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ABSTRACT: CaAl2O4:Eu is a persistent luminescence (PL) material in
the blue light region with potentially wide commercial applications. With
the doping of Nd, the decay time can be elongated to more than 19 h.
These excellent properties are believed to be in close relation with the
electronic structures of the dopants, the defects, and the host material. In
this work, we attempt to achieve a better understanding of the PL
mechanism of CaAl2O4:Eu based on ﬁrst-principles calculations. The
electronic structures of the host CaAl2O4, the luminescent center Eu, the
O and Ca vacancies, and the dopant Nd are systematically studied.
According to the calculations, the 4f and 5d levels of Eu are located within
the band gap and slightly above the conduction band minimum (CBM),
respectively. The electrons on the 4f levels can be excited into the 5d
levels via ultraviolet radiation. The excited electrons on the 5d levels can
move to the conduction bands and become free electron carriers. The
electron carriers can be trapped for a short period by the empty defect levels below the CBM if they are very close to the defects
and then return back into the conduction band. After the trap−release process, the electrons may re-enter the 5d levels of Eu and
then move back to the 4f levels accompanied by light emission. The +2 charged-state O vacancies can serve as electron traps. The
Ca vacancies cannot contribute to the PL property directly but can assist in stabilizing the +2 charged-state O vacancies. Nd
dopants can serve as both electron donors and electron traps. These new insights into the electronic structures are useful for
determining which materials may possess good PL properties, thereby motivating more experimental eﬀorts in synthesizing
improved PL materials.

I. INTRODUCTION
CaAl2O4:Eu belongs to a class of persistent luminescence (PL)
materials and possesses an excellent PL property in the blue
region. It has attracted a great deal of attention because of its
wide applications in energy-eﬃcient illumination systems and
infrared information displays.1 To date, however, the PL
mechanism of CaAl2O4:Eu is still being debated despite the
amount of eﬀort spent on mechanistic studies.2−5 For this class
of materials, the blue-emitting phosphors are universally viewed
because of the 5d → 4f transition of Eu, while the afterglow is
thought to be related to the process of capture and release of
electrons between 5d levels and electron trap centers. In this
view, the electron trap centers would play the key role in the
PL. Another view, however, suggests that the PL of CaAl2O4:Eu
stems from the hole trap centers.6 In any case, the consensus
regarding the PL mechanism has not yet been reached.3,7
Regardless of the type of carrier trap center, the PL
mechanism is believed to be closely related to the electronic
properties of the luminescent center Eu and intrinsic/extrinsic
defects acting as trap centers.4,8,9 Hence, it is important to gain
deeper insights into the electronic properties of the dopants
and defects, especially when they are at high concentrations.6,9,10 For the luminescent center Eu, the 4f levels are
located in the band gap while 5d levels are probably at the
bottom of the conduction band.4 With respect to the intrinsic
© 2015 American Chemical Society

defects, because the reducing annealing conditions and high
annealing temperatures may generate both O and Ca vacancies
(VO and VCa, respectively) in CaAl2O4:Eu, the roles of these
defects are expected to be crucial to the PL phenomena. In the
literature, VO is supposed to serve as an electron trap center4
while VCa possibly acts as a hole trap center6,11,12. However,
“solid” evidence for these assumptions is still lacking. The
distribution of O and Ca vacancies and their inﬂuence on the
PL property of CaAl2O4:Eu are still unclear. On the other hand,
the doping of Nd in CaAl2O4:Eu was found to greatly enhance
the luminescence intensity and prolong the decay time.6,13,14
Thermoluminescence experiments showed that Nd can
increase the depth of the trap of CaAl2O4:Eu in the band
structure of the host material, which can be viewed as the main
reason for the prolonged decay time.15 However, the depths of
these traps are diﬃcult to measure accurately in experiments,
and thus, it is hard to evaluate the inﬂuence of them on the
persistent phosphors. 7,12 Dorenbos,4 Hö lsä, and many
others12,16,17 proposed that the co-doped Nd itself can act as
a potential electron trap, while Matsuzawa et al.6 reported that
Nd serves as the hole trapping center based on the hole-type
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photoconductivity observed in CaAl2O4:Eu,Nd. To clarify these
contradictory results, it is important to compute the defect
levels of Nd and understand their inﬂuence on the electronic
structure of CaAl2O4:Eu.
First-principles calculations can provide detailed information
about the band structures of the host material CaAl2O4, energy
levels of the luminescence center Eu, and defects. Here, we
investigate the formation, distribution, and electronic structure
of Eu, Nd, VO, and VCa in the CaAl2O4 host to understand how
these dopants and defects aﬀect the PL of CaAl2O4:Eu. We
observe that the electron-occupied 4f energy levels of Eu are
located within the band gap of CaAl2O4, while the empty 5d
levels are just above the conduction band minimum (CBM),
suggesting that the electronic transition between 4f and 5d
levels of Eu is most likely the origin of the luminescence. The
+2 charged O vacancies (VO2+) act as the electron trap centers
because their energy levels are located below the conduction
band and close to the CBM. The Ca vacancies introduce
shallow acceptor levels, which cannot directly contribute to the
PL but can contribute to the stabilization of VO2+. The doped
Nd not only can introduce additional electron carriers but also
can serve as a deep electron trap. Therefore, the doping of Nd
can signiﬁcantly enhance the PL of CaAl2O4:Eu. Our
calculations are in good agreement with the experimental
results.

coordination environments, the Ca atoms can be classiﬁed into
three groups (denoted Ca-I, Ca-II, and Ca-III). Ca-I is coordinated
with nine O atoms, while both Ca-II and Ca-III are coordinated with
six O atoms. The mean distances between the Ca atoms and their
nearest-neighbor O atoms are 2.824, 2.392, and 2.390 Å for Ca-I−CaIII, respectively.
The defective structural models were obtained through substitution
of one of the Ca atoms using a Eu or Nd atom (EuCa or NdCa), or
removing one of the Ca or O atoms in one conventional cell of
CaAl2O4 (whose stoichiometry is Ca12Al24O48). The single defects of
EuCa, NdCa, VCa, and VO, as well as the complex defects EuCa+VCa,
EuCa+NdCa, and EuCa+VO, are studied in this work.

II. COMPUTATIONAL DETAILS AND MODELING

Table 1. Formation Energies (in electronvolts) of the Single
Defects EuCa, NdCa, and VCa

III. RESULTS AND DISCUSSION
1. Stabilities of Defects. The formation energies of defects
are calculated according to the formula
E F = E(Ca12 − xAl 24O48 − y X z) − E(Ca12Al 24O48) − zμ X
+ xμCa + yμO

(1)

where E(Ca12Al24O48) and E(Ca12−xAl24O48−yXz) (X = Eu or
Nd) represent the total energies of the compound without and
with defects, respectively, and μX, μCa, and μO are the chemical
potentials of the bulk X, Ca, and O2 molecule, respectively. For
the single defects EuCa, NdCa, and VCa, the calculated results are
summarized in Table 1. Apparently, the defect occupying the

All the calculations were conducted by using the Vienna ab initio
simulation package (VASP).18,19 The projector augment wave (PAW)
pseudopotentials were adopted to describe the interactions of
elements, where the valence conﬁgurations of O, Al, Ca, Eu, and Nd
were 2s22p4, 3s23p1, 3s23p64s2, 4f75s25p66s2, and 4f45s25p66s2,
respectively. The Perdew−Burke−Ernzerof (PBE) exchange-correlation functional within the generalized gradient approximation
(GGA)19 was selected. To describe the strongly correlated 4f electrons
of Eu, the GGA+U method following the formulation suggested by
Dudarev et al.20 was used. A plane-wave basis set with an energy cutoﬀ
of 400 eV was adopted. Considering the size of the cell used (see
Figure 1), a 4 × 4 × 2 Γ-centered k mesh was adopted for the K-point
sampling. The ionic positions were fully relaxed until the residual force
acting on each ion was less than 0.01 eV/Å.

EuCa
NdCa
VCa

Ca-I

Ca-II

Ca-III

0.136
0.646
9.207

0.581
1.176
9.742

0.677
1.272
10.202

Ca-I site has the lowest formation energy, which is ∼0.45 eV
lower than that at the Ca-II or Ca-III site. Such a large energy
diﬀerence indicates that these defects should show strong
tendencies to occupy the Ca-I site, consistent with previous
experimental observation. The occupation of the Ca-I site is
reasonable because the average distance between O atoms and
Ca-I is much longer than that between O atoms and Ca-II or
Ca-III. The longer the distance between Ca atoms and O
atoms, the weaker the interaction between them. Hence,
removing Ca-I is expected to be much easier than removing CaII or Ca-III.
It is also believed that the O vacancies play an important role
in the long persistence luminescence materials.4,13 When one O
atom is removed, two unpaired electrons left can be easily
ionized. So VO in CaAl2O4 may be in charged states. To
evaluate which charge state of VO is more stable, we calculate
their formation energies and study their variation with the
Fermi energy, according to formula 2:23
E F = E q(Ca12Al 24O47 ) − E(Ca12Al 24O48) − μO + qεf

Figure 1. Unit cell of CaAl2O4. Color scheme: green for Al, violet for
O, and cyan, yellow, and red are for Ca-I−Ca-III, respectively.

(2)

where Eq(Ca12Al24O47) represents the total energy of the
compound containing a charged O vacancy, q is the charge of
VO, and εf is the Fermi level of the system. The calculated
formation energies as a function of the Fermi level are shown in
Figure 2. The slope of the lines in the ﬁgure corresponds to the
charge state of the O vacancy. The O vacancy at neutral charge
state obviously has the lowest energy when the Fermi level is
higher than 1.40 eV [reference to the valence band maximum

The crystal structure of the perfect CaAl2O4 compound is shown in
Figure 1, which belongs to the monoclinic crystalline system and
possesses the P21/c space group. The optimized lattice parameters of
a, b, c, and β are 8.673 Å, 8.020 Å, 15.182 Å, and 90.231°, respectively,
in good agreement with the experimental results.21,22 This structural
framework was composed by vertex-sharing AlO4 tetrahedra with Ca
atoms inserted in the interstitials. On the basis of diﬀerent
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a value of 5.8 eV is reported for the CaAl2O4 ceramic. Because
many interfaces, defects, and disordered domains in the ceramic
exist, the measured band gap should be smaller than that of the
single crystal. To the best of our knowledge, the measured band
gap of crystalline CaAl2O4 has not been reported in the
literature. The realistic band gap is likely between 5.8 and 6.7
eV. As such, the computed band gap at the GGA-PBE level is
1.26−2.16 eV less than the realistic one, because of the wellknown limitation of GGA-PBE in predicting band gaps of
semiconductors and insulators. To address this bandgap
underestimation issue, one can shift the computed band gap
into the experimental one by using the scissor correction
method. Because density functional theory can usually predict
an accurate valence band while underestimating the energies of
the conduction band, here, a scissor operation of 1.26−2.16 eV
is applied to the conduction band (see discussions below) so
that the computed band gap would be consistent with the
experimental one.
The single-crystalline structure of CaAl2O4 is mainly
composed of AlO4 tetrahedra. Therefore, the bonding orbitals
of Al−O bonds contribute mainly to the valence bands. From
the PDOS shown in Figure 3a, we see that the 2p states of O
have the largest contribution to the valence bands while the
states of Ca show little contribution. The charge density
distribution of the highest-valence band (Figure 3c) also
conﬁrms the valence bands are mainly contributed by O. On
the other hand, the antibonding orbitals of the Al−O bonds
contribute to the low conduction bands. From the PDOS
(Figure 3a) and the charge density distribution (Figure 3b), we
see that the 3d orbitals of Ca and the antibonding orbitals of
Al−O are the main contribution to the lowest-conduction
band.
a. Eu Doping in CaAl2O4. The electronic structures of Eudoped CaAl2O4 are computed. Here, only the substitution of
Ca-I by Eu is considered as it results in the lowest formation
energy. The computed band structure and PDOS of EuCa are
shown in Figure 4. Via comparison to the DOS of perfect
compound CaAl2O4 (Figure 3), one can see that the doped Eu
introduces impurity levels into the band gap. The PDOS
indicates that the impurity levels stem from Eu 4f orbitals. The
Fermi level lies above the impurity levels, suggesting that the
impurity levels are occupied by electrons. The impurity bands
are very ﬂat, suggesting weak interaction between Eu ions and
the host. Therefore, the scissor correction to the conduction
bands of CaAl2O4 would not signiﬁcantly aﬀect the position of

Figure 2. Calculated O vacancy formation energies at diﬀerent charge
states as a function of the Fermi level.

(VBM)], while VO2+ becomes more stable when the Fermi level
is below 1.33 eV. The VO+ is stable when the Fermi level is in
the range of 1.33−1.40 eV. Considering the calculated band gap
of CaAl2O4, which is ∼4.54 eV (see the next section), the Fermi
level at 1.33 or 1.40 eV is somewhat closer to the VBM than to
the CBM. Thus, the +2 and +1 charged O vacancies are stable
at the hole doping compound, while the neutral O vacancies are
stable in the prefect or electron doping cases.
If EuCa already exists, how will VCa, VO2+, or NdCa be
distributed? To answer this question, we consider the complex
defects EuCa+X, where X represents VCa, VO2+, or NdCa. We
calculated the formation energies of these complex defects
when the separation distance between EuCa and X is shortest or
inﬁnite. The results are 7.715 and 9.343 eV in the case of
EuCa+VCa, 3.944 and 3.785 eV in the case of EuCa+VO2+ (the
Fermi level is set at VBM), and 0.812 and 0.783 eV in the case
of EuCa+NdCa, respectively. Obviously, VCa and EuCa tend to be
located close to each other because the formation energy
decreases remarkably when both are close, while VO2+ and NdCa
tend to stay away from EuCa because the formation energies
decrease when the separation distance between them increases.
2. Electronic Structures. First, we brieﬂy discuss the
electronic structure of the perfect compound CaAl2O4.
Computed band structures and the total and partial densities
of states (DOS and PDOS, respectively) of perfect CaAl2O4 are
shown in Figure 3. Clearly, CaAl2O4 is an insulator with a
computed band gap (GGA-PBE) of 4.54 eV. Hölsä et al.
reported a measured value of 6.7 eV for CaAl2O4, based on the
UV−VUV synchrotron radiation excitation spectra.24 This
value is actually the optical gap rather than the electronic band
gap. Considering the uncertainty of the experiment, the realistic
electronic band gap is expected to be less than 6.7 eV. In ref 25,

Figure 3. (a) Computed electronic band dispersion, DOS, and PDOS of the prefect compound CaAl2O4. The isosurface of the charge density of the
lowest-conduction band (b) and the highest-valence band (c). The Fermi level is set to 0 eV, and the inset in panel a shows the sketch of the ﬁrst
Brillouin zone of CaAl2O4. In panels b and c, all Ca atoms are represented by blue spheres.
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levels because the energy diﬀerence between the Eu 5d levels
and the CBM is small. Consequently, persistent luminescence
arises.
Note that in our structural model, the Eu concentration is
∼8.3%, which is much higher than that in experimental
samples.16 However, the impurity levels in the band structures
(see Figure 4) are very ﬂat, indicating almost no interaction
between Eu atoms in the neighboring cells. Therefore, the role
of Eu in our structural model (with a higher concentration)
should resemble that in the low-concentration samples.
b. VO in CaAl2O4. To prolong the luminescence time, there
should be some empty defect levels below the conduction band
minimum so that the electron carriers can be trapped. These
defect levels should be shallow (close to the CBM) so that the
trapped electrons in them can be released back into the
conduction band through thermal activation. It was thought
that VO in CaAl2O4 plays the role of electron trap center for the
formation of the PL, although supporting evidence is still
lacking. To examine whether a defect can serve as the trap
center, it is essential to show that the defect not only gives
suitable impurity levels that can trap carriers and release carriers
through thermal activation but also has a weak eﬀect on the
impurity levels of the luminescent center Eu. Toward this end,
we compute the electronic structures of a single VO with
diﬀerent charges in CaAl2O4. The band structures of VO0, VO+,
and VO2+ are shown in Figure 5. According to our calculation,
there is no spin polarization for VO0 or VO2+, so their band
structures for only the spin-up states are plotted. The impurity
levels of O vacancies are represented by the black solid lines. As
conﬁrmed by the charge densities (Figure 5d), nearly all the
charges are concentrated around the O vacancy. The charge
densities of the O vacancy at diﬀerent charge states are similar,
so only the charge density of VO2+ is shown in Figure 5d.
For VO0, the defect levels are ∼3 eV below the CBM, and
these levels are occupied by electrons as they are located below
the Fermi level. The electrons on the defect levels cannot be
thermally excited into the conduction band because of the large
energy gap. Hence, no rooms are left in the defect levels for
electron trapping. For VO+, the spins are polarized, which
results in the splitting of the defect levels. As shown in Figure 5,
the defect levels of the spin-up states are located below the
Fermi level, while those of spin-down states are located above
the Fermi level. Thus, the spin-down defect states are
unoccupied and can accept electrons. However, the electrons
trapped in these empty states can hardly be released, again
because of the large energy gap between the defect levels and
the CBM. Therefore, VO+ in CaAl2O4 is also not an eﬀective

Figure 4. Computed electronic band dispersions, DOS, and PDOS of
the doped compound CaAl2O4:Eu. In the band structure, all the bands
are represented by the black dotted lines, except for the Eu 4f levels,
which are denoted by the black solid lines. The Fermi level is set to 0
eV, and the inset in an enlarged view of Eu 5d levels.

the impurity energy levels of Eu. The empty 5d levels are
located within the conduction bands of the host. With the
scissor correction (1.26−2.16 eV), the electron-occupied 4f
levels are 1.32−2.22 eV below the CBM, while the empty 5d
levels are 1.04−0.14 eV above the CBM. The calculated energy
diﬀerence between the 4f and 5d levels of Eu is ∼2.36 eV,
smaller than the experimental value of ∼2.8 eV.16 This energy
diﬀerence is originated from the strong correlation of 4f
electrons of Eu, which is underestimated by PBE computation.
It can be remedied by introducing a Hubbard U correction.
Through a careful test, a value of 1.4 eV for U, when added to
the 4f states of Eu, can let the energy diﬀerence between the 4f
and 5d levels of Eu match the experimental value. The U
correction will not aﬀect the position of 5d levels because it is
added to only 4f states.
On the basis of the computed electronic structures of
CaAl2O4:Eu, the PL mechanism of CaAl2O4:Eu can be
explained below. According to the selection rule, the electrons
can move between the 4f and 5d levels. Under UV light, the 4f
electrons of Eu can be excited into the empty 5d levels. When
the electrons in 5d levels move back into the 4f levels, blue
emission will occur. Because the 5d levels are just above the
CBM, the excited electrons in 5d can easily be transferred into
the low-conduction bands and then move to elsewhere in the
crystal. Some of these electrons may be trapped if empty defect
levels exist just below the CBM. The electrons can stay for a
while in the shallow trap and then be released back into the
conduction bands. Once nearly free electrons in the conduction
bands move to the site of Eu, they may move into the Eu 5d

Figure 5. Computed band structures of compound CaAl2O4 with the O vacancy in (a) neutral, (b) +1, and (c) +2 charge states. (d) Computed
isosurface of the charge density of the impurity level of VO2+. The impurity levels of the O vacancy are denoted by the black solid lines. The Fermi
level is set to 0 eV. The O vacancy in panel d is represented by the red sphere, and all the Ca atoms are uniformly represented by the blue spheres.
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electron trap center. As for VO2+, the impurity states already
have strong hybridization with the conduction band states,
resulting in a nonlocalized impurity band. Because of the strong
hybridization between the impurity states of VO2+ and the
conduction band states, the impurity band will be moved
upward further if the scissor operator is applied to the
conduction band. In summary, the single VO2+ is an eﬀective
electron trap.
As discussed above, when VO2+ approaches EuCa, the
formation energy increases, meaning that VO2+ prefers being
far from EuCa. Nevertheless, we still consider the complex
defect EuCa+VO2+ with the shortest distance between them to
examine whether VO2+ can signiﬁcantly inﬂuence the electronic
structures of doped Eu. The computed band structures and
DOS (Figure 6) show that VO2+ only slightly enlarges the

Figure 7. Computed band structure, DOS, and PDOS of CaAl2O4
with VCa occupying the Ca-I site. The transverse line represents the
Fermi level.

Fermi level and very close to the valence band maximum.
These empty impurity levels can accommodate electrons
excited from the valence band leaving hole carriers behind.
Therefore, the CaAl2O4 compound with VCa is expected to
exhibit hole-type conductivity. The hole-type photoconductivity of CaAl2O4:Eu was indeed found by Matsuzawa et al. in
their experiment,6 demonstrating the existence of Ca vacancies
in the system. Because the CaAl2O4 compound with Ca
vacancies exhibits hole-type conductivity, the Fermi level
should be close to the valence band. As discussed above, the
lower the Fermi level, the smaller the formation energy of VO2+.
Thus, the existence of VCa should assist the formation of VO2+,
thereby prolonging the PL. In the band structures, no empty
defect bands are near the CBM. Thus, VCa in CaAl2O4 is not an
electron trap center.
According to the calculated formation energies, VCa favors
formation near the Eu impurities in CaAl2O4:Eu, so there may
be strong interaction between EuCa and VCa if they are close. In
this case, the electronic structure may be very diﬀerent from
that if EuCa and VCa are far from one another. Whether VCa is
beneﬁcial or harmful to the PL properties of CaAl2O4:Eu is still
an open question. To shed light on this issue, we compute the
electronic structure of the complex defect EuCa+VCa (see Figure
8). Compared to Figure 4, it can be seen that the occupied 4f
levels of single defect EuCa disappear from the band gap.
Instead, empty Eu 4f levels arise and are located just above the
Fermi level while the occupied Eu 4f levels move to the valence
band. The Eu 5d levels are slightly aﬀected and still located
above the CBM. The energy diﬀerence between Eu 5d levels
and the occupied Eu 4f levels is so large that the luminescence

Figure 6. Computed band structure and DOS of the complex defect
EuCa+VO2+ with the shortest distance between them. In the band
structure, the impurity levels of the Eu 4f and O vacancy are
represented by the black and red solid lines, respectively. The Fermi
level is set to 0 eV.

energy gap between Eu 4f and 5d levels, implying that the
inﬂuence of VO2+ on the impurity levels of the luminescent
center Eu and the wavelength of the luminescence is negligible.
As such, VO2+ can indeed serve as an electron trap center and
facilitate persistent luminescence of CaAl2O4:Eu.
As mentioned above, the formation of VO2+ is more favorable
than that of VO0 and VO+ when the Fermi energy is below 1.33
eV (reference to the VBM). The computed band gap of perfect
CaAl2O4 is ∼4.54 eV. Therefore, VO2+ can be stable only at the
hole doping CaAl2O4. The hole-type photoconductivity
observed in experiment6 means that the O vacancy in
CaAl2O4 tends to be in the +2 charge state. Hence, VO2+ likely
plays an important role in the persistent luminescence of
CaAl2O4:Eu.
c. VCa in CaAl2O4. VCa is another intrinsic defect commonly
present in the CaAl2O4 compound.24 It was thought to be
either electron or hole traps.6,12 The electronic structure of VCa
should be much diﬀerent from that of VO because in the
compound Ca loses electrons while O accepts electrons.
Removing one Ca atom would leave two unpaired electrons.
Because the two unpaired electrons tend to be associated with
O atoms, they are diﬃcult to detach from O atoms. The
unsaturated O atoms can also draw electrons from other places
because of their high electronegativity. Hence, the VCa should
act as a hole trap rather than an electron trap. Our calculations
support this view. As shown in Figure 7, for the single VCa in
CaAl2O4, there are spin-down impurity bands located above the

Figure 8. Computed DOS and PDOS of CaAl2O4 with VCa and EuCa.
The Fermi level is set to 0 eV.
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approximately 0.55−1.45 eV below the CBM, with consideration of a scissor operator. The Nd 4f electrons can be excited
into the conduction band by UV radiation, thereby increasing
the number of electron carriers as well as the luminescence
intensity. On the other hand, the empty Nd 4f levels can serve
as electron traps to prolong the luminescence time. Our
calculations are in good agreement with the experimental result
that shows that the traps are distributed over a wide energy
range of 0.5−1.2 eV.7,10,13 Note that the depths of the Nd 4f
levels are deeper than those of VO2+, so trapped electrons in Nd
4f levels are more diﬃcult to release than those trapped in the
impurity levels of VO2+. As such, the luminescence time should
be prolonged signiﬁcantly because of the doping of Nd.
We also consider the Hubbard correction to Nd 4f states.
According to the calculation, the U term renders only the
occupied 4f levels moving downward but has little eﬀect to the
unoccupied 4f levels. Hence, the U term does not change the
trap levels of Nd in CaAl2O4:Eu.
Next, we examine whether the co-doping of Nd in
CaAl2O4:Eu changes the position of the 4f and 5d levels of
Eu. As shown in Figure 10, for the EuCa+NdCa complex defects,

of the wavelength observed in the experiment should disappear
in this case.
What happened for the Eu ion when a VCa formed nearby?
To address this question, we compare the PDOS of EuCa with
and without VCa nearby. For the EuCa without VCa nearby
(Figure 4), the 5s and 5p levels are fully occupied as they are far
below the Fermi level for both spin-up and spin-down states.
For the 4f levels, those for spin-up states are below the Fermi
level, while those for the spin-down states are far above the
Fermi level. By counting the energy eigenvalues at each k-point,
we learn that there are seven 4f bands below the Fermi level.
Because the Eu atom has seven 4f electrons, the spin-up 4f
bands are fully ﬁlled. The 6s levels are empty because they are
above the Fermi level (>10 eV higher), meaning that the two 6s
electrons of Eu are lost; i.e., EuCa is in the +2 valence state in
this case. On the other hand, for the EuCa with VCa nearby
(Figure 8), the spin-up 4f levels split. Some spin-up 4f levels
move above of the Fermi level so that these levels are
unoccupied. Compared to the case of EuCa without VCa, Eu
loses more 4f electrons in this case; i.e., it is in a higher-valence
state. It is known that Eu2+ ions in CaAl2O4 give an emission
broad band in the range of 410−550 nm, whereas Eu ions with
a higher-valence state cannot. Our calculations are consistent
with experimental observation.
In summary, low-density VCa in CaAl2O4:Eu can be beneﬁcial
to the persistent luminescence as they can lower the formation
energy of VO2+, which acts as an electron trap center. Highdensity VCa should be harmful to the luminescence of
CaAl2O4:Eu as they are highly likely to be located near Eu,
which would transform the valence state of Eu ion from +2 to
higher-valence states.
d. Nd Doping in CaAl2O4. Previous experiments indicate
that slight doping of Nd into CaAl2O4:Eu can signiﬁcantly
increase the intensity and decay time of PL. However, the
underlying mechanism of this doping is still unclear. Here, we
compute the electronic structures of Nd-doped CaAl2O4 to
investigate why and how Nd enhances persistent luminescence
of CaAl2O4:Eu. As shown in Figure 9, when some Ca-I sites are
substituted with Nd, spin-up impurity levels are induced near
the Fermi level. From the PDOS, we see that these impurity
levels originate from Nd 4f states. Some impurity levels are
below the Fermi level, i.e., occupied by electrons, while others
are empty. The Nd 4f levels are distributed within an energy
range of ∼0.4 eV. The highest unoccupied level is

Figure 10. Computed band structure, DOS, and PDOS of the complex
defects EuCa+NdCa with the shortest distance between them. In the
band structure, the Eu 4f and Nd 4f impurity levels are represented by
the red and black solid lines, respectively. The transverse line
represents the Fermi level.

the impurity levels of both Eu and Nd remain unchanged as Nd
atoms approach Eu, suggesting there is little interplay between
levels of the two defects. Overall, the doping of Nd can indeed
improve the persistent luminescence of CaAl2O4:Eu, as
observed in the experiments.
3. PL Mechanism of CaAl2O4:Eu. On the basis of the
analysis described above, we gain deeper insights into the PL
mechanism of CaAl2O4:Eu. As illustrated in Figure 11, the
excited 4f electrons of Eu can move to the empty 5d impurity
levels, leaving 4f levels unoccupied. In turn, the electrons in the

Figure 9. Computed band structure, DOS, and PDOS of the doped
compound CaAl2O4:Nd with Nd occupying the Ca-I site. In the band
structure, the impurity levels of Nd 4f are denoted by the black solid
lines. The transverse line represents the Fermi level.

Figure 11. Schematic PL mechanism of CaAl2O4:Eu,Nd.
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IV. CONCLUSION
We have investigated the PL mechanism of CaAl2O4:Eu based
on ﬁrst-principles calculations. Particular attention has been
paid to the electronic structures of the luminescenct-center Eu,
the intrinsic vacancies of O and Ca, and the dopant of Nd. We
show that the electron-occupied 4f impurity levels of Eu are
located in the band gap of the host CaAl2O4, while the empty
5d impurity levels are located just above the CBM. The excited
electrons in 5d impurity levels can easily transfer to the
conduction band, while the electron carriers in the lowconduction band can also transfer back to the Eu 5d impurity
levels easily, resulting in PL. The +2 charged-state O vacancies
produce empty defect levels just below the CBM but have no
signiﬁcant inﬂuence on the electronic structures of Eu.
Therefore, O vacancies are the main trap centers of
CaAl2O4:Eu. The vacancies of Ca cannot contribute to the
PL properties directly, and the high density of Ca vacancies is
even harmful for the luminescence of CaAl2O4:Eu. Nevertheless, the low density of Ca vacancies can assist to stabilize
the O vacancies VO2+, thereby prolonging the luminescence
time. Finally, the co-doping of Nd can signiﬁcantly enhance the
PL properties of CaAl2O4:Eu because Nd doping not only can
produce additional electron carriers but also can supply deeper
electron traps. Our comprehensive study gives a detailed
account of the excellent PL property of CaAl2O4:Eu. Insights
obtained from this study can oﬀer some generic guiding
principles for the selection of the host and the luminescent
center for the design of better PL materials.

5d levels can move back to 4f levels, with accompanying light
emission. Moreover, the 5d electrons can also move to the
conduction band, becoming free electron carriers. The electron
carriers can be trapped when they encounter the O vacancy or
Nd dopant. Some trapped electrons can move back to the
conduction band and further move to the Eu 5d levels. As a
result, they may jump back to 4f levels, leading to persistent
luminescence. Typically, the doping density of Eu is very low,
so that the luminescence intensity is weak without electron
doping. Nd co-doping is needed to increase the luminescence
intensity of CaAl2O4:Eu. The doped Nd not only can oﬀer
additional electrons but also introduce deeper electron trap
centers. Consequently, Nd doping can both increase the
luminescence intensity and prolong the decay time.
Why can Nd doping prolong the decay time to >19 h? First
of all, the distribution of the 4f levels of Nd should play a key
role. According to our calculations, Nd introduces several 4f
levels into the band gap, and these levels are distributed within
a medium-energy range (>0.4 eV). The lowest 4f level is quite
deep (more than 1 eV below the CBM). The electron trapped
in the lowest 4f level of Nd can move to only other nearby 4f
levels with the assistance of thermal vibration and phonon
coupling but cannot move directly to the conduction band
without radiation. Therefore, the electron has to move up and
down between the 4f levels of Nd for a very long time before
having a chance to move back into the conduction band when it
reaches the top 4f levels of Nd or other higher trap centers, e.g.,
VO2+. Hence, to prolong the decay time to several hours and
even several days, many empty energy levels with diﬀerent
energies distributed from shallow to deep positions in the band
gap must be available. The wider distribution of the trap center
levels, the longer the decay time beyond 19 h is expected.
Having explained the PL mechanism of CaAl2O4:Eu,Nd, we
can comment on generic strategies for improving PL properties
through careful selection of the host and dopants. We know
that the luminescence is mainly due to the electron transition
from the 5d to 4f levels. Therefore, the atomic states of the
luminescent-center elements should not be strongly inﬂuenced
by the host; i.e., the luminescent-center elements should
interact only weakly with the host. To meet this requirement,
suﬃcient room is needed in the host to accommodate the
doped luminescent-center elements without inducing large
structural deformation. Indeed, CaAl2O4 belongs to this kind of
host because substitution of Ca with rare-earth elements
introduces little structural deformation. A reason is that the Ca
ion radius (0.99 Å) is very close to those of the rare-earth
elements (from 1.06 Å for La to 0.85 Å for Lu). There may be
many other compounds meeting this requirement.
To maintain persistent luminescence, the excited electrons in
5d levels are required to be able to move to other places before
moving back to 4f levels. Therefore, the 5d levels of the
luminescent-center elements should be either above or slightly
below the CBM of the host. If the 5d levels are above the CBM,
they should be not too high as the electron carriers in the lowconduction band should be able to move to the 5d levels
through thermal activation. Because typically the doping
density of the luminescent-center elements is very small,
electron doping is necessary to achieve strong luminescent
intensity. Co-doping of higher-valence-state rare-earth elements
is an eﬀective way to enhance the luminescent intensity. To
prolong the decay time, empty defect levels distributed over a
wide energy range and being located from shallow to deep
positions in the band gap are required.
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Chem. Mater. 2013, 25, 1600.
(3) Van den Eeckhout, K.; Smet, P. F.; Poelman, D. Materials 2010,
3, 2536.
(4) Dorenbos, P. J. Electrochem. Soc. 2005, 152, H107.
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