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Abstract: This paper determines the position of energy levels of lanthanide ions in Sr,Al:SiOy
(SAS) phosphor by a combining analysis of the lowest 4f-5d transition of Ce®* ions and the charge
transfer of Eu®* ions-doped SAS phosphor. The SAS samples were successfully synthesized via
solid state reaction, and their structure phase was further confirmed by X-ray diffraction. In the case
of Eu®*-doped SAS phosphors, the energy of the charge transfer (CT) transition of the Eu®* is about
4,70 eV (264 nm) and this energy is applied to determine the position 4f level of all divalent
lanthanides relating to the top of the valence band in the SAS host lattice. For Ce®* activated SAS
samples, the lowest 4f'—4{95d* excitation energy is determined around 3.71 eV (334 nm) and it is
used to estimate the lowest 4f-5d transitions for all lanthanide (Ln) ions in host lattice. A broad band
emission of the 5d—4f transition of Ce%* ions includes two peaks emission with different energy
about 1997 cm that coincides with the theoretical value of 2000 cm™. The host referred binding
energy (HRBE) diagram of all Ln?* and Ln®* ions relating to the valance band of SAS materials has
been constructed by using the data of fluorescent properties of Ce3* and Eu®* ions. The energy of
4f—5d transitions of Eu?* ions that was predicted from the energy level scheme matches well with
the observed experimental energy.
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1. Introduction

The last decade has brought along the increased interests in new solid state luminescent materials,
among which, lanthanides (Ln) doped strontium aluminosilicate, Sr.Al;SiO7 (SAS), phosphors have
attracted the attention of scientists in recent years because of their advantage as highly thermal stable
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[1], steady crystalline structure [2]. In some recent studies, Eu?*-doped SAS materials have been
synthesized to obtain green emission phosphor [3]; long persistent luminescence and
thermoluminescence properties of Eu and Ln®* (Dy®", Ce*, Tm**) co-doped into SAS host materials
have also reported [4-8]; Energy transfer between Ce®* and Dy®*, Eu®* ions as well as the concentration
quenching of Ce®*" in SAS materials have been studied [9-11]. Besides that, the fabrication method for
SAS phosphors has been studied and reported in several papers [12, 13] and some other studies have
focused on the controllable photoluminescence or thermal stablility of the prepared materials [1, 14].

It is known that, in different host lattices, the emission color and the thermal stability of
luminescence materials are very various and these aspects are related to the position of energy levels of
lanthanide ions in host lattice [15-17]. From information of the energy level position of a Ln ion in a
compound, it will predict some luminescent and thermoluminescence properties of Ln ions in a
compound. As presented above, many Ln ions were activated in SAS lattice to estimate the performance
of their luminescent characteristic. However, there has been no literature until now presenting the
position of Ln ions in the SAS host lattice. Therefore, in this study, the host referred binding energy
(HRBE) diagram for all lanthanide ions in the SAS host lattice will be constructed and used to explain
the nature emission of Ln ions doping this host material.

2. Experimental

The sample Sr.Al,SiO7:Ce** (1 mol%) and Sr,Al,SiO7:Eu®** (1 mol%) were fabricated by solid-state
reaction method at high temperature. Firstly, the raw materials, SrCO3 (AR), Al.O3 (AR), SiO; (Sigma),
Ce;03; (Merck), and Eu,O3 (Merck) were weighted according to the nominal composition, mixed
homogeneously and milled thoroughly using an agate pestle and mortar to achieve a uniform mixture.
A small amount of B,O3; was added during mixing process to serve as a flux to promote the formation
of crystal structure. After that, this mixture was ground and calcined at 1250°C for 2 h in air. To obtain
the Sr,Al,SiO7:Eu?* phosphor, the obtained Sr,Al,SiO7:Eu®" sample after calcination at 1250°C was
further annealed in the reduction atmosphere at 900°C for 1 h. The obtained product was finally ground
into powder to analyze phase compositions and luminescent property.

Structural characteristic of the prepared samples was investigated by X-ray diffraction (XRD) patterns
using an X-ray diffractometer D8-Advance (Bruker, Germany). The surface homology of the prepared
samples was examined with a scanning electron microscope (SEM) (Jeol 6490, JED 2300; Japan).
Photoluminescence (PL) and photoluminescence excitation (PLE) spectra were taken out by a
spectrophotometer (FL3-22, Horiba Jobin-Yvon).

3. Results and Discussion
3.1. X-ray Diffraction and SEM Image

X-ray diffraction (XRD) patterns of the as-prepared samples Sr.Al,SiO7:Ce*" (SASC) and
Sr,AlLSiO7:Eu® (SASE) were figured out by using Cu K-alpha (0.154 nm) radiation and their results
are presented in Figure 1. The strong diffraction peaks are in accordance with those of tetragonal phase
(JCPDS: 38-1333). No impure phases were found indicating that the single phase Sr.Al;SiO; was
successfully synthesized with used technology conditions. The crystal structure of the prepared materials
Sr,AlLSiO; can be refined to be tetragonal, space group P421m with lattice parameters (a=7.820 A,
b=7.820 A, and c=5.264 A). SEM images of two prepared samples presented Figure 2 are similar in
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shape and size. It can be seen that the particles tend to agglomerate, forming clusters with irregular
shapes and a large size.
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Figure 1. XRD patterns of SASC and SASE samples.
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Figure 2. SEM images of SASC (a) and SASE (b) samples
3.2. Luminescent Properties of SASC and SASE Phosphors

Figure 3 illustrates photoluminescence excitation (PLE) and photoluminescence (PL) spectra of
SASC sample at room temperature. The PL spectrum was measured under excitation wavelength of 334
nm and it shows a broad-band emission centered at 400 nm, which is caused by the 5d—4f transition of
Ce®*" ions. This emission band also shows asymmetry that results from the spin-orbit coupling into two
levels (?Fs; and 2F7,) of the 4f ground state of the Ce3* ions [18, 19], and it can be deconvoluted into
two Gaussians peaking at 396 nm (3.13 eV) and 430 nm (2.88 eV). The energy difference between the
spin-orbit spliting of the 4f ground state in the SASC sample is about 1997 cm, which is in good
agreement with the general value 2000 cm™ [19, 20].
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Figure 3. PLE and PL spectra of SASC sample.

The PLE spectrum of SASC sample recorded at the emission wavelenght of 400 nm shows two
broad bands centered at 334 nm and 293 nm, which are the excited transitions from the 4f ground state
to the 5d, excited states of the Ce®" ions. In which the broad band peaking at 334 nm (3.71 eV) is
identified to the lowest 4f'—5d! excitation transition (arrow 1 in Figure 5) of the Ce** ions in the SAS
host lattice, and this energy is one of the parameters to construct the energy level scheme of the
lanthanide levels in SAS host lattice in the next section.

PL spectrum under the excitation wavelength of 393 nm and PLE spectrum recorded at emission
wavelength of 617 nm of SASE sample at room temperature are presented in Figure 4. The PL spectrum
includes five strong peaks locating at 576 nm (°Do—'Fq), 586 nm (*Do—'F1), 617 nm (°*Do—'F2), 655
nm (°Do—F3), and 700 nm (*Do—'F4). The sample exhibits the red emission with the main contribution
of the *Do—'F; transition. The PLE spectrum recorded in the 240-550 nm region has a broad band at
240-325 nm and many sharp peaks in the 325-550 nm region. The intense sharp peaks include the
"Fon—°Ds transitions (524 nm), the ‘Fo—°D;, transition (462 nm), the "Fo—°Ls transition (393 nm), and
the "Fo—°Dy transition (361 nm), which correspond to the excited transitions of electrons from the ’F;
levels to the excited levels of Eu®* ions in SAS compound, while the broad band with maximum at 264
nm is the charge transfer (CT) transition between the Eu®* ions and host lattice. Energy of this CT band
(ECT) is 4.70 eV; it is also used to construct the energy level diagram of lanthanide ions in SAS host
lattice in Section 3.3.
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Figure 4. PLE and PL of SASE sample.
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3.3. Construction of the Energy Level Scheme of Lanthanides in the SAS Host Lattice

In this section, the host referred binding energy (HRBE) diagram for all lanthanide ions in the SAS
host lattice will be constructed by using energies of the lowest 4f-5d transition of Ce3* ions and the
charge transfer of Eu®* ions in this material.

Firstly, the lowest 4f-5d energies Ew(Ln*"2*, SAS) of the corresponding Ln®*2* ions in SAS host lattice
are predicted from the data of PLE spectrum of Ce®* ions in SASC sample. It is known that in Ln®"/2*
ions doped SAS material, Er(LN*"2*, SAS), energies are shifted toward the low energy (redshift) in the
comparison with those of corresponding Ln** free ions. This redshift energy D(Ln*"?*, SAS) does not
change for all lanthanide ions in the same compound but it is affected by the compound. The redshift
value relates to the Ew(LNn%"?*, SAS) as in the following equation [21, 22]:

Era(LN*"2*, SAS) = Egg(Ln*"#, free) — D(Ln*2*, SAS) Q)

where Eg(LNn®"%*, free) is the energy of the lowest 4f—5d excited state of free Ln®*/?*ions and its values
for all lanthanides have been found in the literature [23]. In Section 3.2, Ew(Ce®*, SAS) is found to be
3.71 eV (334 nm) from PLE spectrum of SASC sample in Figure 3. Therefore, D(Ln%*, SAS) value is
determined by using the known Eg(Ce®', SAS) and Eg(Ce**, free) values, and D(Ln®*, SAS) is found to
be 2.41 eV. From this energy, we can predict the Eq(Ln%*, SAS) energies for all Ln®*" ions in the SAS
host lattice by using Equation 1, and the results are shown in Column 4, Table 1. Besides that, the
redshift energies of Ln®" and Ln?" relate to each other as below [21]:

D(Ln?", SAS) = 0.64 D(Ln*, SAS) —0.233 eV (2
Using Equation 2, D(Ln?*, SAS) value reaches 1.31 eV and it is used to estimate Ex(Ln?*, SAS) energies

for all Ln?" ions in SAS compound via Equation 1. The obtained Ew(Ln?*, SAS) energies are listed in
Column 7, Table 1.

Secondly, the energy level positions of the 4f states of Ln®" ions compared to the top of the valence
band of SAS compound can be obtained through the charge transfer energy of Eu®" in the same
compound. 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 value 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, EST(Ln%", SAS) = Evi(Ln?", SAS) [17,
22, 24]. Among lanthanide ions, Eu®* ion is often used to calculate the ECT value because it has the low
charge transfer energy and therefore the ECT value is easy determined from its excitation spectrum. From
PLE spectrum of SASE in Figure 4, EST(Eu®', SAS) is found of 4.70 eV, hence we obtain the Ev«(Eu?*,
SAS) =4.70eV (arrow 2 in Figure 5). This energy is used to predict Ev«(Ln?*, CAS) for all other divalent
lanthanides in the SAS host lattice by using the known energy difference AEvi(Ln?*, Eu?") in ref. [23]
and the results are listed in Column 3, Table 1. For trivalent lanthanides, energy Ev#(Ln*') can be
determined via the E€T energy of tetravalent lanthanide (Ln**) ions. However, there is too little available
information on such transitions of the Ln** ions in literature. Instead, Ev«(Ln*") can be evaluated by using
the correlation energy U(6), which is known as the energy difference between the ground state energy
of Eu?* and that of Eu* ions in the same compound [21].

U(6, SAS) = Evi(Eu?*, SAS) — Evi(EU**, SAS) (3)

Studies of Dorenbos show that U(6) reaches various values depending the host lattice and it ranges
from 6.4to 7.2 eV in oxide [22]. Some oxide materials get U(6) with the medium value, such as Y3Als01,
(6.75 eV) [22] and GdsSizO12N (6.80 eV) [25]. Sr2Al.SiO; compound is also an oxide host containing
silicate, therefore U(6, SAS) is chosen about 6.80 eV. Using Equation 3, Ev«(Eu®*, SAS) is found to be
-2.10 eV. It can now predict Evi(Ln%", SAS) energies for all trivalent lanthanides in SAS host lattice by
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using the known Ev#(Eu®*, SAS) value and the energy difference between the 4f ground state of Ln3*
ions with that of Eu®* AEv+(Ln®", Eu®") given in [23], the results are listed in Column 6, able 1.

Table 1. Charge transfer energies (E"= Evs), the lowest 4f—5d energies (Ez) and energies from 5d state to the
top of the valence band (Esq) for Ln®* and Ln?*ions in SAS host lattice (all energies are in eV). n is the number
of electrons in the 4f configuration in trivalent lanthanides

Ln [ n | Ev(Ln?*,SAS) | E(Ln?* SAS) | Esa(Ln?*,SAS) | Evi(Ln**,SAS) | Er(Ln,SAS) | Ese(Ln**,SAS)
La |0 |10.31 -2.25 8.06
Ce |1 [883 -0.93 7.90 3.14 3.71 6.85
Pr |2 | 757 0.28 7.85 1.29 5.22 6.51
Nd [3 [7.22 0.56 7.78 -0.20 6.51 6.31
Pm |4 |7.04 0.65 7.69 -0.64 6.83 6.19
Sm |5 [5.95 1.69 7.64 -0.83 6.93 6.10
Eu |6 |4.70 2.91 7.61 -2.10 8.09 5.99
Gd |7 |9.26 -151 7.75 -3.44 9.39 5.95
Tb |8 |7.91 -0.12 7.79 1.47 5.37 6.84
Dy |9 |6.97 0.86 7.83 0.05 6.84 6.89
Ho | 10 | 6.70 0.94 7.64 -1.05 7.69 6.64
Er [11]7.28 0.81 8.09 -0.98 7.45 6.47
Tm | 12 | 6.42 1.64 8.06 -0.82 7.34 6.52
Yb [ 13]5.13 2.91 8.04 -1.87 8.48 6.61
Lu | 14 -3.11 9.85 6.74

After Evi(Ln®"2*, SAS) and E(Ln*"?*, SAS) are determined, the position of the 5d state for all
trivalent and divalent lanthanides in SAS host lattice is found by the following expression:

Esq(LN%72*, SAS) = Evi(Ln®*2*, SAS) + Et(Ln3*2*, SAS)
The results of Esq for all divalent and trivalent lanthanides are presented in Columns 5 and 8, Table

1, respectively. Using Evs, Esq in Table 1 and band gap ~5.3 eV [26], we can construct the HRBE diagram
for all lanthanide ions in the SAS compound as in Figure 5.
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Figure 5. The HRBE scheme of Ln?* and Ln®" ions in SAS host lattice.

(4)

To check the correctness of the obtained energy diagram, PL and PLE spectra of Eu?* ions in SAS
have been measured to compare to the predicted data from HRBE diagram. The PL spectrum of Eu?*
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ions under the excited radiation of 424 nm, shown in Figure 6 (a), has a broad band emission from 450
nm to 650 nm corresponding to the 5d-4f transition of Eu* ions in SAS host lattice. The PLE spectrum
recorded at emission wavelength of 510 nm is presented in Figure 6 (b). It can be seen that the excitation
spectrum is a broad band in the 260 - 460 nm region, which is contituted of four 4f-5d excited transitions
located 293 nm, 317 nm, 363 nm and 424 nm, in which, the excitation peak at 424 nm (2.924 eV) is the
lowest 4f-5d excited transition of Eu?* ions in SAS material and coincides with the result of the
excitation spectra of Eu?* ions in ref. [5], which shows the lowest 4f-5d of Eu?* ions is about 425 nm.
From the HRBE diagram in Figure 5 and results in Table 1, the predicted lowest 4f-5d of Eu?* ions
doped SAS compound is around 2.91 eV and this energy coincides well with the experimental energy
in Figure 6 (b) with a slight difference of 0.5%. This indicates that the obtained energy scheme can be
used to predict the energy levels positions of lanthanides doped SAS host lattice. Besides, the predicted
value of the 4f-5d excited transition of Eu?* ions in Table 1 is 2.91 eV, which coincides with the 5d-4f
emission energy of Ce®" ions (2.88-3.13 eV) in Figure 3. Therefore, the energy transfer phenomenon
can occur between two ions when they codope SAS host lattice; this prediction has also been confirmed
in [5].

Aex424 nm

Intensity (a.u.)
Intensity (a.u.)

T T T T T T T T T T T T T T T
450 475 500 525 550 575 600 625 650 300 325 350 375 400 425 450
Wavelength (nm) Wavelength (nm)

Figure 6. PL (a) and PLE (b) spectra of Eu?* ions doped SAS material.

4. Conclusion

The structure and luminescence properties of Sr2Al,SiO; doped with Eu®** and Ce* ions (1 mol%)
have been studied through X-ray diffraction and fluorescence technique. The energy level positions of
Ln?* and Ln** relative to the valence band in Sr,Al,SiO; host lattice were determined by using data of
photoluminescence excitation spectra of Ce* and Eu®*" ions doped Sr,Al.SiO; compound, and the
predicted energies from the energy levels scheme were in good agreement with experimental energies.
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