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Abstract

Calcium aluminosilicate (CaxAl>Si07) phosphors doped with Ln3* (1 mol%) ions (Ln: Eu, Ce, and Tb) were prepared by
the solid-state reaction at high temperature. Photoluminescence (PL), photoluminescence excitation spectra (PLE) of
Ce*" and Eu®* ions in Ca,Al,SiO; material have been studied and used to predict the lowest f-d transition energies as
well as charge transfer energies of lanthanides in Ca,Al,SiO; host lattice. From PLE spectra data, the host referred
binding energy (HRBE) diagram of Ca,Al,SiO; material has been constructed to present the energy levels position of
all lanthanide ions relative to the valence and conduction bands. The obtained energy levels diagram has been checked
by comparison the calculation energy the experimental energy of Tb*" ions from the excitation spectra of
CaAlLSiO7:Tb** material and HRBE scheme has also been used to estimate the possibility of the energy transfer
process between several lanthanides in Ca;Al,SiO7 materials.

Keywords: HRBE diagram; lanthanide ions; calcium aluminosilicate.

Tém tit

Vit lidu calcium aluminosilicate (Ca;ALSiO7) pha tap cac ion Ln3* (1 mol%) (Ln: Eu, Ce, va Tb) duoc ché tao bing
phuong phéap phan tng pha rén ¢ nhiét do cao. Phd phat quang (PL), phd kich thich phat quang (PLE) cta ion Ce3*
Eu’* trong vét liéu Ca,Al,SiO; da duge nghién ciru va sir dung dé tién doan nang luong cta chuyén doi f-d thap nhat
ciing nhu ning luong truyén dién tich ctia cac ion lanthanide trong mang nén Ca,ALSiO;. Tir dit liéu phd PLE, gian do
ning luong (HRBE) ciia Ca,ALSiO7 di dwoc xdy dung dé biéu dién vi tri cac mirc nang luong cua ion lanthanide so véi
ving dan va ving hoa tri ciia mang nén. Gian d6 ning lwong HRBE duoc danh gi4 bang cach so sanh nang luong tién
doan v&i gia tri thuc nghiém thu tir phd kich thich cia Tb** trong Ca,AlSiO7 va ddng thoi gian dd HRBE ciing duoc sit
dung dé xem xét kha nang ctia qua trinh truyén ning lugng gitra mot sb ion lanthanides trong vat liéu Ca,Al,SiO.

Tir khéa: Gian d6 nang luong HRBE; lanthanide ions; calcium aluminosilicate.
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1. Introduction

Lanthanide ions doped silicate hosts have
been studied for a long time, such as
SraMgSi07 [1], M3MgSi20s (M: Ba, Ca, Sr) [2]
and M2AL:Si07 (M: Sr, Ca) [3, 4] in which the
luminescent materials based on CaxAl2S107
(CAS) host containing lanthanide ions have
been widely used in light-emitting diodes, and
laser [5-7]. A lot of studies dealing with
luminescent feature, long-persistent, energy
transfer, and of the
lanthanides doped Ca2Al:SiO7 are available in
literatures [6-12], however, there is no report

thermoluminescence

mentioning to the energy levels position of the
lanthanide 1ons in this host lattice. It is known
that luminescent properties of lanthanide ions
in a specific compound are influenced by their
4f and 5d energy levels position comparing to
the valence and conduction bands of that
compound [13, 14]. Hence, predicting position
of 4f and 5d energy levels of a specific
lanthanide ion in a host material is very
important for the estimation of the application
possibilities of this material when it is doped
with this ion. Position of 4f state of all divalent
and trivalent lanthanide ions in the specific
compound can be generally predicted from
photoluminescence excitation spectra (PLE) of
a lanthanide ion by using the charge transfer
model [15]. According to this model, the 4f
ground states position for all Ln** and Ln** ions
can be constructed based on the charge transfer
energy (ECT) of a lanthanide because the
relative energy position of the 4f ground state
of these ions is weakly influenced by the nature
of the host materials and is almost unchanged
in the series of lanthanides. Among Ln** ions,
the Eu’" ion are widely used as a reference ion
to determine ECT because its charge transfer
spectrum often occurs at low energy. To locate
the 5d levels position, the lowest 4f—5d
excitation energy (Era) of the Ce*" ion is often
used because of its simple PLE spectra and low
energies and then the 5d levels of all other

lanthanide ions can be predicted by using the
charge transfer and chemical shift model
[16, 17].

In our knowledge there has been no
literature presenting of the energy levels of
lanthanide ions in Ca2Al2Si07 material by the
spectroscopic  technique. In this work,
therefore, the host referred binding energy
(HRBE) scheme for all lanthanide ions doped
Ca2AlxSi07 material was constructed by using
information from PLE spectra of Eu*" and Ce**
ions doped this compound. The obtained energy
level diagram was confirmed by comparison of
the calculation data with the experimental data
of Tb** ions doped Ca2Al2SiO7 phosphors.

2. Experiment

Calcium aluminosilicate Ca2ALSi07
materials doped with Ln** (Ln = Ce, Eu, Tb)
ions (1 mol%) were synthesized by the solid-
state reaction at 1280°C for 1 h. Ingredients
used to synthesize phosphors include of CaCOs3
(AR), ALOs (AR), SiO: (Sigma), CeO:2
(Merck), Tb203 (Sigma), and Eu203 (Merck).
They were weighed according to the nominal
compositions of samples and mixed
homogeneously for 2 h. The mixture was
calcined at 1280°C for 1 h in air and then it was
cooled to room temperature to obtain final
sample. Photoluminescence (PL) and PLE
spectra were measured at room temperature
using a spectrophotometer (FL3-22; Horiba
Jobin-Yvon) with Xenon -450W lamp.

3. Results and discussion

3.1 Luminescent properties of
CazAl;Si0=Ce’*  and  CazAlsSiOzEu’*
samples

Fig. 1 presents PLE spectrum in the 240-390
nm region of Ce®" doped CAS material
recorded at the emission wavelength of 420 nm.
The PLE spectrum with a broad band includes
of four excitation bands centered at 350 nm,
279 nm, 244 nm and 226 nm, which are
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attributed to the electron transitions from the 4f
ground state to the 5ds (J= 1,2, 3, 4, 5) excited
states of Ce>" ions [14]. These bands are similar
to the observed excited transitions of Ce>" ions
in the same compound in literature [18] (bands
locating at 350, 307, 278, 244 and 226 nm)
except for the band at 307 nm. The excitation
band peaking at 350 nm (3.54 eV) is the lowest
4f—5d transition of Ce** ions in this materials,
and energy Et (Ce*", CAS) of this transition
will be used to determine the Er (Ln**, CAS)
for the other lanthanide ions, that contribute to
energy levels diagram in next section.
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Fig. 1. Photoluminescence excitation spectrum of Ce>*
ions in CaxAl:SiO; material.
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Fig. 2. Photoluminescence spectrum of Ce>*
ions in Ca»A1SiO; material

Photoluminescence spectrum of Ce*" ions in
CaxAl2S107 material under excitation at 350 nm

is presented in Fig. 2, and it shows a broad
band in the 350-500 nm region. This broad
band is contributed of two emission bands P1
and P2 peaked at 403 nm (3.07 eV) and 440
nm (2.82 eV), which corresponds to Ce*"
transitions from the lowest 5d excited state to
the 4f ground state levels *F72 and 2Fsp,
respectively. Generally, two levels are typically
separated by an energy of ~0.25 eV
corresponding to the spin-orbital interaction
energy [14, 19]. In the case of CAS material in
this work, this splitting energy is ~0.25 eV
which is just equal to the theoretical result and
also similar to other results of 0.25~0.27 eV
[20, 21] .
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Fig. 3. Photoluminescence spectrum of Eu’*

ions doped Ca»A1:SiO7; material.
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Fig. 4. Photoluminescence excitation spectrum of Eu’*
ions doped Ca»A1:SiO; material.
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PL spectrum of Eu®" ions doped CAS
material under the excitation radiation of 394
nm at room temperature is presented in Fig. 3.
It includes of five sharp peaks locating at 578
nm, 588 nm, 617 nm, 655 nm and 702 nm,
which are the electron transitions from the
excited °Do level to the ground states "Fs (J = 0,
1, 2, 3, 4), respectively. In addition, several
weak peaks are also observed in the 500-570
nm region (the inset in Fig. 3), derived from the
transitions between D1 excited level and the
ground states 'Fo, ’F1 and "F2 of Eu*" ions. PLE
spectrum of Eu®" recorded at the emission
wavelength of 617 nm is shown in Fig. 4. The
excitation spectrum consists of several sharp
peaks in the 310 -480 nm region and a broad
band in the 240 - 310 nm. These sharp peaks
are the excitation transitions from the ground
'Fo state to the excited levels of Eu’’ ions:
"Fo—°D2 (463 nm), 'Fo—°D3 (412 nm),
"Fo—°Ls (392 nm), 'Fo—°L7 (381 nm) and
"Fo—°D4 (361 nm) transitions, in which the
"Fo—°Les transition reaches the highest
intensity. While, the broad band centered at 251
nm (4.94 eV) is due to the charge transfer
transition between the Eu®" ions and the host
lattice. Energy of the charge transfer ECT of
Eu®" ions relatives to the energy difference Evr
of electron transfer from the top of the valence
band to the ground state of Eu’' ions in the
same compound and Evr is used to build the
energy level scheme of lanthanide ions in CAS
host in the next section.

3.2. The energy levels diagram for lanthanide
ions in CazAl>Si0;

In this section, the host referred binding
energy (HRBE) diagram of all lanthanide ions
in Ca2Al2Si107 material will be constructed by
using the Dorenbos model which includes the
redshift and charge transfer energies. Besides,
the predicted energy of the f—d transition of
Tb*" ions from the energy levels diagram was
compared to the experimental energy of

Ca2Al:SiO7:Tb**  sample to verify the
consistence of the obtained energy levels
scheme.

3.2.1. Predicting the energies of the f-d

transitions for Ln’" and Ln*" ions in

CazA1:5i07

In Ln*" ions doped CAS phosphors, the
lowest 4f—5d transition energies Ef(Ln’",
CAS) of the Ln*" ions are shifted toward the
lower energy (redshift) in the comparison with
those of corresponding Ln** free ions.
According to the redshift model, the redshift
value D(Ln**, CAS) is the same for all
lanthanides in the same compound but it
depends on the compound and it relates to the
energies of the lowest 4/—5d transitions of
Ln*" ions as below [17, 22]:

E,(Ln™,CAS) = E ,(Ln™, free)—D(Ln™*, CAS)

(1)
where Eg(Ln**, free) and Er(Ln*, CAS) are
the energies of the lowest 4f—5d excited state
of free Ln*" ion and corresponding Ln*" ion in
Ca2A12S107,
Er(Ln®*, free) for all lanthanides have been

respectively. The values of
found in literature [17]. From PLE spectrum of
Ca2A12Si07:Ce** in Fig. 1, the Er(Ce**, CAS)
energy is determined to be 3.54 eV and hence
the D(Ln**, CAS) is 2.57 eV. By using Eq.1
and the D(Ln**, CAS) result, the Ef(Ln’",
CAS) values of other lanthanide ions are
obtained and presented in column 6 in Table 1.
For Tb*' ions, Er(Tb*", CAS) energies were
predicted two values, which correspond to the
spin-allowed and spin-forbidden transitions of
the Tb>" in CAS materials. Two values will be
used to compare to the experimental values in
next section to evaluate the obtained energy
levels diagram.
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Table 1. Charge transfer energies (ES"(Ln**, CAS) = Evi(Ln?", CAS), the lowest 4f—5d energies
(Era) for Ln*" and Ln*" ions in CAS host (in eV). n is the number of electrons in the 4f

configuration in trivalent lanthanides.

Ln n EVi(an"', Efd(LIl2+, EVf(Ln3+, Efd(Ln3+, CAS)
CAS) CAS) CAS)

La 0 10.55 -2.36 -
Ce 1 9.07 -1.07 3.51 3.54

Pr 2 7.81 0.14 1.67 5.05
Nd 3 7.37 0.51 0.17 6.34
Pm 4 7.28 0.54 -0.26 6.66
Sm 5 6.19 1.58 -0.46 6.76
Eu 6 4.94 2.80 -1.73 7.92
Gd 7 9.50 -1.62 -3.06 9.22
Tb 8 8.15 -0.23 1.85 4.32-5.17*
Dy 9 7.21 0.75 0.42 6.02
Ho 10 7.34 0.83 -0.67 7.07
Er 11 7.52 0.70 -0.61 6.97
Tm 12 6.66 1.53 -0.44 6.92
Yb 13 5.37 2.80 -1.49 8.12
Lu 14 - - -2.74 9.42

* Two energies corresponding to the 4f—5d allowed transition and the 4f— 5d forbidden

transition of Th** ions

In the case of Ln?" ions, energy Er(Ln*",
CAS) of the lowest 4f—5d transitions are
estimated with the same formula as Er(Ln’",
CAS). In which, the D(Ln*", CAS) redshift
relates to the D(Ln**, CAS) through the
following equation [17]:

D(Ln*",CAS)=0.64* D(Ln’*, CAS)—0.233
(2)
Using Eq. 2, D(Ln**, CAS) is found to be
1.41 eV, thus the Era(Ln?", CAS) energies of all
Ln** ions in CAS host are determined and
indicated in column 4 of Table 1.

3.1.2. Predicting the Evi(Ln’*, CAS), Evi(Ln’",
CAS) energies and HRBE diagram of the
lanthanides in CAS materials

It is well known that the energy needed to
transfer an electron from the valence band to a
trivalent lanthanide impurity in a compound is
called the charge transfer energy E“T. The E°T
energy of a trivalent lanthanide ion provides
information on the locations of the ground state
of the corresponding divalent lanthanide ion

relative to the top of the valence band in the
same compound [22, 23].

E, (Ln**,CAS)=E“(Ln’*,CAS)  (3)

The ECT(Eu**, CAS) was determined as 4.94
eV from the spectrum  of
Ca2ALSiO7:Eu’* in Fig. 4, this energy is also
Evi(Eu**, CAS) of Eu*' ions. It is possible to
predict the Evi(Ln?*, CAS) for all other divalent
lanthanides in CAS host using the obtained
Evi(Eu**, CAS) and the energy difference
AEv{Ln*", Eu®") in ref. [24], results are shown

in column 3 in Table 1.

Similarly to the EvLn?") of divalent
lanthanides, the energy of the ground states
Evi(Ln*") of the trivalent lanthanides can be
located by measuring the ECT energy of the
tetravalent lanthanides Ln*" ions. However,

excitation

there is too little available information on such
transitions of Ln*" in literature. Instead, the
position of the ground state Evi(Ln**) of
trivalent lanthanides can be estimated based on
the Coulomb correlation energy U(6, CAS),
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which is known as the energy difference
between the ground state energy of Eu?" and
that of Eu*" [17]:

U(6, CAS) = E,,(Eu**, CAS)— E,,(Eu™", CAS)

“4)

In addition, the U(6, CAS) value relates to

centroid shift ec(Ce*", CAS) of Ce*" ions in
CAS host through expression [17]:

—g0(Ce™,C4S)

U(6,CAS)=5.44+2.834%¢ 22 (5)

The centroid shift ec(Ce**, CAS) is the shift
of the barycenter of 5d; levels of Ce*" ions in
CAS host comparing to gaseous Ce*" and
determined by the following equation [22]:

5
£.(Ce**,CAS) = 6.35— % D E, (Ce™,CAS)

i=1

(6)
Where 6.35 eV is the average energy of the
5di  levels in gaseous Ce’", and
E, (Ce™,CAS)are the f-d excited transition
energies of Ce** in CAS host which are
obtained from the PLE spectrum in Fig. 1 and
literature 19. Using Eq. 6 and Eq. 5, the values
of ec(Ce**, CAS) and U(6, CAS) are found to
be 1.83 and 6.67 eV, respectively. Hence, with
the known energies of Ev(Eu?",CAS) and U(6,
CAS), the values Evr (Ln*", CAS) can be
predicted for all other lanthanides in CAS host
by using Eq. 4. The results of Evr (Ln*", CAS)

are shown in column 5 in Table 1.

The energy differences between the 4f
ground state energy of Ln?" ions with that of
Eu?" (AEs(Ln**, Eu?")) and between the 4f
ground state energy of Ln** ions with that of
Ce*" (AEs(Ln**, Ce*")) are given in [17].
Therefore, the Ea(Ln**, CAS) and EiLn’",
CAS) energy values for all lanthanides are
calculated and presented in the columns 3 and 5
of Table 2. Combining the EsfLn**, CAS) and
the Eg(Ln*, CAS) values, the value of
Esd(Ln**, CAS) energies with respect to the top
of the valence band of all divalent lanthanides
is calculated by the following expression:
E,,(Ln**,CAS) = E, ,(Ln**, CAS)+ E ,(Ln*",CAS)

(7)

The Eso(Ln**, CAS) energies are found by
using Eq. 7 and presented in columns 4 of
Table 2. Similar to the Esia(Ln**, CAS), the
energy of Esd(Ln**, CAS) energies of all
trivalent lanthanides are also determined by the
same equation and shown in columns 6 of
Table 2. These energies combining the band
gap (Eg) of this host which is 6.5 eV [25] are
used to construct a host referred binding energy
diagram (HRBE) in Fig. 5 that shows the
location of the 4f" and 4f"'5d levels of all
divalent and all trivalent lanthanide impurities
relative to the top of the valence band of CAS
host material.

Table 2. The energy levels position of 4f'and 5d states for divalent and trivalent lanthanides
comparing to the top of the valence band; All energies are in eV.

Ln n E4(Ln?) Esq(Ln?") E4(Ln?) Esq(Ln’)
La 0 10.55 8.19
Ce 1 9.07 8.00 3.51 7.05
Pr 2 7.81 7.95 1.67 6.72
Nd 3 7.37 7.88 0.17 6.51
Pm 4 7.28 7.82 -0.26 6.40
Sm 5 6.19 7.77 -0.46 6.30
Eu 6 4.94 7.74 -1.73 6.19
Gd 7 9.50 7.88 -3.06 6.16
Tb 8 8.15 7.92 1.85 6.17
Dy 9 7.21 7.96 0.42 6.44
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Ho 10 7.34 8.17 -0.67 6.40
Er 11 7.52 8.22 -0.61 6.36
Tm 12 6.66 8.19 -0.44 6.48
Yb 13 5.37 8.17 -1.49 6.63
Lu 14 -2.74 6.68

a1 2 ?mf;begf Ogel?mrz?nse?u;gff1f%‘32{3 14 coincide with the calculation energies to be

5.17 eV (240 nm) and 4.32 eV (287 nm) as

e shown in Table 1 and it indicates that the

o obtained energy scheme can be used well to

GS(2+) predict the energy levels position of lanthanides

HRBE scheme
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Fig. 5. The HRBE scheme of lanthanide ions in
CAS host lattice

To check correctness of the obtained energy
levels scheme of CAS host material, the PL and
PLE spectra of Ca:ALSiO7:Tb*" sample are
measured and presented in Fig. 6 and Fig. 7.
The PL spectrum under excitation at 368 nm
('Fé—°D3 transition) includes four strong
emission peaks locating at 490, 544, 587 and
622 nm (Fig. 6), which are assigned to the
emission transitions from the D4 excited level
to the ground states "Fs (J = 6, 5, 4, 3) of Tb**
ions, respectively. The excitation spectrum with
several sharp intense peaks in the 300-400 nm
region characterizes to the f-f excitation
transitions of the Tb*" ions, in which the
strongest intensity at 368 nm is the "Fe—>D3
excitation transition. To obtain the f-d
excitation transition of Tb*>* ions, the excitation
spectrum was measured in the 220-300 nm
short wavelength region as shown in Fig. 7. It
indicates an intense band locating at 241 nm
(5.14 eV) and a weaker band at 284 nm (4.36
eV) that are the f-d excitation transitions of
Tb*" ions from the 4f ground state to two 5d
excited states (the first fd spin-allowed and
spin-forbidden transitions) [26]. These energies

doped CAS host.
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Fig. 6. PL and PLE spectra in the 300-475 nm of Tb**
ions in CAS materials.
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Fig. 7. PLE spectrum in the 220-300 nm region of Th*>*
ions in CAS materials.
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The energy level diagram allows a better
understanding of some luminescence process in
lanthanide ions doped CAS. As can be seen
from the Table 1, the predicted value of the
lowest 4f-5d transition of Eu®" ion is 2.80 eV,
while the lowest 5d-4f transition value of Ce**
ions is 2.82 eV, therefore, the energy transfer
process from Ce** to Eu?* ions is possible in
CAS material.

4. Conclusions

Luminescent properties of CaxAl2SiO7
phosphors doped with Ln*" (1 mol%) ions (Ln:
Eu, Ce, and Tb) were studied through
photoluminescence and photoluminescence
excitation spectra. The host referred binding
energy diagram of lanthanide ions doped CAS
material has been constructed using the lowest
f-d transition energy of Ce®* ions as well as
charge transfer energy of Eu®" ions. The
obtained energy levels diagram has been
checked by comparing the calculation energy
and ??? the experimental energy of Tb>" ions
from the excitation spectra of CAS:Tb*" sample
and it indicates that the HRBE scheme can well
predict the energy levels position of lanthanides
doped CAS host.
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