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Abstract: The influence of Mn doping on the Ca,SiO4:Eu’" phosphors was investigated by the first principle calculation. Comparing
with the Ca,SiO4:Eu*" phosphor, it is found that red-shift of the absorption spectrum for the Mn-doped Ca,SiO4:Eu®* phosphor takes

place. Mn®" ions substitution on Ca®" sites causes an increase of the crystal field strength, which results in Eu5d level moving

downward in energy. Besides, Mn3d partly enters into the top of the conduction band and the bottom of the valence band. These two

reasons bring about narrow band gap and red shift of absorption spectrum.
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It is known that divalent europiums are more stable in
alkaline earth silicate hosts and more easily diffuse into the
lattice sites as the ion radii of them are similar to each

other!",

Therefore, alkaline earth silicon compounds
doped with divalent europium ions are good candidates for
representation and  high
luminescence phosphors. Particularly, Eu*"-doped Ca,SiO,

phosphors have been regarded as a kind of green emitting

abundant color efficient

material for white LED with a possibility to replace sulfide
based green phosphors !, It has been found recently that
the Eu®"/Mn*"-codoped phosphors exhibited red emission
from the Mn”" ions in addition to green emission from the
Eu”" ions. Thus, the spectra consist of the relatively broad
green and the red emission bands, which lead to a

warm-white color ¥

. What is interesting is how Mn**
influences the electronic structure of Ca,SiO,:Eu*’ and
improves its photo-luminescence properties. Nowadays, the
first-principles method has become a valuable tool for the
investigation of the electronic structures of materials "'
In this paper, we have investigated the electronic structure
of Mn-doped and un-doped Ca,S8i0,:Eu** by the
first-principle calculation. Atomic and bond populations,
total density of states (TDOS) and partial density of states

(PDOS) as well as absorption spectra of these phosphors
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are computed and compared. After that, the influence of Mn
doping on the electronic properties and the absorption
properties of Ca,SiO,: Eu®' is derived.

1 Theoretical Simulation

The calculations were
first-principle within the Cambridge Serial Total Energy
Package (CASTEP) plane wave code'"!. In order to achieve
accurate electronic structures, the method of total-energy

performed based on the

functional (LDA+U) was adopted to overcome the
shortcoming of LDA. Meanwhile, ultrasoft pseudopotentials
were used to describe the interaction of ionic core and
valence electrons. And Brillouin-zone integrations were
performed using Monkhorst and Pack k-point meshes '\
When the calculation is operated, the 500 eV for cutoff
energies and 3x2x2 for the numbers of k-point can ensure the
convergence for the total energy. When the maximum force
on the atom was below 0.003 eV-nm™', maximum stress was
below 0.05 GPa, and the maximum displacement between
cycles was below 0.0001 nm. All the calculations were
considered converged. Though both f and y phases of pure
Ca,Si0, crystallite are stable at room-temperature, only f
phase is stable in the case of Eu**-doped Ca,SiO, phosphor "
The S phase of Ca,SiO, crystal has a trigonal structure with
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space group P21/n. The Ca ions have two different sites: one
is coordinated with seven O atoms and the other is connected
with eight O atoms. Thus, it is generally accepted that the Eu
atoms occupy both two Ca sites in the lattice ', In order to
demonstrate the effect of Mn doping on the Ca,¢4SiO,:
0.04Eu*" phosphor, super-cells containing 84 atoms of
Cay.0055104: 0.04Eu”" 0.04Mn”“are formed (Fig.1).

2 Results and Discussion

2.1 Atomic charges population

The Mulliken atomic charges populations of
Ca,8i0,:Eu”
ions own negative charge because of obtaining electrons,

are shown in Table 1. It is easily seen that O

while Ca and Eu ions own positive charges due to losing
electrons. Covalent bonds are localized between Si atoms
and O atoms because Si atoms possess relatively weak
ability to lose electrons. Ca and Eu atoms form ionic bonds
with O atoms as Ba and Eu atoms possess the strong ability
to lose electrons. On the other hand, it is Eu®’
replacing one Ca®" of Can,Si ;045 because seven electrons

not Eu®*
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Fig.1 Top view (a) and side view (b) of the structure of super-cells

of Ca,Si04:Eu’" with substitution of Mn atoms for Ca atom

are localized in the 4f orbital of Eu ion in Ca,;EuSi;;Oys. It
is also seen from Table 1 that Mn*"
Ca®" of CaySi;»0ss.

2.2 Band structures

Fig.2 plots the band structures of Mn-doped and un-doped
Ca,Si0,:Eu*" for the case 1 in Table 1, where the TDOS is also
plotted. It is found that each of these two phosphors shows a
direct optical band gap, which makes the transition probability
higher than that of the indirect band gap, so it can enhance
luminescence property 'l The valence band maximum (0 eV)
and conduction band minimum (4.71 eV) at the G point of
Brillouin zone in Fig.2a.

Thus, the calculated band gap energy is 4.71 eV. When
Mn atoms are doped, the calculated band gap energy is 4.33
eV, which is much smaller than the case of Mn-undoped.
The reason is that the partial substitution of Mn atoms for
Ba atoms results in higher valence band and smaller band
gap width. Besides, the labels of the energy bands (1, 2, 3, 4,
5 and 6) and the interband transitions (a, b and c) obtained
from the analysis of Fig.4 are shown in Fig.2.

Fig.3 shows the calculated band structures and the
density of states of Mn-doped and un-doped Ca,SiO4:Eu*’
for the case of 2 in Table 1. Similar to the case 1, direct
optical band gaps appear in the case 2. It is seen that the

indeed displaces one

valence band maximum and conduction band minimum are
located at 0 and 4.71 eV in Fig.3a, respectively. Therefore,
the calculated band gap energy is 4.71 eV. As one Ca atom
is substituted by one Mn atom, its band gap energy is small
to 4.24 eV. Therefore, the doping of Mn atoms elevates the
valence band maxim and narrowing the band gap. In
addition, the labels of the energy bands (7, 8, 9, 10, 11 and
12) and the interband transitions (d, ¢ and f) are obtained
from the analysis of Fig.5.
2.3 Densities of states

Fig.4 shows the atom-resolved partial density of state
(PDOS) for Mn-doped and un-doped Ca,SiO4: Eu®" for the
case 1. Only the top of the valence band and the bottom

Table 1 Atomic charges population of Ca,SiOy4: Eu** phosphors

Ca23EuSi1204g

CazzEuMnSi1204g

Case

Atom s p d f Total Atom s p d f Total
(6} 1.88 5.31 0 0 7.19 (0] 1.86 5.22 0 0 7.08
Si 0.68 1.50 0 0 2.18 Si 0.70 1.47 0 0 2.16
1 Ca 2.18 6.00 0.34 0 8.52 Ca 2.14 6 0.6 0 8.74
Eu 2.17 6.24 0.67 7 16.07 Eu 2.14 6.08 059 7 15.82

Mn 0.3 0.47 522 0 6
O 1.86 5.23 0 0 7.09 o 1.86 5.22 0 0 7.08
Si 0.70 1.47 0 0 2.17 Si 0.69 1.46 0 0 2.15
2 Ca 2.14 6.00 0.60 0 8.74 Ca 2.14 6 0.6 0 8.74
Eu 2.14 6.13 0.60 7 15.87 Eu 2.17 6.19 0.58 7 15.95
Mn 0.33 0.46 524 0 6.03
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Fig.2 Band structure and total density of state (DOS) of Ca,SiO,:Eu’" without (a) and with (b) substitution of one Mn atom for Ca atom
for the case 1 in Table 1
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Fig.3 DOS of Ca,SiO4:Eu*" without (a) and with (b) substitution of Mn atom for Ca atom for the case 2 in Table 1
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Fig.4 PDOS of Ca,SiO4: Eu*" without (a) and with (b) substitution of one Mn atom for Ca atom for the case 1 in Table 1
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of the conduction band are shown as the optical absorption
is mainly determined by the states close to the band gap. In
order to display clearly, the Fermi level is set to zero. The
bottom of the conduction band mainly stems from the
hybridized orbits Ca3d, Mn 3d and Eu5d, while the top of
the valence band is mainly composed of the O 2p orbital,
partly derived from Eu4f. It can be seen from Fig. 4a that
the band 1 with maximum at —1.22 eV in Fig.2a mainly
originates from O2p state, and band 2 with maximum at
4.44 eV mainly stems from Ca4s state, while the band 3
with maximum at 6.22 eV is mainly contributed by Ca3d
and Eu5d states. When Mn atom is doped, the band 4 with
maximum at —1.84 eV mainly originates from O2p and Eu
4f states, band 5 with maximum at —1.04 eV is also mainly
composed of O2p and Eu4f states, band 6 with maximum at
4.66 eV mainly originates from Mn 3d state, while band 7
with maximum at 5.72 eV mainly originates from Ca 3d and
Eu 5d states. It is seen from Fig.4b that Mn 3d, Eu 5d and
Ca3d orbits overlap each other, which results in the energy
electron transition from Mn3d and Ca 3d to the empty band
of Eu 5d states. The Mn 3d splits and partly enters into the
top of the conduction band and the bottom of the valence
band due to the Eu’’. Thus, the band gap energy of the
Mn-doped Ca,8i0,:Eu*" is much smaller than that of
Mn-undoped.

The PDOS of Mn-doped and un-doped Ca,SiO,:Eu*" for
the case 2 is shown in Fig.5. It can be seen from PDOP in
Fig.5a that the bottom of the conduction band mainly stems
from Ca3d and Eu5d states, and the top of the valence band
is mainly composed of the O2p, Eu4f and Ca3d states, which
is similar to the case of Ca(l) in Fig.4a. The band 8 with
maximum at —0.96 eV mainly originates from O2p state, and
band 9 with maximum at 5.79 eV is mainly contributed by
Ca 3d, Si2p and Eu 5d states. When one Mn atom is
co-doped, the bottom of the conduction band mainly stems
from Ca3d, Mn3d and Eu5d states, and the top of the
valence band is mainly composed of O2p, Eu4f, Ca3d and
Mn 3d states, which is similar to the case 1 in Fig.4b.
Furthermore, the band 10 with maximum at —1.85 eV mainly
originates from O2p and Ca3d and Mn3d states, band 11
with maximum at —1.06 eV is mainly composed of O2p, Ca
3d, Mn3d and Eu4f states, and band 12 with maximum at
4.52 eV mainly stems from Mn3d states, while band 13 with
maximum at 5.72 eV is mainly contributed by Ca3d and Eu
5d states. It is seen from Fig.5b that Mn 3d, Ca3d and Eu 5d
orbits overlap each other, which results in the conduction
band charge transfer of the electrons from Mn 3d, Ca3d to
the empty band of and Eu5d states. Besides, it is seen from
Figs.4b, and 5b that the overlap between Mn3d and Eu4f, 4d
states leads to the effective resonance-type energy transfer
from Eu®" to Mn®", which is in agreement with the results
from Ref. [4-8].

2.4 Absorption spectra

The optical absorption coefficient of materials is
determined by the quantum mechanical transition rate

which is expressed as !'*!:

Wi = [ g (hv) M

where W,-; is transition rate for exciting an electron in an
initial state ¢; to a final state ¢; by absorption of a photon
with frequency v, M is the matrix element, and g(hv) is the
joint density of states. The |[M]* is usually regarded as a
constant for a direct optical transition, so that the
luminescence intensity is only determined by the joint
density of states g(/4v). As shown in Fig.2, the initial state
can be considered as a constant in the transition process as
the lower band is very flat, so the g(4v) is proportional to
the final state ¢y Therefore, the transition, the optical
absorption coefficient and the emission intensity are
proportional to the density of the upper states.

By comparing the total DOS in Fig.4 and absorption spectra
in Fig.6, it is found that the phosphor without Mn atom (black
curve) displays several broad absorption peaks, such as
absorption peak a at 7 eV ( i. e., 177 nm) which is readily
assigned to transition a. When Mn atom is doped, the
absorption peak f at 6.8 eV ( i. e, 180 nm) is mainly
corresponding to the inter-band transitions b and c. As shown
in Fig. 4a, the density of the upper states is mainly contributed
by the Eu and Ca atoms for Ca,SiO,: Eu®’, while the upper
states are determined by the combined contributions of the Ca,
Mn and Eu atoms for Mn-doped Ca,SiO,:Eu*’. When Mn
atoms are doped, a red-shift of absorption spectrum takes place,
which is in agreement with the results of the
Cas0.0:Mg1.01Si301,:0.01Eu*", 0.1Mn”" in Ref.[4]. The reason
is that the Eu5d level moves downward in energy; meanwhile,
Mn3d splits and partly enters into the top of the conduction
band and the bottom of the valence band.

Fig.7 plots the absorption spectra Mn-doped and un-doped
Ca,Si0,: Eu®™ for the case 2. Comparing the total DOS of
Ca,Si04: Eu®" in Fig.5a and its absorption spectra of the
phosphor without Mn atom (black curve) in Fig.7, it is seen
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Fig. 6 Absorption spectra of Ca,SiO4:Eu®" without and with
substitution of Mn atom for Ca atoms for the case 1 in
Table 1
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