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Understanding the defect levels and photoluminescence in a series of bismuth-doped
perovskite oxides: First-principles study
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First-principles calculations using the hybrid density functional are carried out to study the defect levels and
photoluminescence of bismuth doped in perovskites RAIO; (R =Y, Gd, La) and LaBO; (B = Al, Ga, In).
Bismuth dopants are confirmed to be predominantly Bi*" occupying the R site, i.e., Bi} (R =Y, Gd, La).
The variation of the electron trap depth Big(0/—1) is shown mainly due to the shift of the conduction band,
while the hole trap level Big(4-1/0) shows the correlation with the shortest R—O bond length in hosts. Based on
the defect level diagram from the first-principles calculation, the transition types of excitation and emission are
predicted. Among the systems considered, the lowest excited level that produces the photoluminescence is the
3Py.1 levels of the 65'6p! configuration of Bi**, except for Bi*T-doped LaAlQs, which is the valence band to
Bi** charge transfer state. The photoluminescence involving 3P, | states shows similar Stokes shift in the series,
and the excitation and emission energies exhibit almost linear correlation with the band gaps of hosts of a slope
~0.22. Furthermore, our calculations show that there is no tendency of forming excessive Bi*" pairs in all the
five RBO5:Bi**, while the Gd**-Gd** coupling in GdAlO; provides a “bridge” for energy migration from an
excited isolated Bi** ion to the Bi*" pairs that are naturally present due to random distribution, leading to the
495-nm emission being observed uniquely in bismuth-doped GdA1O; among the series of systems considered.
The results lay the basis for manipulating the trap levels and excitation and emission wavelengths in Bi**-doped

perovskite oxides.
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I. INTRODUCTION

With the presence of the ns® lone pair, the photolumines-
cence of Bi’" is sensitive to the ligand environments and
spans from the ultraviolet to the green, which makes bismuth
doping attractive for scintillator or phosphor applications
[1-7]. Furthermore, bismuth doping is commonly employed
to sensitize the lanthanide activators in phosphors or to pro-
vide electron and hole traps for persistent luminescence and
storage phosphors [8,9]. For further optimization and im-
provement of Bi-doped materials, it is essential to explore the
site occupancy, valence state, structure-related luminescence
mechanisms, or trends that suit the spectra of Bi-doped phos-
phorescent systems [9-11]. Along these lines, the empirical
model provided by Wang et al. [12] establishes a relationship
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between energy levels of Bi** dopants and host environment.
Dorenbos et al. constructed vacuum referred binding energy
(VRBE) diagrams for 6s and 6p electrons of Bi** dopants in
a wide range of hosts to facilitate designing trap levels [13].

In a series of Bi-doped perovskite hosts [3—6], including
RAIOs; (R=Y, Gd, La) and LaBO3 (B = Al, In, Ga), the
Bi-related excitation and emission were found to vary remark-
ably with R or B cations. In particular, the photoluminescence
of LaAlO;:Bi exhibits a much larger Stokes shift than those
in other hosts. GdAlO; shows similar chemical properties
and band structure with YAIOs, while the emission spectra
of GdAIlO;:Bi exhibit an extra strong redshifted broad band
not observed in YAlOs:Bi. In order to clarify the trends of
trap depths and photoluminescence in a series of Bi-doped
RBOj; phosphors, as well as to assist the designing and opti-
mization of Bi activated luminescence materials, a systematic
first-principles calculation [14—16] is significant.

The first-principles calculation has recently been employed
in studying and elucidating the excitation, relaxation, and
emission processes of the Bi** activated phosphors including

©2021 American Physical Society


https://orcid.org/0000-0002-1497-0783
https://orcid.org/0000-0003-1016-4976
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.104.115101&domain=pdf&date_stamp=2021-09-01
https://doi.org/10.1103/PhysRevB.104.115101

LOU, WEN, NING, YIN, MA, AND DUAN

PHYSICAL REVIEW B 104, 115101 (2021)

the optical transitions of 'Sy — 3Py | inner Bi* (A band), the
valence band to Bi** charge transfer (CT) transitions, or the
Bi** to conduction band, i.e., metal-to-metal charge transfer
(MMCT) transition [17]. In addition, the aforementioned ab-
normal redshifted broadband emission of Bi-doped GdAIO;
has been tentatively assigned as Bi** pairs or clusters [3].
Although similar emissions have been recognized in several
other hosts [18,19], little is known on the pair or cluster’s
formation and excited-state properties [19]. For transitions in-
volving complex defects, the first-principles calculations have
been widely utilized to investigate the donor-acceptor pairs
[20-22] by studying their formation energies and defect levels
in band gaps.

Herein, first-principles calculation is performed on study-
ing the luminescent properties of Bi-doped RAIO; (R =,
Gd, La) and LaBO3 (B = Al, Ga, In). The methodology and
the main results are presented in Sec. I and Sec. III, re-
spectively. The geometric and electronic structures of the five
pristine hosts are discussed in Sec. Il A, and the intrinsic
defects and site occupancy of Bi dopants are discussed in
Sec. III B, where Bi is confirmed to be predominantly Bi%, 1.e.,
Bi** occupying the R site (R = Y, Gd, La). Then, Sec. III C
focuses on the properties of Bi**-related defect levels, and the
trends of optical transition energies. Meanwhile, in Sec. III D,
the emission processes of the Bi pair in GAA1O3 will be clari-
fied based on the obtained excited-state equilibrium structures
and energy transfer processes.

II. METHODOLOGY

A. General parameter settings

The crystal structure of YAIO;, GdAIOs;, LaGaOs;, and
LaInO3 compound belongs to the orthorhombic distorted per-
ovskite structure (space group No. 62, Pnma), with primitive
cell containing four RBO; formulas [3], while LaAlO; be-
longs to the perovskite structure of space group Pm-3m (No.
221) with primitive cell containing a single LaAlO; formula
[5]. Simple defects in YAIO3, GdA1O3, LaGaO3, and LalnO;
crystals were modeled using a 2 x 2 x 1 defective supercell
containing 80 atoms, but for LaAlOs, a 3 x 3 x 3 defective
supercell containing 135 atoms was adopted. As for Bi pairs
in GdAIO; and YAIO3;, a larger 2 x 2 x 2 defective supercell
containing 160 atoms was employed.

First-principles calculations were carried out with
density-functional theory (DFT) by employing the
Perdew-Burke-Ernzerhof revised for solids (PBEsol) [23]
within generalized gradient approximation implemented in
the Vienna Ab initio Simulation Package (VASP) [24,25].
For bismuth containing supercells, spin-orbit coupling
(SOC) is important and has been included in the structure
relaxation. Semicore electrons are explicitly treated for
Gd (5p°5d'6s%), Y (4s*4p°4d'5s?), La (5s*5p°5d'6s?),
Al (3s23p"), O (2522p*), Ga (3d'%4s%4p"), In (4d'°55%5p"),
and Bi (6s?6p®) with the projector augmented wave
pseudopotentials [26]. The cutoff energy was set to 520 eV
and a 2 x 2 x 2 k-point mesh was employed in PBEsol
calculations. Electronic energy minimization is performed
with a tolerance of 10~° eV, while the force on each atom
is converged within 0.01 eV/A. The valence-band maximum

(VBM) alignment of the five hosts relative to the vacuum
state was obtained by PBEsol calculations on a slab with a
vacuum layer of ~20 A along the a axis for the five hosts.
The slab contains 4 x 1 x 1 unit cells with 80 atoms for
YAIOj3, GdAlOj;, LaGaOs3, LalnO3 and 6 x 1 x 2 unit cells
with 60 atoms for LaAlOs.

B. Formation energies of defects

The formation energy of a defect X in the charge state of ¢
is defined as follows [27]:

E/ (X4, Ep) = ElX?] = Eq[bulk] = Y nipe; + gEr, (1)

1

where Ei[X9] and E[bulk] are, correspondingly, the total
energies of defect X9 and pristine supercells, g is the total
charge of the defective supercell, n; is the change in the
number of the atoms of X7 supercell relative to the pristine su-
percell, and y; is the corresponding chemical potential of the
elements. The Fermi energy level Er represents the chemical
potential of the electrons. The thermodynamic charge transi-
tion level €(q;/q2) is the value of Ep at which the formation
energies of defect with two charge states, X' and X%, are
equal. It can be deduced from Eq. (1) as

E({X"}) — Bt ({X%})
92— q1 '

e(q1/q2) = 2

C. Charge corrections

Charge corrections are required in obtain the correct
Ew[X?] in Eq. (1) from the raw value of a supercell cal-
culation and are obtained by including the combination of
the Lany-Zunger image charge correction and the potential
alignment (¢qAV) correction by following Ref. [28]. More
detailed descriptions are provided in the Supplemental Ma-
terial (SM) [29]. The image charge interaction corrections of
monovalence defects in RBO3:Bi are no more than 0.07 eV
(Table S1 in the SM [29]). The negatively trivalent charged
cation vacancies exhibit significant potential alignments (Fig.
S1 in the SM [29]) and image charge interactions compared
to other defects, which are consistent with the finite cell-size
correction of LaAlO; performed by a linear fit [30]. The total
charge corrections for cation vacancies as listed in Table S2 of
the SM [29], while those of antisite defects and V%;” are less
or about 0.1 eV in magnitude and are neglected in this work.

D. Excited-state equilibrium geometric structure

Generally, the most significant emission related to isolated
Bi*" in crystals originates from the equilibrium structure of
the lowest one among the three types of excited states, i.e.,
MMCT state, CT state, and the A band (3 Po.1) states. Based on
our previous work [17], the equilibrium geometric structure
of MMCT excited state was approximated as RBO; : Bij,
which was obtained by the geometric relaxation of the system
with one electron removed from the RBOs : Bi% supercell.
Similarly, the equilibrium geometric structure of CT state
was approximated by that of RBO; : Big. The 3Po.1 excited
state was obtained by constraining the electron occupancy to
(6s1/2)1(6p1/2)1 for RBO; : Big, where 651/, and 6p,/, are
Kohn-Sham (KS) orbitals obtained with PBEsol by including
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SOC. The equilibrium geometric structures of the excited
states of the Bi pairs in YAIO; and GdA1O; were obtained via
structural relaxation for spin triplets, which turned out to be
Biy,-Bi} (referred to as Bi*"-Bi*")-type charge transfer states.

E. Hybrid DFT calculations

Hybrid DFT, which mixes a portion (denoted by the pa-
rameter «) of Hartree-Fock exchange [31], has emerged as
a useful method for more reliable calculations on the band
structures and defect levels for many semiconductors and
insulators. Appropriate hybrid density-functional calculations
under the generalized Kohn-Sham (GKS) scheme yield GKS
one-electron gaps that equal the fundamental gap [32]. The
parameter weighted on the static electronic dielectric constant,
a = 1/€x, has been shown to reproduce electronic structure
in wide-gap oxide semiconductors [33]. Hence, we carried out
hybrid DFT calculations on the geometric structures obtained
with the methods in Sec. II A to obtain improved band gaps,
defect levels, and excitation and emission energies for better
comparison with experiments. The mixing parameter was de-
termined by using the PBEsol-calculated €, as follows: o =
0.25 for Y(Gd)AIOs3, o = 0.23 for LaAlO3, and o = 0.20 for
LaGa(In)Os. In hybrid DFT calculations, only one k point I'
was used to sample the Brillouin zone and the cutoff energy
of the plane-wave basis was set to 400 eV.

F. Bi-related excitation and emission energies

Based on the Franck-Condon principle, the peak energy of
excitation or emission for a given transition can be obtained
approximately by the differences of the total energies of the
excited and ground electronic state at the equilibrium geomet-
ric structure of the initial electronic states of the transition.
As mentioned in previous work [17], the MMCT excitation
energy can be approximated by the vertical energy difference
of (Bi} + ecpm) from the ground state of Bi%, ie.,

emmer = [écam + Ea({Bif};, )] — E(Bizy).  (4)

Here the two total energies with subscript “3+” were cal-
culated at the geometric structures of the ground state of Bi%
(Bi*T). The MMCT emission was calculated similarly but at
the equilibrium structure of Bi} by neglecting the impact of
the extra conduction band minimum (CBM) electron on the
structure. In Eq. (4), since the total charge of the supercell
is the same for initial and final states, the charge correction
difference between them is neglected. Actually, the accuracy
of the calculated band gap exhibits more influence on the er-
rors of the MMCT or CT transition energies. Similarly, the CT
excitation and emission energies can be calculated by the ver-
tical energy difference between the system of (Bi, + Avewm)
and of Big following the Franck-Condon principle, i.e.,

ect = [E({Big};,) — evem] — Eiat(Biszy). (5)

For the excitation and emission energies of the A-band state
and Bi pair, these transition energies were firstly obtained by
the calculations employing the PBEsol functional both with
and without including SOC, and then their difference was
used as an estimation for the SOC contribution to correct the
transition energy in hybrid DFT without including SOC.

FIG. 1. Crystalline structures of the cubic perovskite LaAlOs
(a), and the orthorhombic distorted perovskite (b) exemplified by
GdAIO;.

III. RESULTS AND DISCUSSION

As a cubic perovskite, the La atoms of LaAlO; are lo-
cated at Wyck. 1b sites in the center of 12 equivalent oxygen
ligands, as shown in Fig. 1(a). For the other four RBO; per-
ovskites, due to the smaller effective ion radii, the R cations
are located at Wyck. 4c sites inside a distorted cube with
inversion symmetry, as plotted in Fig. 1(b). There are four
oxygen atoms whose bond lengths (in green) exceed 3 A.
In the following discussions, those four oxygen atoms with
longer bond lengths are not counted as ligands of the R cations
in distorted perovskites. The B cation is surrounded by six
oxygen anions for all the perovskites. The equilibrium geo-
metric structures of five pristine RBO3 perovskites were firstly
relaxed with PBEsol functional. The deviation between the
calculated lattice parameters (Table S3 in the SM [29]) and the
corresponding experimental values are mostly less than 0.4%.
Thus, the PBEsol can well describe the lattice parameters.

A. Band structures of the five RBOj3 hosts

The Kohn-Sham gaps predicted by PBEsol functional are
listed in Table I for the five perovskites, which show serious
underestimation compared to these from the exciton creation
energies or the host absorption spectra [34]. For the charge
transfer transitions, the accuracy of the band gaps can greatly
influence the spectra analysis. Experimentally, various intrin-
sic defects may bring difficulties in obtaining accurate optical
band gaps; for example, the optical band gaps from the ab-
sorbance spectrum measurements were reported to be much
smaller values of 5.70 eV in GdAlO3 [35,36] and 5.85 eV in
YAIO; [37]. Theoretically, the values are strongly dependent
on parameter choices and a variety of values from 5.58 to
8.79 eV have been obtained [38,39]. The band gaps obtained

TABLE I. The DFT and hybrid DFT calculated band gaps for the
five perovskites (in units of eV).

Band gap YAIO; GdAIO; LaAlO; LaGaO; LalnOs;
PBEsol 5.63 5.35 3.46 3.68 2.87
Hybrid DFT 8.21 7.73 5.55 5.69 4.60
Expt.* 7.96 7.40 5.90 5.67 4.77

“The exciton creation energies from Refs. [34,49,50].
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FIG. 2. The total or partial DOSs of the band edges for pristine
hosts calculated with the hybrid DFT method. It is noted that the
DOSs of the bottom of the conduction band in LaAlO3, LaGaO; and
LalnO; are magnified by tenfold for better display.

with the hybrid DFT calculation here are compared to exper-
iments in Table I, showing the significant improvement over
PBEsol values and overall consistent with experiments.

The density of states (DOS) for the hosts obtained by the
hybrid DFT (Fig. 2) shows that the top of the valence bands for
all the five perovskites are dominated by the O-p orbitals. In
the three RAlO3 hosts, the compositions of conduction band
are dominated by the d orbitals of R cations, while the Al
atomic orbitals hardly contribute to the band-edge states. In
LaAlQOs, the conduction band between 7 and 9 eV above the
VBM are dominated by the La-f orbitals. The La-f orbitals
remain dominant in the higher conduction bands for LaGaOs3
and LaInOs; however, the s orbitals of In*t(Ga’*") ions are
lower than the La-d orbitals and thus dominating the proper-
ties of the CBM in those two hosts. For Gd>* ion, it is difficult
to add or remove a Gd-4f electron; thus, its 4f electrons are
placed in the core pseudopotential in this work and there are
no 4 f orbitals in the DOS of GdAIOj. Instead, the intra 4 f-4 f
transitions in Gd*>* ions are at about 32000 cm™' and hardly
influenced by the environment.

B. Intrinsic defects and site occupancy of Bi dopants in RBO;

The site occupancy and valence states of luminescence
center have usually been analyzed based on ionic radius, the
valence states of host ions, and synthetic chemical atmo-
sphere. It is noted that the relative abundance of elements
may also play an important role [40,41]. The effective ionic
radii of the Bi** ion (1.17 A, coordination number CN = 8;
1.03 A, CN = 6) are similar to those of Y3t (1.02 A, CN =
8), Gd** (1.05 A, CN = 8), and La** (1.16 A, CN = 8), and
significantly larger than those of AI** (0.54 A, CN = 6) and
Ga’t 0.62 A, CN = 6). Thus, the incorporated Bi ions tend to
substitute Y, Gd, and La cations in the form of Bi*T in YAIOs3,
GdAlO3, and LaAl(Ga)Os, respectively. For LalnO3:Bi, the
effective ionic radius of In** (0.80 A, CN = 6) is only slightly
smaller than that of Bi** ion with the same CN. Hence, it
cannot be ruled out that Bi ions replace In** under favor-
able conditions. Therefore, we carried out calculations on the

formation energy polylines of Big and Bip defects in the RBO3
series to explore this as follows.

Figure 3 plots the formation energies of the intrinsic de-
fects, including R or B cation vacancies (Vg or Vp), oxygen
vacancies (Vg), and cation antisite defects (Rg or Bg), as well
as those of Bi substituted the R or B ions (Big or Big). The em-
ployed chemical potentials were determined by considering
fabrication conditions, and are subject to various constraints,
such as (rpo,muk) = Ur + Us + 31o. Since the Bi-doped
RBO; phosphors were sintered in air [3-6], the chemical
potential of oxygen was determined as puo = %Eo2 + Ao,
where Aup = —1.12 eV was estimated for the oxygen par-
tial pressure (0.2 of the atmosphere pressure) at 1500 K.
The enthalpy differences AH = [trpo;bulk) — % LR, 05 (bulk) —

%//LBZO3(bulk) of material formation were obtained as —0.35 eV
(GdAIO3), —0.57 eV (LaAlO3), —0.46 eV (LaGaOs3), and
—0.18 eV (LaIlnOs3). As a reference, we adopted the inter-
mediate chemical potentials of wr,0, = R,0,bulk) + %AH
and (g0, = UB,0:bulk) + 3AH in the calculation. Then the
chemical potentials of the cations were obtained by ug =
%(MR203 —3up)and ug = %(M}gzo3 — 310)- According to the
formation energies diagrams, the most stable Bi dopant under
the condition considered is Bi%(R =Y, Gd, La), i.e., Bi*"
replacing R ions in the host, Bi, can exist in all the five
hosts if the Fermi level is close to CBM, and Bi,Jer can exist
in the hosts other than LaAlQOj; if the Fermi level approaches
VBM. In LalnO3:Bi, Bi can potentially occupy In" site in
strong oxidization or excessive La;O3; conditions. However,
under the ambient condition, the equilibrium Fermi level of
LalnOs:Bi is determined by the charge neutrality of In;’ and
Vi~ defects, and Bi?, defect is about 0.6 ¢V more favorable in
energy than Bi& '+ To sum up, the Bi!, defects that are referred
to as Bi** dopants are predominant in all the five perovskites,
and in the following sections we will mainly focus on the
stucsly of defect levels and photoluminescence related to Bif
(Bi*h).

In the four distorted perovskites, the cation vacancies turn
out to be the dominate intrinsic defects to neutralize the minor
amount of Bi}}, while for LaAlO5:Bi, Bij", is unstable and the
equilibrium Fermi energy is determined by the Schottky va-
cancies of Vf;“ and VIS_;. The In** ion shows a slightly smaller
effective ionic radius than that of the Bi*" ion in LaInO3:Bi
and the coordinate environment of In** site is appropriate for
Bi;} defect; thus, the formation energy of Bif is lower than
that of Bifb1 at a given Fermi level, and the charge balance is
provided by Biff1 defect and cation vacancies in LalnO3:Bi.
For a small amount of intrinsic defects in RBO;5:Bi, the cation
vacancies are the most important and their (—2/—3) transition
levels are close to the VBM. In hybrid DFT calculations,
they are about 1.0 eV above the VBM. The details can be
found in Table S4 of the SM [29]. Those shallow potential
electron or hole traps may serve as trap centers for excitation
energy or act as host lattice quenching centers, which may
influence the performance of phosphors. However, the trends
of defect levels and the optical transition energies of Bi** are
independent of those intrinsic defects.

Due to the difference of the effective ionic radius, the sub-
stitution of R cations by Bi ions increases the mean distances
of R-O in GdAlIO; and YAIOs;, but is opposite in LaGaO3
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FIG. 3. Formation energies of intrinsic defects and Big or Bip defects as a function of the Fermi level for the five perovskites in O-rich
environment calculated with PBEsol. The properties of intrinsic defects in YAIO; are close to GdAlO; due to the similar electronic structures,
and are omitted. The vertical dashed lines show the Fermi energies determined by charge equilibrium between the two major oppositely
charged defects. It is noted that Aug; = 0 was adopted and SOC was included in the (—1/0) transition level calculation. The formation energy
polylines of Bir or Big defects are subject to a minor upshift to suit the actual doping concentration.

and LalnO; (Table S5 of the SM [29]). The local structures
of Bi% in excited states are different from that in the ground
state due to changes in electron occupancy. In Fig. 4, the
charge distributions are plotted for the distorted and cubic
perovskites, including charge-density profiles of the nominal
Bi-6s orbitals and Bi-6p orbitals in two systems. Figure 4(a)
shows that nominal Bi-6s orbital contains substantial con-
tributions from the 2p orbitals of the nearest four oxygen
ligands in the distorted perovskites (GdAlO5:Bi are plotted for
example). However, for the cubic perovskite LaAlO;:Bi, the
spatial distribution of the nominal Bi-6s is very scattered and
the 12 oxygen ligands contribute equally. It is noted that the
Bi-6s orbital is actually an antibonding orbital, and the orbital
with dominant 6s character of the Bi ion is deep in the valence
band.

The equilibrium geometric structures of the potential emis-
sion states (MMCT, CT, and 3 Po.1 states) were obtained for the
Bi-doped distorted perovskites. And, the mean bond lengths
are listed in Table S5 of the SM [29]. It is noted that the
nominal Bi-6s orbital of LaAlO3:Bi is lower in energy than
the VBM. Thus the 3 Po.1 or MMCT excited states cannot
be obtained by the same methods as in the distorted per-
ovskites. Compared with the ground state, the equilibrium
structures of the excited states show clear changes in the mean

bond length of Bi—O (Table S6 of the SM [29]). Different
from the overall variation of all the Bi—O bond lengths in

FIG. 4. The charge-density profiles of: Bi-6s KS orbital of Big in
GdAIO; (a) and LaAlOs (c); Bi-6p KS orbitals of Bij, in GdAIO; (b)
and LaAlO; (d).
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FIG. 5. Locations of the defect levels in the band gap for Bi**-
doped five perovskites, where the band is aligned by the vacuum
level.

different geometric structures in LaAlOs, there are four oxy-
gen ligands whose bond lengths change more pronouncedly
in those distorted perovskites. The lowest 6p KS orbitals in
the distorted RBOj3 : Biy, as shown in Figs. 4(b) and 4(d),
contain much less contributions from ligands than those of
6s KS orbitals. It is noted that the lowest 6p orbitals are
degenerated in energy in LaAlO; due to the high symmetry,
while those in the distorted perovskites are pointing along
the direction with looser ligand environment. Meanwhile, the
oxygen ligands, along the direction of the lowest 6p orbital,
show larger relaxations in different excited states. Due to
the large band gap in GdAlO3; and YAIOs3, the equilibrium
geometric structures of the CT excited state (Bi; + Avpwm) can
be obtained by PBEsol or by PBEsol 4+ SOC methods. It is
interesting that the local structures obtained whether SOC is
considered or not are quite similar, with the difference in the
average bond length less than 0.01 A (Table S7 of the SM
[29]). In structure relaxation, the SOC hardly influences the
equilibrium geometric structures of Bi dopants in the distorted
perovskite oxides.

C. Charge transition levels and optical transitions
of isolated Bi** dopants

The calculated thermodynamic charge transition levels
€(+1/0) and € (0/—1) of Big relative to band edges are plotted
in Fig. 5 for the five perovskites, where the VRBEs of elec-
trons on VBM are —9.66, —9.58, and —8.18 eV for YAIOs;,
GdAIO3, and LaAlQOs, respectively. The details can be found
in Table S8 and Fig. S2 of the SM [29]. These are quite
close to —9.04, —8.66, and —7.85 eV obtained by applying
the chemical shift model for R = Y, Gd, and La, respectively
[42]. It is noted that the hybrid DFT calculated depths of the
hole or electron traps are independent of the alignment.

The hybrid DFT calculated €(0/—1) levels of Big defects
are all lower than the CBM in the five hosts, and their values
relative to CBM are, correspondingly, —2.57, —2.59, —1.34,
—1.24, and —0.54 eV for YAlIO3, GdAIO;, LaAlO3, LaGaOs,
and LaInO; with inclusion of the charge corrections (Table
S9 of the SM [29]). In experiment, the energy positions of
the Bi-6s and -6p electrons of YAlO3:Bi were estimated to
be about 2.0 eV relative to the band edges [42] by the spec-
troscopy studies of the excitation energies of the MMCT and

A-band states. For the listed five RBO3-tpye perovskites, the
potential electron traps are dominated by the Bi-6p orbitals
and the VRBEsS are all around —4.0 eV, similar to the cases in
CaMO3:Bi (M = Zr, Sn, Ti) [17]. However, the VRBEs of the
CBM in the five hosts vary from —1.5 to —3.8 eV, leading to
very different electron trap depths in the above-mentioned five
hosts, and even inexistence of Bic, electron traps in CaTiO3
and CaSnOj at all. Hence, the difference in electron trap
is mainly due to the shift of the conduction band. This is
consistent with the relatively flat variation of the lowest state
of 6s6p configuration (*Py ;) in different hosts as reported in
Ref. [18].

The €(+41/0) transition levels of Big defects in YAIOs,
GdAlO;, LaGaOs, and LalnO3 are above the VBM with
depths of 1.58, 1.33,0.91, and 0.93 eV, respectively. However,
their corresponding VRBEs vary dramatically from one to
another host. The Big defects can act as potential hole traps
in all the hosts considered, except for LaAlO3, whose highest
KS orbital that contains the Bi-6s component is lower than
the VBM and the monopositive charged defect Bi;fa is un-
stable. Since the hole trap involves the antibonding orbital of
Bi-6s mixed with oxygen ligands, we explore the relationship
between the trap depth and the shortest Bixg—O or R—O bond
lengths for a series of perovskites (Table S10 in the SM [29]).
It is interesting that the hole trap depths exhibit more obvious
trends with the variation of R—O bond lengths [Fig. 6(a)] than
those of Bizg—O (not plotted). For the bond R—O length in-
creasing from 2.1 to 2.4 A, the hole trap depths decrease from
1.58 to 0.91 eV. The R—-O bond lengths reflect the influence
of chemical environment on the antibonding orbital except for
the bond length. This trend supports the centroid shift model
[43] that relates the properties of Bi-6s and Bi-6p states with
nephelauxetic effect [44], which becomes stronger with the
shortening of the R—O bond length.

As holes and electrons traps are significant in persistent and
storage phosphors, the rule of the trap depth revealed in the
discussion above can be adopted to manipulate their depths
by varying host composition via solid solution or codoping of
different ions. Meanwhile, the optical transition processes and
energies of Bi activators can be predicted from the properties
of the defect levels. For distorted perovskites, the transition
level €(+1/0) of Big is above the VBM, so Bi% (Bi**) can
catch the hole leaving behind by charge transfer excitation to
form 3py 1, favoring in energy the intra-Bi*" emission over
the charge transfer emission. For Bi{, (Bi’") in LaAlO;, the
electrons near VBM greatly outnumbered those on the Bi-6s
orbital to counteract the smaller orbit overlap with 6p or the
smaller electric dipole moment for the former. Hence, the
CT excitation is presumably dominant in the excitation spec-
trum. The energy differences between VBM and €(0/—1) are
consistent with the energies of the adiabatic CT transitions.
Similarly, the adiabatic MMCT transitions can be predicted
by the energy differences between CBM and €(+1/0).

Figure 6(b) plots the optical transition energies of Bi** ions
in the five hosts obtained by the hybrid DFT calculation along
with those reported experimental results, and the detailed data
are listed in Table II. The calculated excitation and emission
energies show great consistency with the measured ones. For
the distorted perovskites, both the excitation and the emission
are calculated to be dominated by the A-band transitions. The
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FIG. 6. (a) Relationship between the calculated hole trap depth and the calculated bond length of R cations and the nearest oxygen ligand
in a series of perovskite oxides. (b) Calculated excitation and emission energies and the peaks in the measured bands of Big (Bi*") in five hosts.
The transitions are Bi-6s5* <> Bi-6p (!Sy <> *Py,1) type and are commonly referred to as A band in experiments, except for LaAlO;:Bi, which
is charge transfer from valence band to Bi-6p orbital ('S, <> 2P3» +hole) type. The lines to show the trend have a slope of 0.22.

CT and MMCT excitations require a high energy and they
have not been observed experimentally. For the A-band tran-
sition of Bi dopants in RBO3, the SOC dominates the splitting
[45] of 6s6p excited state as plotted in Fig. 7(b), where the
difference in GKS values of B and C reflects SOC super-
posed with the effect of Coulomb exchange interaction and the
crystal-field splitting. The DOS obtained without including
SOC in Fig. 7(a) shows the crystal-field splitting of three 6p
orbitals, while the difference between major and minor spins
is due to Coulomb exchange interaction. Meanwhile, Fig. 6(b)
shows that the A-band optical transition energies are linearly
correlated to the band gaps with a small slope of ~0.22, and
the Stokes shifts are all ~0.7 eV. The excitation and emission
of Bi** in LaAlO; are calculated to originate from the CT
transitions, and the Stokes shift is calculated as 1.10 eV, which

TABLE II. Calculated and measured transition energies (in units
of eV) of Bi** (isolated Big) (R =Y, Gd, La) in the five perovskites.
Ex. and Em. stand for excitation and emission, respectively.

A band MMCT CT

Ex. Em. Ex. Em. Ex. Em.

YAIO;  Cale. 457 386 684 (6.05° 643 (4.71)
Expt. 442  3.76

GdAIO; Cale. 437 3.65 668 (596) 594 (4.30)
Expt. 427 372 650

LaAlO;  Calc. 451 3.40
Expt. 455  3.54

LaGaO; Cale. 3.96 3.30
Expt. 4.04 3.26
LalnOs Calc. 3.59 3.13
Expt. 3.65 2.95

¥The MMCT and CT excited states of Y(Gd)AIO; : Bi are not ac-
tually emissive, as the excitations will relax to low-lying A-band
excited states. Hence, the predicted emission energies are included
in listed in parentheses.

is remarkably different from the transition energies in the
other four RBO5:Bi**. The calculated excitation and emission
energies of LaAlO3:Bi** are consistent with the measurement
well and can be utilized to correct the assignment of the spec-
tra recorded in experiment [5]. Furthermore, the calculated
MMCT excitation energy of 6.68 eV in YAlO3:Bi** can be
utilized to assign the reported broad excitation band located
at £ > 6.0 eV, which is consistent with the estimation of the
MMCT transition at approximately 6.5 eV in Ref. [18]. For
GdAIO5:Bi’*, the calculated A-band excitation and emission
energies of 4.37 and 3.65 eV match well with the measure-
ments, but there is no other transition of the isolated Bi**

Hybrid DFT

M A

204 @ GdAIO,Bi

= -

g. Tot DOS W V
g —— Bi-6s

T 204 — Bi-6p

2]
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5 () Hybrid DFT + SOC

G
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FIG. 7. The VBM referred GKS orbital energies of the sys-
tem GdAlO;:Bi calculated with the (a) hybrid DFT and (b) hybrid
DFT + SOC methods for an approximation of the 6s6p electron
configuration. The DOSs calculated on the equilibrium geometric
structure of GdAlO;:Bi when one electron is removed from the
supercell. The valence band and one 6s;,, orbital of GKS energy
lower than VBM are occupied, while the other 6s;,, (A), two 6p,
(B), and four 6p3,, (C) orbitals are unoccupied.
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FIG. 8. Three types of Bi** pairs with different Bi**-Bi*" distances of 3.724, 3.779, and 3.844 A.

responsible for the dominating broad emission of 480 nm
(2.58 V), which will be discussed in detail below.

D. Properties of the Bi** pair in GdAlO; or YAIO;

In 2017, Srivastava et al. assigned the visible emission
band in GdAIO;:Bi to pairs or clusters of Bi** ions in the
host lattice because of the strong dependence of the visible
band intensity on the concentration of Bi dopants [3]. It is
interesting that such pair-related luminescence is dominant in
GdAIO; even at the doping levels of 0.5 at. % Bi sample, but
has not been observed in YAIO;. It has been proposed that
the unique pair emission is caused by the stronger interaction
between Bi ions in GdAIO; [3], but little is known on the
mechanism leading to the luminescence of Bi-related dimers
or larger clusters in solids [19]. In order to explore the Bi
pair formation in both GdAlO; and YAIO;, we calculated
the pair-binding energies defined as Eg = E[Bi$ pair]—2 x
Ef[Bi%] (R = Gd or Y), which are listed in Table III. The
relative concentration of Bi% pairs is related to that of Bi
by c(Bi}, pair) = 1Nc(Bi})*exp[—Eg/(kgT)], where N = 6
is the number of neighboring R cations of Bigx (R = Gd or
Y), T is the temperature of thermal equilibrium distribution
of Bi dopants, and c(Bi% pair) and c(Bi%) are relative to the
concentration of R = Gd or Y in the hosts. Table III shows
that all the binding energies are essentially zero, i.e., there is
no attractive or repulsive interaction between two neighboring
Bi ions, and no tendency of forming excessive Bi% (Bi*")
pairs over those due to random distribution. The cases for
LaAlO3;, LaGaOs3, and LalnO3 are similar (data not listed).
For example, for c(Bigd) = 0.50 at. % in experiment, the
concentration of Bi%, pair is 0.0075 at. % of the number of
Gd site or 1.5% of the concentration of Bi dopants.

In the distorted perovskite GdAlOs, there are three inequiv-
alent adjacent Gd** ions around the isolated doped Bigg and
thus three different types of Bi** pairs need to be consid-
ered. Ground-state structure relaxations were carried out for
all the three type of pairs, and the resultant Bi-Bi distances
are, correspondingly, 3.724 A (pair 1), 3.779 A (pair 2), and
3.844 A (pair 3), as plotted in Fig. 8, and two Bi atoms in

TABLE III. PBEsol calculated binding energies of Bi pairs at
different distances.

GdAIO; YAIO;

Bi-Bi distance (A) 3.724 5.075 8329 3.678 5.002 8.220
Binding energy (eV) —0.012 0.002 0.003 —0.024 0.002 0.004

a pair are referred to as Bi; and Bi,. Only pair 2 has the
space-inversion symmetry to interchange Bi; and Bi,. Since
the oxygen environments of Bi and the Bi-Bi distances are
similar in all three pairs, the excited-state properties and the
transition energies are not expected to vary greatly with the
slight difference of the distances between the two Bigq defects
in general.

In the excited states of pair 1 and pair 3, by setting the spin
multiplicity 25 4+ 1 = 3 in PBEsol calculations, an electron
is lifted from the Bi-6s orbital of one Bi to the Bi-6p orbital
of the other Bi to form the nominal Bi}-Biy excited state.
This is the difference from lifting an electron from Bi-6s to
Bi-6p in a single Bi to form *py; states. Figure 9 plots the
hybrid DFT calculated partial charge density of the Bi pair
ground state and the Bi};-Bij, excited state, showing clearly
the intervalence charge transfer from Bi; to Bi,. Meanwhile,
when the structure relaxations in pair 1 and pair 3 are per-
formed by starting with Bi; being at the equilibrium geometric
configuration of Biy or Bi}', we obtain two different excited-
state equilibrium structures: with Bi-Bi distances of 3.624 A
(Big,-Bi},) and 3.907 A (Bij,-Big,) for pair 1, and 3.907 A
(Big,-Bi},) and 3.548 A (Biy,-Bip,) for pair 3.

Due to the space-inversion symmetry in pair 2, the excited
state (Bi-Bi)*, where the occupied major spin orbital of the
Bi-6p type and the unoccupied minor spin orbital of the Bi-6s
type are both contributed equally by the two Bi ions, is ob-
tained naturally by setting the spin multiplicity 2S5 + 1 = 3 in
PBEsol calculations and Bi-Bi distance is 3.472 A (Table S11
in the SM [29]). By setting the starting equilibrium geometric
structures to break the inversion symmetry, the Bi -Bi}-type
excited state is obtained in pair 2 with Bi-Bi distance of
3.776 A, whereas the Big,-Bi}, shows the same properties
with Bijgl-BiEz. In contrast, there is no space inversion in

()

Bi*'+Bi®'

Bi**+Bi**

FIG. 9. The spin partial charge-density contours: (a) of the elec-
trons in the outermost orbit of the ground state of the Bi pair in
GdAIOs; (b) of the excited state of Bi*" pair in GdAlOs, where the
yellow contour is the electron in the outermost orbit of major spin
and the green contours is the hole in the outermost orbit of minor
spin. (c) Schematic Bi** pair transitions in GdA1O;:Bi.
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TABLE IV. The energies (in units of eV) of various excited states of Bi pairs in GdAlO;:Bi relative to their corresponding ground states.

Pair 1 Pair 2 Pair 3
Bi,-Bi} Bi}-Biy Bi,-Bij} (Bi-Bi)* Bi}-Biy Bi,-Bij} Bi}-Bi,
DFT 4.01 3.86 4.01 3.99 4.01 391 3.93
DFT + SOC 3.58 3.46 3.58 3.57 3.58 3.50 3.53
DFT + U 4.06 3.93 4.06 4.14 4.06 3.97 3.98
Hybrid DFT 433 4.16 4.41 4.59 441 4.26 4.32

pair 1 and pair 3, and the excited state (Bi-Bi)* is not obtained
in PBEsol structural relaxation and it is unlikely to be stable.

Since the system energies of the ground state are almost
equal in all the three kinds of pairs, the zero phonon transition
energies (Table IV) with respect to the corresponding ground
state are utilized to study the energies of various Bi**-pair
excited states and the interaction between two Bi sites. In pair
1, the energy of Bi},-Big, excited state is 0.15 eV lower than
the Big,-Bij, state in PBEsol calculation, although the Bi-Bi
distance of Bi;gl—BiEz is longer (Table S11 in the SM [29]).
However, the difference between those two types of charge
transfers in pair 3 is negligible. Here, it turns out that the
distance between Bi, and Bi}; is not the critical factor for
the excitation energy. With the inclusion of SOC in PBEsol
calculations, the system energies all decrease by about 0.4 eV
in various excited states. For pair 2, the PBEsol calculated
energy of the (Bi-Bi)* excited state is close to that of the
Bi,-Bi} state. The hybrid DFT calculation favors Biy-Bi}
states in energy, similar to the DFT + U results. Considering
the delocalization error in the results obtained by a conven-
tional density functional such as PBEsol, it can be inferred
that the most stable excited states for all the three Bi** pairs
are actually Bi-Bi} type. The emission energies are around
2.6 eV from the lowest excited states of three pairs in hybrid
DFT calculations.

Following the Franck-Condon principle, the excitation en-
ergy of Bi pair in GdAlO3:Bi is calculated on the geometric
structure of the ground state. In hybrid DFT calculations, the
excitation energy of charge transfer transition between two Bi
ions requires higher energy than intra-Bi excitation in all three
types of Bi pairs. An empirical model has been developed in
Ref. [19] to estimate the Bi pair transition and to calculate
the lowest-lying excitation energy of Bi%,-Bi%, — Bi,-Bij}
intervalence charge transfer transitions in oxidic compounds.
They also note that the excitation bands of the A band and the
Bi pair largely overlap in GdA1O;:Bi. Furthermore, although

6 -
Big +Big"
— 290 nm (Gda*) (Gda*)'
347 —Pr . T
= 495 nm
3 FRET FRET
=
22
[11]
] Bi+Bi
04 S *S7 =
(Gd*), (Gd*),

Bi excitation energy transport pair emission

FIG. 10. Schematic Bi*" pair emission mechanism of GdA1O;:Bi.

the optical transition between initial and final states being
contributed equally by two Bi ions is not likely to be the emis-
sion observed experimentally in GdA1O3:Bi, such a transition
is dominating in hexagonal boron nitride luminescence [21],
where the ground state and excited state of CgCy pair are
localized in close proximity and exhibit a smaller Stokes shift
than that of the common donor-acceptor pair. Furthermore, the
study of Bi pairs in GdAlO; perovskite can provide insight
into the excited-state properties of the polaron pairs, where an
electron polaron and a hole polaron localize on two adjacent
metal-halogen octahedral in the Pb’>* or Sn**-based halide
perovskites [22] with ns? lone-pair electrons.

Due to similar geometric structure and chemical proper-
ties, and similar Bi pair excited-state structures and stabilities
(Table S11 and Table S12 in the SM [29]), the excitation and
emission energies are predicted to be similar in YAIO3:Bi
but have not been observed experimentally. In 2006, Setlur
et al. observed a visible emission around 420 and 470 nm
in (Y, Gd)3(Al, Ga)sOq, : Bi, whose emission intensities in-
crease with the concentrations of Gd** ions along with O,
25, and 100%; meanwhile, there is no such type of visible
emission in pure Y3GasO:Bi [46]. It has been long known
that the phenomenon of “Gd>* bridges” is important in energy
migration from a sensitizer to an activator [47,48]. In GdAIO3,
the 857/, — Py, transition of Gd** ions overlaps with the
A-band emission of isolated Bi**. Due to the forbidden nature
of f-f transitions of Gd*", the upper excited state of Gd**
shows sufficiently long lifetime and does not relax noticeably
by a multiphonon process. The abundant Gd** ions in hosts,
with nearby distance at around 3.7 A, can act as bridges to
migrate the energy from an excited Bi ion via Gd** to excite
the Bi-Bi pair to its Big—Big excited states, which produces
the 495-nm emission after excited-state structure relaxation.
The excitation, energy migration, and emission are plotted
schematically in Fig. 10. No such type of pair emission is
observed in YAlO;3:Bi, consistent with the lack of tendency
of forming excessive pairs and nonexistence of such energy
migration bridges to the very dilute naturally present pairs.
To sum up, the calculation results do not support the pairing
via the Bi-O-Bi linkages in GdAlO3:Bi [3], but support the
mechanism of Bi** pair emission due to Gd-bridged energy
migration reported in (Y, Gd);(Al, Ga)sOy; : Bi.

IV. CONCLUSION

The trap levels and photoluminescence of Bi dopants in
a series of RBOjs perovskites, including RAIO; (R =Y, Gd,
La) and LaBO;3; (B = Al, Ga, In), are studied based on the
first-principles calculations. The formation energies show that
Bi dopants predominantly occupy the R site in the form of
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Bi*" ions series of perovskite oxides under normal fabrication
conditions. Different R or B cations result in the variation of
the energy band edges, and thus the differences of trap levels
and photoluminescence of Biy defects (Bi** dopant ions).
And, the corresponding electron traps are all around —4 eV
relative to the vacuum level, whereas the trap depths vary
with the shift of CBM in different hosts. The hole trap depths
exhibit obvious trends with the variation of R—O bond lengths
rather than those of Biz-O. In LaAlOs, due to the longer Bi—O
bond length and weaker nephelauxetic effect, Bip, does not
have a hole trap level and its VRBE electron trap level is also
higher than others. The lowest excited level that produces the
photoluminescence is 3Py | of Bi% (Bi*") in all the hosts con-
sidered, except in LaAlO3:Bi, which is the valence band to Bi
charge transfer state (BilL; + hypm)- The transition energies
involving 3 Po.1 state show a weak linear correlation to the band
gaps of hosts with a slope about 0.22, and exhibit an almost
constant Stokes shift of ~0.7 eV. Thus, the values of the A-
band transition and the adiabatic MMCT or CT transitions can
be estimated based on the band structure and transition-level
calculations of Bi-doped materials. Furthermore, the calcula-
tions show that there is no tendency of forming excessive Bi
pairs in the hosts considered, which explains why the pair
emission is not observed except for GdAlO3;, where Gd**

ions work as bridges to migrate the energy from an excited
Bi ion around and eventually to the extremely scarce Biy-Bi};
(usually referred to as Bi**-Bi*") intervalence charge transfer
state of the Bi% (Bi**) pair existing naturally as a consequence
of random distribution. The results on Bi** ion-activated per-
ovskite oxides provide insight in design and optimization of
the performance of Bi**-activated or sensitized phosphors, for
instance, by manipulating the excitation and emission wave-
lengths and trap depths via solid solution or ion codoping.
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