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Abstract. Ce doped silica was prepared by the sol gel method and annealed in air or reduced
with hydrogen, both at 1000°C. The reduced sample exhibited strong luminescence while the
sample annealed in air did not, which has been attributed to Ce taking the tetravalent form
which is non-luminescent in the latter case. In order to test this, x-ray photoelectron
spectroscopy (XPS) was used to investigate the oxidation state of the Ce ion. The obtained
spectra were fitted with 10 Gaussian peaks. The fitted parameters showed the existence of the
Ce® ion is about 20% and 73% in annealed and reduced sample respectively, confirming the
increased luminescence is associated with reduction of the Ce. This is in contrast to other
published results where samples subjected to rapid thermal annealing using an oxidising
oxygen-hydrogen flame exhibited an increase in luminescence despite indications that the Ce**
concentration had increased. Photoluminescence (PL) and UV—vis spectroscopy were done on
the reduced and annealed samples of this study and the results are consistent with the XPS
measurements.

1. Introduction

Ce doped silica has potential applications as a luminescent material as phosphors for
cathodoluminescence, scintillators and detectors [1]. Ce ions can occur in a trivalent or a tetravalent
state: only the trivalent Ce’* state with a single 4f electron is optically active, while the tetravalent Ce*"
ion is non-luminescent. X-ray photoelectron spectroscopy (XPS) is a suitable technique to investigate
the oxidation states of Ce in cerium oxides and such studies have been carried out because of the
importance of CeO,/Ce,0; conversion in automotive exhaust catalysts [2]. However, the XPS Ce3d
spectrum of cerium oxide is rather complex as it contains ten closely spaced and overlapping peaks on
a strong background. The main challenge is to obtain accurate fits to experimental data while still
maintaining a good physical basis for the fitting parameters [3]. The analysis of Ce in SiO,:Ce is even
more challenging since the Ce concentration for luminescent samples is only in the region of 1 mol%.
Although it has been experimentally shown that to improve the luminescence efficiency of Ce doped
silica it can be useful to anneal the glass in a reducing atmosphere [4], with the implication that this
increases the concentration of Ce®* luminescent ions, the authors are not aware of XPS measurements
that correlate the relative concentrations of the Ce’" and Ce*" ions to the luminescent properties. In
this work, cerium doped silica was prepared by the sol-gel method. The effect of annealing
atmosphere on the luminescent properties is correlated to XPS measurements of the oxidation state of
Ce in the samples.



2. Experimental

Ce-doped SiO, glass was prepared by the sol-gel method using tetraethylorthosilicate (TEOS), water,
ethanol (C,HsOH) and Ce(NOs); as starting materials and nitric acid (HNO3) as a catalyst. The molar
ratio of TEOS:H,0:C,HsOH was 1:5:10, and the HNO; concentration was 0.015 M in water. TEQOS
was mixed with ethanol and stirred for 30 minutes after which the acidified water was added and
stirring continued for another 30 minutes. After that Ce(NO3); was dissolved in a little ethanol and
added to the mixture, which was stirred for a further 4 h. Then the mixture was stored in a closed
container and transferred to a water bath at 50°C until a gel was formed. The gel was dried, crushed
and divided into two parts, one part annealed in air at 2000°C for 2 h, and the other part annealed at
flowing 4% hydrogen in argon atmosphere for the same time and temperature. XPS measurement were
made using two different spectrometers, PHI 5400 ESCA and PHI 5000 Versaprobe both using Al x-
rays. The powder sample was deposited onto a conductive carbon tape stuck to the sample holder.
Charging shifts of the spectra were corrected using the known values of the Cls and/or Si2p peaks.
Photoluminescence was measured at room temperature with a Cary Eclipse fluorescence
spectrophotometer equipped with a xenon lamp. Diffuse reflectance spectra were recorded using a
Lambda 950 UV-vis spectrophotometer with an integrating sphere.

3. Results and Discussions
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Figure 1. XPS survey scan spectrum of the reduced sample
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3.1. XPS

For XPS analysis a higher dopant concentration (4 mol%) was used than what is required for good
luminescence (0.5 mol%) to obtain a reasonable Ce3d signal. Figure 1 shows the full range survey
scan spectrum of the reduced sample. The spectrum is dominated by four photoelectron peaks,
corresponding to electrons originating in the 2p orbital of the Si, 1s orbitals of the C and O and 3d
orbital of the Ce atoms in the sample surface. The existence of the C atoms on the sample surface can
be ascribed to three possible reasons: from adventitious hydrocarbon nearly always present, or from
the precursors, or from the carbon tape used to stick the powder to the sample holder. Multipak
version 8.2c software was used to fit the Ce3d pattern. The spectrum was fitted with 10 Gaussian
peaks, two doublet peaks of the spin—orbit split 5/2;3/2 components attributed to the final states of
Ce®* and three doublet peaks of the spin—orbit split 5/2;3/2 components attributed to the final states of
Ce** (see Tables 1and 2). Peak position, spin—orbit splitting, area ratio and FWHM, are fitting
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Figure 2. Ce3d XPS spectra of the annealed sample obtained by (a) PHI 5000
(b) PHI 5400.

Table 1. Fit parameter of the annealed sample.
ion  3ds,/3ds;, pos final state %area Yototal
viu 882.3/901.0 Ce3d’4f?02p* 36
ce* v 888.9/907.5 Ce3d’4f'O2p° 16 80
v'/u"  898.2/916.8 Ce3d’4°02p° 28
Vou° 880.5/898.8 Ce3d’4f’02p° 0
v/u' 885.7/904.1 Ce 3d’4f'O2p° 20

ce* 20

parameters that need to be controlled in order to perform good fits with physically meaningful
parameters. Figure 2(a) and (b) show the detailed Ce3d XPS spectra of the sample annealed at 1000°C
obtained by PHI 5000 and PHI 5400 respectively. The spectra were fitted with 10 peaks and the
FWHM of all the peaks was kept the same for each fit. The peaks positions and the spin—orbit splitting
agree well with the literature [5] and the intensity ratio between 3ds, and 3ds, was taken as 3:2 [6].
Six peaks labelled as v/u , v'/u" and v"/u™ referring to three doublets of the spin—orbit split
components are attributed to Ce** final states. The high binding energy doublet v"'/u™ at 898.2 and
916.8 eV are attributed to the final state of Ce 3d°4f° O 2p°, doublet v'/u" at 888.9 and 907.5 eV are
attributed to the state of Ce 3d°4f' O 2p°, and doublet v/u at 882.3 and 901.0 eV correspond to the state
of Ce 3d°f* O 2p*. The other four peaks labelled as v%/u® and v'/u' referring to two doublets of the
spin—orbit split components are attributed to Ce®* final states. The doublet v/u' at 885.7 and 904.1 eV
are corresponding to the final state of Ce 3d°4f" O 2p°® and the doublet v’/u° at 880.5 and 898.8 eV are
corresponding to the final state of Ce 3d°4f* 02p°. Table 1 lists the fit parameters obtained from the
spectra of the PHI 5000. The peak area percentage can be used to determine the relative
concentrations [6]. From the table the relative total concentration of the Ce*" is 80% while that of the
Ce* is 20%. From the PHI 5400 spectrometer, the calculated relative concentrations of Ce*" and Ce**
are 75% and 25% respectively. The different values given by the two spectrometers can be taken as an
indication of the accuracy of the technique. Figure 3(a) and (b) shows the Ce3d XPS spectra of the
reduced sample obtained by the PHI 5000 and PHI 5400 respectively. The Ce** u™ characteristic peak
has almost disappeared indicating that the sample contains less Ce**. The spectra can be fitted with the
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Figure 3. Ce3d XPS spectra of the reduced sample obtained with the (a) PHI 5000 and (b)
PHI 5400 XPS systems.

Table 2. Fit parameter of the reduced sample.

ion  3ds,/3ds;, pos final state %area Yototal
viu 882.3/901.0 Ce3d’4f’O2p* 27
ce* v 888.9/907.5 Ce3d’4f'02p° 0 27
V'/u"  898.2/916.8 Ce3d’4°02p° 0
ce vou° 880.5/898.8 Ce3d’4f’0O2p° 23 7
v/u' 885.7/904.1 Ce 3d°4f' O 2p® 50

four peaks v°/u’ and v'/u' of the Ce** components, in addition of the doublet v/u peaks of Ce* in the
valley between (v°and v') and (u® and u"). Table 2 lists the fit parameters for the spectra obtained by
the PHI 5000 from the reduced sample. The total relative concentration of the Ce®*" is 73% which
compares well with the 71% measured by the PHI 5400. There were some difficulties to fit these
spectra. The software can not subtract the background well in the spectra obtained by PHI 5000, using
either the Shirley or iterated Shirley algorithms. While the background was subtracted succesfully in
the spectra obtained by PHI 5400, the two seperate bands couldnot fit well simultaneously without
relaxing the physically important constraints. Ce3d XPS spectra and their fitting obviously show that
reducing the sample with hydrogen can improve the Ce®* concentration.

3.2. Photoluminescence and UV-Vis spectroscopy

Figure 4(a) shows the PL of the reduced and annealed samples. The sample which was annealed in air
does not show significant emission, while the reduced one exhibits a high intensity emission. The
sample annealed in air may contain more Ce*" which is optically in-active [7]. A significant PL
emission is observed in the reduced sample which may containing more Ce’" rather than Ce*" and
significant PL emission observed. These results are consistent with the XPS measurements done on
the two samples. Figure 4(b) shows the reflectance spectra done on the annealed and the reduced
samples. The optical reflectance profile from the annealed sample exhibits a wide absorption peak
which corresponds to Ce** ion absorption due to charge transfer from O* to Ce*" [8]. In the reduced
sar?ple an absorption peak appeared at around 338 nm, which corresponds to the 4f to 5d transition of
Ce>* [9,10].
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Figure 4. (a) Photoluminescence and (b) diffuse reflectance of reduced and annealed samples

4. Conclusion

Ce ions were successfully incorporated into SiO, by the sol-gel process. Ce 3d XPS spectra analysis
indicates that the concentration of the Ce’” was increased in the reduced sample. This is in contrast to
other published results [10] where samples subjected to rapid thermal annealing using an oxidising
oxygen-hydrogen flame exhibited an increase in luminescence despite indications that the Ce*'
concentration had increased. The reduced sample shows a high intensity PL emission compared to the
annealed sample. UV—vis spectroscopy done on the reduced sample shows an absorption peak
associated with the Ce®" ion while the annealed samples shows an absorption peak associated with the
Ce*" jon. The photoluminescence and UV—vis spectroscopy results are consistent with the XPS
measurements.

Acknowledgments
The authors thank Dr. E. Coetsee for her assistance to perform XPS measurements. The financial
support from the South African National Research Foundation (NRF) is also gratefully acknowledged.

References

[1] Reisfeld R, Patra A, Panczer G and Gaft M 1999 Opt. Mat. 13 81

[2] Larachi F, Pierre J, Adnot A, and Bernis A 2002 App. Surf. Sci. 195 236

[3] Paparazzo E 2011 Mat. Res. Bulletin 46 323

[4] Fasoli M, Vedda A, Lauria A, Moretti F, Rizzelli E, Chiodini N, Meinardi F and Nikl M 2009 J.
of Non-Crystalline Solids 355 1140

[5] LimeiQ, Fen L, Liangzhong Z, Ying M and Jiannian Y 2006 App!. Sur. Sci. 252 4931

[6] Moulder F, Stickle W F, Sobol P E and Bomben K D 1995 Handbook of X-ray Photoelectron
Spectroscopy (Japan: ULVAC-PHI, Inc. 370 Enzo, Chigasaki 253-8522) p 10

[7] XuGQ,Zheng Z X, Tang W M and Wu Y C 2007 J. of Lumin. 124 151

[8] Ligang Z, Anxian L, Chenggang Z and Weiqun S 2011 J. of Alloys and Compounds 509 7789

[9] Paul A, Mulholland M and Zaman M S 1976 J. of Mat. Sci. 11 2082

[10] Weipingyz C, Yeyz Z and Lideyz Z 1998 J. Phys Condens. Matter 10 L473

[11] Chiodini N, Fasoli M, Martini M, Rosetta E, Spinolo G and Vedda A 2002 App. Phy. Lett. 81

4374



