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In general, the reduction of Eu* to Eu* in solids needs an annealing process in a reducing atmosphere.
In this paper, it is of great interest and importance to find that the reduction of Eu®* to Eu®" can be
realized in a series of alkaline-earth metal aluminum silicates MAI,Si,Og (M = Ca, Sr, Ba) just in air
condition. The Eu?*-doped MAL,Si,Og (M = Ca, Sr, Ba) powder samples were prepared in air atmosphere
by Pechini-type sol-gel process. It was found that the strong band emissions of 4f°5d'-4f” from Eu®*
were observed at 417, 404 and 373nm in air-annealed CaAl,Si,Og, SrAl,Si,Og and BaAl,Si,Osg,
respectively, under ultraviolet excitation although the Eu* precursors were employed. In addition,
under low-voltage electron beam excitation, Eu?*-doped MAI,Si,Os also shows strong blue or ultraviolet
emission corresponding to 4f55d'-4f” transition. The reduction mechanism from Eu>* to Eu?* in these
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Cathodoluminescence
Reduction

compounds has been discussed in detail.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

It is well known that divalent europium ions (Eu?*) have been
widely used as activators in phosphor materials [1-6]. Much
attention has been paid to the luminescent properties of Eu?* ions
in various matrix compounds and the reduction processes of Eu**
to Eu?* in phosphor preparations [7-12]. The Eu?* ions show
broad emission bands ranging from ultraviolet (UV) to red
spectral region arising from interconfigurational 4f°5d'-4f’
allowed transition. This is strongly dependent on the crystal fields
of the host lattices since 5d orbitals are more sensitive to the
ligand field. Accordingly, the Eu?* becomes a very useful activator
in phosphors for applications in displays, lamps and luminescent
paintings [4]. In general, the reduction of Eu** to Eu?* in solids
needs an annealing process in a reducing atmosphere such as H,,
H,/N, mixture or CO. If the reduction of Eu®* to Eu?* can be
realized in air condition, it would greatly reduce the cost and
increase the safety in preparing of Eu®'-activated phosphor
materials. So far, the reduction of Eu** to Eu?* in air condition
has been realized only in a very limited compounds, such
as SI'B407 [3], Ba3(P04)2 [9], BaMgSlO4 [10], SI'4A114025 [11],
Zn0-B,03-P,05 glasses [12], and so on. As a result, it would be
very important to find other host compounds in which Eu®* can be
reduced to Eu?* in air condition (without reducing atmosphere).

Feldspars are naturally occurring aluminosilicates, constituting
one of the most groups of minerals found in the Earth’s crust. In
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alkaline-earth feldspars MAI,Si,Og (where M = Ca, Sr, Ba), the
framework structures are formed from an array of interlinked
corner-sharing SiO4 and AlO,4 tetrahedra, with Al charge-compen-
sating cations Ca, Sr, Ba occupying the large cavities within the
structure. These systems are underpinned by significant theore-
tical understanding, due to their commercial significance in the
electronics and chemical industries [13-15]. A solid solution
series of isostructural members with slightly different sized
cations as hosts [such as MAI,Si,Og (M = Ca, Sr, Ba)] would be
an ideal system to study the effect of crystal chemical variation on
the luminescence of Eu®* ions [14]. Moreover, it offers the
possibilities in finding the useful Eu?*-MAl,Si»Og phosphors for
commercial applications.

Pechini-type sol-gel process (PSG, also known and called as
polymerizable-complex technique), is well known and extensively
used for the design and synthesis of advanced functional and
engineering materials, including films, fibers, monoliths, and
powders of almost any shape, size, and chemical composition.
The PSG process reduces segregation of particular metal ions and
ensures compositional homogeneity [16]. This method can over-
come most of the difficulties and disadvantages that frequently
occur in solid-state method and the alkoxides based sol-gel
process. For instance, long calcination time, or multiple sintering
at high temperature may frequently occur in the solid-state
process; most of metal alkoxides suffer from high cost, unavail-
ability, toxicity, and fast hydrolysis rate during sol-gel process
[17]. In the past five years, we have extended the application of
the PSG process to the systematic synthesis of various kinds of
optical materials, including luminescent powders, thin films, core-
shell structured phosphors, and pigments [18-23].
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In this paper, a series of alkaline-earth metal aluminum
silicates MAI,Si,Og (M = Ca, Sr, Ba) samples were prepared by
PSG process. We have found that the reduction of Eu** to Eu?* can
well be realized in MAI,Si;Og (M = Ca, Sr, Ba) in air condition. The
resulted MAI,Si;Og:Eu phosphors show strong band emission
from 350 to 550 nm of Eu depending on the kind of alkaline-earth
metal in the compounds. The reduction mechanism and the
luminescent properties of MAI,Si,Og:Eu samples have been
discussed in detail.

2. Experimental section

Materials. The rare earth oxide Eu,05 (99.999%) was purchased
from Yuelong New Materials Co., Ltd., and other chemicals were
purchased from Beijing Chemical Corporation. All chemicals are of
analytical grade reagents and used directly without further
purification.

Preparation. The MAI,Si,0g:Eu (M = Ca, Sr, Ba) powder samples
were prepared by a PSG process [16]. Firstly, the Eu,03; was
dissolved in dilute HNO3 under stirring and heating, resulting in
the formation of a colorless solution of Eu(NOs)s. The doping
concentration of Eu was chosen as 2-14% (molar ratio) in
MAI,Si;0Og:Eu. In a typical procedure, stoichiometric amounts of
Ca(NO3 )2 -4H,0 [SI'(NO3)2 or Ba(N03)2 . 2H20], AI(NO3 )3 -9H,0,
Eu(NOs); and tetraethoxysilane Si(OC,Hs); were dissolved in a
water/ethanol (v/v = 2:1) solution under vigorous stirring. Then
certain amount of citric acid (citric acid/M?* = 2:1, molar ratio)
and polyethylene glycol (PEG, 10 000; 0.1 g/mL) were added into
the above solution. The resultant mixture was stirred for 3 h and
heated at 90°C in a water bath until homogeneous gels formed.
After being dried, the obtained gels were prefired at 500 °C for 3 h,
fully ground, and then annealed at 1400°C for 3h in air
atmosphere to produce the final samples.

Characterization. The X-ray diffraction (XRD) of powder
samples was examined on a Rigaku-Dmax 2500 diffractometer
using CuKa1 radiation (4 = 0.15405 nm). The photoluminescence
(PL) excitation and emission spectra were taken on an F-4500
spectrophotometer equipped with a 150 W xenon lamp as the
excitation source. Luminescence lifetimes were measured with a
Lecroy Wave Runner 6100 digital oscilloscope (1GHz) using
310nm lasers (pulse width =4ns) as the excitation source
(Continuum Sunlite OPO). Electron paramagnetic resonance
(EPR) spectra were taken on the JES-FE3AX electronic spin
resonance spectrophotometer. The cathodoluminescent (CL) mea-
surements were carried out in an ultra-high-vacuum chamber
(<10-8torr), where the samples were excited by an electron
beam at a voltage range of 1-3 kV with different filament currents,
and the spectra were recorded on an F-4500 spectrophotometer.
All the measurements were performed at room temperature.

3. Results and discussion

XRD. Fig. 1 shows the XRD patterns for the MAI,Si,Og:Eu
(M =Ca, Sr, Ba) samples annealing at 1400°C in air: (Q)
CaAl,Si,0g:Eu?*, (b) SrAlLSi»Og:Eu?*, and (c) BaAl,Si,Og:Eu?*,
respectively. All samples were obtained after annealing at
1400°C in air and with the initial europium concentration of
8 mol%. It is clear from Fig. 1 that all the diffraction peaks of three
europium-doped compounds can be readily indexed to the
corresponding standard data for triclinic phase of CaAl,Si,Og
(JCPDS 41-1486; space group: P1 No. 2), monoclinic phase of
SrAl,Si,Og (JCPDS 38-1454; space group: C2/m No. 12) and
hexagonal phase of BaAl,Si,Og (JCPDS 28-0124; space group: P3,
No. 147), respectively. No other impurities can be detected.
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Fig. 1. XRD patterns of CaAl,Si;Og:Eu®* (a), SrAl,Si,Og:Eu?* (b), BaAl,Si,Og:Eu®*
(c), and the standard datas of CaAl,Si,Og (JCPDS 41-1486), SrAl,Si,Og (JCPDS
38-1454), and BaAl,Si>Og (JCPDS 28-0124) as a reference. All samples were
obtained after annealing at 1400°C in air and with the initial europium
concentration equal to 8 mol%.

Essentially, the structures of alkaline-earth metal aluminum
silicates are based on an infinite three-dimensional silicon-
oxygen and aluminum-oxygen frameworks, which are formed
from interlinked corner-sharing AlO; and SiO, tetrahedra
[6,13-15]. The differences in crystal symmetries of the three
samples may be attributed to the difference in size of the alkaline-
earth metal ions around which the framework closes in [14]. In
MAI,Si,0g (M = Ca, Sr, Ba), half of the tetrahedral positions in the
framework are occupied by AI** and the other half by Si*#*. So that,
for every two AI**, one divalent Ca2*, Sr?*, or Ba%* is introduced to
neutralize the negative charge of the framework.
Photoluminescence properties. Although the precursor for euro-
pium was trivalent from Eu(NOs); and the samples were prepared
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by annealing at 1400°C in air condition, it seems that the
europium exists in divalent state in all the three compounds.
This can be confirmed directly by the photoluminescence
excitation and emission spectra of the samples. Parts a and b of
Fig. 2 show the excitation and emission spectra of CaAl,Si,Og:Eu?*
(red line), SrAl,Si»Og:Eu®* (blue line) and BaAl,Si>0g:Eu?* (black
line) samples with the initial europium concentration of 8 mol%,
respectively. For CaAl,Si»0g:8% Eu sample, the emission spectrum
consists of a strong broad band ranging from 375 to 550 nm with a
maximum at 417 nm, and the corresponding excitation spectrum
includes a broad band from 200 to 400 nm with a maximum at
324 nm with several shoulders at 275, 324, 350 nm (the shoulder
peaks are not obvious because the scale of ordinate in Fig. 2a is too
large). It can be concluded from the spectra that these band
spectral properties are the characteristic of Eu?* [8], but not the
Eu>". The excitation and emission spectra of Eu*>* generally consist
of sharp lines from 200 to 500nm and from 550 to 750 nm,
respectively, corresponding to the f-f transitions [24]. However, in
fact, a very weak emission of Eu*>* could be observed from the
enlarged emission spectra (not shown here). Therefore, it can be
seen clearly that most of the Eu®* has been reduced to Eu?* during
the annealing process, while a very small amount of Eu** also
exists. The intense broad band centered at 417nm can be
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Fig. 2. Excitation (a) and emission (b) spectra for CaAl,Si,Og:Eu®* (red line),
SrAlL,Si;Og:Eu?* (blue line), BaAl,Si;Og:Eu®* (black line) and commercial blue-
emitting phosphor BAM: Eu?*/Mn?* (green line). (for interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)

attributed to the typical 4f°5d' (tg)-4f" (8S;;2) transition of
Eu?*, and the excitation bands can be attributed to the transitions
from ground state of Eu®* (8S;;) to the different crystal field
splitting components of 4f55d' state. The same situation holds
for SrAl;Si>05:8% Eu and BaAl,Si»0g:8% Eu samples, as shown in
Fig. 2. The emission bands of SrAl,Si,0g:8% Eu and BaAl,Si,05:8%
Eu are located at 404 and 373 nm, and the corresponding peak
position of the excitation bands are 328 (strong), 273 nm (weak)
for the former and 244, 307 and 330 nm for the latter, respectively.
These excitation and emission spectra can effectively confirm the
reduction from Eu3* to Eu?* during the annealing process in air. As
a reference, the excitation and emission spectra of commercial
blue-emitting phosphor BaMgAl;¢017:Eu?*/Mn?* (BAM:Eu?*/Mn?")
is also shown in Fig. 2 (green line). Compared with BAM:
Eu?*/Mn?*, the present synthesized CaAl,Si,Og:Eu?* phosphor
shows relatively weaker emission intensity, the SrAl,Si,Og:Eu?*
phosphor almost has the same emission intensity, and
the BaAl,Si,Og:Eu?* exhibits much stronger emission intensity
(Fig. 2b). In addition, as can be seen in Fig. 2b, the main emission
peaks of the Eu?*-activated CaAl,Si»0sg, SrAl,Si,Og, and BaAl,Si>0g
shift gradually to shorter wavelength from 417 to 373 nm. This
blue shift behavior can be explained by the change of the crystal
field [1,6,14,25-27]. Because ionic radius (Ca®*, Sr?*, Ba%*) and
structure are very different, the crystal field intensity around Eu?*
in CaAl,Si»0g, SrAl,Si>Og, and BaAl,Si;Og decreases along with the
order of Ca, Sr, and Ba [1,2,26,27]. Therefore, the lowest 5d levels
of Eu?* in CaAlSi,0g:Eu?* and SrAl,Si»Og:Eu?* would become
lower than that of BaAl,Si,0g:Eu?*. The crystal field splitting of 5d
levels for Eu?*and the emission process are shown in Fig. 3.

The luminescence decay curves for CaAl,Si,Og:Eu?* (a),
SrAlL,Si»0g:Eu?* (b), and BaAl,Si»0g:Eu?* (c) are shown in Fig. 4.
All of the three samples can be fitted to a single-exponential
function as I(t) = A exp(—t/t) (where 7 is the lifetime) [28]. The
lifetimes for the emission of CaAlSi,Og:Eu?* (417 nm),
SrAlL,Si»Og:Eu?* (404nm) and BaAl,Si,Og:Eu?* (373nm) are
0.416 us (Fig. 4a), 0.496us (Fig. 4b) and 0.848 pus (Fig. 4c),
respectively. The Iluminescence decay behaviors and the
lifetimes for the samples are the characteristic of Eu?" ions
[1,28], which are in accordance with the photoluminescence
results. The reduction of Eu* to Eu?* in MAL,Si,Og (M = Ca, Sr, and
Ba) during the annealing process in air condition can be further
confirmed.

The difference between the electronic configuration of the Eu?*
ions and that of Eu®* ions exists: the Eu?* ions have paramagnetic
property (4f, S=7/2, L =0, J = 7/2), while the Eu®>* ions do not
have it (4%, S=3, L =3, J=0) [6,29,30]. In order to get definite
proof for the presence of Eu?" ions, EPR analysis was performed
on Eu-doped CaAl,Si,0g, SrAl,Si;Og, and BaAl,Si;Og, respectively.
Fig. 5 shows the EPR spectra of CaAl,Si,Os:Eu®* (red line),
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Fig. 3. Schematic diagram for Eu?* energy levels in CaAl,Si,Og, SrAlLSi,Og, and
BaAl,Si; 05 crystal fields.
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Fig. 4. The decay curves for the luminescence of sol-gel-derived CaAl,Si,Og:Eu®*
(a), SrAl,Si,0g:Eu?* (b), BaAl,Si,0g:Eu?* (c) samples with the initial europium
concentration equal to 8 mol%.

SrAl,Si»0g:Eu?* (blue line), and BaAl,Si,Og:Eu?* (black line)
samples. In EPR spectra, pronounced features (effective g-values
of 3.3 for CaAl,Si,Os:Eu?*, 2.6 for SrAl,Si,Og:Eu?*, and 1.7 for
BaAl,Si,Og:Eu?*, respectively) are observed. So we can confirm
that the reduction of Eu3* to Eu?" indeed took place in the as-
prepared MAI,Si;O0g:Eu samples during the preparation in air at
high temperature.
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Fig. 5. The EPR spectra for PEG-derived CaAl,Si;Og:Eu* (a), SrAl,Si;Og:Eu?* (b),
and BaAl,Si»0g:Eu?* (c).
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Fig. 6. The emission intensity of sol-gel-derived SrAl,Si,Og:Eu®* as a function of
initial europium doping concentration (molar ratio).

To understand and optimize the luminescent properties of
MAI,Si;0g:Eu luminescent materials, the experiments of different
doping concentration of Eu were performed on SrAl,Si,Og:Eu?* as
representative of MAI,Si,Og:Eu. It is found that the PL intensities
for the emission spectra clearly vary with the change of Eu-doping
concentration, as shown in Fig. 6. The critical doping
concentration of Eu was experimentally studied to optimize the
photoluminescence of the SrAl,Si»Og:Eu?* phosphors. It indicates
that the PL intensity of the phosphor is strongly influenced by the
activator concentration [20,31,32]. The PL intensity first increases
with increasing activator concentration, reaching a maximum
value at 8%, then decreases quickly with further increasing the
doping concentration (Fig. 6). This result can be attributed to the
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concentration quenching of activator ions. Thus, the optimum
Eu-doping concentration is about 8% for obtaining the strongest
PL emission intensity. Moreover, we take the SrAl,Si,0g:8% Eu
sample as a example to investigate the influence of annealing
temperature. It can be found that the all the diffraction peaks
agree well with the monoclinic phase of SrAl,Si,Os when the
samples were annealed at 1400 °C or higher. When the annealing
temperature was at 1300 °C, however, some minor impurity peaks
appear in the range of 30-35°, which can be attributed to the
unreacted component at low temperature. Moreover, the exitation
and emission spectra of the samples are very similar when
annealed at different temperature. So we choose the annealing
temperature is 1400 °C for other samples.

Cathodoluminescence properties. Under low-voltage electron
beam excitation, the sol-gel-derived CaAl,Si,Og:Eu?*, SrAl,.
Si»0g:Eu?*, and BaAl,Si>0g:Eu?* samples exhibit strong blue and
ultraviolet emission, respectively. The typical cathodolumines-
cence (CL) emission spectra of MAI,Si»0g:8% Eu phosphors under
the excitation of electron beams (accelerating voltage = 2.5kV;
filament current = 98 mA) are shown in Fig. 7. The CL emission
spectra are similar to the corresponding PL emission spectra
(Fig. 2b) except for a little red shift of each peak. The red shift may
be caused by the different excitation mechanisms [33,34]. As
representative of MAI,Si,0g:Eu (M = Ca, Sr, Ba), the CL emission
intensities for CaAl,Si,05:8% Eu phosphor has been investigated
as a function of the accelerating voltage and the filament current,
as shown in Fig. 8a and b, respectively. When the filament current
is fixed at 98 mA, the CL intensity increases with raising the
accelerating voltage from 1 to 3kV (Fig. 8a). Similarly, under a
3 kV electron beam excitation, the CL intensity also increases with
increasing the filament current from 89 to 101 mA (Fig. 8b). For
cathodoluminescence, the Eu?" ions are excited by the plasma
produced by the incident electrons. The electron penetration
depth can be estimated by

L[A] = 250(A/p)(E/Z' )" (1)

where n = 1.2/(1-0.291og10Z), A is the atomic or molecular
weight of the material, p is the bulk density, Z is the atomic
number or the number of electrons per molecule in the case
compounds, and E is the accelerating voltage (kV) [35]. With the
increase of accelerating voltage, more plasma will be produced by
the incident electrons, resulting in more Eu?* being excited and
higher CL intensity. The increase in electron energy is attributed to
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Fig. 7. Typical cathodoluminescence spectra of CaAl,Si,Og:Eu®* (red line),
SrAl,Si;Og:Eu?* (blue line), and BaAl,Si,0s:Eu?* (black line). (for interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 8. The cathodoluminescence intensities of CaAl,Si,Og:Eu?* as a function of
accelerating voltage (a) and filament current (b).

deeper penetration of electron into the phosphor body which is
governed by Eq. (1). The deeper penetration of electrons in the
phosphor body results in an increase in electron-solid interaction
volume in which excitation of Eu?* ions is responsible for the light
emission [36]. The similar situation holds for SrAl,Si;0g:8% Eu
and BaAl,Si»05:8% Eu, respectively. Due to the strong low-voltage
CL intensity of MAL,Si,0g:Eu (M = Ca?*, Sr?*, and Ba®") phosphors,
they are thought to fit into field emission display devices.
Possible reduction mechanisms. When Eu?* ions are incorpo-
rated into the crystal structures of CaAl;Si;Og, SrAl,Si;Og, or
BaAl,Si,Os, Eu?* ions may substitute at all cationic site Ca®*
(Sr?* or Ba?"), AI**, and Si**. However, considering their respective
ionic radii and allowed oxygen-coordination number, it is difficult
for Eu?* ions to substitute for AI>* or Si** ions [37]. Therefore, it is
clear and reasonable that Eu?* ions substitute for only Ca®* ions in
CaAl,Si,0g, Sr?* ions in SrAlL,Si,Og, or Ba?* ions in BaAl,Si»Os.
The reduction of Eu®* to Eu?* in MAL,Si,Os:Eu in air condition
can be explained with the model of the charge compensation
mechanism [3,10-12]. As trivalent Eu®* ions are doped into
MAISi»0g, they replace M** ions. In order to maintain charge
balance, two Eu>* ions are needed to substitute for three M?* ions.
Hence, one vacancy defect V¢, (V’s; or V'g,) with two negative
charges and two positive defects of Euc, (Eus, or Eug, ) will be
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Fig. 9. The structures of aluminosilicate phosphors: (a) CaAl,Si;Og:Eu, (b)
SrAl,Si;0g:Eu, and (c) BaAl,Si,Og:Eu.

created by each substitution of every two Eu3* ions in the
compounds. The vacancy of V'c, (V’s; or V'g,) then acts as the
donor of electrons, while the two Eucs (Eug, or Eug, ) defects
become acceptor of electrons. Consequently, by thermal stimula-
tion, the negative charges in vacancy defects of V', (Vs or V'g,)
will be transferred to Eu3* sites and reduce Eu** to Eu?'. The
whole process could be presented in the following equations:

3Ca**(Sr** or Ba®*) + 2Eu*t = V{, (V¢ or Vi)

+ 2Eug, (Eug, or Eug, ) (2)
V& (Ve or Vi) = Vea(Vse or Vi) + 2e (3)
2Euc, (Eu, or Eug, ) + 2e = 2Euc,(Eus; or Eug,) (4)

In addition, the crystal structures of aluminosilicate phosphors
also play a role of shield for Eu?* against from oxidation during the
annealing process. Fig. 9 shows the crystal structures of triclinic
CaAl,Si;0g:Eu (a), monoclinic SrAl,Si,Og:Eu (b), and hexagonal
BaAl,Si;Og:Eu (c). Structurally, the framework of alkaline-earth
metal aluminum silicates are formed from interlinked O-sharing
AlO4 and SiO,4 tetrahedra, with Al charge-compensating cations
Ca?*, Sr?*, or Ba?* occupying the large cavities available within the
structure [6,13-15]. Since these reduced Eu?* ions are located in
the cavities of the three-dimensional network structure, they will
be efficiently shielded from the influence of oxygen in ambient
atmosphere. So the three compounds CaAl,Si,0g, SrAl,Si;Og, and
BaAl,Si;Og can stabilize divalent europium ions.

4. Conclusions

In summary, the reduction process of Eu* to Eu®>* has been
successfully observed in CaAl;Si>0g, SrAl,Si;Og, and BaAl,Si>Og
samples prepared in air. It would greatly reduce the cost and
increase the safety in preparing of Eu?*-activated phosphor
materials. The reduction process of Eu* to Eu?* can be explained
with the charge compensation model. The structures of three-
dimensional networks composed by AlO4 and SiO4 tetrahedra are
possible for occurrence of the reduction (Eu*—Eu?") when
samples were prepared in air at high temperature. Under the UV
excitation, Eu?*-activated CaAl,Si,Og and SrAl,Si,Og samples show
strong blue emission centered at 417 and 404 nm, respectively, and
the emission of Eu?*-activated BaAl,Si,Og occurs in the ultraviolet

region with a strong and narrow band centered at 373 nm.
Similarly, under low-voltage electron beam excitation, the as-
obtained MALSi,Og:Eu (M = Ca?*, Sr?*, Ba®") samples exhibit
strong blue and ultraviolet emission, respectively. Due to the
excellent photoluminescence and cathodoluminescence perfor-
mances, the CaAl,Si,Og:Eu?*, SrAl,Si,Og:Eu?*, and BaAl,Si,0g:Eu?*
phosphors have potential for applications in light emitting diodes
(LEDs), laser, and field emission displays (FEDs) devices.
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