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a b s t r a c t

Cathodoluminescence was studied on well crystallized Ce-doped Gd2SiO5 (GSO:Ce) and Gd9.33(SiO4)6O2

(GSAP:Ce) prepared by calcining the hydrolyzed alkoxides at 1573 K because GSO:Ce is easily contami-
nated with GSAP:Ce impurity in solid state reaction. The luminescence efficiency of GSO:Ce was much
ccepted 17 September 2010
vailable online 25 September 2010

eywords:
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recipitation

higher than that of GSAP:Ce, and Stokes shift of the former was smaller than that of the latter, due to the
crystal structural difference between the compounds in Gd2O3 and SiO2 binary chemical composition.
The luminescence of GSO:Ce degraded much less than that of GSAP:Ce under the continuous electron
irradiation (CL degradation). The CL degradation was related to the formation of the carbon overlayer on
the phosphor particles from the vacuum ambient during the irradiation in the present manuscript. The
amount of the deposited carbon was influenced by the luminescence efficiency.
rystal structure

uminescence

. Introduction

Oxide phosphor materials have attracted attention in the new
pplications such as plasma display panels (PDPs) and white light
mitting diodes (wLEDs) because of the high stabilities [1,2]. The
eld emission displays (FEDs) application also requires phosphors
o have the high stability during continuous electron beam irradi-
tion [3]. Many works on the degradation mechanism under the
ontinuous electron beam irradiation (CL degradation) have been
eported on sulfide and oxide phosphor materials [4–12].

Recently, much attention has been focused on oxide phosphors
ecause of the higher stability. Coetsee et al. reported the CL degra-
ation of Ce-doped Y2SiO5 (YSO:Ce) particles under the continuous
lectron beam irradiation with high current density at 10−5 Pa
xygen pressure [9–11]. X-ray photoelectron spectroscopy (XPS)
howed the formation of silicon dioxide, CeO2 and CeH3 layer

esponsible for the CL degradation. Kim et al. reported that Pr-
oped SrTiO3 (STO:Pr) particles degrade even under the low current
ensity electron irradiation at the total vacuum level of 10−6 Pa
12]. Auger electron spectroscopy (AES) showed that the carbon

∗ Corresponding author at: Tsukuba Research Laboratory, Hitachi Chemical Co.,
td., 48, Wadai, Tsukuba, Ibaraki 300-4247, Japan. Tel.: +81 29 864 4399;
ax: +81 29 877 1306.

E-mail address: hiro-yokota@hitachi-chem.co.jp (H. Yokota).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.09.094
© 2010 Elsevier B.V. All rights reserved.

overlayer was formed on the phosphor surface during the electron
beam irradiation. Carbon species must be derived from the vacuum
ambient of the apparatus. The excitation energy of electron is partly
wasted in excitation of the crystal lattice vibration to form the new
surface layer or to deposit carbon on the crystal surface from the
residual organic vapor in the vacuum. However, there have been no
studies concerning the degradation properties related to the crystal
structure of phosphor materials, to the best of our knowledge.

The silicates of rare earth such as YSO and GSO have been widely
investigated for the optical applications, because of the inherent
stabilities [13–23]. GSO:Ce has been especially used as the sin-
gle crystal scintillator having high resistance against the radiation
[14,15]. Consequently, GSO:Ce is also expected as the phosphor
having high stability against electron beam irradiation, because
the mechanism of the cathodoluminescence is almost the same as
that of the scintillation. Although synthesis and photoluminescence
properties have been reported on GSO polycrystalline phosphor
[16–19], there have been no studies about the CL degradation. The
growth of the single crystal of GSAP:Ce having similar chemical
composition to GSO:Ce has also been reported for the scintillator
application [20]. Synthesis and luminescence properties have also

been reported on GSAP polycrystalline phosphors [21]. However,
there have also been no studies about the CL degradation. Polycrys-
talline GSO is easily contaminated with GSAP impurity because they
are neighboring compounds in Gd2O3–SiO2 binary phase diagram.
The GSAP:Ce impurity may affect the CL degradation of GSO:Ce.

dx.doi.org/10.1016/j.jallcom.2010.09.094
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:hiro-yokota@hitachi-chem.co.jp
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Table 1a
Unit cell parameters and bond distances of GSO:Ce in monoclinic P21/c (No. 14).
The analysis reliabilities RI = 1.8%, and the goodness-of-fit indicators S (Rwp/Re) = 1.6.
They are compared with literature values for Gd2SiO5 [22].

GSO:Ce Gd2SiO5 (Ref. [22])

Unit cell parameters
a (nm) 0.9121(0) 0.9131(7)
b (nm) 0.7089(0) 0.7045(6)
c (nm) 0.6738(0) 0.6749(5)
ˇ (◦) 107.66(0) 107.52(7)
V (nm3) 0.415(0) 0.414(1)

Main bond distances (10−1 nm)
Gd1-O1 2.52(2) 2.510
Gd1-O1 2.34(2) 2.276
Gd1-O2 2.37(2) 2.343
Gd1-O2 2.41(3) 2.492
Gd1-O2 2.53(2) 2.559
Gd1-O4 2.56(2) 2.415
Gd1-O4 2.81(2) 2.684
Gd1-O4 2.85(2) 2.768
Gd1-O5 2.36(2) 2.355
Gd2-O1 2.44(2) 2.283
Gd2-O3 2.41(2) 2.383
Gd2-O3 2.48(3) 2.502
Gd2-O3 2.57(2) 2.537
Gd2-O5 2.26(2) 2.294
Gd2-O5 2.30(2) 2.303
Gd2-O5 2.36(3) 2.305
Si-O1 1.66(3) 1.670
Si-O2 1.60(3) 1.631
Si-O3 1.60(3) 1.631
Si-O4 1.58(3) 1.598
Fig. 1. Schematic drawings of unit cell for (a) Gd2SiO5 and (b) Gd9.33(SiO4)6O2.

GSO has a monoclinic lattice with the space group P21/c (No. 14)
24]. As shown in Fig. 1a, the crystal structure consists of isolated
SiO4) tetrahedra, free oxygens, and two crystallographically inde-
endent Gd atoms (Gd1 and Gd2). The Gd1 site has a coordination
umber (CN) of 9, with eight oxygens bonded to silicon and one free
xygen. The Gd2 site has a CN of 7, with four oxygens bonded to
ilicon and three free oxygens. Both sites are in C1 symmetry. GSAP
as a hexagonal lattice with the space group P63/m (No. 176) [24].
here are also two kinds of sites, Gd1 (CN = 9) and Gd2 (CN = 7).
d1 sites have C3 symmetry, with all oxygens bonded to silicon.
d2 sites have Cs symmetry, with six oxygens bonded to silicon
nd one free oxygen (Fig. 1b).

In this research, the polycrystalline phosphor particles of
SO:Ce and GSAP:Ce were prepared by the hydrolysis of alkoxide,
nd their crystal structure was refined by Rietveld method. The
uminescence and the CL degradation were studied in relation to
he crystal structure.

. Experimental
The precursors of GSO:Ce and GSAP:Ce were prepared by the hydrolysis of the
toichiometrically mixed solution of Gd(NO3)3, Ce(NO3)3 and Si(OC2H5)4 (TEOS)
n 4% aqueous ammonia. The adding rate of the solution into the ammonia was
.1 cm3/s. The amount of the doped Ce was 0.5 at.% of the total rare earth. The
eagents were purchased from Wako Chemicals, and the purity was 99.99%. The
recipitants were separated from the solution by the centrifugation, and dried at
Average distances (10−1 nm)
Gd1-O 2.545 2.489
Gd2-O 2.404 2.390

423 K. The phosphorous particles of GSO:Ce and GSAP:Ce were finally obtained by
calcining each precursor at 1573 K under 0.5% H2/N2 reductive atmosphere to avoid
the oxidation of Ce3+ [22].

Powder X-ray diffraction (XRD) was measured by using X-ray diffractometer
(Mac Science, MXP18) at 40 kV and 250 mA with monochromatized CuK� radiation.
The data in 2� = 10–110◦ were collected with the step scan of 0.05◦ (2�) and the
dwell time of 8 s at 293 K. The sample was mixed with cellulose resin to eliminate
the preferred orientation [23]. Powdered Si (NIST 640c) was used as the external
standard for the calibration. Lattice constants were refined by the Rietveld refine-
ment program (RIETAN-2000) [25]. The pseudo-Voigt function was adopted as the
symmetric profile shape function in the Rietveld refinement.

Photoluminescence (PL), excitation (PLE) spectra, and internal quantum effi-
ciencies were measured with a fluorescence spectrometer (Hitachi, F-4500).
Cathodoluminescence (CL) degradation was evaluated by the intensity change under
the continuous electron beam irradiation. The condition was 25 kV, 50 �A in the area
of 5 mm × 5 mm (200 �A/cm2 of current density). The test piece for the CL measure-
ment (CL substrate) was mounted in a vacuum chamber of 10−6 to 10−7 Pa. The
CL substrates were prepared by the conventional sedimentation method [26]. The
CL intensity was monitored by the Si photodetector in the chamber. The species of
the outgas during the electron beam irradiation were monitored by the quadrupole
mass spectrometer (ULVAC, BGM-102).

3. Results and discussion

3.1. Crystal structure

The GSO:Ce product crystallized as Gd2SiO5 (JCPDS # 40-287)
with a very small amount of the impurity of Gd9.33(SiO4)6O2
(JCPDS # 38-283) from the stoichiometric mixture of rare earth
(RE2O3) and TEOS (SiO2) as shown in Fig. 2a. On the contrary,
the pure GSAP:Ce product of Gd9.33(SiO4)6O2 depicted in Fig. 2b
was obtained from the mixture of RE2O3/SiO2 = 1/1.3. The differ-
ence in compositions between the starting mixtures and that of the

obtained products had been attributed to the difference in the iso-
electric point in hydrolysis to obtain RE2O3 and SiO2 raw materials
[27].

Lattice constants and representative bond distances obtained
by Rietveld analysis were summarized in Table 1. The refine-
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Table 1b
Unit cell parameters and bond distances of GSAP:Ce in hexagonal P63/m (No. 176).
The analysis reliabilities RI = 2.4%, and the goodness-of-fit indicators S (Rwp/Re) = 1.5.
They are compared with literature values for Gd9.33(SiO4)6O2 [22].

GSAP:Ce Gd9.33(SiO4)6O2 (Ref. [22])

Unit cell parameters
a (nm) 0.9441(0) 0.9431
c (nm) 0.6861(0) 0.6873
V (nm3) 0.530(0) 0.529

Main bond distances (10−1 nm)
Gd1-O1 2.408(2) 2.364
Gd1-O1 2.408(2) 2.364
Gd1-O1 2.408(2) 2.364
Gd1-O2 2.486(2) 2.437
Gd1-O2 2.486(2) 2.437
Gd1-O2 2.486(2) 2.437
Gd1-O3 2.787(2) 2.784
Gd1-O3 2.787(2) 2.784
Gd1-O3 2.787(2) 2.784
Gd2-O1 2.625(2) 2.683
Gd2-O2 2.360(2) 2.395
Gd2-O3 2.384(2) 2.294
Gd2-O3 2.384(2) 2.294
Gd2-O3 2.496(2) 2.485
Gd2-O3 2.496(2) 2.485
02 H. Yokota et al. / Journal of Alloys

ents were well converged on the product without cerium. Lattice
onstants and the most of the Gd–O distances for GSO:Ce and
SAP:Ce were slightly larger than those reported for Gd2SiO5 and
d9.33(SiO4)6O2 without cerium [24], owing to the larger ionic

adius of doped Ce3+ comparing with Gd3+. Both GSO:Ce and
SAP:Ce have two independent gadolinium sites (Gd1 and Gd2)
ith CN’s of 9 and 7, as shown in Fig. 1. The average distances of
d–O around Gd1 and Gd2 of GSO:Ce are 0.2545 nm and 0.2404 nm,

espectively, as summarized in Table 1a. The corresponding values
f GSAP:Ce are 0.2560 nm and 0.2426 nm, as shown in Table 1b.
he values in GSO:Ce are shorter than those in GSAP:Ce. The Ce
ons are more strongly coordinated with oxide ions in GSO:Ce than
n GSAP:Ce. The coordination around Ce is important in a relaxation
f the absorbed photon energy.

.2. Luminescence properties

GSO:Ce showed the excitation (EX) and emission maxima (EM)
t around 344 nm and 432 nm, respectively, as shown in Fig. 3.
SAP:Ce had EX at 287 nm and EM at 392 nm, and the wavelength
as shorter than that of GSO:Ce. The excitation and emission inten-
ity of GSO:Ce were much higher than that of GSAP:Ce. Table 2
ummarizes the values of the Stokes shift and the internal quantum
fficiency. The Stokes shift was estimated from the energy differ-
nce between EX and EM [28]. The internal quantum efficiency of
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Fig. 2. XRD patterns of (a) GSO:Ce and (b) GSAP:Ce products.

Gd2-O4 2.235(2) 2.232
Si-O1 1.62(2) 1.620
Si-O2 1.60(2) 1.634
Si-O3 1.66(2) 1.659
Si-O3 1.66(2) 1.659

Average bond distance (10−1 nm)
Gd1-O 2.560 2.528
Gd2-O 2.426 2.410
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Fig. 3. PL (solid lines) and PLE (doted lines) spectra of (a) GSO:Ce and (b) GSAP:Ce
products.

GSO:Ce was much higher than that of GSAP:Ce. And additionally,
GSO:Ce had a smaller Stokes shift than GSAP:Ce. These differences

can be related to the crystal structural difference, especially the
coordination around RE sites. The average Gd–O bond distance was
shorter in GSO:Ce than GSAP:Ce as shown in Table 1. The smaller
bond distances suggests the crystal field around Ce3+ of GSO:Ce is

Table 2
Stokes shift and internal quantum efficiency of GSO:Ce and GSAP:Ce.

Stokes shift (cm−1) Internal quantum
efficiency (%)

GSO:Ce 5922 56.3
GSAP:Ce 9455 11.9
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Table 3
Calculated heat capacity and temperature of CL substrate for GSO:Ce and GSAP:Ce
during electron irradiation.

Heat
capacity

Heat
capacity

Calculated
temperature on CL
Irradiation time (min)

ig. 4. CL degradation of (a) GSO:Ce and (b) GSAP:Ce products during electron beam
rradiation duration.

uch stronger than those of GSAP:Ce. The luminescence of Ce3+ is
aused by the electron transition from 5d to 4f, being affected by
he crystal field [29]. Generally speaking, the Stokes shift decreases
nd the quantum efficiency in luminescence increases with the
ncreasing crystal field strength [28,30].

The CL relative intensity was degraded by the continuous elec-
ron beam irradiation. The amount of the degradation of GSO:Ce
as much less than that of GSAP:Ce as depicted in Fig. 4. The main

pecies of outgas during the irradiation were H2, CO and CO2 as
hown in Fig. 5. The amount of outgas was much less in GSO:Ce
han GSAP:Ce. It suggests that GSO:Ce was degraded much less
han GSAP:Ce in the irradiation depositing less carbon on the sur-
ace from organic materials. The surface darkening observed after
he irradiation was less significant on GSO:Ce than GSAP:Ce. Kim
t al. have reported that the darkening occurred in the irradiation
ecause the carbon overlayer was formed on the phosphor surface
nder current density of 160 �A/cm2 electron beam irradiation at
he vacuum level of 10−6 Pa [12]. Coetsee et al. have reported the
ormation of the new oxide layer under high current density elec-

ron irradiation (26 mA/cm2) at 10−5 Pa oxygen pressure [9–11].
he present electron current density (200 �A/cm2) and vacuum
evel (10−6 to 10−7 Pa) are almost the same as the values in Ref. [12],
ather than Refs. [9–11]. So, the reduction of CL intensity observed
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ig. 5. Outgas species during electron beam irradiation from GSO:Ce and GSAP:Ce
roducts.

[

(J/mol K) (J/g K) substrate (K)

GSO:Ce 149.9 0.353 544
GSAP:Ce 758.7 0.370 774

in this study may also be related to the carbon overlayer than the
oxide layer formed during the irradiation.

The excitation energy of electron is partly wasted in excitation
of the crystal lattice vibration [31]. The wasted energy is used to
deposit carbon on the crystal surface from the organic vapor in the
vacuum. The amount of carbon overlayer on GSO:Ce may be much
less than that on GSAP:Ce, depending on the extent of the inter-
nal quantum efficiency shown in Table 2. The temperature of CL
substrate of GSO:Ce and GSAP:Ce during the irradiation was esti-
mated by using the values of heat capacity and internal quantum
efficiency. The heat capacities were calculated as the weighted sum
of heat capacities of Gd2O3 (105.5 J/mol K) and SiO2 (44.42 J/mol K)
following Neumann-Kopp rule [32]. Assuming that all the energy of
electron beam (25 kV/50 �A) is transformed into the cathodolumi-
nescence and the excitation energy of crystal lattice, the calculated
heat capacity of GSAP:Ce was higher than that of GSO:Ce per mole
but the values in gram are comparable as shown in Table 3. The
wasted energy for the lattice excitation was much less in GSO:Ce
as discussed in relation to crystal structure above because of the
higher internal quantum efficiency shown in Table 2. The substrate
temperature was much lower and the deposited carbon amount
was much less in GSO:Ce than those in GSAP:Ce, resulting in the
larger stability against the CL degradation. GSO:Ce has higher lumi-
nescence efficiency because of the more rigid crystal structure than
those of GSAP:Ce

4. Conclusions

The cathodoluminescence and the degradation were studied on
the phosphor particles of GSO:Ce and GSAP:Ce. The luminescence
efficiency was higher, and the Stokes shift was smaller in GSO:Ce
than in GSAP:Ce because the coordination distance around Ce is
much more shorter. The CL degradation is related to the carbon
overlayer formation on the phosphor particles from the vacuum
ambient during the irradiation. The CL degradation can be related
to the luminescence efficiency on the Ce in the host lattice through
the deposited carbon amount under the electron beam irradiation.
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