in CaTiO;
and 1.12 eV in CaZrO3. In CaSnOs, the bond lengths between
Ca’* ions and their surrounding oxygen ions are looser than
those in CaTiOs and CaZrOs after Bi*T substitution, allowing
a larger structure relaxation and nephelauxetic effects, which
leads to a larger trap depth. Our results differ remarkably from
the VRBE diagram for CaMOs : Bi*T in Ref. [12], where the
depth of the Bi** 6s hole trap in CaZrOj; differs from that of

24 ——6s? —— 6s6p —— 6s%6
p p CB
$4{ - - =
L
m
D>C -6 MMCT cT mMMeT  Alband CT] MMCT  Alband
-8 -
| VB
-10 - CaTiO, CaSnO, CazrO,

FIG. 4. The VRBE of Bi*" induced defect levels and their
zero-phonon transitions relative to the VBM in CaMO; perovskites
(M = Zr, Sn, Ti) calculated with hybrid DFT, where solid lines
represent thermodynamic charge transition levels and dash lines
represent optical charge transition levels. The VBM by hybrid DFT
calculation is aligned relative to the vacuum state.
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CaTiO; by more than 2 eV. The bottom of CBs is dominated
by the M** orbitals, and this leads to the dependence of the
band gaps on M ions. As a result of a small band gap, the CBM
positions of CaTiO3 and CaSnOj are both beneath the thermo-
dynamic charge transition level €(41/0) of the Bic,, making
Bi?* unstable. However, the e(+1 /0) of Bic, in CaZrOs; is
beneath the CBM, leading to an electron trap at —1.46 eV
relative to the CBM.

Although the structures are similar in all three hosts, the
different M** cation has some impact on the relative position
of the VBM relative to the vacuum state, which is shown in
Fig. S8 of the SM [29]. The VRBE of the VBM in CaSnOs is
about —1.00 eV lower relative to that in CaTiO3 and —0.56 eV
lower relative to that in CaZrOs. The VRBE of the e (4+2/ + 1)
of Bicy, i.e., the energy position of the hole trap of 6s character
of the bismuth ion, are similar in all three hosts, with only
the lowest being in CaSnO3:Bi3+, which is —0.4 to —0.3 eV
relative the other two. Such difference may be traced down
to the difference in chemical properties between Sn** and the
other two ions of the same group. It is noted that the VRBE for
the VBM from the hybrid DFT calculations is o dependent,
and the obtained values here lie beneath those of the empir-
ical model [11], while the values from PBE calculation are
above those of the empirical model. If the VRBE of the VBM
from the PBE calculation was employed, the e(+2/ + 1) of
CaSnOj3:Bi** would be slightly higher than those in the two
other hosts, as plotted in Fig. S9 in the SM [29]. This indicates
that the hole traps of Bi** 65 character in the three hosts might
actually align with each other even better than those reported
in Fig. 4.

In Ref. [11], Awater and Dorenbos concluded that the
VRBE of Bi®* 6s is strongly connected to the nephelauxetic
effect, which is closely related to the coordination numbers
and the average bond length of the polyhedron in CaMOs :
Bi** and becomes stronger with decrease in coordination
number and shrinkage of the bond length [47]. This is partially
confirmed by our calculation: compared to CaZrOs, the slight
decrease of the average bond length lifts the VRBE of the
Bi-activated hole trap in CaTiOs; by 0.13 eV. However, the
VRBE of Bi*" 6s orbital in CaSnOj; is the lowest among
the three hosts, although its bond length is larger than that
in CaTiOs. This indicates that M** ion has some impacts on
the nephelauxetic effect.

D. Luminescence mechanism of the three materials

Experimentally measured photoluminescent spectra for the
three phosphors show quite different features. Based on our
results on the charge transition levels, we attribute them to
Bi’t-related transitions. The CaTiO5:Bi*"T and CaSnO5:Bi**+
exhibit much broader emission bands than CaZrOs:Bi**. The
full width at half maximum (FWHM) is 0.57 eV [18], 0.59eV
[19], and 0.31eV [20] for M = Ti, Sn, and Zr, respectively.
Meanwhile, at a low temperature, a weak band near 360 nm
(3.44 eV) shows up in the emission spectrum of CaSnO; ‘Bi*t.
The measured excitation spectrum of CaTiO5:Bi*t [18] is
characterized by a structured broad band dominated in the
range of 250—400 nm, which is featured by a peak at 320
nm, a shoulder around 375 nm, and a short-wavelength cutoff
around 250 nm. For CaSnO5:Bi*™, there are mainly two ex-

TABLE I1II. Calculated and measured excitation and emission
energies of MMCT, A band, and CT in CaMO; perovskites
(M = Zr, Sn, Ti) in units of eV. Data in parentheses are calculated
emissions that are not observable in experiment.

MMCT A band CT

Ex Em Ex Em Ex Em

CaTiO, calc. 3.05 222 3.69* 472
7 expt. 331 223 3.88 ~2.80" 4.56
CaSnO; calc. 378 286 3.99* 3.47°  6.08* (4.05)
T oexpt. ~4.03 274 4.03 3.44
CaZtO; calc. 519 (4.18) 4.10 315 550 (3.59)
expt. 5.23 3.92 3.18 5.70

*Transition energies approximated by using energies of unoccupied
GKS orbitals.

>The emission band measured under 3.75-eV excitation given in the
Supporting Information of Ref. [12].

citation bands peaking at 308 and 260 nm [20,21], with some
less-resolved features between the two broad excitation bands
[12]. The CaZrOs:Bi** compound exhibits a more structured
excitation spectrum, including one narrow band peaking at
304 nm [21] (FWHM of ~0.48 eV) and a board band dom-
inated in the range from 5.0 to 5.8 eV [12].

Based on the optimized equilibrium structures for both
ground and various Bi**-related excited states for all three
hosts, we obtain the excitation and emission energies for
various transitions, as listed in Table III. In order to show
the dynamical processes, a schematic configurational coordi-
nate diagram is constructed based on these data (Fig. 5). In
CaTiO5:Bi**, the calculated energy of the MMCT excitation
is 3.05 eV, which matches the unidentified 375-nm shoulder
in the excitation spectrum ( Ref. [18]). The calculated en-
ergies of A band and CT excitations are 3.69 and 4.72 eV,
respectively, and they match the peak of 320 nm (3.88 eV)
and ~272 nm (4.56 eV) in the measured excitation spectrum
(Ref. [18]), respectively. The band gap of CaSnOj; is 1.36 eV
larger than that of CaTiOs3, and it results in the upward shift
of the CBM towards the 3Po,l as shown in Fig. 5(b). The
calculation for CaSnOs:Bi** given in Table III shows that
the MMCT and A band excitations are centered at 3.78 and
3.99 eV. The calculated excitation energy difference be-
tween the MMCT and the A band is only 0.22 eV and
the absorption of MMCT is expected to be blurred by
the strong parity-allowed 'Sy — 3P, excitation. This cor-
responds to the excitation band observed around 4.03
eV in Ref. [19]. The calculated CT excitation band is
at 6.08 eV, much higher than the edge of band-to-
band absorption, and presumably is blurred by interband
absorption. The band gap of CaZrO; is even larger
(5.94 eV), and the MMCT excitation energy is calculated to
be 1.09 eV higher than the A band transition. In above calcu-
lations of the three materials, the predicted MMCT excitation
energies are systematically lower by about 0.2 eV than the
measured MMCT bands. We note that the calculated values
are only the low bound of the vertical ionization of an electron
from Bi** to CB, which is expected to be lower than the peak
energy of MMCT bands. Significantly, the variation of the

075109-6



FIRST-PRINCIPLES STUDY OF Bi**-RELATED ...

PHYSICAL REVIEW B 103, 075109 (2021)

8

Energy (eV)
Energy (eV)
N

(B Bi?*+ hyg

Energy (eV)
N

5] MMCT Bi®* 24 Bi®*
CaTiO, \ CaSnO, CaZrO4
. - 0 \ - 0 . L
Qs Qg Qe'y Qg C.C. Qg Qg Qy Qg C.C. Qg Qg Qe'y Qg C.C.

FIG. 5. Configurational coordinate diagrams of the defects’ potential surfaces as a function of the generalized configuration coordinate for
CaMO; perovskites (M = Zr, Sn, Ti). Notes: (1) Bi*" and (Bi**)* denote the ground and 3P, | excited states of Bi*" in the host, respectively.
(2) Bi*" + ecpy simulates Bi*t with an electron at CBM, representing the lowest MMCT excited state. (3) Bi** + hygy simulates Bi2* with
a loose hole at VBM, representing the lowest CT excited state. (4) Energy surfaces for (Bi**)* and Bi** + hygy in CaTiO; are estimated by
referring to CaZrO; for energy relaxation and are drawn in dashed lines for reference only.

relative positions of the MMCT and the A band excitation with
the band gap in CaMOj5 : Bi** shows great consistency with
the three situations of the CBM and 3Py | energy level patterns
introduced in Ref. [14].

The MMCT excitations of CaMO; : Bi*T were evaluated
previously with the semiempirical method in Ref. [12]. It con-
sidered the electronegativity of different M** and the shortest
distance between the M** site and the Ca’* site (doory) that
includes the ionic radius differences due to replacing Ca>* by
Bi*". The effect of the charge difference between Bi** and
Ca’* is neglected in the distance correction. In our calcula-
tion, the bond lengths turned out to be hardly changed by Bi**
substitution. Meanwhile, the d.. is expected to have little
influence on the MMCT excitation energies, because even the
deorr in CaSnOs;, which is predicted to be the largest among
the three, is merely 2.1% (~0.05 10%) larger than in CaTiO3, the
smallest among the three. Thus, the MMCT excitation results
from this empirical method are mostly differentiated by the
electronegativity of different M**. The result is very close to
the measurement in CaSnO5:Bi*" but is overestimated by 0.46
eV in CaTiO3:Bi** and significantly underestimated by 1.31
eV in CaZrO5:Bi**. The A band excitation has also been eval-
uated empirically based on the environmental factor involving
the chemical bonds between the central ion and the nearest
anions. Since those parameters are similar in the three CaM O3
hosts, the predicted excitation energies are quite similar in the
three materials, remarkably different from the measurements
and our first-principles calculations.

With the calculated equilibrium structures for various ex-
cited states, we obtained the emission energies for possible
transitions and their Stokes shifts. The Bi** 6s orbitals are
all above the VBM in three CaM O3, thus the CT emissions
are expected to be higher in energy than *P,; and not ob-
servable. Only in CaZrO; the Bi** 6p orbital is lower than
the CBM, and the emission cannot be dominated by the 3 Po1
emission in the other two materials. The calculated MMCT
emissions in CaTiOs:Bi** and CaSnOs:Bi** are 2.22 and
2.86 eV, respectively. These values are consistent with the
peaks 2.23 and 2.73 eV from the measured broad emis-

sion band listed in Table III. Furthermore, in CaSnO5:Bi’*t,
there is an extra weak low-temperature emission band at
3.44 eV, which is attributed to the A band emission calculated
at 3.47 eV. This indicates that the metastable 3P0, 1 excited
state above the MMCT state becomes emissive at low tem-
perature, and the large coordination difference between those
two excited states hindered the prompt relaxation from 3Py |
to the MMCT state. In both CaTiO; and CaSnOs, the A
band and MMCT excitations overlap and the origin of the
Bi*" emitting could be ambiguous, since the (Bi*")* excited
state could transfer to Bi*T 4 ecpy or vice versa depending
on their relative position. The actual emissive level is the
lower one of the two excited levels after structure relaxation,
which is resolved to be MMCT here by the first-principles
calculations. In addition, our calculation reveals that the CT
excited states tend to relax to the (Bi*t)* excited state be-
neath it. As for CaZrO5:Bi*t, the 3 Po.1 and CT states are all
located in the band gap, and the emission is dominated by
the lowest excited state. The calculated A band excitation and
emission energies are 4.10 and 3.15 eV, respectively, which
are consistent with the measured spectra. In comparison, the A
band excitation energy, obtained approximately from the GKS
eigenvalues at 3.84 eV in the hybrid DFT 4 SOC calculation
of CaZrOs:Bi**, is slightly underestimated compared to the
one from total energy difference (4.10 eV). The calculated
MMCT and CT excitation in CaZrO;:Bi*" agree quite well
with the two peaks 5.23 and 5.70 eV resolved from a super-
broad excitation band ranging from 5 to 6 eV in Ref. [12].
However, those two excited states are not metastable and their
excitations will rapidly relax to the Py | excited state to emit
[Fig. 5(c)].

To sum up, M** ions have a strong effect on the relative po-
sition of the excited states, the excitation and emission spectra,
and luminescent dynamical processes of CaMO; : Bi**. The
band gap of CaZrOj3 is large enough to contain the 3Py | ex-
cited state, which dominates both the absorption and emission,
while the smaller band gaps in CaSnO3 and CaTiO3; make the
3 Po.1 and CT excited states not stable, resulting in the emission
from MMCT excited states.
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E. Further discussions on Bi** in other hosts
with similar environment

We have also performed the calculation for CaHfO3:Bi**.
The lowest excited state is predicted to be 3Po,1, and the
excitation and emission energies are 3.94 and 2.86 eV, re-
spectively. This agrees with the assignment and peak energies
[48]. Based on our first-principles studies for CaMOs : Bi*T,
the luminescent mechanisms of SrMOs:Bi** (M = Sn, Zr)
can be readily inferred without resorting to sophisticated cal-
culations as follows. Similar to CaSnOs5:Bi*", the emission
of SrSn03:Bi*t is dominated by a broad band with a large
Stokes shift, which can be assigned as the MMCT emission,
and a narrow emission due to 3Py emission was observed
at low temperature [49]. The same phenomenon is expected
in SrTiO3:Bi**, but no experimental results are available for
comparison. Regarding SrZrOs:Bi’*", the lowest excited state
is expected to be 3P(),1, giving a narrow emission band [49].
Since the ion radius of Sr** is larger than that of Ca*", a larger
structure relaxation of the Bi** dopant is expected, which
explains the slightly larger broadening of the emission and
larger Stokes shift.

IV. CONCLUSION

In this work, hybrid DFT calculations have been per-
formed to study the luminescence mechanisms of the Bi**
doped CaM O3 perovskites (M = Zr, Sn, Ti). The geometric
structures for both the ground states and excited states were
obtained with proper treatments of the electron configuration
of Bi** ions. Based on these geometric structures, a clear
diagram of all the levels involved in the photoluminescent
processes has been obtained. The calculated results show that
the luminescence is due to A band transition in CaZrOs:Bi**
but MMCT transition in CaSnOs:Bi*t and CaTiOs:Bi*t,
with calculated emission energies and Stokes shifts matching

experimental measurements very well. The main features in
the excitation spectra have all been reliably assigned to A
band, MMCT, and CT transitions by matching calculated to
measured peak energies for Bi** in all three hosts. The A
band excitation is always dominant at similar energies in the
three CaMOj5 : Bi*t, while the MMCT excitations vary with
the upshift of the CBM along M = Ti, Sn, to Zr. As for the
CT excitation, the 6p level of Bi>* is located in the band gap
only for CaZrOs3, but is scattered high up in CBs in CaSnO3
and CaTiOj3. Our calculations on the trap depths predict that
Bi** can work as both hole and electron traps in CaZrOs,
but only hole traps in the CaTiO3 and CaSnOs. Interestingly,
different from the usual expectation that all the Bi-O bond
lengths vary almost simultaneously when Bi** is excited to
Bi*" + ecp, Bi** + hyg or (Bi**)*, some bond lengths vary
dramatically while others are barely changed. Our study has
clearly demonstrated the potential of the proposed calculation
scheme in predicting and analyzing the properties of Bi’*"
activated luminescent materials, which will benefit the design
and optimization of new phosphors.
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