
E
c

G
a

b

a

A
R
R
2
A
A

K
C
E
D

1

f
b
s
t
l
(
F
m
t
i
F
t
s
t
a
p

P
T

t

0
d

Journal of Alloys and Compounds 509 (2011) 2986–2992

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journa l homepage: www.e lsev ier .com/ locate / ja l l com

ffects of Ce3+ concentration, beam voltage and current on the
athodoluminescence intensity of SiO2:Pr3+–Ce3+ nanophosphor

.H. Mhlongoa,b, O.M. Ntwaeaborwab,∗, M.S. Dhlaminia, H.C. Swartb, K.T. Hilliea,b,∗∗

National Centre for Nano-structured Materials, CSIR, PO Box 395, 1 Meiring Naude Road, Brummeria, Pretoria ZA0001, South Africa
Department of Physics, University of the Free State, Bloemfontein ZA9300, South Africa

r t i c l e i n f o

rticle history:
eceived 4 November 2010
eceived in revised form
3 November 2010
ccepted 26 November 2010
vailable online 3 December 2010

a b s t r a c t

SiO2:Pr3+–Ce3+ phosphor powders were successfully prepared using a sol–gel process. The concentration
of Pr3+ was fixed at 0.2 mol% while that of Ce3+ was varied in the range of 0.2–2 mol%. High resolution
transmission electron microscopy (HRTEM) clearly showed nanoclusters of Pr and Ce present in the
amorphous SiO2 matrix, field emission scanning electron microscopy (FE-SEM) indicated that SiO2 clus-
tered nanoparticles from 20 to 120 nm were obtained. Si–O–Si asymmetric stretching was measured with
Fourier transform-IR (FT-IR) spectroscopy and it was also realized that this band increased with incorpo-

3+

eywords:
athodoluminescence
nergy transfer
egradation

ration of the activator ions into the SiO2 matrix. The broad blue emission from the Ce ions attributed
to the 5d1–4f1 transition was observed from the SiO2:0.2 mol% Pr3+–1 mol% Ce3+ phosphor. This emission
was slightly enhanced compared to that of the singly doped SiO2:1 mol%Ce3+ phosphor. Further investiga-
tions were conducted where the CL intensity was measured at different beam voltages and currents from
1 to 5 kV and 8.5 to 30 �A, respectively, in order to study their effects on the CL intensity of SiO2:0.2 mol%

ctron
layer
Pr3+–1 mol% Ce3+. The ele
dead or non-luminescent

. Introduction

Field emissive display (FED) technology is an excellent model
or the next generation of display market due to its anticipated high
rightness, high contrast ratio, light weight, and low-power con-
umption [1,2]. A phosphor layer serves as a crucial component on
his display technology and most of the commercial FED phosphor
ayers (i.e. Y2O3:Eu3+ (red), Y3Al5O12:Tb3+ (green), and Y2SiO3:Ce3+

blue)) are rare earth based. Traditional sulphide phosphors for
EDs have demonstrated high luminous efficiency and high chro-
aticity [2]. However, they are still faced with one major challenge

hat their CL intensity degrade drastically under standard operat-
ng conditions (low voltage and high current densities) required for
EDs. It has been indicated that desorption of sulphur and forma-
ion of non-luminescent oxide layers on the surface takes place

imultaneously with the CL intensity degradation [3]. Based on
hese findings, research focus has shifted to oxide phosphors which
re emerging as possible candidates to replace traditional sulphide
hosphors. The main reason for such interest on oxide phosphors is

∗ Corresponding author at: University of the Free State.
∗∗ Corresponding author at: National Centre for Nano-structured Materials, CSIR,
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-beam dissociated the SiO2 and as a result an oxygen-deficient surface
of SiOx, where x < 2 on the surface, was formed.

© 2010 Elsevier B.V. All rights reserved.

that they have demonstrated high thermal and thermodynamically
stability [1]. Recently, red emitting CaTiO2, BaTi4O9 and SrTiO3 acti-
vated with Pr3+ phosphors were investigated for application in FEDs
[2,4,5]. In addition, amorphous SiO2 has been used as a host lattice
for trivalent rare earth ions to prepare oxide based phosphors that
could be used in low voltage FED technology. SiO2 has emerged as a
good host for rare earth ions due to its high transparency, chemical
stability, dopant solubility and ease of production [6]. On the other
hand, Lakshminarayana et al. [7] have recently incorporated Pr3+

in a transparent KNbGeO5 nanocrystallized glass and studied its
optical properties. These nanocrystalline glasses are also promis-
ing candidates for the study of nanostructures as they exhibited
enhanced luminescence properties [7].

In this study, SiO2:Ce3+–Pr3+ powder phosphor was prepared
using the sol–gel method. The concentration of Ce3+ was var-
ied from 0.2 to 2 mol% while the Pr3+ concentration was fixed at
0.2 mol%. We also observed energy transfer from Pr3+ to Ce3+ which
enhanced blue CL emission especially in the powders co-doped
with 1 mol% of Ce3+ and 0.2 mol% of Pr3+. The effects of varying the
beam voltage and beam current were also investigated. Auger elec-
tron spectroscopy (AES) was used to monitor the surface chemical
reactions taking place during prolonged electron bombardment.
1.1. Energy transfer between trivalent rare earth ions

There are four basic processes involved in energy transfer mech-
anisms between rare earth ions, namely (i) resonant radiative

dx.doi.org/10.1016/j.jallcom.2010.11.179
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:ntwaeab@ufs.ac.za
mailto:thillie@csir.co.za
dx.doi.org/10.1016/j.jallcom.2010.11.179
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ransfer through emission of a sensitizer (S) and re-absorption by
n activator (A); (ii) non-radiative transfer associated with reso-
ance condition the energy absorber (sensitizer) and the emitter
acceptor); (iii) multiphonon assisted energy transfer; and (iv)
ross-relaxation between two identical ions [8]. According to Zhang
nd Huang [8], the efficiency of radiative transfer relies on how
fficiently the activator fluorescence is excited by the sensitizer
mission. However, this requires a significant spectral overlap of
he emission line of the sensitizer and the absorption line of the
mitter. If the energy difference between the ground and excited
tates of the sensitizer is equal to that of acceptor and there exist a
uitable interaction (i.e. multipolar and/or exchange interactions)
etween the ions, then energy transfer will most likely occur [9].
xchange interaction of energy transfer may be responsible for near
eighbours while the multipolar interaction usually governs inter-
ctions over separation of 20 Å between the donor and acceptor
9,10]. The basic theory of energy transfer has been established by
everal authors [6,8,9]. The rate of energy transfer between a donor
nd an acceptor derived by Dexter is as follows:

DA = 2�
∣∣〈D, A∗∣∣HDA

∣∣D∗, A
〉∣∣2

∫
gD(E)gA(E)dE, (1)

here D and A are the donor and acceptor, respectively. The inte-
ral denotes the spectral overlap between the donor emission and
he acceptor absorption, the factors, gD(E) and gA(E) represent the
ormalized shape of the donor emission and acceptor absorp-
ion spectra, respectively while the matrix elements represents
he wavefunction interaction between the initial state

〈
D, A∗∣∣ and

he final state
∣∣D, A∗〉, and HDA is the interaction Hamiltonian. The

atrix elements can be expressed as a function of the donor and
cceptor, so that the energy transfer probability depends upon the
istance between the donor and acceptor.

If there is energy mismatch between the transitions of the donor
nd the acceptor especially if the transfer is between non-identical
entres, the energy transfer processes needs to be assisted by lattice
honons and this process is called phonon-mediated energy trans-
er. In this energy transfer process, the electron-coupling together
ith the interaction (electric/magnetic multipolar) mechanisms

esponsible for the transfer must be taken into account [6]. It has
een reported that for smaller energy mismatches, the transfer can
e assisted by one or two lattice phonons [8]. However, energy mis-
atches as high as several thousand reciprocal centimetres have

een encountered and this is higher than the Debye frequency nor-
ally found in host matrices, as a results multiphonon process is

aken into considerations. Cross relaxation process on the other
and may give rise to the diffusion process already considered
etween sensitizers when the levels involved are identical or to
elf quenching when they are different. Since energy transfer in
his study took place between two non-identical centres (i.e. ZnO
nd Pr3+) and it is reasonable to speculate that the transfer was
ssisted by lattice phonons.

. Experimental

SiO2 co-doped with different concentrations of Pr3+–Ce3+ ion pairs samples
ere prepared by mixing 0.05 mol of TEOS, 0.1 mol of H2O, 0.1 mol of ethanol, and

.145 mol of dilute nitric acid. The mixture was stirred at room temperature for
h to get a clear solution. Desired concentration of Pr(NO)3·6H2O dissolved in 5 ml
f ethanol was added and the solution was stirred for 30 min. Finally, the desired
mount of Ce(NO)3.6H2O dissolved in 5 ml of ethanol was also added to the solution
nd stirred for another 30 minutes until a gel formed. The gel was then transferred
o a petri dish for drying at room temperature for eight days and then annealed in
ir at 600 ◦C for 2 h.
The CL measurements were conducted using an Ocean Optics S2000 spectrom-
ter attached to an ultra high vacuum chamber Physical Electronics PHI 549 Auger
pectrometer. The first CL data were collected from the set of samples with dif-
erent concentrations (0.2, 1, 1.5, and 2 mol%) of Ce3+ while the Pr3+ was fixed at
.2 mol%. Further measurements were conducted from SiO2:Pr3+ (0.2 mol%)–Ce3+

1 mol%) whose CL intensity was comparatively the highest. The second set of CL data
Fig. 1. FE-SEM image of the clustered SiO2 nanoparticles calcined at 600 ◦C.

were recorded when the accelerating voltage was varied from 1 to 5 kV while keep-
ing the beam current constant at 8.5 �A. The last sets of data were collected when
the beam current was varied from 5 to 30 �A while the beam voltage was kept con-
stant at 2 keV. The X-ray diffraction data were collected using X-ray diffractometer
(Phillips Xpert) using a Cu K� (� = 1.5405 Å) radiation to study the crystal structure
of the samples while the particle morphology and size were analysed using a JEOL
JSM-7500F, Field Emission SEM and JEOL 2100, high resolution transmission electron
microscopy (HRTEM). The chemical composition of the samples was analyzed using
energy dispersive spectrometer (EDS). The Auger and CL data were simultaneously
recorded from the PHI 549 Auger electron spectrometer (AES) and Ocean Optics
S2000 Spectrometer. The phosphor powders were also irradiated with a beam of
electrons (2 keV and beam current of 8.5 �A) under 1 × 10−7 Torr, O2 pressure back-
filled from a high vacuum base pressure of 1.2 × 10−8 Torr for several hours. The
optical absorption properties of the samples were studied by a Spotlight 400 FTIR
imaging system using the diffuse reflectance mode.

3. Results and discussion

The FESEM image in Fig. 1 illustrates the morphology of the SiO2
nanoparticles calcined at 600 ◦C for 2 h. As shown in the image,
the SiO2 nanoparticles are clustered and are mostly spherical in
shape with an average particle size in the range of ∼20–120 nm in
diameter. Similar images (not shown) were observed for SiO2:Pr3+

and SiO2:Pr3+–Ce3+ as the added amounts of Pr3+ and/or Ce3+ ions
did not affect the morphology.

EDS and HRTEM data confirmed the presence of rare earth
clusters inside the silica matrix. As shown in Fig. 2(a), the
HRTEM image revealed a high amorphous structure of SiO2. This
compares well with the XRD results (not shown). Fig. 2(a)–(c)
present the HRTEM images of SiO2 nanoparticles, SiO2:Pr3+, and
SiO2:Pr3+–Ce3+, respectively. From Fig. 2(b) and (c), it can be seen
that black spots are uniformly dispersed in amorphous silica matrix.
These were not observed in pure silica matrix as shown in Fig. 2(a).
The chemical analyzes of the elemental present in the samples con-
firmed the presence of Si, O, Ce, and Pr as indicated in the EDS
Fig. 2(d) and (e). Therefore based on these observations it was then
concluded that the black spots represents clusters of rare earth
ions with the size ranging from ∼2 to 5 nm in diameter inside the
SiO2 matrix. These observations compares well with the results of
Prakash et al. [11] and Fasoli et al. [12] where they observed clusters
of Co doped NiAl2O4 in SiO2, and Ce3+ in SiO2, respectively.

Fig. 3 shows FTIR spectra of SiO2, SiO2:Pr3+, SiO2:Ce3+ and
SiO2:Pr3+–Ce3+ all calcined at 600 ◦C for 2 h. The two absorp-
tion bands at 1160 and 1056 cm−1 corresponding to the LO

and TO modes of Si–O–Si asymmetric stretching vibration (�as),
respectively [13,14] were observed for all the samples. The weak
absorption band at 945 cm−1 associated with Si–OH stretching
mode was also present [13,14]. The presence of this absorption
band can be due to the very strong Si–O–Si asymmetric stretching,
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Fig. 2. HRTEM images and EDS spectra of (a) S

as (Si–O) absorptions in this region [13]. In addition, it was also
ealized that this band increased with incorporation of the activa-
or ions into the SiO2 matrix. Another absorption band associated
ith Si–O–Si symmetric stretching (�s) at 795 cm−1 was observed

13,14].
The CL emission spectrum of SiO2 shown in Fig. 4 presents the

road emission band centred in the blue region at 445 nm which
an be ascribed to either structural defects in the SiO2 network

r charge transfer between O and Si atoms [6]. The CL emission
pectrum of the SiO2:Ce3+ phosphor powders under irradiation
f 2 keV electrons, 8.5 �A beam current in a high vacuum cham-
er at a base pressure of 1.2 × 10−8 Torr is shown in Fig. 5. The
L emission spectrum from SiO2:Ce3+ consists of two blue bands
noparticles, SiO2:Pr3+, and (b) SiO2:Pr3+–Ce3+.

located at 452 nm (weak) and 494 nm (strong). The peak positions
were determined from Gaussian fits as clearly shown in the fig-
ure. The two bands at 452 nm and 494 nm can be associated with
2D3/2–2F7/2 and 2D3/2–2F5/2 of Ce3+, respectively. Trivalent Ce ion
has only one electron in the 4f state. The 4f electron of the 4f 1

ground state configuration yields two components, 2F5/2 and 2F7/2
due to spin–orbit interaction and 5d electron of the excited 4f 05d
1 configuration forms a 2D term which is then split by crystal field

into two stalk components, 2D3/2 and 2D5/2 states [6,15]. The CL
emission spectra of the SiO2:Pr3+, SiO2:Ce3+, and SiO2:Pr3+–Ce3+

phosphor powders under irradiation with 2 keV electrons, 8.5 �A
beam current in a high vacuum chamber at a base pressure of
1.2 × 10−8 Torr are shown in Fig. 6. The CL emission spectrum from
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ig. 4. CL emission spectra of SiO2 nanoparticles irradiated with 2 keV, 8.5 �A beam
f electrons in a high vacuum chamber containing 1.2 × 10−8 Torr.
iO2:Pr3+ showed the characteristic emission peaks of Pr3+ that can
e associated with the transitions originating from the 3P0 and 1D2
ultiplets to the 3H(J=6,5,4) and 3F(J=2,3,4) energy levels all localized in

he 4f2 intra-configuration of the Pr3+ ions. The broad red emission
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ig. 5. CL emission spectrum of SiO2:Ce3+ after irradiation with 2 kV, 8.5 �A beam
f electrons in a high vacuum chamber containing a base pressure of 1.2 × 10−8 Torr.
SiO2:Pr3+ (0.2 mol%)–Ce3+ (0.2, 1, 1.5, 2 mol%) irradiated with 2 kV, 8.5 �A beam of
electrons in a high vacuum chamber containing a base pressure of 1.2 × 10−8 Torr.
The insert shows the CL intensity as a function of different Ce3+ concentrations.

at 580–700 nm which could be due to both 3P0–3H6 and 1D2–3H4
transitions with dominant emission from 3P0 level of Pr3+ was also
observed (For interpretations of references to colour in Figs. 5 and
6, the reader is referred to the web version of this article.).

The CL emission spectra of SiO2:Ce3+–Pr3+ showed both bands
from Ce3+ in the blue spectral region and a small shoulder from Pr3+

in the red spectral region when the amount of Pr3+ and Ce3+ were
both 0.2 mol%. The small shoulder from Pr3+ was slowly quenched
with increasing Ce3+ concentration and only blue emission from
Ce3+ could be observed. Blue emission from Ce3+ was slightly
enhanced with addition of 1 mol% Ce3+ into 0.2 mol% Pr3+ com-
pared to singly doped SiO2:Ce3+. These results suggest the energy
transfer from Pr3+ ions to its nearest neighbouring Ce3+ ions. The
energy level diagram presented in Fig. 7 shows the energy transfer
pathways between Pr3+ and Ce3+ ions. The main radiative tran-
sitions of Pr3+ and Ce3+ are designated with downward arrows.
It appears that when the SiO2:Ce3+–Pr3+ phosphor is excited by
2 keV electrons, the excitation energy absorbed by Pr3+ ions pro-
motes the electrons from the ground state 4f 2 (3H4) to the excited
4f5d state of Pr3+ resulting in non-radiative relaxation from 4f5d
state to 3P2 level. This is followed by population of the 3P0 by non-
radiative decay from 3P2 level as a result of consecutive radiative
transitions in the orange (3P0 → 3H4) and red (3P0 → 3H6) regions
with dominant emission from the 3P0 → 3H6 transition. While the
1D2 level is mainly populated by non-radiative relaxation from the
3P0 which then leads to 1D2 → 3H4 radiative transition in the red
region. The non-radiation relaxation from 1D2 to the 1G4 is neg-
ligible due to the large band gap between these two levels, and
hence the 1G4 luminescence was not observed even for Pr3+ singly
doped SiO2. The quenching of broad red emission from Pr3+ cen-
tred at 614 nm with increasing Ce3+ concentration indicates that
the energy transfer from Pr3+ to Ce3+ occurred faster than radiative
processes of Pr3+ i.e. 3P0 → 3H6 and 1D2 → 3H4 which is only pos-
sible for nearest neighbouring ions in host matrix. This therefore
means that the energy transfer from Pr3+ to Ce3+ occurred through
the non-radiative relaxation from excited 4f 15d state to higher 3P
level of Pr3+ ion to 5d state of Ce3+ ion, followed by the radiative

relaxation of excited 5d electrons of Ce3+ ion. The quenching of
luminescence with increasing Ce3+ ions may be due to formation
of clusters of Ce3+ ions with Pr3+ in the host matrix. This could be
due to self-quenching of Ce3+ neighbouring ions. At 1 mol% Ce3+, the
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tion of electrons into the phosphor results in an increase on the
electron–solid interaction volume in which excitation of Ce3+ and
Pr3+ activator ions takes place [21]. Therefore, an increase in inter-
action volume, which effectively determines the generation of light
emission with an increase in electron energy, resulted in an increase
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ig. 7. Schematic energy level diagram showing the transition localized within
r3+and Ce3+ions.

e3+ neighbouring ions may be near enough to transfer the energy
rom one to another. However, an increase in Ce3+ concentration led
o the shortening of the distance between its neighbouring ions as a
esult of non-radiative loss of excitation energy between Ce3+ ions
avouring quenching effect and decreasing luminescence intensity.
ang et al. [15] observed the energy transfer between Pr3+ and Ce3+,
s well as between Pr3+ and Tb3+ co-doped in Y3Al5O12 (YAG). Nie
t al. [16], on the other hand, reported the energy transfer between
r3+ and Cr3+ in SrAl12O19. Vergeer et al. [17] and Meijerink et al.
18] found it difficult to find the efficient energy transfer from Pr3+

o Eu3+ irrespective of the fulfilment of an important condition for
nergy transfer which is the presence of resonance between Pr3+

nd Eu3+ ions. The luminescence intensities were compared for dif-
erent gels with and without Mg particles by varying the different
oncentrations of Mg [19]. Silica containing Mg2+ and Ce3+ ions had
road blue emission due to the energy transfer from Mg2+ to Ce3+.
n increase in luminescence intensity was observed as the Mg2+ to
e3+ ratio increases for the range investigated.

The dependence of the CL intensity of SiO2:Pr3+–Ce3+ on differ-
nt beam voltages from 1 to 5 kV while the beam current was fixed
t 8.5 �A was investigated as shown in Fig. 8. When the beam cur-

ent was fixed at 8.5 �A, the CL intensity of this phosphor increased
pon increasing beam voltage from 1 to 5 kV. This indicates that sat-
ration could not be reached up to 5 kV which is a good prospect for
EDs. Similarly, the CL intensity was observed to increase with an
Wavelength (nm)

Fig. 8. CL emission intensities of Ce3+ in SiO2: Pr3+–Ce3+ phosphor as a function of
different beam voltages.

increase in the beam current from 5 to 30 �A while the beam volt-
age was kept constant at 2 kV. Fig. 9 shows the beam current plotted
against the maximum CL intensity of SiO2:Pr3+–Ce3+ at 488 nm.
Again, no saturation was observed up to 30 �A. The increase of
CL intensity with an increasing in beam voltage and beam current
can be attributed to deeper penetration of electrons into the phos-
phor surface and the larger electron beam current density [20]. The
electron penetration depth can be estimated using the following
empirical formula:

L (Å ) = 250(A/�)(E/Z1/2)
n
, (2)

where n = 1.2/(1 − 0.29 log 10Z), A represents the atomic weight of
the material, � the density, Z is atomic number, and E is the accel-
erating beam voltage (kV) [20,21]. Fig. 10 shows the normalized
calculated penetration depth plotted against the electron beam
voltage. It can be clearly observed from this figure that the pen-
etration of the energetic electrons into the phosphor was shown
to increase with increasing beam voltage. The deeper penetra-
Beam current (μA)

Fig. 9. CL emission intensities of Ce3+ in SiO2: Pr3+–Ce3+ phosphor as a function of
different beam currents.
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n the CL intensity of SiO2:Pr3+–Ce3+. Furthermore, with an increase
f accelerating voltage, more plasmons are being produced by inci-
ent electrons resulting in a large number of excited Ce3+ and Pr3+

ons, thus yielding higher CL intensity [20]. The size of the nanopar-
icles may, however, play a significant role in the CL intensity
t different excitation beam voltages due to the electron excita-
ion volume involved [22], especially when the penetration depth
quals the particle size. It is assumed that the CL emission from
he boundaries/surface of the nanoparticles is less than that of the
nside of the particle due to surface states that may lead to non-
adiative decay of the excited electrons.

The CL spectra before and after 50 C/cm2 electron bombardment
re shown in Fig. 11. The CL intensity of the main broad peak at
88 nm with a small shoulder at 450 nm decreased by 80% under
keV, 8.5 �A electron beam exposure. Fig. 12 shows the Auger
eak-to-peak heights (APPHs) of O and Si elements on the surface

3+ 3+
f the SiO2:Pr –Ce phosphor as a function of electron dose. The
L intensity is plotted on the same figure for comparison. The Auger
eak intensity of O was shown to decrease with prolonged electron
ombardment of the SiO2 while that of Si was rather constant. It
as also noticed that prolonged electron bombardment led to a

ig. 11. CL emission spectra of SiO2:Pr3+,Ce3+ powder phosphors before and after
xposure to 2 keV, 8.5 �A electrons in 1 × 10−7 Torr of O2 backfilled from the base
ressure of 1.2 × 10−8 Torr.
Electron dose (C/cm 2 )

Fig. 12. Auger peak-to-peak heights of O and Si versus 2 keV electron dose at
1 × 10−7 Torr O2 backfilled from the base pressure of 1.2 × 10−8 Torr.

significant decrease in the CL intensity and this corresponds to the
decrease in the Auger peak intensity of O. This correlation between
the decrease of CL intensity and that of the Auger peak intensity
from O can be attributed to desorption of O from the surface fol-
lowing the electron-beam dissociation of SiO2 as a result of the
formation of an oxygen-deficient surface dead or non-luminescent
layer of SiOx, where x < 2 on the surface [23,24]. The colour also
changed more to the red region, indicated that the Pr3+ is still
contributing to the light emission.

4. Conclusion

The CL intensity behaviour of the SiO2: Pr3+–Ce3+ nanophosphor
at different concentrations of Ce3+ co-doped in SiO2:Pr3+, beam
voltages and beam currents was presented. The CL emission from
Ce3+ (blue) and Pr3+ (red) ions was observed when the concen-
tration of these ions 0.2 mol%, with the blue emission from Ce3+

dominating. However, for addition of 1 mol% Ce3+ to 0.2 mol% Pr3+

led to quenching of Pr3+ emission and enhanced blue emission
from Ce3+ was observed as compared to SiO2:Ce3+. Energy trans-
fer from Pr3+ to Ce3+ was discussed. An increase in the CL intensity
was observed with increasing beam voltage up to 5 keV and beam
current up to 30 �A and no saturation was observed. The CL inten-
sity of the phosphor and Auger peak intensity of O were found to
degrade after electron bombardment of the phosphor surface for
several hours. Formation of an oxygen-deficient surface dead or
non-luminescent layer of SiOx, where x < 2 on the surface is believed
to be the main cause of CL degradation of SiO2:Pr3+–Ce3+ nanophos-
phor.
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