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ABSTRACT

Aims: The main aim of this work is to synthesize the silica glass (SiO,-glass) samples doped with
different rare earths (RE) and then to study the thermoluminescence (TL) glow curve of these
samples.

Study Design: Rare earth doped samples namely silica glass (SiO,-glass) are synthesized by the
sol-gel technique.

Place and Duration of Study: Department of Physics (Atomic Physics Lab's, The University of
Jordan), between May 2012 to May 2014.

Methodology: This work presents a study of the role of an external impurities, namely dysprosium
(Dy) and europium (Eu) with different concentrations on the mechanism of TL in SiO,-glasses.
Results: The study of the best concentration for each doped silica, the basic TL feature main glow
peaks occur in 156-320°C for Eu®*(0.2 mol%) and 159-300°C for Dy**(0.002 mol%) with heating
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rate 2°C/s . At all B-dose levels, the intensities of the peaks are nearly linear in the dose range of
0.5-2Gy. The fading rate of the Si0,: Dy(0.002 mol%) response at room temperature is small.
Variations of the normalized TL intensity as function of heating rate indicated reduction of TL-
response accompanied by shift of TL-peaks towards higher temperatures. The kinetic parameters
(activation energy E, frequency factors s) of all phosphors are determined and compared using two
methods, with correlation of the trapping states to structure and comparison with values available
from the literature.

Conclusion: Rare earth doped SiO,-glass phosphors were successfully synthesized by sol-gel
technique. Among all the dopants Dy(0.002 mol%) doped SiO,-glass phosphor showed the high
intense and high temperature glow peaks (156°C up to 315°C) with good glow curve shape. In the

case of SiO,-glass,Eu doped phosghor has given the good glow curve shape with glow curve

+

structure. The glow peak of SiO,: Eu

is situated at 152°C.

Keywords: Thermoluminescence; silica glass; sol-gel; E'-centers; trapping parameters.

1. INTRODUCTION

Rare earth (RE) ions doped silica glass prepared
by sol-gel technique are of interest for various
applications including solid sate lasers, optical
waveguides and fiber amplifiers [1,2]. This is due
to their excellent transparency over a wide
spectral region, good chemical and mechanical
properties, and high radiation hardness.
Presently, most of RE-doped silica glasses for
optical applications are prepared by sol-gel
method. A high doping level of RE ions in silica
glass with minimal formation of clusters of RE
ions can be achieved by sol-gel processes [3].
With a high doping concentration, RE and other
metal ions have a strong tendency to form
clusters in sol gel silica as well [3-7]. At low
concentration levels, the RE ions can be
distributed homogeneously in a tetrahedral
network with the formation of Si-O-RE structure.
However, with an increasing concentration and
due to strong interaction between the RE ions
and oxygen ions, RE-O-RE clusters may form,
and eventually lead to phase separation [3,8].
Among the several techniques used to examine
the defect behaviors is the well known technique
known as thermoluminescence (TL), through
which a good deal of information can be obtained
from analysis of the glow curves. Several papers
have been published on the TL of pure and
doped silica glass with specific reference to TL
dating [9-11]. Nevertheless, some common
features are found in most of the glow curves of
quartz, silica and SiO, films [12-13], and
analogues similarities have been observed in the
emission bands in the TL of these materials [14].
Among the common features of the TL of
ordered crystalline and amorphous silica glass is
a peak at about 100-150°C [9-11]. The sol-gel
technique that is used to synthesis highly
homogeneous glass at comparatively low

temperatures (900-1100°C) is attracting much
attention as a synthesizing technique for optical
fiber pre-forms [15-18]. In this paper we describe
the synthesis of a rare earth doped silica glass
using sol-gel technique, and present preliminarily
results of a beta radiation detection using the
thermoluminescence enhancement of the RE
excited states.

2. EXPERIMENTAL

Samples were prepared using the sol-gel method
as described elsewhere [11,19]. Samples were
synthesized from the starting solution,
tetraethyloxysilane (TEOS), with molar ratio:
(TEOS:C,Hs0H:H,0:HF) equals to: (1:4:4:0.05).
The solution was mixed and stirred well for about
1 hour at ambient temperature, using a magnetic
stirrer, until it became transparent. For preparing
the REs doped silica, (among, RE ions, europium
chloride and dysprosium oxide with different
concentrations), molar ratios were also added to
the starting solution and then stirred until the
solution became transparent, after about 1hour.
the solution, which was placed into a cylindrical
container and covered with an aluminum foil, was
held at 60°C for about 24h. The container was
dipped into a water bath that was held at 60°C for
24h to favor the polymeric route over the colloidal
one, and induces hydrolysis and condensation,
the period at which the volume becomes about
one third of its original volume. The dry gel
obtained was then sintered in an electric oven at
200°C/2h and was then slowly cooled down and
brought to room temperature (RT).

The resulting homogeneous mix prepared from
sol-gel technique was in the form of coarse
grained particles. The powder was grinded using
a mortar and sieved using a mesh of particle size
less than < 75 pm. Samples used in the
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measurements were shaped out in the form of
circular discs, each of mass 15 mg, and pressed
under a 1.0 ton pressure with dimensions:
4.5mm diameter and thickness about 1 mm. All
samples were then annealed at different
temperatures up to 1100°C in a platinum (Pt)
crucible for 2 h using a microprocessor controlled
furnace and then cooled slowly to RT prior to
irradiation.

Irradiations were carried out at RT with a
calibrated *°Sr-**Y-source by pB-particles using
VINTEN Model 623 automatic dosimeter
irradiator of nominal activity 1 mCi which,
delivers to the samples dose at a rate of 2.87uGy
s”. The temperature variation in the range from
ambient to 673 K was 2 K. This test dose was
found suitable for stability conditions and
repeated measurements indicate that the
annealing temperature results in the detected
GL-peaks. The delivered test dose to the
samples was varied up to 2Gy, in steps of 0.5Gy.
This test dose was, however, found to reveal all
GL-peaks in the GL-curve of sample type
prepared by sol-gel technique. The read out
stage was made using Harshaw Model 3500 TLD
reader, with planchet heating system controlled
by Windows®-based Radiation Evaluation and
Management System (Win-REMS), a proprietary
of Thermo Electron Corporation RM&P’s,
operating on a personal computer and connected
to the Reader via a serial port [20]. The TL-signal
representing the Glow (GL-) curves were
recorded using suitable software, Win-REMS,
interfaced to a personal computer (PC), for
further analysis. All GL-curves were read using a
linear heating rate of 2°Cs'1, from room
temperature up to 380°C with preheat
temperature set at 80°C, to eliminate the more
rapidly fading low temperature peaks in the GL-
curves and to see end of signal (spectrum). This,
however, ensures consistency within our
measurements, except for those varying heating
rate experiments where, constant but varied
heating rates between 2 and 10°Cs™" were used.
More details about the preparation procedure
and conditions of the sol-gel method and the
measurement system are found elsewhere
[19,21].

3. RESULTS AND DISCUSSION

3.1 Effect of Concentrations of Each
Doped RE3*on Glow Curve

The starting concentration for the doping process
was 0.1mol%, according to Pandy et al. 2004
method, for the Eu3* samples. Other

concentrations, namely (0.2) and (0.3) mol%
were used; while (0.0002, 0.0003, 0.001, 0.002,
0.01, 0.03 and 0.05 mol%) of Dy3*ions; with all
samples were annealed at 1100°C/2h. Figs. 1-2
show the glow curves (GL-curves) of samples of
doped with Eu®* and Dy3* , respectively at
different concentrations were recorded using a
linear heating rate of 2Ks'1, also readout after
irradiation of 2Gy. The resulting GL-curve was
found to exhibit the highest intensity for TL-
peaks. It is interesting to note that the dopant not
only resulted in the detection of the new and high
temperature TL-peaks, but also enhancement on
the TL-response of the main dosimetric peak was
noted. The shape of glow curve is different with
doped-SiO,, becomes same of the best
concentrations for each Eu(0.2 mol%) and
Dy(0.002 mol%), but results in a lower TL-
response and forms a sharp peak around 430K
and the highest intensity for TL-peaks, whereas
the intensity is about 5-times in comparison with
doped Eu(0.2 mol%) samples. They are
emphasized that each of these doped samples
were de-convoluted to the same number of
peaks, in addition to a background signal. Such
quantitative measures make the novel doped
material excellent candidate to be used in
dosimetry that requires high temperatures
working environments. In any case, the kinetic
parameters for each GL-curve are listed in Table
1 for comparison and completeness.

3.2 Effect of RE3* Doping on the Glow
Peak Positions

Fig. 3 shows the effect of the best doped rare
earth on the glow curve peak of SiO,: Eu(0. 2
mol%) and Dy(0.002 mol%) comparison with the
glow curve of SiO, only. And Table 2 illustrates
the effect of rare earth size on the glow curve
peak position of SiO,: Eu(0.2 mol%) and
Dy(0.002 mol%). The amount of lattice distortion
increases with increasing the size difference
between the RE ion and the substituted ion and
with additionally the need fulfill for charge
compensation. The strategy taken by the lattice
to minimize the strain is that the RE ions
associate in pairs or larger clusters with lattice
defects and structural distortions into relatively
large defect complexes. A TL model [23] that
links the RE ions sizes will strongly influence the
trap stability resulting in TL peaks which differ in
temperature in a systematic way depending on
the ionic size of the RE dopants. For SiO,: RE,
both glow peaks movement in the same way with
ionic radius with sift up to 50K for peaks at high
temperature and to 63K for low temperature were
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observed, as [24]. Conversely, the Ilow
temperature data from alkaline earth fluorides
[25] indicate that the peak positions are
insensitive to the RE ion and no general trend
emerges for high temperature data.

3.3 Structural Analysis of The Best
Concentration of Each Doped
Eu(0.2mol%) and Dy(0.002mol%)

Fig. 4 shows XRD patterns of 0.2mol% EuCl; in
(a) and 0.002mol% Dy,0; in (b) doped silica gel
at RT and annealed at and 1100°C/2h. The two
figures illustrate the effect of the annealing
temperature (T,) on the structure. The peaks
exhibit a shift to lower angles with increase of the
annealing temperature. In both the cases, only
broad diffraction peaks were observed. The
broadness of these peaks indicates the

amorphous nature of the glassy phase. The beta
rays irradiation caused partial transformation
from amorphous to crystalline. The Eu3*and Dy3*
activators ions did not contribute to any
diffraction peaks suggesting that the ions are well
dispersed in the silica matrix because of their
relatively low concentration. The crystallites size
are noticed to change with the T, as the T,
increased, the particle size tended to increase
too, as shown in Table 3. This is also, consistent
with the fact that larger size particles result in a
better efficiency; and when compared to
collecting light in, e.g. solar cells. Fig. 5 shows
the SEM monograph and EDS spectrum of
0.2mol% EuCl; doped SiO, powders and
annealed at 1100°C/2h. The analyses of EDS
spectra reveals the following ratios: 48.27wt%,
43.39wt% and 8.34wt% for Si, O and Eu®*,
respectively.

Table 1. Trapping parameters of Si0,: Eu3* (0.2 mol%) as obtained from numerical fitting
technique at a heating rate 2Ks™

Con. (mol%) Ps E(eV) Tw(K) b s(s'1) T
Eu (0.2) P, 0.90 398 1.00 3.29x10" 1.36d
P, 1.07 425 1.23 6.61x10" 2.00m
Ps 1.23 447 1.30 1.04x10" 6.15y
P, 1.44 478 1.25 2.20x10™ 1.26x10%
Ps 1.75 504 1.63 4.9x10' 13.19x10%
Ps 1.78 548 1.42 3.16x10" 67.67x10%
P, 1.98 593 25 8.17x10" 7.62x10"%
Dy (0.002) P, 0.93 430 1.10 9.28x10° 15.96d
P, 1.09 456 1.28 1.33x10"" 21.93m
Ps 1.33 487 1.44 7.36x10" 467.29y
P, 1.40 522 1.55 3.79x10" 14.8x10%
Ps 1.68 570 25 7.9x10" 5.02x10"y

with, Std-Error of: E= £0.06%, Tm= £5%, b= +£0.03% lifetime measurements are determined
at ambient temperature (18°C), and scale is in years unless specified otherwise, with
(d=days and m=months).

Table 2. The ionic radius of the RE ions with the peak maxima of the low and high- temperature

peaks
Undoped lonic radius Tm(K) of the low-temp. Tm(K) of the high-temp.
(A°) peaks peaks
RE- ion -- 423 580 [22]
Dy 0.912 430-493 530-573
Eu 0.947 423-486 543-591
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Fig. 1. TL glow curves of SiO,: Eu3* with different concentrations irradiated with 2Gy after
annealing at 1100°C/2h at a heating rate of 2Ks™
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Fig. 2. TL glow curves of SiO,: Dy 3* with different concentrations irradiated with 2Gy after
annealing at 1100°C/2h at a heating rate of 2Ks™
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Fig. 3. Beta irradiated TL glow curves of undoped SiO, and doped with different rare earths
annealing at 1100°C/2h at a heating rate of 2Ks™
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Fig. 5. SEM image (upper) and EDS spectrum

(lower) of amorphous SiO,: Eu3* (0.2 mol%)
annealed at 1100°C/2h, obtained with
magnification, 1600. Peaks are labeled in

accordance with the main elements present in

3.4 Effect of Irradiation Dose of SiO,: RE**
lons for The Best Concentrations of
Each Eu** and Dy**

Figs. 6(a, b) show the dose response of TL
intensity of SiOy: Eu3* (0.2 mol%), Dy3*
(0.002 mol%) samples. The TL intensity
increases with the B-irradiation dose exposure
up to 2Gy and becomes saturated after 2Gy
B-irradiation in both the materials. A close
look at Figs. 7(a,b), indicate the tendency of
doped SiO, to show a linear behavior with the
irradiation  dose. This important result
emphasizes that the material after doping could
be used to detect radiation. It is worth mentioning
that such a linear behavior can also be
generalized to the main dosimetric peaks: P4, P,
and P; extracted from the GL-curves.
Considering the main TL-peak, namely P4, it was
also observed that the sensitivity of doped Dy
samples is about five times higher than that
found by doped Eu of main peak P4. The region
between 475 and 600K is, however, complex and
contains satellite broad peaks that need further
investigations.

the sample

3.5 Effect of Heating Rate on Glow Curve
of Si0,: RE* lons for The Best
Concentrations of Each Eu** and Dy**

Fig. 8 shows TL glow curves of silica glass
samples doped with Eu3* (0.2mol %) in (a), and
Dy3* (0.002mol %) in (b), irradiated to a dose of
2Gy and readout at different heating rates from 2
up to 10Ks™'. Based on Fig. 8, it is clear that the
temperature T,, corresponding to the maximum
intensity of the main glow peak exhibits a
tendency to shift to higher of temperatures with
the increase of the heating rate, B. The TL
intensity must therefore be normalized to the
heating rate used (TL/B). If this normalization is
done, the correct representation is obtained
which indicates a decreasing behavior of the
silica glass doped Eu®* and Dy3* as a function of
increasing the heating rate; a phenomenon that
is frequently observed in practice when dealing
with TL. It has been explained through a thermal
quenching effect [26]. Figs. (9,10) display the de-
convoluted emission peaks of SiO,: Eu3* and
Dy3*. The emission peaks of each sample and
the change in peak positions with heating rate
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are shown in Fig. 11. The kinetics effects on the
parameters values at 2 heating rate as example
are listed in Table 1.

From Table 1 one notices variations on the
parameters as a result of different a heating
rates. For all peaks, an increase in the activation
energy values, which indicates that the defects in
the sample become deeper with a probability of
increasing the efficiency of trapping more
electrons, is noticed. One also notices that
activation in terms of the b values where for P, it
exhibits direct recombination for the electrons (b
~ 1) while for the other peaks, at different
heating rates, a general order kinetic equation is
obtained. The initial charge concentration of filled
traps (n,) appear to decrease with, increasing
the heating rate, while the glow peaks intensity at
maximum shows a decrease in intensity as the
heating rate is increased with the peak
temperature at maximum moving towards higher
temperature values; but not in peak1 which
shows a small increase followed by a decrease

a4

5x10 1) ——0.5Gy

'5" 4 -1Gy
+ 4x10

ol 4 —_—1.5Gy
> 3x10' ) 26y
= Intermediate energy levels
C 2x10"
[ E]
= 1 Deepertraps
= 1x10* 4
- .
-

0

) I | I I \ 1
350 400 450 500 550 600 650 700
Temperature (K)

and increases again as the heating rate is
increased. This behavior is difficult to explain
because of the complex TL mechanism of
recombination defects [27]. One may possibly
think in terms of the heating rate occurring during
the time of reaction is slightly less at low than at
high heating rates, and then the peak integral
area of an entire glow curve increases with
heating rate [28]. The glow curves analyzed by
variable heating rate method (VHR) method for
the main peaks of SiO,: Eu(0.2 mol%), Dy(0.002
mol%) are shown in Fig. 12 and Table 4 shows
E , s and 1 values as determined by the VHR,
also confirm our findings.

3.6 TL Fading of Silica Glass Doped RE

It may appear desirable that the fading patterns
of other RE-doped SiO, in comparison with SiO2:
Dy need to be discussed. However, since both of
the best concentration of each Eu and Dy
dopants produce the same general shape of
glow curves with minor differences in the position
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Fig. 6. GL-curves of SiO2: RE*" are measured at a constant heating rate 2Ks™ after irradiation
up to 2 Gy. (a) Eu** (0.02 mol%) and (b) Dy** (0.002 mol%)
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Fig. 7. TL response of different extracted peaks plotted against irradiation dose for
SiO, doped with: (a) Eu3*(0.2 mol%) and (b) Dy 3*(0.002 mol%)
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Fig. 8. Normalized TL intensity of GL-curves of SiO, doped with: (a) Eu3* (0.2 mol%)
and (b) SiO,: Dy 3* (0.002 mol%), obtained at different heating rates

of the dosimetric peak, there is no reason to
suspect that different RE ions will produce
different fading patterns. Fading mainly depends
on the host material and preparation method
[29]. In addition, from the viewpoint of the energy
transfer model, the RE ion is completely
separated from the trapping sites. The RE
receives the recombination energy resonantly
and re-emits it as a TL. Therefore, carrying out
fading measurements on other Eu ion will not
produce fading patterns appreciably different that
obtained for Dy as a representative ion for the
Eu.
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Since it may take some time after a radiation
accident has occurred before an access to the
glass is possible, a desirable and crucial property
of the glass that must be studied is, fading. This
is the property that tells for how long a material
can hold any signal stored in it. Fading of SiOy:
Dy(0.002 mol%) samples was studied after
imparting a test dose of 2Gy after annealed at
1100°C/2h at storage temperature of 18°C .
Some samples of these were readout
immediately. Others were kept at room
temperature for a later time. Some of these were
read at the response against delay time is shown
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Fig. 9. De-convolution of normalized GL-curves of Si0, doped with Eu3*(0.2 mol%) and
obtained at different heating rates
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Fig. 10. De-convolution of normalized GL-curves of Si0, doped with Dy 3*(0.002 mol%) and
obtained at different heating rates

Fig. 13. The figure shows an initial high fading from quantum tunneling of the trapped charge to
rate followed by a slower rate at longer times, recombination center or to arise from localized
which is a characteristic of anomalous fading in  transitions within the defects complex. No
contrast to thermal and optical fading. changes inthe GL-curve shape with storage time
Anomalous fading, however, is believed to arise  are observed up to 100 days.

Table 3. The crystallite size of SiO,: Eu3* and Dy 3* prepared by sol-gel at RT and annealed at
1100°C/2h

XRD-Analysis of Position of angle (20,) FWHM-B(radians) Crystallite Size
[D=0.9xA/Bxcos(0,,)1(A°)

RT 1100°C/2h  RT 1100°C/2 RT 1100°C/2h
h
Eu(0.2)mol% 2358  21.31 12.37°  8.46° 6.45  9.41
(=0.22)  (=0.15)
Dy(0.002)mol%  23.79  21.29 11.08°  8.86° 746  9.41

(=0.19)  (=0.15)

Table 4. Values of the activation energy E (eV), frequency factor s (s'1) and lifetime T of main
dosimetric peaks of both silica glasses determined by the VHR

Main Peak SiO,: Eu(0.2 mol%) SiO,: Dy(0.002 mol%)
E (eV) s (s7) *r E(eV) s(s) T
P, 2.1 1.26x 102° 8.82x 108y 1.65 2.65% 1014 4x 10°%y
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Fig. 12. Plots of 1 n(T2/B) against 1 / kT, of
SiO, samples using VHR with, (0.2 mol%l
Eu* (solid squares) and (0.00 2mol%) Dy™*
(open circles) after a dose of 2Gy.

4. CONCLUSIONS

Thermoluminescence in SiO, doped Eu®*
and Dy3*materials were successfully synthesized
using the sol-gel technique. Its simple glow
curve shows three obvious TL peaks of

doped with the presence of overlapping
types Iluminescence centers are formed.
TL peaks intensities are dependent on

concentration of Eu3* and Dy3* doping in the
host material in all the samples. Similarly
the peak intensity increases with B-ray dose up
to 2Gy and then it becomes saturated after
2Gy B-rays exposure in all the materials,
the temperature at maximum increases linearly
with heating rate and the high temperature
dosimetric peaks at 460-590K along with its little
fading make the material suitable for radiation
dosimetry at high temperature. The electrons are
trapped in intermediate trap centers, which are
mostly oxygen defects and, dopants present on
surface.
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Fig. 13. Fading characteristics of the silica
glass samples doped with Dy(0.002 mol%).
Samples are irradiated to 2Gy, annealed at
1100°C/2h and storage at 18°C.
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