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Design, synthesis and characterization of a novel
bluish-green long-lasting phosphorescence
phosphor BalLu,SizO;0:Eu*, Nd>*
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Through drawing upon a solid-state reaction, a newly proposed long-lasting phosphor BalLu,SizO10:Eu®",
Nd** is presented and prepared in this work. The thermoluminescence properties of the phosphor are
substantially extended, and the long-lasting phosphorescence behavior is markedly intensified by virtue
of the consolidation of Nd** ions which serve as trap centers. In line with density functional theory
calculations, the conduction band is mostly composed of Lu 5d states while the Ba 5d states only have
a tiny contribution. We analyzed the relationship between the phosphor's electronic structure and its
optical properties. The photoluminescence emission spectrum shows a blue emitting band with a wide
asymmetric property and an extremum of 426 nm, arising from the 5d—4f transitions of the Eu?*
which occupy the Ba and Lu sites. It is asserted that the long-lasting phosphorescence of the Eu* ions

ions

which take up both Ba and Lu sites stems from the special form of conduction band and the occupying
environment of the emission center. Yet, they have different contributions and induce an interesting
phenomenon in which the blue emitting phosphor shows a bluish-green phosphorescence. The long-
lasting phosphorescence can last in excess of 6 h at the recognized intensity level (0.32 mcd m™2) after
excitation for 10 min. This work provides a new way of thinking for the development of multicolored LLP
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1. Introduction

Long-lasting phosphorescence (LLP) is an optical phenomenon
of great significance. Luminescence can be observed after
ceasing the excitation after a couple of minutes and probably
persists over a longer period of time of several hours."> Under
excitation, energy can be stored and absorbed by LLP materials
(inclusive of artificial light and sunlight). Subsequently, the
stored and absorbed energy can be released as persistent visible
light under thermal stimulation, commonly at room tempera-
ture.>* LLP materials have aroused considerable attention and
have been applied in extensive important fields by virtue of its
prominent characteristics which include being recyclable,
energy saving, and eco-friendly.” Initially, LLP materials were
adopted for night-time displays, traffic signs, in or on buildings,
in public places, for emergency signs, and security signs.®
Additionally, the foregoing materials have been adopted in
structural damage sensors, radiation detectors, and optical
storage media.” Thus far, LLP materials have been adopted in
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a growing number of fields to address relevant challenges, such
as in in vivo bio-imaging, medical diagnostics and solar energy
utilization, etc.®

Moreover, large numbers of LLP materials have been devel-
oped and reported. LLP materials colored red, green and blue
are primarily highlighted and discussed with a predominant
amount of the research reported adopting these materials for
a particular purpose. Theoretically, any color material can be
attained through blending these three predominant colors and
changing their proportions.>* Yet, implementing the
mentioned approach is difficult. Although two of the tricolor
LLP materials, blue (CaAl,0,:Eu**, Nd**, >24 h) and green
(SrAl,0,:Eu**, Dy*", >24 h), are very bright and can be adopted
for use in the market, red LLP materials are overall inadequate
when adopted for a particular purpose.**** Making the various
components consistent with each other during the phospho-
rescent decay can be hard and ensuring that the color of the
phosphorescence is uniform can be difficult. Furthermore,
a single source of excitation can be inefficient in exciting the
majority of LLP materials.">"®

In this regard, newly proposed LLP materials consisting of
multiple colors will be critically and urgently explored and
developed. Currently, there is a growing interest in silicate-
based luminescent materials due to their excellent chemical
stability, thermal stability, weather resistance, and low
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temperature synthesis.””*® In 2010, M. Wierzbicka-Wieczorek
et al. initially developed and reported the trisilicates BaRe,Si;-
O (Re = Sc, Yb, Er, and Gd).* The topological structure of the
BaRe,Si;04 trisilicates consists of trisilicate Si;O0;, groups in
the shape of a horseshoe and ReOg octahedra distorted by
zigzag chains of edge-sharing. Subsequently, the foregoing tri-
silicate compounds, e.g. BaSc,Si;0;0 and BaY,Si;04, are adop-
ted to synthesize numerous versatile lanthanon doped
phosphors. Additionally, the application of these phosphors in
white LEDs has been investigated, as well as their photo-
luminescent properties.”®?* In 2014, the bivalent Eu®*" doped
BaM,Si;0,0:Eu®>" (M = Sc, Lu) phosphor was prepared and
proposed by Jakoah Brgoch et al.*® In 2016, Kai Li et al. reported
the preparation and photoluminescent properties of the terva-
lent Ce** and Tb*" co-doped BaLu,Si;O;, phosphor.>® The
BaLu,Siz0,0 phosphor has prominent luminescence properties,
which has aroused massive research interest. Until now, as
indicated by a literature review, no papers have studied the LLP
properties of this phosphor. Traps are significant for photo-
energy storage of persistent and thermo-stimulated phosphors.
Suitable trap depths and trap densities are beneficial for
improving LLP properties. Co-doping Re*" ions counts as one of
the most frequently adopted approaches to generate new traps
or update the internal properties of traps arising from
nonequivalent substitution. As Dorenbos’ theory indicates that
Nd** ions count as adequate traps, Nd*" ions are deemed trap
centers and can be incorporated into BaLu,Si;O;:Eu*" hosts.?”
Based on the above reasons, we have synthesized a LLP BaLu,-
Si30,0:Eu**, Nd**phosphor. In this work, the electronic struc-
ture, photoluminescence, and phosphorescence properties of
this phosphor are investigated systematically and shed light on.

2. Experimental
2.1 Synthesis

Following a frequently adopted method using high-temperatures
in the solid state, this work fabricated the desired samples
Ba;_,,Lu,Si;0;0:xEu>", xNd** (x = 0, 0.004, 0.006, 0.008, 0.01 0.02
and 0.03, respectively presented as S1 to S6) whereby the raw
materials were Eu,03 (99.99%), Nd,O; (99.99%), SiO, (99.99%),
and BaCO; (99.99%). The relative raw materials were mixed in
stoichiometric amounts and intensively ground uniformly in an
agate mortar for 40 min, while incorporating an adequate
amount of ethanol. The mixture was placed in alumina crucibles
and sintered for 5 h at 1400 °C (N, : H, = 95 : 5) in a reducing
atmosphere in a tube furnace powered by electricity. After
calcining, the temperature of the samples was reduced within the
furnace to room temperature and ground a second time for
further application.

2.2 Characterization

These samples were characterized by powder X-ray diffraction
(XRD) using a Rigaku diffractometer featuring Ni-filtered Cu Ka
radiation at scanning steps of 0.02° with the 26 value ranging
from 10° to 80°. This enabled the overall phase structures of the
samples to be examined. Through employing a F30 S-TWIN
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electron microscope (Tecnai™G2, FEI Company) high-
resolution transmission electron microscopy (HRTEM)

images, transmission electron microscopy (TEM) images, and
an energy dispersive X-ray spectroscopy (EDX) spectrum were
attained. Using a UV-Vis spectrophotometer (PE Lambda 950)
and a sample of BaSO,an ultraviolet-visible (UV-vis) diffuse
reflectance spectra (DRS) was attained and used as a reference.
A Xe-900 xenon arc lamp (450 W), with a FLS-920T fluorescence
spectrophotometer as the source of excitation, was used to
measure the luminescence decay curves, the LLP spectra,
the photoluminescence excitation (PLE), and the photo-
luminescence emission (PL). 1 nm was established as the
scanning step. 10 min after irradiating the samples with ultra-
violet light a PR305 long afterglow instrument was used to
measure the decay curve of the LLP. TL curves were provided
using a FJ-427A TL meter (Beijing Nuclear Instrument Factory)
with a heating rate of 1 K s* and a temperature range of 20 to
400 °C. In this work, UV light was used to irradiate 0.0020 g
samples which had been pressed into pellets for 5 min prior to
measuring. The photographs of BaLu,Si;0;0:Eu®*" and BaLu,-
Si;0.0:Eu*", Nd*' under/after UV irradiation were taken in
a dark room by a common digital camera with certain param-
eter settings (exposure time, ISO value, and aperture value).
With the exception of the TL curves, these measurements were
conducted at room temperature. Through using the CASTEP
code and abiding by density functional theory, this work
calculated the electronic structure adopted by BaLu,SizO4.
Among the theories of density function, this work selected the
local-density approximations (LDA).

3. Results and discussion
3.1 XRD patterns and Rietveld refinement

XRD was used to ascertain the phase purity adopted by the
prepared samples. Given that the structure of BaLu,Si;O4, has
never previously been proposed in literature, this work refer-
ences the crystallographic data and initial model structure with
the purpose of refining them for BaYb,Si;O;, (ICSD 17781). The
representative XRD patterns for the relative samples are pre-
sented in Fig. 1a (S1-S6). All of the diffraction peaks are used as
a standard reference for the BaYb,Si;0;, (ICSD 17781)
compound.®® No impure phases were detected in the attained
samples, which indicates that a single phase is taken up by all of
the attained samples, and the Eu*>* and Nd*" ions are success-
fully incorporated into the BaLu,SizO,, host. The XRD pattern
of the BaLu,SizO, host is presented in Fig. 1b on the basis of
the Rietveld structural refinement which was attained using the
Materials Studio program. The background, the experimental
pattern and the calculated pattern are denoted by a yellow solid
line, black crosses, and a red solid line, respectively. The Bragg
reflection positions taken up by the acquired pattern are indi-
cated by short vertical pink lines. At the bottom, the blue line
shows how the calculated and experimental results are different
from each other. Rietveld refinement effectively examines how
atoms are positioned in a primitive cell. The residual factors are
Ryp = 13.78%, R, = 9.75% and x> = 3.127, which demonstrate
that the refined results are reliable. The refinement results
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Fig.1 (a) XRD patterns for Ba;_»,Lu,SizO10:XEU?*, XNd>* (x = 0, 0.004,
0.006, 0.008, 0.01 0.02 and 0.03). (b) XRD refinement and the crystal
structure of the BalLu,SizO host.

confirm that the compound is in the monoclinic space group
P2,/m (no. 11) with cell parameters a = 5.3541(1) A, b =
12.1224(3) A, and ¢ = 6.7829(2) A. The final refinement results
indicate that this phosphor has two diverse cations, namely 8-
coordinated Ba®" (r = 1.42 A) and 6-coordinated Lu** (r = 0.861
A), presented in Fig. 1b. Distorted SiO, tetrahedra which form
corner-sharing zig-zag trimers are contained in the crystal
structure. Two Si*" cations are given which are crystallograph-
ically independent. Through adopting two highly distorted
edge-sharing LuOs octahedra, this work connects the foregoing
SiO, trimers.”” Generally, the radii difference between the two
cations primarily determines whether the doped ions can
substitute for the host cation.”® The percentage difference in
ionic radii between the substituted and the doped ions should
be less than 30%.”® The equation below can calculate the
difference between the possible substituted ions (Ba**, Lu*")
and the doped rare ions (Eu**, Nd*") in radius percentage.?

Dr = 100 x [Rm(CN) — Rd(CN)J/Rm(CN) (1)
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Table 1 The radius and Dr values between Eu?*/Nd>* and Ba*/Lu®*

CN=8
Ba?, R =1.420 A

CN=6
Lu**, R = 0.861 A

R=1.170 A, Dr = 35%
R=0.983 A, Dr=14%

R =1.250 A, Dr = 12%
R=1.109 A, Dr = 22%

Eu2+
Nd3+

where Dr is the radius percentage difference; CN is the coordi-
nation number; Rm(CN) is the radius of the host cation; and
Rd(CN) is the radius of the doped ion. The radii and calculated
values of Dr between Eu**/Nd*" and Ba**/Lu®** are shown in
Table 1. In light of calculated results from empirical equations,
it can be deduced that Nd** ions could enter into both Ba and
Lu sites while Eu®" ions only seem to enter into the Ba sites.

3.2 Scanning electron microscopy and transmission electron
microscopy analyses

The morphology of the two selected BaLu,Si;O;0 host and
BaLu,Si;0;:Eu**, Nd** samples was detected using SEM tech-
nology. As shown in Fig. 2a and c, the morphologies of these two
samples are similar to each other. As shown, the blocky parti-
cles are irregularly shaped and approximately 2-10 pm in size,
making their form and structure suitable for the fabrication of
phosphors. The elemental composition of the BaLu,Si;0;, host
was investigated by EDX spectroscopy and the spectrum is
shown in Fig. 2b. It confirms the presence of Ba, Lu, Si, and O in
the BaLu,Siz0,, sample. The elements of C and Cu come from
the carbon membrane. The distance between the crystal planes
reaches 0.325 nm, which is consistent with the (002) planes of

Encrgy(ev)

l-:ne?g(ev)

Fig.2 (a) SEMimages of the BaLu,SizO;q host. (b) EDX spectrum of the
BaLu,SizO4g host. (Inset) HRTEM images of the BalLu,SizOg host. (c)
SEM images of BalLu,SisO10:Eu?*, Nd>*. (d) EDX spectrum of Balus-
SizO10:EU?*, Nd®*. (Inset) Regional area with high resolution.

This journal is © The Royal Society of Chemistry 2018
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BaLu,Si;0;0 in Fig. 2b (inset).** In addition, the elemental
composition of BaLu,Si;0;:Eu”*, Nd** was also investigated by
EDX spectroscopy with the spectrum shown in Fig. 2d. As shown
in Fig. 2d (inset), the elements of Eu and Nd are also detected.

3.3 Band structure

Fig. 3a-d show the computations of BaLu,Si;0;, abiding by the
density functional theory and on the basis of the crystal structure
refinement. This paper selects the LDA as the theoretical basis of
the density function. The relevant compound takes on an indirect
bandgap which reaches approximately 4.843 eV, with the
conduction band (CB) peaking at the G point and the valence
band (VB) peaking at the D point of the Brillouin zone, which
suggests that this is an appropriately wide bandgap for Eu>" to
serve as a center to emit light and for Nd** to serve as a trap
center. The electronic structure taken on by the valence band
primarily stems from O 2p states, whereas the conduction band
is mostly encompassed by Lu 5d states. It is worth mentioning
that Ba 5d states also have a tiny contribution to the conduction
band. This special band structure characteristic has great effects
on the phenomena of photoluminescence and phosphorescence.

View Article Online

RSC Advances

3.4 UvV-visible diffuse reflectance spectrum

Fig. 4 shows the DRS of the undoped BaLu,Si;O;, host and
concentration gradient samples of BaLu,Si;O;,:Eu”’. For the
host, the absorption in the ultraviolet region ranging from 200
to 400 nm arises from the valence-to-conduction band. For the
samples of BaLu,Siz0,o:Eu®’, the feature absorbance peaks of
290 nm and 325 nm are consistent with the excitation peaks as
shown in Fig. 5a, which are attributed to the Eu”* ions. The
observed white color of the sample is a consequence of the
spectral range being in the visible region. Kubelka-Munk-
transformed DRS of the BaLu,Si;O;, host, in line with the
formula of [F(R) x hv]" = A(hv — E,), is presented in the inset of
Fig. 4 where F(R) is the Kubelka-Munk function with F(R) = (1 —
R)Z/ZR; R is the observed reflectance in the DRS; n = 1/2 for an
indirect allowed transition, or 2 for a direct allowed transition,
in this case n equals 1/2 according to the above calculated
results of the band structure for BaLu,Si;040; 4 is the propor-
tional constant; » is the photon energy; and E, is the value of the
host bandgap.”® By adopting the methods proposed by Cao
et al.*' the optical bandgap energy of BaLu,SizO,, is determined
to be 5.5420 eV by extrapolation to F(R) = 0. It is expected that

(@ (b)
5 5]
Eg=4.843¢ ]
F o 2~
= % °‘\
D L
N’ N’
> >
=1 o 1
St o
%) L
= = 5
= =
109 =
154
-20-
25
T T T T T T T
. 40 60 80 100
Density of States(electrons/eV)
100
(©) (d) gg Total DOS
40 _/\
20
it I\ AN
80 — Ba 6s
60 —Ba5p
2 —Basd
0 O /\
1:8 —Lu5s
60 —Lu5p
40 —Lu5d
of | Tra =
100
gg —Si3s
40 —Si3p
20
100
:g —O02s
40 —02p
2 POVAAN A/""/\\
-25 -20 -15 -10 -5 0 5

Fig. 3

This journal is © The Royal Society of Chemistry 2018

(a) Band structure of BaLu,SizO10. (b) Density of states. (c) Brillouin zone. (d) Total and partial density of states.
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Fig. 4 DRS of the undoped Balu,SizOj9 host and concentration
gradient samples of BaLu,SisO10:Eu*. (Inset) A curve of [F(R) x hv]/?
vs. hy for BaLu,SizO1p.
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Fig. 5 (a) Excitation and emission spectra of BaLu,SizO10:0.008Eu?*.
(Inset) CIE chromaticity diagram and photographs of the BalLu,Siz-
010:0.008Eu?*, 0.008Nd>* phosphor excited at 325 nm. (b) Emission
spectra of concentration gradient samples of BaLu,SisO10:Eu?*, Nd>*.
(Inset) Emission spectra of concentration gradient samples of
BaLUZSigolo:EU2+.
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the value of the optical bandgap surpasses that of the previously
calculated bandgap of approximately 4.843 eV as the local-
density approximation depends less on the bandgap size and
spin-orbit coupling of Lu** which has not been considered.*

3.5 Photoluminescence and phosphorescence properties

The emission and excitation spectra for the BaLu,SizO;o:Eu**
phosphor at room temperature is presented in Fig. 5a. The
excitation spectrum that was monitored at 426 nm shows
a broad excitation band ranging from 250 nm to 400 nm which
arises from the 4f’-4f°5d" transition of Eu®>" ions. Two primary
peaks at 290 nm and 325 nm which are contained in the broad
band show that Eu®" ions are present and that their role is as an
emission center. In the case of a 325 nm optimal excitation, the
material merely shows one wide asymmetric band with a long
shoulder peaking at 426 nm. Such an emission peak arises from
the Eu®" ions undergoing equally allowed electronic 4f°5d"-4f”
transitions, which is considerably affected by the lattice of the
host.*® In light of calculated results from the empirical equa-
tion, it can be deduced that Eu** ions only seem to access the Ba
sites. However, on the basis of the analysis performed on the
emission and excitation spectra, the incorporated Eu®" ions
could take up both Lu and Ba sites in the BaLu,SizO,, host.
Accordingly, the emission centers fall into two types. In this
regard, this work adopts Gaussian deconvolution which takes
into account the emission spectrum of the BaLu,Si;O;o:Eu*
phosphor being widely asymmetric, and the spectrum is
compatible with two peaks at 507 nm and 430 nm. As the higher
emission intensity shown by Eul in contrast to Eu2 elucidates,
the Eu®" ions preferably take up Ba sites instead of Lu sites.
Fig. 5a presents (0.2018, 0.1595) as the CIE chromaticity coor-
dinate for BaLu,SizO;,:Eu®" and blue as the color, which is
acquired from the spectrum for emitting light whereby the
calculation of the chromaticity coordinate follows the CIE1931
(Commission International de I’Eclairage France) system. As
shown in Fig. 5b as the concentration of Nd** ions increases the
emission spectra of BaLu,Si;O;o:Eu>’, Nd** merely show one
band being asymmetrically wide, which is similar to that of the
single doped sample. As shown in Fig. 5b (inset), all doped
samples have a broad asymmetric emission peak at 426 nm with
a long shoulder. It also means Eu®" ions fill both Ba and Lu
sites. As the doping concentration increases the brightness
increases and then decreases and shows BaLu,Si;0;0:0.008Eu**
to be the best doped sample. Additionally, this work fails to
observe the representative emissions of the Nd** ions. As the
foregoing results indicate, trivalent lanthanide ions Nd** are
not deemed emission centers in BaLu,Si;0;0:Eu®’, Nd** but are
centers for trapping in numerous LLP phosphors.*

Fig. 6a shows the phosphorescence spectra of BaLu,Sis-
010:0.008Eu™", 0.008Nd>" at different times after removing the
excitation source. Interestingly, the profiles do not change with
the phosphorescence decay time, but are greatly different from
the emission profiles. This interesting phenomenon indicates
that the LLP originates from both emissions (Euy,, and Eug,) but
they have very different contributions during the LLP process. In
Fig. 6b, the phosphorescence spectrum of BaLu,Si;014:0.008Eu’",

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 (a) Phosphorescence spectrum of Balu,SizO;0:0.008Eu*,
0.008Nd>*. (b) Phosphorescence spectra of Balu,SizO10:0.008Eu?*,
0.008Nd>* 30 min after the removal of the excitation source. (Inset)
CIE chromaticity diagram and photograph of the phosphorescence
spectrum for the BaluySizO10:0.008Eu*, 0.008Nd** phosphor,
excited at 325 nm.

0.008Nd*" which was measured 30 min after the source of exci-
tation was switched off is processed by Gaussian deconvolution
and is consistent with two peaks at 430 nm and 507 nm, which is
similar to the PL spectrum. The phosphorescence CIE chroma-
ticity coordinate is (0.2062, 0.2614) and the color is bluish-green,
as shown in the inset of Fig. 6b. The PL color is blue but the
phosphorescence color is bluish-green, indicating that the phos-
phorescence is derived from the 5d-4f transition of Eu*" ions in
the Ba and Lu sites. Euy,, has a greater contribution during the
LLP process, so the color of phosphorescence tends to be green,
rather than blue.

3.6 Luminescence decay curves

To demonstrate that the phosphorescence stems from the Eup,,
emission in the current BaLu,Si;O;, host, luminescence decay
curves were measured at an excitation of 325 nm and monitored
at 426 and 507 nm. The results are shown in Fig. 7. The lumi-
nescence decay curves were able to be adjusted by a double-
exponential mode and the average luminescence decay time t
could be ascertained from the formula below.*

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Luminescence decay curves of BalLu,SizO10:Eu®* and Balus-
SizO10:EU?*, Nd>* excited at 325 nm and monitored at 426 nm and
507 nm.

T = (4117 + At ArTy + Ayto) (2)

where A, and 4, are constant and 7, and 7, are the two expo-
nential components of the fitting luminescence decay curve.
Table 2 lists the fitting parameters specifically. In line with the
equation above and the fitting parameters, the average lumi-
nescence decay times monitored at 426 and 507 nm were
calculated to be 671 and 2114 ns for the BaLu,Siz;O;p:Eu®
phosphor, and 638 and 1239 ns for the BaLu,Si;0,o:Eu”", Nd**
phosphor, respectively. We found that both the luminescence
decay times monitored at 426 and 507 nm are characteristic of
the 5d-4f allowed transition of Eu**, indicating that the green
phosphorescence at 507 nm indeed originates from the Eu**
emission, rather than from some defect levels.* The Eu**
luminescence decay time decreases with the introduction of
Nd** ions. The reason is that with the introduction of Nd**
ions there is an inequivalence of substitution which leads to
lattice distortion and causes lots of defects. Those defects
could play a role as energy traps, where the energy from Eu**
ions can transfer. This new approach for energy transfer cau-
ses a decrease in the luminescence decay time. Furthermore,
the dual-exponential curve fitting arising from the spectral
overlap of the two emission bands and can support the state-
ment that Eu®" occupies both the Ba and Lu sites in
BaLu,Siz;0,,.*°

Table 2 The fitting parameters of the luminescence decay curves of
BalLu,SizO10:Eu?* and BaLlu,SisO10:Eu*, Nd** excited at 325 nm and
monitored at 426 nm and 507 nm.

Sample Aem (NM) 7, (ns) 7, (ns) Ay A,

Eu** 426 722.81  235.58 1438.98 524.39
507 2618.30  470.54 545.66  930.57

Eu?', Nd** 426 671.06 160.98 1584.67 448.23
507 1606.05 288.46 313.56  673.59
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3.7 LLP decay curves

As presented in Fig. 8a, this work measured the LLP decay
curves for all of the as-synthesized samples (S1-S6) in order to
delve into the decay performance of the BaLu,Siz;O;4:Eu®", Nd**
emission. The decay process of the LLP is encompassed by
a slow decay process and a fast decay process. Those fast decay
processes occur initially and dominate the intensity at the very
beginning, and the slow decay processes occur later which lead
to the long term behavior.***® This work, through adopting
curve-fitting technology, analyzes the decay curves of the
samples (S1-S6), and these curves are found to adequately
match the following double-exponential equation.

1= 4, exp(—t/rl) + A4, eXp(—I/Tz) + Ay (3)

where I is the phosphorescence intensity, 4y, 4; and A, are
constants, ¢ is time, and 7, and 7, are the decay times of the
exponential components. Since the performance of LLP is
chiefly determined by 1,,* the 7, values for all of the samples are
listed in Table 3. The value of 7, increases in the beginning and
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Fig. 8 (a) LLP decay curves of BaLu,SizO10:Eu?*, Nd**. Inset: LLP
decay curves of Balu,SizOig:Eu?* (b) function of reciprocal LLP
intensity (/™% versus time (t) of Balu,SizO10:0.008Eu*, 0.008Nd>*
excited for 10 min.
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Table 3 Decay times for two exponential components of Ba;_,,Lu,-
SizO10:XEU?*, xNd>* (x = 0, 0.004, 0.006, 0.008, 0.01 0.02 and 0.03)

Sample A, Ay 74 (8) A, 75 (s)

S1 7.2266 x 10°* 0.0110 55.5423 0.0054 1224.0458
S2 6.7820 x 10~* 0.0086 62.6299 0.0046 1242.8820
S3 8.3097 x 10~* 0.0170 60.0109 0.0065 1326.3692
S4 6.6350 x 10~ * 0.0093 50.3919 0.0037 1323.1464
S5 8.0447 x 10* 0.0150 55.4197 0.0061 1191.9548
S6 3.9931 x 10~* 0.0022 26.1850 0.0012 236.5758

then decreases later with the increase in Eu”" and Nd** ion
content. They reach a maximum when the amount of the Eu**
and Nd** ions reaches 0.008 mol. LLP decay cutves of BaLu,-
Si30,0:Eu®" are shown in the inset of Fig. 8a. The values peak
when there is 0.008 mol of Eu** ions. The initial LLP intensity of
BaLu,Si;040:0.008Eu>*, 0.008Nd*" is in the vicinity of 0.013 cd
m ™2 and its LLP can continue in excess of 6 h over an intensity
level which is able to be recognized (0.32 med m™?). The
phosphorescence of BaLu,Si;040:0.008Eu>" is only visible for
199 s by the naked eye, which indicates that the introduction of
Nd** ions greatly optimizes the phosphorescence of BaLu,Si,-
010:0.008Eu”". The LLP decay curve of BaLu,Si;0;,:0.008Eu>",
0.008Nd>" is also plotted as a function of reciprocal persistent
luminescence intensity (I ') versus time (¢), as presented in
Fig. 8b. The detailed reasons are discussed later in the section
on TL curves.

3.8 Thermoluminescence curves

Trapping centers play a momentous role in the photo-energy
storage of persistent and thermo-stimulated phosphors.*®
After removal of the excitation source, the captured charge
carriers are able to escape due to thermal disturbance and are
transferred to centers for luminescence, which triggers the
phosphorescence. Accordingly, shallow depth traps are nega-
tively and adversely affected by stabilizing the charge carriers,
which considerably shortens the duration period of persistent
luminescence. In contrast, the charge carriers that are captured
by deep depth traps are extremely hard to release at room
temperature, which leads to the defective performance of the
LLP.**** For this reason, as the appropriate trap depth is
formed, a solid foundation is laid for attaining a perfect LLP
performance. Meanwhile, the trap density is also a significant
factor for LLP. To characterize the traps in our samples TL
measurements were conducted on BaLu,Si;01,:0.008 Eu*" and
BaLu,Si;0;,:0.008 Eu*", 0.008 Nd*", their TL curves are shown
in Fig. 9, we only observe three very weak peaks in BaLu,Si;-
010:Eu*" and it is possible that the TL bands arise from intrinsic
defects in the host as the Eu®> ions are equally replaced by Ba**
ions in BaLu,Si;O;0. Additionally, as the weak TL signal indi-
cates, the concentration of carriers that is captured by the
intrinsic defects is extremely low. When Nd*" ions are co-doped,
the intensity of the peaks are evidently enhanced, and the
primary peak position moves to 330 K, meaning that the doping
of the Nd** ions considerably elevates the defect levels. To
further evaluate the trap states, the trap depths (E,) and the trap
densities (n,) can be acquired from eqn (4) and (5).**

This journal is © The Royal Society of Chemistry 2018
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Fig. 9 TL curves of Balu,SizO;0:0.008Eu?*, 0.008Nd>* excited for
25 min. Inset: concentration gradient TL curves of BaLuZSigoloiEu2+,
Nd** excited for 5 min.

E =[2.52+ 102 X (g — 0.42)] x (KpTw) — 2KT  (4)
no = wly/{8 x [2.52 + 10.2 x (g — 0.42)]} (5)

Where I, is the intensity of the TL peak, 6 is the high-
temperature half-width, 7 is the low-temperature half-width,
the asymmetry parameter u, = 6/(z + 6), 8 is the heating rate,
Kg is the Boltzmann constant (1.38 x 107 >* ] K™'), Ty, is the
temperature of the TL peak, and o is known as the shape
parameter and is defined as w = 7 + ¢. As shown in Table 4, for
the BaLu,Si;0,0:0.008Eu** sample, although the trap depth is
appropriate for releasing the trapped carriers, the low trap
density directly results in a brief LLP of 199 s. For BaLu,Si;-
01,:0.008Eu>", 0.008Nd*", by co-doping with Nd** ions, more
traps are generated with a suitable energy depth which greatly
improves the duration of the LLP and the LLP brightness in the
very beginning. This result suggests that co-doping indeed has
a great effect upon the LLP performance of the phosphor.

3.9 LLP mechanism

Under normal conditions, for the majority of LLP materials, the
color of the phosphorescence is identical to the color of the PL
arising from the identical emission centers. Yet the blue emit-
ting phosphors show a phosphorescence which is characterized
as bluish-green in this paper. In line with the previous analysis,
Eu®" ions which occupy Ba and Lu sites serve as emission
centers and Nd** ions which take up Ba sites serve as trapping

Table 4 TL parameters of Balu,SisO10:0.008Eu?" and Balu,Sis-
010:0.008Eu?*, 0.008Nd>*

Glow-peak parameters TL parameters

Sample Tm(K) T 0 © Mg E.(eV) no
Eu* 319 19 23 42 055 0.75 2.65 x 10°
Eu*', Nd*" 330 21 27 48 056 0.71 3.75 x 10°

This journal is © The Royal Society of Chemistry 2018
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Fig. 10 A possible schematic diagram of the afterglow mechanism.

centers in the co-doped samples. As these experiments overall
indicate, this material provides highly-efficient trapping
conditions. A probable LLP mechanism for forming the efficient
bluish-green LLP in Eu*" and Nd*" co-doped BaLu,Siz0;, is
shown in Fig. 10. Under UV excitation, the 4f’ ground-state
electrons of the Eu®* ions are promoted to the 4f°5d" excited
state (excitation process 1). Partial electrons which are promptly
excited are reincorporated with the Eu** ions excited on the Ba
and Lu sites to produce luminescence (PL process 2). As most
Eu®" ions occupy the Ba sites and tiny Eu®>* ions occupy the Lu
sites, the phosphor emits blue light. Simultaneously other
excited electrons are able to move via the conduction band and
are captured later by the traps (electron trapping process 3).
When the electrons captured by shallow traps are thermally
released at room temperature, they move back to the conduc-
tion band directly and a few of the captured electrons in deep
traps escape through a quantum tunneling process. In view of
the conduction band primarily being formed by Lu 5d states
rather than Ba states, the released electrons prefer to transfer to
the excited Eu®>* ions on the Lu sites which are in the same form
of resonance and recombine with them, which gives rise to the
green phosphorescence (LLP process 4). In short, it is the
special form of the conduction band and the occupation situ-
ation of the emission centers that result in the interesting
optical phenomenon.

4. Conclusions

In a nutshell, a newly proposed bluish-green emitting long-
lasting phosphor with prominent LLP properties is success-
fully achieved via a high temperature solid state method. Eu**
ions show a broad asymmetric emission band with a peak at
426 nm as it occupies both the Ba and Lu sites in BaLu,Si3O4.
The blue emitting phosphors show a kind of green phospho-
rescence phenomenon, which is induced mostly by the emis-
sion of Eu®" ions occupying the Lu sites. Co-doping with Nd**

RSC Adv., 2018, 8, 10246-10254 | 10253
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ions can effectively improve the LLP performance. The LLP can
last more than 6 h above the recognizable intensity level (0.32
med m~?). This work also provides direct experimental evidence
that the conduction band is of critical significance for the
course of LLP. And the analysis regarding this experimental
work backs up the LLP mechanism. This new LLP material
exhibits a 6 h LLP and has considerable potential for extensive
applications.
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