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Ce®* and Eu?* doped and Ce®*—Eu?* co-doped Sr-MgSi,O, phosphors are prepared via a high-tempera-
ture solid-state reaction technique. The synchrotron radiation vacuum ultraviolet-ultraviolet (VUV-UV)
excitation and ultraviolet-visible (UV-vis) emission spectra of diluted Ce®* and Eu®* doped Sr.MgSi,O-
samples are measured at cryogenic temperatures. The electron-vibrational interaction (EVI) between Ce*
and its surroundings is analyzed. The dependencies of the 4f-5d transitions of Ce®** on the structure of
the host compounds Sr,MgSi,O,, Ba,MgSi,O; and BaMg,Si,O5 are discussed in detail. Then the thermal
quenching channel is proposed based on the measurements of temperature dependent luminescence
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intensities and decay times of Ce>* and Eu?* in Sr.MgSi,O5, and the Ce®* — Eu?* energy transfer mecha-
nism is understood by three luminescence dynamic models. In addition, SrzMgSizoyz(Ie“/Eu2+ samples
are evaluated for the possibilities of X-ray detection applications using X-ray excited luminescence (XEL)
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1. Introduction

Luminescence of Ce*" and Eu** plays an important role in the
detection of ionizing radiation due to their parity-allowed 4f-5d
transitions. Numerous inorganic compounds doped with Ce®*" or
Eu®" ions have been widely studied, and materials such as
Lu,Si05:Ce®" and Srl,:Eu*" with outstanding luminescence pro-
perties are commercially available scintillators." In addition,
materials like Y;Al;04,:Ce®" and BaMgAl,,0,,:Eu”" serve success-
fully as yellow and blue emitting phosphors in light-emitting
diodes (LEDs) and tricolor tubes for lighting and displays, respect-
ively.” To find novel luminescent materials and to improve their
luminescence performances, much attention has been directed
toward energy transfer (ET) from and to Ce®*" and Eu*" ions.**
The composition and structure of a host compound are
essential for the luminescence property of a phosphor, because
it directly rules the 4f-5d transitions of Ce®*" and/or Eu*" in this
compound. Silicates are suitable as host compounds for the
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spectroscopy, and it was found that they are not suitable.

luminescence of lanthanide and transition metal ions.>®
Sr,MgSi, 0, with akermanite structure is of particular interest to
us in these silicates.”® A similar composition of Sr,MgSi,O, to
those of Ba,MgSi,0, and BaMg,Si,0,, and the single Sr**/Ba>*
site in these compounds make Sr,MgSi,O, an appropriate
choice for studying the composition and structure dependent
4f-5d transitions and energy transfer of Ce** and Eu®" ions.

In this paper, synchrotron radiation VUV-UV excitation and
UV-vis emission spectra are recorded to fully understand the 5d
energies of Ce*" in Sr,MgSi,0, and the electron-phonon coup-
ling of Ce*" is analyzed in consideration of its significant influ-
ences on luminescence performances such as the Stokes shift
and the bandwidth. In particular, the impacts of coordination
surroundings on the 5d energies and luminescence properties
of Ce*" ions are systematically discussed for three compounds
Sr,MgSi,0,, Ba,MgSi,0, and BaMg,Si,O, with similar compo-
sitions. Furthermore, the thermal quenching channel of Ce**
and Eu”' ions, and the Ce**-Eu*" energy transfer dynamics in
Sr,MgSi,0, are discussed in detail. Finally, XEL measurements
are performed to assess the application possibilities of Ce*" and
Eu®" doped phosphors for X-ray detection.

2. Experimental
2.1 Sample preparation

Three series of powder samples, Sr,_,,Ce,Na,MgSi,O; (x = 0,
0.001, 0.005, 0.03), Sr,_,Eu,MgSi,0, (x = 0.001, 0.003) and
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Sr1.99-xCe0.005sEUNag 00sMgSi,O7 (x = 0.001, 0.005, 0.01), were
prepared via a high-temperature solid-state reaction technique.
SrCO; (Analytical Reagent, A.R.), 4MgCO;-Mg(OH),-5H,0 (A.
R.), SiO; (99.99%), CeO, (99.99%), and Eu,0; (99.99%) were
used as the initial materials. 4 mol% H;BO; (A.R.) was added
as a flux, and the aliovalent substitution between trivalent Ce*"*
and divalent Sr** in samples Sr,_,,Ce,Na,MgSi,O, and
Sr4.99-xCeo.005EWNag 00sMgSi, 0, was balanced by using mono-
valent Na" provided by Na,CO; (99.99%) as charge compensa-
tors. The stoichiometric raw materials were ground in an agate
mortar and then calcined at 1523 K for 4 h in a CO reducing
ambience. The target products were obtained by grinding after
cooling down to room temperature (RT).

2.2 Measurements

The phase purity of the samples was checked via the powder
X-ray diffraction (XRD) technique using a Rigaku D-MAX 2200
VPC X-ray diffractometer with Cu Ka radiation (4 = 1.5418 A) at
40 kV and 26 mA. The Rietveld structural refinement of the host
compound was performed using the TOPAS-Academic
program,'’ and then its high quality XRD data were collected
using a Bruker D8 advanced X-ray diffractometer with Cu Ko
radiation (4 = 1.5418 A) at 40 kv and 40 mA with a step interval
of 0.02°. The far infrared reflectance spectrum of the host com-
pound was recorded on the BLO1B beamline of the National
Synchrotron Radiation Laboratory (NSRL, Hefei, China) at RT.">

An Edinburgh FLS1000 combined fluorescence lifetime and
steady state spectrometer was used to record UV-vis excitation/
emission spectra and luminescence decay curves. A 450 W
xenon lamp was used as the excitation source for recording
steady state luminescence spectra, and the excitation source
used for obtaining luminescence decay curves was a 150 W
nF900 lamp with a pulse width of 1 ns and a pulse rate of 40
kHz, or a 340 nm EPLED (picosecond pulsed light emitting
diode) with a typical pulse width of 790 ps and a typical
average power of 2.0 yW at 10 MHz, respectively. The tempera-
ture of the samples is controlled using a MercuryiTC Model
temperature controller.

Synchrotron radiation VUV-UV excitation and corres-
ponding emission spectroscopy were performed on the beam-
line 4B8 of the Beijing Synchrotron Radiation Facility (BSRF).
XEL spectra were recorded using a Philips PW2253/20 X-ray
tube at the Delft University of Technology, the Netherlands.
More details can be found in ref. 13.

3. Results and discussion
3.1. XRD and crystal structure

The Rietveld refinement of the high-quality XRD data of the
un-doped host compound Sr,MgSi,O, is first performed
(Fig. S1(a)t). The acquired refinement parameters of R, Ryp,
and Rprge are 3.906%, 5.220%, and 2.710%, respectively,
which prove the reliability of the result and purity of the
sample. Sr,MgSi,O, has a tetragonal structure with the space
group P421m. The lattice parameters are @ = b = 8.011 A, ¢ =
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5.165 A, and V = 331.4 A%, There is only one eight-fold co-
ordinated Sr** site with C; symmetry in Sr,MgSi,O, and the
average Sr*'-0®~ bond length is 2.669 A (Fig. S1(b)t).” The dis-
tance between the two nearest neighboring Sr** ions is
3.743 A. The Mg?" and Si*' ions connect to four oxygen ions to
form regular tetrahedra. Fig. S1(c)t depicts the crystal structure
of Sr,MgSi,O,, which is a layer structure arrangement in the
c-axis direction. The Sr** ions form a layer separately, while the
Mg>* and Si*" tetrahedra form another layer together between
Sr** ions. Two [SiO,]*~ tetrahedra connect with each other via
a corner-sharing oxygen ion and form a [Si,0,]°" cluster.

The XRD patterns of typical Sr,MgSi, 0,
Sr,_,,Ce,Na,MgSi,O; (x = 0.001, 0.03), Sr,_,Eu,MgSi,O; (x =
0.001) and Sry g9_,Ceg.00sEuyNag 00sMgSi,0; (x = 0.01) samples
at RT shown in Fig. S1(d)} match well with the standard card
(PDF# 75-1736) of Sr,MgSi,O;,” showing that the impurity
phase content would be below the detection limit of XRD if it
existed in the samples and demonstrating that Ce*", Eu** and
Na' ions do not significantly change the crystal structure. Due
to the similar ion radii of eight-fold coordinated Ce®**
(~1.14 A), Na" (~1.18 A), Eu*" (~1.25 A) and Sr*" (~1.26 A), the
doped Ce**, Eu** and Na® ions are thought to occupy the Sr**
sites in the samples.

3.2. Photoluminescence of Ce*" in Sr,MgSi,0,

Fig. S21 shows the height-normalized excitation spectra at
different emission wavelengths (l.,, = 350, 368, 373 and
382 nm) and the height-normalized emission spectra at
varying excitation wavelengths (1., = 267, 272, 277, 319, 326
and 332 nm) of the sample Sr;.995C€0.001Nag.001MgSi,0; at RT
for comparison. It can be seen that either four normalized
excitation curves or six normalized emission spectra well
overlap each other, respectively. These phenomena indicate
that the material does not contain impurities that affect the
luminescence spectrum in this wavelength range, the doped
Ce®" ions occupy only one type of lattice site in the host com-
pound and the inhomogeneous broadening of Ce*" 4f-5d tran-
sitions does not occur in this diluted sample.* As mentioned
above, we deem that Ce** ions are incorporated into eight-fold
coordinated Sr** sites. The excitation peaks at approximately
326 and 273 nm result from the first and the second 4f-5d
excitation bands of Ce*" in this [SrOg] site of the host com-
pound and their positions are in good agreement with those
in Fig. 1 and close to those in references.”'® Two partially over-
lapped broad bands are seen in the emission curves and their
peaks are at about 345 and 371 nm with an energy difference
of about 0.24 eV (19.5 x 10° cm™"). Obviously, these two bands
correspond to the transitions from the relaxed lowest (the first)
5d to *F, (J = 5/2, 7/2) states of Ce*" ions in the Sr** sites of the
host compound.

Fig. 1 displays the VUV-UV excitation (Aey, = 370 nm) and
corresponding emission (4ex = 270 nm) spectra of the sample
Sry.998Ce€0.001N20.001MgSi,O; recorded by BSRF at 10 K. The
typical broad doublet emission bands are at their maxima of
about 345 and 368 nm in the emission spectrum, respectively.
Their separation is clearer than that in Fig. S21 due to the

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 The synchrotron radiation VUV-UV excitation (1em = 370 nm) and
emission  (lex = 270 nm) spectra of the sample
Sr1.998Ce€0.001Na0.001MgSi>O; at 10 K. The inset shows its luminescence
decay curve (lex = 313 NM, Aern = 372 Nm) at 78 K.

measurement at a cryogenic temperature of 10 K in Fig. 1, and
their peaks are consistent with those (about 345 and 371 nm)
in Fig. S2.f As shown in the inset, the luminescence decay
curve was exponential, and the decay time was estimated to be
~27.2 ns.

There are six distinct excitation bands in the VUV-UV exci-
tation spectrum (the black solid line) in the range of
125-340 nm, which originate from the host-related absorption
and the 4f-5d transitions of Ce**. The host related absorption
band peaked at ~170 nm (7.29 eV, 58.8 x 10> em™) is identi-
fied as the host exciton creation absorption energy E®. The
band gap between the bottom of the conduction band and the
top of the valence band is equal to this exciton creation energy
plus the exciton binding energy. The empirical formula 0.008
x (™) = 0.43 eV was used to estimate the exciton binding
energy.'® Then, the band gap of Sr,MgSi,0, was evaluated to
be ~7.72 eV.

Four clear excitation bands at about 326 nm (3.80 eV, 30.7 x
10° em™), 269 nm (4.61 eV, 37.2 x 10° cm™"), 244 nm (5.08 eV,
41.0 x 10° em™), and 217 nm (5.71 eV, 46.1 x 10°> cm™ ") and a
relatively weak band at about 200 nm (6.20 eV, 50.0 x 10°
cm™ ') were observed in the 190-340 nm range of the excitation
spectrum. These bands are attributed to the five 4f-5d; (i = 1,
2, ...5) excitation bands of Ce®". The number of observed 4f-5d
excitation bands is in good agreement with that of the theore-
tical prediction of 5d undegenerated orbitals after the crystal
field splitting of Ce*" in the C; low-symmetry [SrOg] site of
Sr,MgSi,0,. Accordingly, the 5d crystal field splitting (CFS)
energy of Ce®" is evaluated to be about 2.40 eV (19.3 x 10°
em™') and the 5d centroid energy is about 5.08 eV (41.0 x 10°
ecm ™). The 5d centroid energy of Ce*" in a compound depends
on the covalence between anion ligands and the 5d-orbital,
and the spectroscopic polarizability of the anions in the first
coordination sphere around Ce*", which are closely related to
the nephelauxetic effect.’” In the present case, the 5d centroid
energy of Ce** (41.0 x 10°> em™") is higher than that of silicates
like Lu,Si,0, (38.8 x 10° em™) and Li,CaSiO, (39.6 x 10°

This journal is © The Royal Society of Chemistry 2022
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em™)."" Clearly, a relatively higher 5d centroid energy
implies a weaker covalence, spectroscopic polarizability and
nephelauxetic effect in this case. The 5d CFS of Ce®" is signifi-
cantly affected by the size and shape of the first anion coordi-
nation polyhedron around Ce**, especially the symmetry of the
site, the coordination number and the Ce**-0*" bond length.
The 5d CFS of Ce®" (2.40 eV) in the present case falls in
between that of other eight-fold coordinated sites of silicates,
such as the C; symmetry of Ba** in BaMg,Si,0, (1.97 eV) and
the C, symmetry of Ca®" in CaMgSiOs (2.61 eV),>?° which is in
good agreement with the average Ce-O bond length in
Sr,MgSi,0, (2.669 A) between those in BaMg,Si,0, (2.882 A)
and CaMgSiOg (2.501 A). With the peaks of the lowest 5d and
’F;,, transitions in the excitation (326 nm) and emission
(345 nm) spectra, the Stokes shift was estimated to be about
0.21 eV (1.69 x 10> cm™"), which is smaller than the average
value ~0.31 eV (2.5 x 10* ecm™") of Ce**-doped compounds and
suggests a smaller electron-vibrational interaction (EVI) for the
4f-5d transitions of Ce*" in Sr,MgSi,0,.

The EVI of a Ce** impurity center is characterized by three
parameters, including the Stokes shift, the Huang-Rhys factor
(S) and the effective phonon energy (Aw). All of them describe
the shift of the electronic states corresponding to the ground
and excited electronic states. The value of S and A can be esti-
mated using eqn (1) and (2):*!

AEg = (28 — 1)ho (1)
I(T) = V8In2hw {S coth (Zc—a;)} " (2)

where T is the temperature (K), I(T) is the full width at half
maximum (FWHM) of the emission band at temperature 7,
and k is the Boltzmann constant (8.62 x 10> eV K™'). The I'(T)
of the 5d to *Fs;, emission band at 78 K was estimated to be
1380 cm™" via a Gaussian fit according to the experimental
result shown in Fig. 2. With the solution, we can predict the

ST, 005C0 001 N8 o, M8Si,0,, 78 K

1.9980.001" 0,001

A =372 nm
| em Em Ex

L24 - — % =320mm ) P 1

o ~2.89%x10°em”  ~3.05x 10" cm’

Q@ Fitting curve

1.04§=2.79, ho =350 cm”

0.8
0.6

0.4

Normalized Intensity (a.u.)

0.2
ZPL

~2.97x10" em”
0.0

T T T T T T T T T T T T T
20000 22000 24000 26000 28000 30000 32000 34000

Wavenumber (cm")

Fig. 2 The height-normalized excitation (lem = 372 nm) and emission
(lex = 320 nm) spectra of the sample Sryg98Ce0.001Na0.001MgSi>O7 at
78 K and the fitting curve via EVI analysis.
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emission band of Ce*" using eqn (3) and further confirm the
solution validity,

¢SSP e H Eo—E
= P! 148 | p="" 3)

p+1 hw

where E, is the zero-phonon line (ZPL) energy and p is the
number of effective phonons involved in the emission tran-
sition. The ZPL is located at the point of intersection of the
excitation and emission spectra at 337 nm (29.7 x 10* em™) in
this case. By solving eqn (1) and (2), the acquired values are S
=2.79 and hw = 350 cm™'. With these values, the best simu-
lation of the Ce®* emission band is achieved as shown in
Fig. 2, which is in good agreement with the emission band
shape, illustrating the validities of S and hw values. The far
infrared reflectance spectrum of Sr,MgSi,O, is displayed in
Fig. S3.1 Peaks in the range of 480-1100 cm™" are attributed to
the stretching and bending modes of Si-O-Si, and those below
480 cm™ are due to the M-O (M = Sr, Mg) stretching and
bending modes.*” Accordingly, the effective phonons should
correspond to the M-O (M = Sr, Mg) stretching and bending
vibrations, and the infrared spectrum verifies the validities of
the fitted effective phonon energy Aw. Such smaller S and Aw
values further confirm the weak electron-phonon coupling.

Ce*" doping concentration dependent luminescence is also
studied as shown in Fig. S4 of the ESIL{ The nearly identical
spectral profiles and overlapped luminescence decay curves
indicate that concentration quenching has not occurred yet in
the doping range. The lifetime of Ce®" at RT shown in
Fig. S4(b)t is consistent with that at 78 K shown in the inset of
Fig. 1, implying that temperature quenching does not occur
below RT, as discussed in detail below.

Fig. 3(a) shows the excitation (e, = 372 nm) and emission
(dex = 320 nm) spectra of Sr;g95Ce0.001Nag.001MgSi,O; at
78-500 K. The band intensities of excitation and emission
decrease significantly with the increase of the temperature. A

2.5x10° 1.4x10°
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careful examination of the excitation spectrum shows that the
first excitation peak slightly moves toward the short-wave-
length direction (from ~326 nm at 78 K to ~323 nm at 500 K)
as the temperature increases, resulting from the decrease of
Ce** 5d CFS with the lattice expansion at a higher temperature.
Meanwhile, the doublet emission bands gradually merge into
one broad band due to the heat-stimulated electron-phonon
interaction.

The luminescence decay curves of the sample
Sr1.998C€0.001N20.001MgSi,0; in Fig. 3(b) nearly overlap each
other in the 78-500 K range and conform to the exponential
characteristics, which manifests that thermal quenching does
not occur within this temperature range, indicating the good
thermal stability of Ce** luminescence. This can be further cor-
roborated by the vacuum referred binding energy (VRBE)
scheme of lanthanide ions in Sr,MgSi,O as follows.

By using the experimental data including the band gap
energy (7.72 eV, arrow A in Fig. 4), the centroid energy of Ce**
5d states (5.08 eV) and the lowest 5d excitation energy of Ce*
(3.80 eV, arrow B) obtained above, as well as the Eu**-0*~
charge transfer energy (4.96 eV, arrow C) from Fig. S5,} the U
value, which corresponds to the energy between Eu®>" and Eu**
ground states, was calculated to be about 7.03 eV, and the
VRBE scheme of the 4f ground states and the first 5d excited
states of all trivalent and divalent lanthanide ions in
Sr,MgSi,0; can be constructed as displayed in Fig. 4. It can be
found that the energy difference (Eq.) between the lowest 5d
multiplet (5d,) of Ce** and the conduction band minimum of
Sr,MgSi,0; is ~0.53 eV, which is larger than those in silicates
such as Sr,Al,SiO; (0.45 eV) and SrB,Si,Og (0.21 eV), implying
the better luminescence thermal stability of Ce** in
Sr,MgSi,0;, provided that thermal-ionization is the main cause
for luminescence thermal-quenching.’>?* In addition, the

4 \vx_ﬂ 4 ) ;:(:’ g0

1] =2\ =\

/ —
SN~ —
c —— Y

a) sr,,.Ce,,Na  MgSi O —78K 300K o
= 2.0x10° (8) SrinCeomeumMeS10, — = 100K - 350K [ 1:2x10
: ce 150K =-e- 400K | 1.0x10°
& s
= 1.5x10° 4 200K 450K L gox10°
2 Lome] =32 20K == S00K L6 o
E S L 4.0x10°
5.0x10° oo’
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250 300 350 400 450 500
Wavelength (nm)
10000
- () s CeNa Mesio, 78K 300K
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Fig. 3 (a) The excitation (lem = 372 nm) and emission (lex = 320 nm)
spectra and (b) luminescence decay curves (lex = 313 M, lem = 370 Nnm)
of the Sr;.998Ce0.001Na0.001MgSi>O; sample in the temperature range of
78 to 500 K.
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Fig. 4 The vacuum referred binding energy (VRBE) scheme of all triva-
lent and divalent lanthanide (Ln* and Ln?*) ions in Sr,MgSi>O;. The
upper solid line is the conduction band minimum (CBM) and the lower
one is the valence band maximum (VBM). The blue lines are the 4f
ground states and the lowest 5d states of Ln®**, while the red lines are
related to Ln?*. The green horizontal bars are 5d, and 5d3 of Cce3t.
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short green bars in Fig. 4 depict the second and third 5d exci-
tation states (5d,, 5d;) of Ce’* in the compound, which are
located in the conduction band. This explains the weak exci-
tation band intensities of the 4f-5d, ; 4 5 transitions in relation
to the unambiguously intense 4f-5d; transition shown in
Fig. 1 due to the auto-ionization processes of electrons in
these higher 5d, 5 4 5 excited states."?

3.3. Impact of the local structure on the luminescence of
Ce** in Sr,Mg8Si,0,, Ba,MgSi,0, and BaMg,Si,0-

Sr,MgSi,0,, Ba,MgSi, O, and BaMg,Si,O, are three typical
alkaline earth pyrosilicates with similar compositions.>*** In
these compounds, there is only one type of eight-fold co-
ordinated Ba®>" or Sr** site with C; symmetry as listed in
Table 1. The doped Ce*" ions are expected to enter Ba®" or Sr**
sites but not occupy Mg>" sites because the ionic radius of
Mg>" is evidently smaller than that of Ce’". Based on these
structural characteristics, they should be suitable compounds
to understand the dependence of luminescence properties on
the local structure of Ce®*" in the host compounds. It is of sig-
nificance to compare the structure and the band gap of the
three host compounds and discuss their impact on lumine-
scence properties such as the 5d centroid energy, the Stokes
shift, the 5d CFS and the decay time of Ce*" in these host
compounds.

Firstly, we discuss the band gap and the band structure.
From the data in Table 1, it can be found that the wavelength
of the exciton peak slowly increases according to the relative
order BaMg,Si,O, (162 nm) < Sr,MgSi,O, (170 nm) <
Ba,MgSi,0, (180 nm), while the estimated band gap energy
certainly follows the opposite sequence BaMg,Si,O; (8.12 eV) >
Sr,MgSi,0; (7.72 eV) > Ba,MgSi,0; (7.27 eV). The mean band
gap energy of the three compounds was calculated to be 7.70 +
0.42 eV. The band gap is thought to be strongly dependent on
the compound composition and structure. The density func-
tional theory (DFT) study of Ba,MgSi,O, indicates that the
valence band maximum (VBM) is dominated by O 2p states,
and the conduction band minimum (CBM) is mainly formed
by Ba 5d states with a small contribution from O 2p states
through Ba-O bonding.>® We speculate that the other two com-
pounds also have similar band structures because of their
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similar layered structures and band gaps. The difference in the
alkaline earth cations forming a single layer in the layered
structure may be responsible for the slight alteration of the
band gap among these three cases.””

Then we deal with the 5d centroid energy and the Stokes
shift of Ce®*. A fascinating phenomenon that the sequence of
the 5d centroid energy of Ce®* is consistent with the order of
band gap values is found in Table 1. It shows that the wider
the band gap is, the higher the 5d centroid of Ce®" is. As men-
tioned above, the 5d centroid of Ce®" is closely related to the
covalence between anion ligands and the 5d-orbital of Ce®",
the spectroscopic polarizability of the anions in the first
coordination sphere around Ce®" and/or the nephelauxetic
effect. This observation seems to imply that the covalence/
spectroscopic polarizability/nephelauxetic effect affects the
band gap through bonding strength, but more examples need
to be taken into account. Besides, the Stokes shift of the Ce**
4f-5d transition seems to increase with the decrease of the
band gap of the host compound, showing that the electron-
vibrational interaction is getting weaker from Ba,MgSi,O; to
Sr,MgSi, 0, and BaMg,Si,O,, which further proves that the
large band gap is associated with strong bonding.

Thirdly, it can be noted that the increase in the sequence of
Ce®* 5d CFS energy in the order of BaMg,Si,0, (1.97 eV) <
Ba,MgSi, 0, (2.02 eV) < Sr,MgSi,0, (2.40 eV) is in good agree-
ment with the decrease in the sequence of average M-O (M =
Ba or St) bond lengths in the order of BaMg,Si,0- (2.884 A) >
Ba,MgSi,0 (2.813 A) > Sr,MgSi,0; (2.669 A). Because the Ce**
ions occupy the C; symmetry [MOg] (M = Ba or Sr) sites in all
three cases, the magnitude of Ce*" 5d CFS is mainly decided
by the site size herein. The larger the M>" site size, the longer
the average M-O bond length, and the smaller the Ce*" 5d CFS
energy.

Finally, we compare the luminescence decay time of Ce** in
three cases. Fig. S61 displays a good linear relationship of 4>
vs. = for Ce*" in Sr,MgSi,0,, Ba,MgSi,0, and BaMg,Si,0,
where 1 (nm) is the emission peak wavelength of the 5d-°F5,
transition derived from Table 1 and r (s) represents its lumine-
scence decay time. It is widely accepted that luminescence
decay is positively correlated with the emission wavelength,
and the polarization effect or the local-field effect that has

Table 1 The host structure and luminescence of Ce3* in Sr,MgSi>,07, Ba,MgSi,O7 and BaMg,Si,O7

Host compound Sr,MgSi,0;

Ba,MgSi, 0, BaMg,Si, 0

Crystal system Tetragonal (P421m)

Orthorhombic (C2/c) Orthorhombic (C2/c)

Coordination number of Sr**/Ba** ions 8 8 8
Symmetry of Sr**/Ba>" sites Cy Ci (ol
Average bond length of Sr**/Ba®*-0>~ (A) 2.669 2.813 2.884
Exciton peak (nm) 170 180 162

Band gap (eV) 7.72 7.27 8.12

Ce*" 5d energy (V) 3.80, 4.61, 5.08, 5.71, 6.20 4.00, 4.25, 4.88, 5.69, 6.02 4.17, 4.48, 5.08, 5.71, 6.14
Ce** 5d centroid energy (eV) 5.08 4.97 5.12

Ce** 5d CFS (eV) 2.40 2.02 1.97

Ce*" emission (eV) 3.34, 3.59 3.44, 3.69 3.73, 4.00
Ce** stokes shift (eV) 0.21 0.31 0.17

Ce** decay time (ns) 27.2 25 19.2

This journal is © The Royal Society of Chemistry 2022
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been used to interpret the various lifetimes of the Ce** 4f-5d
emissions in different media with the following formulas:*®

1 1
= =4.34 x 10V x |(5d|r|4f) " x = (4)
Tr
2 2 2
r=n["2) 0

where 7, is the radiative lifetime (s), 4 is the emission wave-
length of Ce*", (5d|r|4f). is the effective radial integral with a
best-fit value of 0.0281 nm for Ce*", y is the enhancement
factor in the virtual cavity model and n is the refractive index
of the compound. Due to the good 1* — 7 linear relationship,
we assume that the refractive indexes of the three pyrosilicate
compounds are almost the same. Accordingly, the (average) y
value is fitted to be about 4.44. The (average) refractive index
of these pyrosilicates is further estimated to be 1.69, which is
slightly smaller than that (1.71) of those pyrosilicates men-
tioned in ref. 29.

3.4. Photoluminescence of Eu*" in Sr,MgSi,0,

Fig. 5 depicts the synchrotron radiation VUV-UV excitation (dem
=470 nm, red dashed line) and emission (1ex = 355 nm, black
solid line) spectra at 11 K, and the lab UV-vis excitation spec-
trum (ley, = 470 nm, blue dash dotted line) of the sample
Sry 999EU 001 MgSi, O at 78 K, respectively. The two spectra are
in line in the 320-345 nm region. The bands in the
200-450 nm range are attributed to the 4f-5d transitions of
Eu®", and those above this region are attributed to host-related
absorption as mentioned in Fig. 1. The host exciton creation
peak at about 172 nm is in good agreement with that observed
in Fig. 1.

The sample exhibits intense cyan emission peaking at
~470 nm (2.64 eV), and its FWHM is ~1.69 x 10° em™" (0.209
eV). The energy of transition from the ground 4f multiplet to
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Fig. 5 The synchrotron radiation VUV-UV excitation (red dashed line,
Aem = 470 nm) and emission (black solid line, 1ex = 355 nm) spectra at
11 K and UV-vis excitation spectra (blue dashed dot line, lem = 470 nm)
at 78 K of the Sry.999EU( 001MgSi>O; sample. The inset shows the lumine-
scence decay curve (lex = 340 NM, Aem = 470 nm) at 78 K.
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the first 5d level (5d;) of Eu** is empirically estimated to be
~435 nm (2.85 eV) in terms of the wavelength at 15 to 20% of
the maximum excitation intensity on the long-wavelength
side.*® Accordingly, the Stokes shift of Eu** emission was
found to be ~0.21 eV, which will be used later to discuss the
luminescence thermal-quenching channels. The decay curve
in the inset is exponential with a decay time of ~572 ns.

Fig. 6 shows the intensity normalized emission spectra (a,
Adex = 355 nm) and luminescence decay curves (b, Aex = 340 nim,
Aem = 470 nm) of the sample Sr; g99EUg 0901MgSi, O at 78-450 K,
respectively. The emission bands broaden steadily and the
integrated intensities decrease with an increase in temperature
(Fig. 6(a and c)), while the emission peaks shift by about 4 nm
to the short-wavelength side. Meanwhile, the luminescence
decays become rapid and start to deviate from exponential
gradually (Fig. 6(b)). The evolution of decay curves implies the
occurrence of thermal quenching of Eu®>" emission in the
temperature range. The curves (c and d) display the dependen-
cies of the integrated emission intensity and lifetime on temp-
erature. The variations of the integrated intensity and lifetime
show similar tendencies, which further confirms the earlier
result.>’ According to the single-barrier-quenching model, the
thermal quenching activation energy (E,) of Eu** luminescence
is estimated using eqn (6) and (7), respectively,*

Iy
I =17 To/Ty exp(—Eq /KT) ()
(1) CEk )

T 1+ Io/Tyexp( — Eo/kT)

where I(T) and #(T) are the integrated intensity and lumine-
scence lifetime at temperature 7, respectively, I, is the initial
integrated intensity, Iy is the thermal-quenching rate at 7' = oo,
I, is the reciprocal of the intrinsic lifetime of Eu**, and & is
the Boltzmann constant (8.62 x 107> eV K'). The fitting
results derived from the integrated intensity and lifetime are
listed in Table S1.} I, values are fitted as 1.73 x 10° and 1.76 x
10° s7%, respectively, corresponding to the intrinsic lifetimes of
578 ns and 568 ns, which is consistent with the data (572 ns)
obtained from the decay curve at 78 K. Besides, the thermal
quenching activation energy (E,) values were evaluated to be
0.226 and 0.252 eV, respectively. So the mean E, value was cal-
culated to be 0.239 + 0.013 eV.

The thermal quenching mechanism of Eu** luminescence
in Sr,MgSi,0, can be understood with the help of this acti-
vation energy (E,). The luminescence thermal quenching of
4f-5d transitions is thought to be the consequence of one of
the following three mechanisms or their combinations:** (1)
crossover relaxation (CR) caused by electron-phonon coupling,
(2) thermally activated concentration quenching, and (3)
thermal ionization of 5d electrons into the conduction band.

Firstly, the 4f~5d CR mechanism can be excluded from the
present case. The energy barrier for the CR channel (Eg) has
been estimated to be about 2.14 eV using the first-principles
study.’* Such a large difference between the values of Eg4 (2.14
eV) and E, (0.239 + 0.013 eV) strongly negates the possibility of
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Fig. 6 (a) The intensity normalized emission spectra (1ex = 355 nm) and (b) normalized luminescence decay curves (lex = 340 Nm, Aem = 470 nm) of
the Sr1.999EU0.001MgSi>O; sample in the temperature range of 78—-450 K. The inset in plot b shows the details of the decay curve at 400 K and 450 K.
The dependencies of the integrated emission intensity (c) and lifetime (d) on temperature and the fitting curves using eqn (6) and (7).

CR as the channel for the luminescence thermal quenching of
Eu®" in Sr,MgSi,0,. Besides, we assume that the thermally
activated concentration quenching is also not the dominant
channel for the thermal quenching of Eu** luminescence, due
to the small overlap between the excitation and emission
bands as shown in Fig. 5. Accordingly, the thermal ionization
of 5d electrons in the conduction band should play an impor-
tant role in the thermal quenching of Eu** luminescence pro-
cesses. The VRBE scheme shown in Fig. 4 can illustrate the
rationality of this viewpoint. The energy barrier between the
lowest 5d of Eu”" and the conduction band minimum (Eq.) is a
vital parameter for thermal ionization processes. It can be
found that there is only a small difference between Eq4. (about
—0.14 eV) read from the VRBE scheme in Fig. 4 and the above-
mentioned E, value (0.239 + 0.013 €V). This smaller Eq4. value
may be related to the introduction of errors in the processes of
measuring luminescence and building the VRBE scheme.?”
Besides, the measurement of luminescence and the fitting of
the activation energy may also result in some errors. These
factors are responsible for the discrepancies between the two
estimates. Although there is a difference between the E4. and

This journal is © The Royal Society of Chemistry 2022

E, values, the VRBE scheme in Fig. 4 gives us a crucial indi-
cation that the lowest 5d of Eu®" is close to the conduction
band minimum. It is reasonable that thermal ionization is
considered to be the most likely major mechanism for thermal
quenching of Eu”** luminescence in our case.

3.5. Energy transfer dynamics of Ce*" and Eu”" in
Sr,MgSi, 0,

The discussions in sections 3.2 and 3.3 manifest the spectral
overlap between the excitation bands of Ce** and the emission
bands of Eu®", implying that Ce*" ions can serve as a possible
sensitizer to the luminescence of Eu®>" ions through energy
transfer. To verify the ET from Ce®* to Eu®", the luminescence
properties of a series of Ce’” and Eu®" co-doped samples
Sr1.90_xCe0.005s EUxNag 00sMgSi, 05 (x = 0, 0.001, 0.005, 0.01) with
a fixed Ce’" concentration were measured and are shown in
Fig. 7. With the increase of the Eu** concentration, the emis-
sion intensities of Ce*" drop sharply and the decay curves of
Ce®* gradually deviate from the exponential, implying the
appearance of energy transfer from Ce®*" to Eu®". To further
study the energy transfer dynamics from Ce*" to Eu®, the
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Fig.7 (a) The emission spectra (lex = 273 nm) of the samples
srl_gg_xceo_005EUXN30_005MgSi207 (x = 0, 0.001, 0.005, 0.01) and (b)
luminescence decay curves (lex = 310 NM, lem = 370 nm) of the samples
sl’l_gg,xceo_005EUXNao_005Mgsi207 (x = 0.001, 0.005, 0.01) at RT and the
fitting result using the Inokuti—Hirayama (IH) model (S = 6).

decay curve of the sample Sry.959Ce€0.005EU0.001Na0.00sMgSi»O-
is fitted by three models as follows.

First, we only consider the energy transfer between the
donor Ce** and the acceptor Eu** when energy migration
between the donor Ce*" ions does not exist, and the decay
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Fig. 8 The luminescence decay curve (lex = 310 nm, Aem = 370 nm) of
the Srl_gggceo_oosEUO_001N30_005MgSi207 Sample at RT and the corres-
ponding fitting curves using the Inokuti—Hirayama model (S = 6, 8, 10),
Yokota—Tanimoto model (S = 6) and Burshtein model (S = 6).

ship 7o = Rﬁ/cfgﬁ, which implies that the energy transfer from
Ce®* to Eu”" is effective.

In addition, the energy migration between the donor Ce*" is
analyzed and carefully excluded. When the distance between
adjacent Ce®* ions is shorter than that between the Ce*" and
Eu®" ions, a slow energy migration may come up between Ce**
and the luminescence of donor Ce** can be described using
the Yokota-Tanimoto (YT) model (diffusion model),*”

5-3
t an 3 3 (1410.866X + 15.500X>) 52
I(t) =I(0 —|— ) ——=Cal'{ 1 —= | (Cpal)s 9
(t) = 1(0) exp (ro) 3 A ( s)(DA) X( 1+8743X ) ©)
curve behavior can be described with the Inokuti-Hirayama
(IH) model listed below,>® .
_2 -2
X=DXCpSxts (10)
t 4n 3 33
= (=) == _2 55 s-2
I(t) =1(0) exp[ <TO) 3 CAF(l S) (Cpa) t} (8) Con anCy\'5
D=—"2_x (11)
2(S —5) 3

where 1(0) and I(¢) are the initial luminescence intensity and
the emission intensity of Ce®" at time ¢, respectively; 7, is the
intrinsic luminescence lifetime of the donor Ce** (27.2 ns); C,
is the concentration of the acceptor Eu®" (6.067 x 10°* m™>);
Cpa is the energy transfer microparameter; I'(1 — 3/S) is a
gamma function; S is the multipolar effect parameter and its
values are 6, 8 and 10, corresponding to the dominant mecha-
nism being electric dipole-dipole, electric dipole-quadrupole
or electric quadrupole-quadrupole interactions, respectively.
To identify the main mechanism of multipolar interaction, the
decay curve of the sample Sry.959Ce€0.005EU0.001Na0.00sMgSi»0O-
is fitted using the Inokuti-Hirayama model with different S
values, and the results are shown in Fig. 8 and Table S2.1 The
best fitting result (R> = 0.998) is obtained when § = 6,
suggesting that the main mechanism of energy transfer
between Ce** and Eu®" is the electric dipole-dipole interaction.
The Cpa value was estimated to be 2.89 x 10™*° m® s~ and the
critical distance R. was found to be 20.7 A using the relation-
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where D is the diffusion parameter, Cpp is the energy
migration parameter, Cp is the concentration of donor Ce**
(3.034 x 10> m™?) and other symbols have the same meaning
as above. The fitting result is also displayed in Fig. 8 and
Table S2.f Cpa was fitted to be 2.35 x 107*° m® s~ while
Cpp was 1.03 x 107** m® s~ This result does not meet the
constraint of the Yokota-Tanimoto model that Cpp < Cpa,
which reveals that the slow energy migration between Ce*" is
invalid.

Finally, the Burshtein model (hopping model) is applied to

estimate the fast energy migration between Ce**,**

1(t) = 1(0) exp {f <i) _er (1 - %) (Cont)s — Wt} (12)

To 3

5
21\ 2 1
where W:n(%[) C%(CpaCpp)? and other symbols are the

same as those mentioned above. The fitting result is presented
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in Fig. 8 and Table S2,f but Cp, and Cpp failed to satisfy the
validity rule of the Burshtein model (Cpp > Cp,). Therefore, a
conclusion can be drawn that the energy transfer between Ce**
and Eu®" is mainly governed by the electric dipole-dipole
interaction in the sample Sry 950Ce€0.005EU0.001N20.00sMgSi»O-
and the influence of energy migration between Ce®" in a fast or
slow mode is negligible. Besides, when the concentration of
Eu®" is further increased to x = 0.005 and 0.01 in the
Sry.99-xCeo.005EWNag 00sMgSi, 0, samples, the luminescence
decay curves of Ce** are also well described using the Inokuti-
Hirayama model, as shown in Fig. 7(b).

3.6. X-ray radioluminescence of Ce** and Eu** in Sr,MgSi,0,

Fig. 9 shows the X-ray excited luminescence spectra of the
Sr1.994Ce€0.003Na0.003MgSi, 07 and Sry g97EU 003MgSi, 07 samples
at RT. To estimate the absolute light yield under X-ray exci-
tation of these samples, a BaF, crystal is measured under the
same experimental conditions."”®> The BaF, crystal presents
typical self-trapped exciton emission with two bands with their
maxima at ~300 and 220 nm, respectively, and its integrated
intensity is specified as 8.80 x 10°> ph MeV ™",

The emission spectrum of the Eu”" doped sample under
X-ray excitation is in good agreement with that under
VUV-UV excitation, and a series of extremely weak sharp
peaks in the range of 550-750 nm are due to incomplete
reduction of Eu®" ions, but the XEL spectrum of the Ce*"
doped sample is somewhat different from the photo-
luminescence (PL) spectrum. An additional emission band
above 400 nm with a peak at about 450 nm appears in the
XEL spectrum but it is not observed in the PL spectrum. This
additional band may be related to the emission of Ce®" in
impurities not detected by XRD or defects under high-energy
X-ray excitation. Its integrated intensity was evaluated to be
about 49.2% of the total emission by fitting the XEL
spectrum of Ce*' with a sum of three Gaussian functions
[Ce*" 5d-°F, (J = 5/2, 7/2) bands and the additional 450 nm
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Fig. 9 The XEL spectra of the samples Srig994Ce0.003Nao.003MgSi>O7,

Sr1.997EU0.003MgSi>O7 and crystal BaF, at RT, and the Gaussian fitting of
the XEL spectrum of Sr1_994Ce0_003Na0_003MgSi207.
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emission]. According to the measured light output value
of 2.81 x 10° ph MeV™!, the light yield of the
Sr1.994Ce€0.003N20.003MgSi,0; sample was estimated to be 1.47
x 10°> ph MeV™"' after subtracting the 450 nm emission,
and that of the Sr;.997EU0.003MgSi,O; sample was found to be
about 5.97 x 10°> ph MeV™'. The low light output implies
that these materials are not suitable X-ray detecting
phosphors.

4. Conclusions

This paper studies the 4f-5d transitions and the energy trans-
fer of Ce*" and Eu®" in Sr,MgSi,0, after the preparation of the
samples by a traditional high-temperature solid-state reaction
method. (1) The synchrotron radiation VUV-UV excitation spec-
trum of the sample Sty 995C€0.001Nag.001MgSi,O07 at 10 K reveals
that the five 4f-5d; (i = 1, 2, ..., 5) transitions of Ce*" in the C;
low-symmetry [SrOg] site of Sr,MgSi,O, are located at about
326, 269, 244, 217 and 200 nm, respectively, and the band
intensities can be explained using the vacuum referred
binding energy (VRBE) scheme. Typical doublet emission
bands of Ce®*" are found with their maxima at about 345 and
368 nm, and the luminescence decay time is about 27.2 ns.
The electron-vibrational interaction (EVI) analysis shows that
the Huang-Rhys factor (S) and the effective phonon energy
(hw) are S = 2.79 and hw = 350 cm™" for the 4f-5d transitions
of Ce*" in Sr,MgSi, 0, respectively. The measurements on the
luminescence decay behaviours show that concentration
quenching does not occur in Sr,_,,Ce,Na,MgSi,O, samples for
x values within 0.03, and the Sr; 995Ceg.001Nag.001MgSi,05
sample does not undergo thermal quenching below 500 K.
Comparison of the luminescence properties of Ce*" in a series
of host compounds Sr,MgSi,0;, Ba,MgSi,0, and BaMg,Si,O,
with similar compositions indicates that the crystal field split-
ting (CFS) of Ce®" 5d increases with the decrease of the site
size, while the 5d centroid energy of Ce®*" and the Stokes shift
are closely associated with the band gap. The third power of
the emission wavelength of Ce** in three compounds shows a
good linear relationship with the luminescence decay time,
which may be related to similar refractive indexes of these
pyro-silicates. (2) The 4f-5d excitation bands of Eu** covers the
200-450 nm range, the cyan emission peaks at about 470 nm
(2.64 €V) with a FWHM of around 1687 cm™" and the decay
time is approximately 572 ns. The thermal quenching acti-
vation energy of Eu®>" luminescence was estimated to be about
0.239 + 0.013 eV by the dependencies of the lifetime and inten-
sity on temperature. Accordingly, the thermal ionization
mechanism is thought to be the main thermal quenching
channel. (3) Systematic studies of the luminescence decay
curves with three luminescence dynamic models suggest that
the energy transfer from Ce®* to Eu®" is mainly through electric
dipole-dipole interactions and the energy migration between
Ce* in a fast or slow mode is negligible. (4) The low light
outputs of the Ce*" and Eu** doped materials under X-ray exci-
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tation suggest that phosphors are not suitable for X-ray
detection.
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