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Abstract. Monoclinic Lu2SiO5(LSO): Ce3+ type oxyorthosilicates nanopowders were prepared
by sol-gel route. The goal of present work is the study the influence of annealing temperature
treatment, up to 1100 ◦C, on the structural, morphology and photoluminescence properties of
LSO: Ce3+ nanophosphor. The powder samples were characterized by X-ray diffraction (XRD), field
emission-scanning electron microscopy (FE-SEM), Room temperature Raman spectroscopy and room
temperature photoluminescence spectroscopy. It was found that the annealing temperature treatment
has an effect on the phase purity, the morphology as well as photoluminescence characteristics
LSO: Ce3+ nanophosphor. An intense violet-blue asymmetric emission band ranged from 370 nm to
470 nm with a maximum intensity situated at around 420 nm, assigned to the 5d→4f (2F5/2,2F7/2)
interconfigurational transitions of Ce3+ ion in LSO nanomaterial has been observed. Furthermore,
LSO: Ce3+ present higher emission intensity for sample annealed at 1200 ◦C. The influences of
the presence of LPS, as parasitic phase, on structural, morphological and luminescence properties
LSO: Ce3+ nanomaterial were highlighted. Also, using the experimental data and wave function-based
ab-initio calculation results, the Ce3+ energy levels position relative to the LSO nanomaterial band
structure were found.
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1. Introduction
Cerium-doped lutetium silicates Lu2SiO5 (LSO) and Lu2Si2O7 (LPS) meet the required criteria
for gamma rays detection scintillators. Since its discovery by Melcher and Schweitzer in
1992 [23,24], lutetium orthosilicate Lu2SiO5 (LSO) is of great interest as a scintillating material.
In fact, this material doped with Ce3+ ions give a scintillator which exhibits a high scintillation
efficiency (273,300 photons/MeV), a short decay time (∼40 ns) and a high density (7.4 g/cm3) [31].
These properties are of particular interest for medical imaging applications and other fields.
LSO appears to be a promising scintillator. We now replace BGO, a classical scintillator, in
positron emission tomography (PET). Generally, LSO is prepared as a single crystal, but it is
difficult to produce a high-quality single crystal and the maximum achievable concentration of
ionic doping is quite low. However, the LPS (Lu2Si2O7) type compositions have the disadvantage
of a lower stopping power than those of the LSO or LYSO type [11].

Moreover, today there is an immense attempt to control rare earth ions doped inorganic
nanomaterial [10]. It is known that the performances of nanocrystals (NCs) are different from
those of the same bulk materials. Consequently, controlling the crystallographic structure,
crystallite size and shape parameters is a fundamental and technological importance. In fact, it
exists a strong relation between these parameters and the electronic, magnetic and optical
properties of these nanomaterial. In addition, the enhancement in the emission intensity is an
important aspect for the development of luminescent devices. Furthermore, it is well known
that the structural and optical properties of a material depend on the preparation methods. If
the absorption and luminescence spectra of Lu2SiO5: Ce3+ single crystal were well measured
and investigated in numerous papers [14,38], the control of structural and optical parameters
of same material in nanoscale is remains still a challenge. Indeed, nowadays, Ce3+-doped
Lu2SiO5(LSO) nanophosphors in several shapes and sizes have been already prepared by a
variety of methods, such as solid-state reaction, hydrothermal precipitation and Pechini method
[30]. While the sol gel method is most commonly used for the synthesis of nanomaterials with
high homogeneity and purity, it allows controlling the size and morphology of the particles,
not requiring high-temperature heat treatment [15]. However, the difficult is the control
the final oxyorthosilicate products in terms of crystalline phase purity. The oxyorthosilicate
LSO crystallizes in monoclinic structure with space group C2/c; Lu ions occupy two crystallo
graphically inequivalent cation sites with coordination number 6 or 7. The lutetium ions occupy
two crystallographic sites Lu1 and Lu2 with low symmetry (C1) and with seven and six oxygen
neighbors, respectively [27]. Lu1 site presents distances Lu-O varies between 2.16 and 2.34 Å
and the seventh oxygen is at 2.61 Å corresponding to a larger site.For Lu2 site, the Lu-O distance
ranges from 2.16 to 2.24 Å. On the other hand, the oxyorthosilicate LPS crystallizes in monoclinic
symmetry with space group C2/m. This lattice exhibits a single crystallographic site for lutetium
ions, with six oxygen neighbors forming a distorted octahedron with C2 point symmetry [27].
Furthermore, it is known that the emission of Ce3+ in LPS is blue shifted than that of in
LSO [26] and that of LPS or LSO nanomaterials is red shifted than that of their corresponding
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single crystals. Consequently, the investigation and the discussion of the photoluminescence
spectra in LSO in presence of LPS are complicated. Although, in many papers, rare earths doped
LSO and LPS pure phases are studied, the influence of the presence of one phase in the other
as parasite has not been evaluated. In this paper, we report high blue emission Lu2SiO5: Ce3+

nanophosphors synthesized by sol gel method. Furthermore, the present work also aims to
study and assess the influence of the presence of LPS, as parasitic phase,on LSO nanomaterial
properties prepared by sol gel method. The effect of annealing temperature on the structural,
morphological and luminescence spectroscopy properties of Ce3+-doped LSO in presence of LPS
phase were highlighted. Also, Vienna Ab-initio Simulation Package (VASP) was used to perform
the first principle calculation of Ce3+-doped LSO nanomaterial.

2. Experimental
2.1 Samples Preparation
The Lu2SiO5: 1 at % Ce3+ (Lu1.98Ce0.02SiO5) powders samples were prepared by sol–gel method.
The Lutetium oxide (Lu2O3, 99,999 %, Fluka Chemika) and cerium (III) nitrate hexahydrate
(Ce(NO3)3.6H2O, 0, 99 %, Biochem Chemopharma) were dissolved in 100 ml of deionized water
and 3 ml of nitric acid (HNO3). After the mixed solution was stirred at room temperature, we
add tetraethyl orthosilicate (TEOS, SiC8H20O4, 99.0 %, Sigma-Aldrich) precursor of silicate.
In the resulting solution, we added an organic complex Ethylene glycol (Fluka) in 1 : 1 mass ratio
to the expected mass of the final product and stirred for 1 h at room temperature. The pH was
adjusted to 7 by slowly adding ammonia solution and stirring until gel was obtained. Drying is
performed at 120 ◦C for 2 days. Finally, the powders were introduced in a furnace and heated in
air at different temperature 1100, 1200, 1300, 1400 ◦C during 4 h for each sample.

2.2 Characterization
The phase identification and the related properties of the nanopowders were investigated
by X-ray diffraction (XRD) technique a PAN analytical X’Pert (Philips) PRO using CuKα

radiation (λ= 1.54059 Å) operated at 45 kV and 40 mA. A symmetric (θ-θ) scans were performed
from 10 ◦ to 90 ◦ 2θ with a step width of 0.02◦. All the data were processed by X’Pert High
Score plus Software with commercial databases (FWHM deduction and peak identification).
The morphology of the powders has been studied by scanning electron microscopy (SEM) (SEM,
Philps XL-30). The evolution of the powder of the Lu2SiO5: Ce3+ from the amorphous state
(xerogel) to the crystalline state was studied by Differential scanning calorimetry DSC (DSC
SetsysEv1500c). The room temperature Raman spectra were recorded by HORIBA (iHR 320).

The photoluminescence spectra were carried out using Perkin-Elmer (LS-50B) luminescence
spectrometer using Xe lamp with excitation wavelength at room temperature as described
in ref. [9]. Before the deconvolution, the room temperature emission spectra are plotted as
relative emitted energy per constant energy interval, recommended for broad emission bands,
as described in ref. [35].
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3. Results and Discussion
3.1 Thermal Analysis DSC
To get information on the crystallization of lutetium orthosilicate, the evolution of the xerogel
powder in amorphous state to the crystalline state was studied by DSC thermal analysis.
As shown in Figure 1, the first endothermic peaks observed in the 140-203 ◦C temperature
range are attributed to the elimination of adsorbed species, such as water or alcohol molecules [8].
The other peaks observed at about 360-500 ◦C are attributed to the decomposition of nitrates
and organic radicals. The last exothermic peak strongly observed at 1000 ◦C corresponds to
the crystallization of the amorphous Si–O–Lu solid network getting LSO material and LPS as
parasitic phases.
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Figure 1. Differential scanning calorimetry (DSC) spectra of a xerogel Lu2SiO5:Ce3+ 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Differential scanning calorimetry (DSC) spectra of a xerogel Lu2SiO5 : Ce3+

3.2 XRD Analysis
The superposed diffractograms in Figure 2 show the results of XRD analysis on samples of
Ce3+ doped Lu2SiO5 annealed at different temperatures 1100, 1200, 1300 and 1400 ◦C, which
have a monoclinic C2/c structure (JCPDS No. 00-041-0239). It is noted that at a temperature of
1100 ◦C a crystallization of the powder with the structure Lu2SiO5 is observed. At the annealing
temperature of 1200 ◦C, all diffraction peaks become sharper and stronger due to the increase
in the crystallinity and the growth of the crystallite size. We have peaks of the parasite phase
Lu2Si2O7(LPS) (JCPDS No. 00-35-0326) with the monoclinic structure on the XRD diffractogram
of the samples. These peaks are more pronounced, intense and numerous in the case of the
annealed powders at 1100 ◦C and 1400 ◦C and less in the sample annealed at 1300 ◦C. For the
sample fired at 1200 ◦C, there is only one peak corresponding to this parasite phase Lu2Si2O7

(LPS), which the purest sample of phase point of view compared to the others annealing
temperature.
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Figure 2. XRD Diffractogram of Lu2SiO5: Ce3+ samples powders annealing at different 

temperatures 1100, 1200, 1300, 1400 °C 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. XRD diffractogram of Lu2SiO5 : Ce3+ samples powders annealing at different temperatures
1100, 1200, 1300, 1400 ◦C

We have performed the calculations of the crystallite size and lattice parameters for each
type of powder sample. The significance of the broadening of peaks evidences grain refinement
along with the large strain associated with the powder. The instrumental broadening (βhkl) was
corrected, corresponding to each diffraction peak of material using the relation:

βhkl =
[
(βhkl)2

Measured − (βhkl)2
Instrumental

] 1
2 . (3.1)

The average nanocrystalline size was calculated using Debye-Scherrer’s formula:

Dsh = kλ
βhkl cosθ

, (3.2)

where βhkl is the full half width maximum (FWHM) of the pure diffraction profile in radians,
k is shape factor (0.9), λ is the wavelength of the X-rays (0.154056 nm), θ is the diffraction
angle, and Dhkl is the average diameter of the crystallite. The average crystallite size (Dsh) and
crystallographic parameters are calculated and listed in Table 1. It is known that βhkl , in the
Scherrer formula, can be interpreted in terms of lattice strain and crystalline size. The crystal
lattice strain generated by the annealing temperature is determined from the Williamson-Hall
relationship [36]:

βhkl
cosθ
λ

= 1
DW-H

+ ηsinθ
λ

, (3.3)

where DW-H is the effective crystallite size on Williamson-Hall model and η is the effective
strain. The strain is calculated from the slope of the plot of β((cosθ)/λ) against (sinθ)/λ and
the effective crystallite size for each sample is calculated from the intercept to β((cosθ)/λ)
axis as shown in Figure 3. In Table 1, we present the cell parameters of LSO: Ce3+. We can
note that the sample annealed at 1200 ◦C presents the larger mesh size (V = 822.9 Å3) and the
highest strain value compared to other firing temperature. This phenomenon can, be related
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to the presence degree of LPS as parasitic phase in final material. One can thought that more
homogenous crystallitesbelong to the LSO phase, at 1200 ◦C, leads to a large interaction surface,
which increases the strain, however, the LPS parasite phase reduced these surfaces. In addition,
one can observe that the crystallite size calculated with both the Williamson-Hall and Scherrer
methods increases from 1100 ◦C to a higher value, roughly constant for annealed samples at
1200 ◦C, 1300 ◦C and 1400 ◦C.
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Figure 3. Williamson-Hall Analyze of Lu2SiO5:Ce3+ annealed at different temperatures. The 

lines obtained are plotted after adjustment of the experimental points 

 

 

 

 

 

 

 

 

Figure 3. Williamson-Hall Analyze of Lu2SiO5 : Ce3+ annealed at different temperatures. The lines
obtained are plotted after adjustment of the experimental points

Table 1. Grain size and crystallographic parameters of the samples of Lu2SiO5: Ce3+

a(Å) b(Å) c(Å) V(Å3) β(◦) Dsh(nm) Dw−h(nm) ξ

LSO : Ce
1100 ◦C

12.31 6.64 10.26 816.8 103.12 35 34 0.0025

LSO : Ce
1200 ◦C

12.33 6.66 10.26 822.9 102.68 39 47 0.0087

LSO : Ce
1300 ◦C

12.31 6.64 10.25 815.97 102.99 37 44 0.0055

LSO : Ce
1400 ◦C

12.3 6.64 10.21 813.27 102.96 42 47 0.0063

To describe approximately the growth rate of nano-crystals during the thermal annealing of
Ce3+-doped both LSO and the parasitic LPS phases, reference is made to the Scott equation [19]
given below under the growth conditions of the nano-crystallites

D = C exp
(−E

RT

)
, (3.4)
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where D is the crystallites size, C is a constant obtained after adjusting the straight lines of the
curve ln(D)= f (1000/T), E is the crystal growth activation energy (Scott energy), R is the ideal
gas constant (R = 8.314 J K−1 mol−1) and T is the absolute temperature.

From the equation (3.4), we can arrive at the equation of the straight-line ln(D)= f (1000/T).

ln(D)= ln(C)+
( −E

R 1000

)(
1000

T

)
. (3.5)

From the equation (3.5) the energy of Scott can be derived after calculation of the slope of the
straight lines of the curve ln(D)= f (1000/T) (Figure 4) for each temperature interval. According
to the XRD patterns of the Ce3+ doped Lu2SiO5 samples (Figure 1), it is also noted that there is a
parasitic phase of Lu2Si2O7 and also evolves with the annealing temperature. For this purpose,
to understand the phenomenon that takes place, we have been able to calculate the grain sizes
of this parasitic phase for each annealing temperature.
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Figure 4. Scott energy curves of LSO and LPS phases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Scott energy curves of LSO and LPS

In the temperature range 1100-1200 ◦C; the activation energy of the structure LSO is
EScott = 53.459 kJ/mol and for the interval 1100-1300 ◦C, the activation energy of the LPS
structure is 29.579 kJ/mol. From these two values, it can be said that in this temperature
range the crystal growth of the LSO phase is faster than that of the parasitic phase LPS one.
In the temperature range 1200-1400 ◦C; the activation energy of the Lu2SiO5 structure is of
low EScott value = 79 J/mol. In this case, it is deduced that the growth has become smaller
and smaller, which corresponds to values of the crystallite sizes which are almost constant.
The energy decreases in the case of parasitic phase Lu2Si2O7 which has a negative value, it can
be said that the sample promotes the structure Lu2SiO5 and the parasitic phase Lu2Si2O7 has
been decomposed.
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3.3 Raman Spectroscopy
Figure 5 illustrates the room temperature unpolarized Raman spectra of Lu2SiO5: Ce3+

powders annealed at two different temperature 1200 ◦C and 1400 ◦C for 4 h. For LSO phase,
the irreducible point representations of C2/c symmetry group allow 96 Raman active vibrational
modes (on a total of 192) with 48 Ag and 48 Bg [6, 29]. Furthermore, there were identified
24Ag+24Bg vibrations at room temperature in the Raman spectra of the LSO crystal
structure [33].
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Figure 5. Raman spectra of Lu2SiO5: Ce3+ powders annealed at 1100°C and 1400°C. 

 

 

 

 

 

 

 

 

 

 

Figure 5. Raman spectra of Lu2SiO5 : Ce3+ powders annealed at 1100 ◦C and 1400 ◦C

The spectra present a number of vibrational modes belonging to the B-centred monoclinic
unit cell (C2/c space group) of oxyorthosilicate crystals with smaller trivalent rare earth ionic
radius and the maxima are well match those reported for the LSO material published in the
literature [33]. It is known that the vibrational transitions of Lu2SiO5 (LSO) can be divided into
three different regions, namely as indicated on the figure: (i) the low-wavenumber range below
300 cm−1 which is connected with cation motions (lattice vibrations), (ii) the range between 300
and 600 cm−1 related to RE-O stretching (Lu-O) and SiO4 bending vibrations, and (iii) the high
wave number range between 800 and 1060 cm−1 in which SiO4 symmetric and anti-symmetric
stretching vibrations appear [37]. As seen on Figure 5, the peaksrelated to LSO in the regions
namely: below 440 cm−1, 450-690 cm−1 and 891-914 cm−1 were assigned to the (νext +ν2), (ν4)
and (ν1+ν3) vibrations respectively [33]. Increasing the annealing temperature, the two spectra
present similar features,in which all the frequency peaks of LSO vibrational modes present
at 1200 ◦C were observed for 1400 ◦C. Furthermore, the intensity of this band is remarkably
improved by the increasing the temperature from 1200 to 1400 ◦C. It is clear that when the
temperature is increased, the peaks of vibration of the bonds become much more intense and
sharper, indicating that the crystallinity becomes much better and the crystallite size increases.
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Some LPS parasitic phase peaks exist with very weak intensities for 1200 ◦C as indicated
on Figure 5 by broken arrows situated at 325, 371, 925 and 955 cm−1 [34]. The LPS Raman
peaks, indicated by red arrows on Figure 5, become narrower and more intense for 1400 ◦C
annealing temperature. In addition to the vibrational modes of the LSO crystalline structure and
LPS parasitic phase at 1400 ◦C, additional peaks were observed at 390 cm−1 and at 503 cm−1,
indicated by blue arrow, which should be assigned to the cubic Ia3 Lu2O3 crystalline phase and
which is not exist at 1200 ◦C [28]. It is important to note that the presence of the Lu2O3 as a
parasitic phase will decrease the emission efficiency of Ce3+ in oxyorthosilicate.

3.4 Morphology
In order to determine the influence of heat treatment and to assess the influence of the presence
of LPS parasitic phase on the morphology of particles formed, we performed a SEM analysis
under enlargements 5 µm. Figure 6(a-d) illustrates the morphology of 1% Ce3+ doped lutetium
silicate powders non-annealed and annealed at 1100, 1200 and 1400 ◦C for 4 h.

 

 

 

 

 

  

  

 

 

Figure 6 (a-d). Morphology of Lu2SiO5:Ce3+ samples annealed at different temperatures: 

1100, 1200, 1300, 1400 °C. 
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Figure 6. (a-d): Morphology of Lu2SiO5 : Ce3+ samples annealed at different temperatures: 1100, 1200,
1300, 1400 ◦C

For the non-annealed sample, it is noted that there is no regular shape or architecture and that
is reflected by the amorphous structure of the powder. One can observe that with increasing
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of annealing temperature, the particles become biggest with regularly, clearer and shaped
form. In addition, we note also that the morphology is influenced by the presence of LPS phase.
The sample annealed at 1100 ◦C, presents a morphology consisting of non-homogenous clear
particles with different shapes and small sizes between 0.1 and 0.2 µm. For the sample annealed
at 1200 ◦C, it presents a smooth surface with maximum homogenous and relatively narrow
distribution of ellipsoidal shape-like particles. These particles size with about 0.4 µm are larger
than those of the previous sample and can be represent the LSO phase with minimum PLS
parasitic phase. The morphology of sample annealed at 1400 ◦C exhibits amicronic networks
constitutes with large and non-homogenous highly-facetted primary particles, connected to one
another with their smooth surfaces. Furthermore, theses primary particles present different
sizes between about 1 µm to 2 µm. One can consider that the difference in shape and size of
the particles for 1100 ◦C and 1400 ◦C annealing temperatures are due to the presence of LPS
parasitic phase. In addition, the particles are constituted from the agglomeration of several
crystallites as estimated by W-H method.

3.5 Photoluminescence study
Figure 7(a) shows the emission spectra of 1% Cerium doped Lu2SiO5 powders and annealed at
different temperatures 1100, 1200, 1300, 1400 ◦C. The excitation spectra of the samples were
made at a wavelength λex = 356 nm for each sample and at ambient temperature. All the spectra
are marked by an intense band centered on 410 nm, attributed to the emission of cerium in the
matrix of lutetium orthosilicates LSO, corresponds evidently to the transition 5d→4f which
emits in blue violet. This result is in agreement with that of Mansuy et al. [22] who studied
the emission of cerium with different percentage in the Lu2SiO5 matrix annealed at 1200 ◦C
prepared by different sol-gel methods and recipes. From Figure 7(a), it can easily be seen that
the emission intensity in the case of the annealed sample at 1200 ◦C is higher compared to
the other samples. The emission intensity starts to increase from 1100 to 1200 ◦C and then
decreases. This observation can be related to the purity of LSO phase and the degree of LPS
parasitic phase in matrix, in agreement with XRD and morphology analysis.

As it recognizes in XRD analysis, LPS phase coexist with LSO one as parasitic and
consequently, the photoluminescence (PL) spectra can be explained in the light of the
incorporation of Ce3+ ion in the different sites as the structure of orthosilicates change.
It is reported that emission of Ce3+-doped LSO is around 420 nm 390 nm [23, 24] and LPS,
presents as a parasitic phase, at 385 nm [28], which are generally close. Therefore, it is supposed
that Ce3+-doped both LSO and LPS emissions appear in the same spectrum, however, this is
not the casein our samples. In fact, only Ce3+-doped LSO emission is present, what makes us to
think that Ce3+ emission in LPS parasitic phase is quenched; transferred and/or Ce3+ ion did
not substitute Lu3+ in LPS. Furthermore, one can observe that although the Ce3+-doped LPS
emission is absent the Ce3+-doped LSO emission intensity depends on the degree of presence
LPS phase.
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We thought that LPS parasitic phase may plays a quenching role for Ce3+-doped LSO emission.
In the goal to more investigate on the effect of the annealing temperature treatment and the
presence of LPS parasitic phase on the luminescence properties, all recorded emission spectra
were adjusted by deconvolution processing using Gaussian spectral curves and analyzed. As it is
well known that in LSO phase, Ce3+ ions reside in both of the two crystallographic distinct Lu
sites [4]. A smaller site (Ce1) in which the Ce3+ ions show efficient 5d→4f emission.Otherwise,
the luminescence from Ce3+ ions occupying the larger Lu sites (Ce2) is highly quenched at room
temperature and appears as a weak shoulder on the weaker energies side of the stronger Ce1

emission [20]. Indeed, it was found that for all annealing temperature, the emission spectra
were well easily adjusted as a sum of three Gaussian bands,as presented in Figure 7(b), as an
example. The first and the second Gaussian curves were assigned to the emission of Ce3+ in the
smaller site (Ce1) and the third weak one to the larger (Ce2) [7].

Naud et al. [25] have considered that the integral of the emission intensity from a given type
of Ce center is directly proportional to the concentration of that type of Ce center. Consequently,
the ratio of the concentrations of the two types of Ce sites is proportional to the ratio of the
integrated emission intensities from the two types of Ce sites. In Figure 7(c) we display the
variation of the ratio of the integrated intensity of Ce2 emission to that of Ce1 I(Ce2)/I(Ce1)
against the annealing temperature. The emission from Ce2 site presents weak intensity for
the lower annealing temperatures and high for higher temperatures, connected to the degree
presence of LPS parasitic phase, independently of crystallite size. One can thought that LPS
favors or help Ce3+ to occupy the Ce2 site in LSO phase.

Figure 8(a) shows the excitation spectra measured at 410 nm emission wavelength,
corresponding to 5d→4f (2F5/2, 2F7/2) interconfigurational transition of Ce3+. The excitation
spectra are composed by two absorption bands; a strong broad band localized at around 356 nm
and a weak band centered at 297 nm, which can be attributed to transitions from the 4f (2F5/2)
ground state to the first and second excited level of 5d (5d1, 5d2) configuration of Ce3+ in LSO
phase. To careful analysis of the excitation spectra, the 5d1 band is well adjusted to two Gaussian
curves (Figure 8(b)). The intense higher band situated at longer wavelengths side is associated
to Ce1 and the weaker in side of shortest wavelengths to Ce2. Consequently, the integrated
intensity of each Gaussian presents the excitation efficiency of Ce in such site. The variation
of the integrated intensity ratio of Ce2 to Ce1 I(Ce2)/I(Ce2) is displays on Figure 8(c). One can
observe that this ratio decreases from 1100 ◦C to 1200 ◦C which presents the smallest value
and increases for 1300 ◦C and 1400 ◦C. This behavior is connected also to the presence of LPS
parasitic phase. One can thought that the LPS parasitic phase favorizes the Ce2 occupation
and therefore the energy transfer from Ce2 to Ce1, in agreement with the analysis of emission
spectra.
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The energy difference between the conduction band and 4f group state of Ce3+ is a crucial
parameter used to construct the energy-level diagram for the 4f ground states and the lowest
5d states of Ce3+ relative to LSO host valence and conduction bands. With the availability of
the energy-level diagram, we may interpret or even predict optical properties of the ions in a
given host. For this goal, we have performed calculations using the Vienna Ab-initio Simulation
Package (VASP) [17,18] based on the density functional theory, the initial atomic positions and
symmetry information of the host crystal were taken from Bilbao crystallographic server [2].
The 4f145p65d16s2 electrons on Lu, the 3s23p2 electrons on Si, the 2s22p4 electrons on O, and
the 5s25p64f15d16s2 electrons on Ce, were treated as valence electrons. The plane wave cut-off
energy for the electronic wave functions was set to 550 eV. The Brillouin zone was sampled with
a mesh of 4×4×4 centered at Gamma point. The total energy convergence criterion was set
to 10−6 eV and the maximum component of force acting on any atom in the relaxed geometry
was less than 0.01 eV/A. For the structural relaxation calculation part, we used the supercell of
Lu2SiO5 (LSO) 1×2×1 containing 128 atoms. In addition, the two inequivalent cation sites
Lu1 and Lu2 were used. The electronic properties were studied using DFT+U to trait the Ce3+

4f levels energy in the host band, and the hybrid DFT with the HSE06 functional to adjust the
energy gap of LSO material and also treat the cerium 4f-5d energy levels, HSE06 calculations
were performed using the default fraction (α= 0.25) of nonlocal Flock exchange [12,13].

For a very precise modeling of 4f electrons and their interactions, it is necessary to use
DFT+U, we found the Ueff correction for Ce3+-doped LSO is give reasonable quantitative
agreement between theory and experiment results for the energy levels of 4f electrons [1].
Using the rotationally invariant method of Dudarev [5], we calculated the parameter Ueff for
anonsite+U correction to treat the Ce3+ 4f, electrons with a single parameter Ueff = U − J.
The Ueff is tuned in such a way to localized 4f state in the band gap of the host estimated
at 7.5 eV [32]. This value is closed to the value of the band gap published by Kitaura et
al. [16]. In our case, for LSO: Ce3+ nanomaterial, it was found that the value of Ueff to find the
4f-Cerium orbital in the band gap is equal 3.1 eV as shown in Figure 9. Also, we can see that
the 4f ground states is situated at 2.44 eV above the valence band maximum, which can give a
partial agreement is with the criteria of the luminescence for the 5d states calculation [3].

In addition, we can complete the 5d schematicenergy levels of Ce3+ inside the total density
of state TDOS of LSO using the following equation (Figure 9) [8,32]:

Eg =∆E4 f−V BM +E(Ce3+,LSO)+∆E5d1−CBM , (3.6)

where E4 f−V BM is 2.44 eV and the band gap is Eg = 7.5 eV taken from the calculation.
E (Ce3+, LSO) = 3.024 eV (410 nm) taken as the maximum emission spectrum band. One can
estimate the energy difference between the bottom of the conduction band and the lowest energy
level 5d1∆ E5d1−CBM and the next higher energy level 5d2 situated at 2.03 eV and 1.34 eV below
the minimum of the conduction band respectively as shown in Figure 9.
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Figure 9. Total density of state of LSO: Ce3+, the schematic diagram of 4f and 5d energy level position
relative to band structure are shown

4. Conclusion
In this work, the monoclinic nanocrystalline lutetium oxyorthosilicate Lu2SiO5: 1 at % Ce3+

powder material has been synthesized by sol gel route. Different LSO: Ce3+ samples have been
obtained under for annealing temperature namely: 1100, 1200, 1300, 1400 ◦C for 4h annealing
duration. This crystallization temperature was confirmed by thermal analysis (DSC) carried
out on a dry gel of LSO: Ce3+. The XRD and Raman analysis shown that the monoclinic LSO
phase exist with Lu2Si2O7 (LPS) as parasitic phase. SEM analysis reveals the spherical shapes
for samples annealed from 1200 ◦C to 1400 ◦C. The crystallite size obtained for LSO phase
from XRD analysis was found to be in the range of 34-47 nm. All samples present an intense
broad blue emission band in the range of 370-470 nm with a maximum intensity at around
410 nm, characteristic of 5d→4f (2F5/2, 2F7/2) interconfigurational transition of Ce3+ ion in
Lu2SiO5 nanomaterial. In fact, highly luminescent blue nanophosphors of Ce3+-doped Lu2SiO5

were recorded for sample annealed at 1200 ◦C, which represents the purest sample in term
of presence of LPS parasitic phase. Furthermore, our results highlight the role of presence of
LPS parasitic phase on the luminescence of Ce3+-doped LSO nanocrystals, and it is found that
the photoluminescence process strongly depends on degree of its presence. Furthermore, the
present work demonstrates also that by combining the photoluminescence experimental data
and that derived from the theoretical simulation namely: the band gap value of LSO as well as
4f position relative to the maximum of valence band, the schematic diagram of 4f and 5d energy
level positions relative to band structure was constructed.
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