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This paper  reports  on  the  trap characteristics  of  commercially  obtained  Y3(Al,Ga)5O12:Ce3+ phosphor
powder.  The  effects  of  UV irradiation  time  and different  heating  rates  have  been  discussed  using  different
thermoluminescence  (TL)  techniques.  In the  TL glow  curves  of the  Y3(Al,Ga)5O12:Ce3+ phosphor  measured
in  the  temperature  range  between  room  temperature  (RT)  and  250 ◦C,  two  TL  peaks  were  observed,  a
maximum  centered  around  74 ◦C and  a shoulder  at around  163 ◦C  when  excited  with  UV  radiation.  Varying
the  UV  irradiation  (exposure)  time  or  hence  absorbed  dose  and  heating  rate significantly  affected  the  peak
intensity  (Im)  and  peak  temperature  (Tm)  of the glow  curve.  The  UV exposure  time  was varied  from  3  min
to  20  min  and  we noted  that  the TL  intensity  increased  with  UV  exposure  time  in  the  range  3–15  min.  This
may  be explained  on  the  basis  of second  order  recombination  kinetics  taking  place  due  to a re-trapping

process  of  the  excitation.  The  intensity  of  the  two  TL  peaks  moved  to  the higher  temperature  side  with
an  increase  in  the  heating  rate. The  kinetic  parameters  at various  heating  rates  namely  activation  energy
(E),  order  of  kinetics  (b)  and frequency  factor  (s) of  the  Y3(Al,Ga)5O12:Ce3+ sample  were  determined  by
the  variable  heating  rate  method,  peak  shape  method  and  TL  Anal  Glow  Curve  Deconvolution  (GCD)
techniques.

© 2016  Published  by  Elsevier  GmbH.
. Introduction

In recent years, oxide materials based on the garnet structure
ave attracted a lot of scientific and industrial interest around the
orld, as they offer excellent properties such as wide band gap,

ood chemical, thermal and radiation resistance and excellent radi-
tion conversion efficiency [1]. Being one of the most common host
aterials, yttrium aluminum garnet (Y3Al5O12, or YAG) has been

tudied for a variety of applications, for example general lighting,
athode ray tubes (CRT’s), solid-state lasers and scintillators [2]
mong many others.

Thermoluminescence (TL) is the emission of light from insu-
ators or semiconductors when they are thermally stimulated
ollowing the previous absorption of energy from radiation [3].
L measurement is a very important and convenient method of
nvestigating materials and provides important information on the
ature of the traps, trapping energies and de-trapping mechanisms
n crystals [4]. During TL measurements the TL spectrum is obtained
y initially filling the traps at low (room) temperatures using UV
r other radiation and then raising the temperature at a constant

∗ Corresponding author. Tel.: +27 54727864167; fax: +27 587185444.
E-mail address: alihwako@gmail.com (A.H. Wako).

ttp://dx.doi.org/10.1016/j.ijleo.2015.12.155
030-4026/© 2016 Published by Elsevier GmbH.
heating rate (�) [5]. The monochromatic radiation does the work
of exciting electrons from within the band gap into the conduc-
tion band (CB) generating free charge carriers (electrons and holes)
which may  be captured in available trapping centers and occupy
levels at a trap depth (Et) below the CB [6]. The radiation dis-
lodge electrons within the lattice structure of the material and
the trapped electrons return to their normal, stable lower-energy
positions, releasing energy during the TL heating process [7].

When activated with the right amount and type of radiation, it
was confirmed that the rare-earth (RE3+) ions such as co-dopants
work as traps of photo-carriers within the band gap of the material
[8]. Formation of an electron or a hole- trap by a defect depends
on the energy level position of the RE3+ ions within the host band
gap [9]. The charge carriers trapped at different depths causes var-
ious decay components, because the recombination between the
excited electron and trapped hole is influenced greatly by the trap
depth (Et) [10]. If the depth of trap level is too shallow, the phos-
phor would exhibit fast decay or fluorescence and if it is too deep,
the phosphor would hardly show any luminescence at room tem-
perature. Hence, it is important for a material to have trapping

level at a suitable depth in relation to the thermal release rate at
room temperature [5]. The life time of the phosphor is dictated
by the activation energy or trap depth of the hole/electron cap-
tured by the RE3+ ions and the intensity of the phosphorescence is

dx.doi.org/10.1016/j.ijleo.2015.12.155
http://www.sciencedirect.com/science/journal/00304026
http://www.elsevier.de/ijleo
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etermined by the density or amount of the trapped holes/electrons
nd the rate of decay.

TL spectrum shows glow intensity as a function of temperature
esulting in what is known as a glow curve. Analysis of the glow
urve is one of the most significant ways to measure the number of
raps and also the activation energy of the trap levels in lumines-
ent materials. The TL glow curve is associated with the trap levels
ituated at different depths in the band gap between the conduc-
ion (CB) and the valence bands (VB) of a solid [11]. The depth of
he traps (Et) and their concentration (no) in the phosphors can be
btained by analyzing the TL spectrum [12]. The depth of each trap
an be estimated from the peak temperature. Usually glow curves
bove room temperature feature one or several distinguished peaks
nd the energy corresponding to the glow peak is equal to the trap
epth.

Several reports are available on the different TL techniques used
o monitor the trapping states in materials such as initial rise

ethod [2,4,7], glow curve deconvolution (GCD) [13] and peak
hape method [12,14]. In this paper we use the variable heating
ate method, peak shape method and TL Anal Glow Curve Decon-
olution (GCD) program to determine the activation energies, trap
epths, pre-exponential or frequency factor (s) of the traps asso-
iated with corresponding TL peaks in a commercially obtained
3(Al,Ga)5O12:Ce3+ phosphor.

. Experimental

Samples of commercially available Y3(Al,Ga)5O12:Ce3+ phos-
hor powders were obtained from Phosphor Technology (UK). The
tructure and phase composition were determined using a Bruker-
XS D8 Advance X-ray diffractometer (Bruker Corporation of
ermany) operating at 40 kV and 40 mA  using Cu K� = 0.15406 nm

rom 15◦ to 65◦ (2�), with a scan rate of 0.39◦ (2�)/min and step
cans with a step size of 0.02◦ (2�). The room temperature pho-
oluminescence (PL) excitation and emission fluorescence spectra
ere recorded using an F-7000 FL Spectrophotometer at scan speed

f 60 nm/min at 400 PMT  voltage and excitation and emission
onochromator slit widths of 5 nm.  The TL studies were carried out

bove room temperature using a TL 10091 Thermoluminescence
eader system with PMT  type 9924 B supplied by M/s Nucleonix
ystems Pvt. Ltd., India interfaced to a PC where the TL signals
ere analyzed to investigate traps and defects in the phosphor
owders. The PMT tube has sufficient response over a wide spec-
ral range. In order to fill the available traps, the samples were at
rst excited for 3, 5, 10 and 15 min  using a 254 nm UV radiation
tandard lamp with a power of 15 W.  Then the radiation source
as removed and the samples were heated at various linear rates

f 0.5, 0.8, 1.0, 1.2, 1.6, 2 and 2.5 ◦C/s to induce thermal release or
e-trapping of the charge carriers. By varying the temperature as

 function of the intensity, the TL spectrum was obtained display-
ng the integrated TL yield. During all the TL experiments, 20 mg
f the sample was used and the glow peaks were recorded from
T to 300 ◦C.

. Results and discussions

.1. XRD analysis

XRD pattern and standard of the Y3(Al,Ga)5O12:Ce3+ phosphor
owder is shown in Fig. 1. The peaks indexed well with the JCPDS

ard number 89-6660. It has a bcc structure of space group I a-3d
230) with 160 atoms in the cubic (primitive) cell and cell parame-
ers; a = 12.1552(6) Å;  ̌ = 90◦, cell ratio; a/b = 1.0, b/c = 1.0, c/a = 1.0
nd cell volume 1795.92 Å3.
Fig. 1. XRD pattern of the Y3(Al,Ga)5O12:Ce3+ phosphor powder indexed with JCPDS
card # 89-6660.

3.2. PL analysis

Fig. 2(a) and (b) show the PL excitation and emission
spectra recorded from the as-prepared commercially obtained
Y3(Al,Ga)5O12:Ce3+ powders. The PL emission spectra from the
powder sample with a maximum in the yellow region at 560 nm
is a broad band ranging from 550 nm to 650 nm corresponding to
the 440 nm blue excitation due to the 4f-5d electronic transition of
Ce3+ attributed to the de-localization of electrons from the lowest
5d level to the crystal field split 4f (2F5/2/2F7/2) levels of Ce3+.

3.3. TL glow curves

Room temperature TL glow curves of the Y3(Al,Ga)5O12:Ce3+

recorded after irradiation with different UV exposure times as the
temperature was increased linearly as a function of time at the
rate of 1 ◦C/s are shown in Fig. 3. The intensity of the glow curves
is already high at room temperature due to contributions from
the photoluminescence effect of the UV excited Y3(Al,Ga)5O12:Ce3+

phosphor material whereby as soon as the UV  irradiation stops the
filled electron traps begin to empty starting with room and as the
temperature is increased during the TL process. The glow curves
consists of two thermal peaks each indicating that more than one
type of trap is involved.

From the fitted glow curve of Fig. 3(b), the main peak is centered
at 74 ◦C and the other on the higher temperature side at 163 ◦C
suggesting availability of two un-equivalent trap types; shallow
and deep respectively. The peak at around 74 ◦C is intense which
is an indication of the presence of a sufficient number of shallow
traps (trap 1) which means that the charge carriers do not migrate
far away from the conduction band (CB) thus bringing about fast
decay and the shoulder at around 163 ◦C suggests the existence of
a fewer deep traps (trap 2) which could be responsible for longer
decay times or no emission owing to its depth. It has also been
shown that Ce3+ favors fast decay times as short as 25–30 ns [15]
and can therefore be ascribed to the shallow traps at 74 ◦C since the
trap depth is directly proportional to the maximum glow peak.

As can be seen from Fig. 3, the form of the glow curves remains
the same without any observable change, except for a slight shift in
peak positions, as we  increased the UV dose. It has been reported
that the large unit cell of YAG is prone to many defect sites and
impurities especially at high temperatures due to a resultant lattice
strain which arise from the presence of other RE3+ ion impurities
or heterovalent impurity species [16].

Luminescence involves two  kinds of active centers: emitters and
traps. In Y3(Al,Ga)5O12:Ce3+ crystals Ce3+ is an emitter, while Al3+

and Ga3+ form substitutional defects that serve as trapping centers.

The faster decay speed or fluorescence emission of Ce3+ is due to the
existence of shallow traps nearby Ce3+ ions. When Ce3+ is excited
with UV radiation generating free charge carriers (electrons and
holes), electrons in the valence band (VB) of the host lattice or the
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Fig. 2. Room temperature PL excitation and emission spectra of the Y3(Al,Ga)5O12:Ce3+ phosphor powder.

 UV ra

g
o
e
s
h
t
e
C
t
c
C
s
a
o
s
o

d
A
d
p
w
e
b
a
p
m
t
o
5
a
g
d
o
a
p

Fig. 3. (a) Glow curves showing TL variation with

round state of activator ions are raised to the conduction band (CB)
f Y3(Al,Ga)5O12:Ce3+ where they propagate. Some of the excited
lectrons relax and maybe captured by a trapping defect, Al/Ga
ubstitutional defects or oxygen defects and are stored there. The
oles resulting from this capture can also migrate in the VB and are
rapped by Ce3+ (Ce3+ + h+ → Ce4+). Upon thermal activation those
lectrons are released from the Al/Ga or oxygen defects back to the
B diffuse and relax to the excited state of the activators while the
rapped hole is released back to the VB; this initiates a reverse pro-
ess in which the hole recombines with the electron in the shallow
e3+ (Ce4+) site yielding the characteristic Ce3+ fluorescence emis-
ion [6,17]. If electron-hole pairs recombine immediately and emit

 photon it is known as fluorescence [18] which explains the flu-
rescence nature of Ce3+. Trapping from the conduction band to
hallow traps or from shallow traps to deep traps can be the cause
f the fast decay.

The peak at around 163 ◦C which might be equivalent to a
eeper trap could therefore be attributed to traps arising from
l/Ga substitution defects induced by lattice disorder due to the
ifference between the ionic radii of Al3+ and Ga3+. Ga3+ acts to
rovide hole-trap by occupying the Al3+ vacancy sites and this
ould mean distorted Ce3+ sites, which would act as a trap for

xcited Ce3+ electrons. The electron–hole recombination mediated
y deep trap states within the band gap may  be responsible for

 slower decay component. It was reported elsewhere that the
resence of shallow traps was detrimental to scintillation perfor-
ance of Lu3Al5O12:Ce3+ [19] a problem which was  overcome by

ailoring the composition by introducing Ga3+ into the band gap
f the Lu3Al5O12:Ce3+ a strategy that favored positioning of the
d1 level of Ce3+ [20]. Since the density or amount of the traps
nd the rate of decay corresponds to the peak intensity of the
low curve, the electronic relaxation in Y3(Al,Ga)5O12:Ce3+ has a

ominant fast luminescence decay due to a higher concentration
f charge carrier captured in the shallow trap sites around 74 ◦C
nd a slower less dominant decay component due to deep trap-
ing around 163 ◦C. Thus substitution of Ga3+ into the YAG:Ce3+
diation time (b) Deconvolution of peaks 1 and 2.

reduces the number of traps and lowers the TL signal. Previous
studies have shown that substitution of Gd3+ for the rare-earth
ion (Lu3+ or Y3+) lowers the TL signal while samples with Y3+

have lower TL compared to those with Lu3+ [2]. Mutual change
in the shape and intensity of the peaks corresponding to shal-
low traps in a glow curve compared with that of deeper traps
may  indicate the existence of inter-trap charge transfer. Elec-
trons de-trapped from the shallower trap may  be captured by the
deeper trap or luminescence center as the temperature is raised
[21].

3.4. UV exposure

From Fig. 4(a) we  observe that with increasing UV irradia-
tion/exposure time from 3 to 20 min, the position of the thermal
peak maximum (Tm) of the glow curves shifted to higher tem-
peratures and then to the lower temperatures. The shift in the
TL peaks can be attributed to be due to the different rates at
which the traps get filled [22]. This shift is also an indication
that second order recombination kinetics could be taking place
in which case a re-trapping process of the excitation occurs. First
order kinetics occurs when the glow curve maximum (Tm) is
independent of the dose absorbed by the material [6,23,24] such
that the first order kinetic equations for the calculation of rel-
evant trapping parameters may  be applicable. A part from the
variation of Tm, the shape of the glow curve can also give an
indication of the order of kinetics whereby it is asymmetrical for
first order and symmetrical for second order respectively. How-
ever the symmetrical shape or broadness of a glow curve may
also be because of the presence of other several overlapping first
order peaks and not due to the existence of second order kinetics
[23].
A sharp rise in the TL maximum intensity (Im) was  observed for
the dominant peak as shown in Fig. 4(b). The TL intensity initially
increased with increase in irradiation time and tends to saturate at
10 min  and then drops with further exposure.
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Fig. 4. Variation of (a) Tm (K) and (b
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ig. 5. TL glow curves showing the effect of heating rate variation as a function of
emperature.

.5. Heating rate method

The TL glow curves of Y3(Al,Ga)5O12:Ce3+ under different heat-
ng rates (ˇ) are shown in Fig. 5.

The maximum temperature peak position (Tm) shifted to a
igher temperature when the heating rate was increased as seen

n Fig. 6(a). Similarly the Peak intensity (Im) increased linearly with
he heating rate as seen in Fig. 6(b).

Due to the shift of Tm to a higher temperature when the heating
ate  ̌ (in ◦C/s) increased, we employed the Hoogenstraaten method
hich relates the TL peak temperature (Tm) and heating rate (ˇ)

9,25,26] using the following equation:

n

(
T2

m

ˇ

)
= E

kTm
+ ln

(
E

sk

)
(1)
o determine the activation energy, or trap depth where E is
he activation energy or trap depth, k is the Boltzmann con-
tant,  ̌ is the heating rate, s the frequency factor in s−1 and Tm

Fig. 6. Variation of (a) Tm and 
) Im with UV exposure time.

represents the glow peak temperature. The resultant plot of
ln (T2

m/ˇ)  versus 1/kTm also known as Hoogenstraaten plot, yields
a straight line with slope E and intercept, ln(E/sK). Fig. 6(a) and (b)
shows the Hoogenstraaten plots calculated from the TL glow curve
of the Y3(Al,Ga)5O12:Ce3+ phosphor at different heating rates. Both
the lower and higher temperature side peaks showed a linear rela-
tionship. The plots of the dominant lower temperature side peak
gave a slope of 0.39 ± 0.08 eV as the trap depth as compared to
0.74 ± 0.15 eV calculated from slope of the less dominant peak on
the higher temperature side (Fig. 7).

In this result, the depth of trap 1, attributed to be originating
from Ce3+ ion incorporation, was  0.39 ± 0.08 eV and the depth of
Trap 2, due to Ga3+ ion substitution, was 0.74 ± 0.15 eV. This clearly
supports the idea that Ce3+ form shallow traps and hence decays
faster as compared with the emission due to Ga3+ ion substitu-
tion which forms too deep trap from which emission may not be
realized at all. The corresponding frequency factors s (s−1) calcu-
lated from the intercept, ln(E/sK) of Eq. (1) were 2.93 × 104 s−1 and
1.2 × 108 s−1 for trap 1 and trap 2 respectively.

3.6. Peak shape method

Due to the symmetrical nature of the glow curves, and for com-
parison we also used Chen’s second order kinetic equation [27],

E = 3.54

(
KT2

m

ω

)
− 2KTm (2)

based on the peak shape method to estimate the activation energy
needed to de-trap charge carriers from the trap centers, where E
is the activation energy/trap depth in eV, k = 8.617 × 10−5 eVK−1

is the Boltzmann’s constant, Tm is the temperature correspond-
ing to the maxima of a thermal peak and ω is the FWHM of

the glow curve. The symmetry factor (� = ı/ω = (T2 − Tm)/(T2 − T1))
(where Tm is the peak temperature at maximum intensity, T1 and
T2 the lower- and upper-temperatures at half intensity) has been
found to be approximately 0.52 for all glow curves, which indicates

(b) Im with heating rate.
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Fig. 7. Hoogenstraaten plots showing the dependence of the peak temperatures (Tm) of the Y3(Al,Ga)5O12:Ce3+ glow curves on the temperature-raising rate (�) for (a) trap
1  and (b) trap 2 respectively.

Table 1
Characteristic parameters of traps associated with TL peaks in Y3(Al,Ga)5O12:Ce3+.

Tm (K) Et (eV) Freq. factor (s)

0.5 ◦C/s 0.8 ◦C/s 1 ◦C/s 1.2 ◦C/s 1.6 ◦C/s 2 ◦C/s 2.5 ◦C/s

Peak 1
324 0.24 6.42E06 1.03E07 1.28E07 1.54E07 2.05E07 2.57E07 3.21E07

326 0.20 1.36E05 2.17E05 2.72E05 3.26E05 4.35E05 5.44E05 6.80E05

342 0.25 3.86E06 6.18E06 7.72E06 9.27E06 1.24E07 1.54E07 1.93E07

333 0.21 2.41E05 3.86E05 4.83E05 5.79E05 7.73E05 9.66E05 1.21E06

346 0.23 5.50E05 8.80E05 1.10E06 1.32E06 1.76E06 2.20E06 2.75E06

349 0.21 1.04E05 1.66E05 2.07E05 2.49E05 3.31E05 4.14E05 5.18E05

352 0.22 2.04E05 3.23E05 4.07E05 4.89E05 6.52E05 8.14E05 1.02E06

Average 0.23 1.64E06 2.63E06 3.29E06 3.95E06 5.26E06 6.58E06 8.22E06

Peak 2
416 0.69673 5.69E17 9.11E17 1.14E18 1.37E18 1.82E18 2.28E18 2.85E18

428 0.77264 1.96E19 3.13E19 3.91E19 4.69E19 6.26E19 7.82E19 9.78E19

438 0.86445 1.89E21 3.03E21 3.78E21 4.54E21 6.05E21 7.57E21 9.46E21

424 0.59787 3.92E14 6.27E14 7.84E14 9.41E14 1.25E15 1.57E15 1.96E15

438 0.91235 3.72E22 5.96E22 7.45E22 8.93E22 1.19E23 1.49E23 1.86E23

446 0.90656 9.28E21 1.48E22 1.86E22 2.23E22 2.97E22 3.71E22 4.64E22
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448 0.76985 1.74E18 2.79E18

Average 0.79 6.92E21 1.11E22

econd order kinetics [28]. From the equation and the shape of the
low curve it can be inferred that the rate of thermal activation is
roportional to the rate of thermal release of the trapped charge
arriers [14]. The corresponding frequency factor s (s−1) which is
he frequency of an electron escaping the trap can be calculated
sing the Garlick and Gibson second order kinetics formula [29] as
iven in Eq. (3);

 = ˇE

kT2
m

1

1 + 2kTm
E

exp
(

E

kTm

)
(3)

The values of the activation energies and frequency factors for
rap 1 and 2 calculated from some of the glow curves at different
eating rates using Eqs. (2) and (3) are presented in Table 1.

The calculated values of trap depth (Et) which is similar to the
ctivation energy, gave an average of 0.23 ± 0.1 eV and 0.79 ± 0.1 eV
or trap 1 and 2 respectively. The value for peak 2 is quite compara-
le with 0.74 eV calculated from the Hoogenstraaten method using
q. (1).

.7. TL Anal GCD method
To further estimate the actual trap depths, a deconvolution of
he glow curves with second order kinetics was carried out using a
L Anal GCD program. Fig. 8 shows the deconvoluted glow curves
or the different heating rates.
3.48E18 4.18E18 5.57E18 6.97E18 8.71E18

1.38E22 1.66E22 2.21E22 2.77E22 3.46E22

The values of the activation energies and frequency factors for
trap 1 and 2 estimated using TL Anal software for the different
heating rates are given in Table 2.

This method gave values of trap depth (Et) as 1.59 ± 0.1 eV and
2.14 ± 0.1 eV for trap 1 and 2 respectively. The corresponding fre-
quency factors s (s−1) were 7.61 × 1018 s−1 and 6.9 × 1020 s−1 for
trap 1 and trap 2 almost in the same range as reported by Pitale
et al. using CGCD procedure [23]. The trap depths obtained in our
results using the TL Anal GCD method are larger than those we
obtained by Hoogenstraaten and peak shape methods. The discrep-
ancy may  be attributed to be as a result of a continuous trap depth
distribution which deforms the glow peaks and makes the sim-
ple glow peak models ill-suited. However it is still that assumed
the figures due to Hoogenstraaten’s method to be most reliable
[30]. In another study, Piters et al. also reported that although in
some cases the deviation between the heating rate method and
glow curve fitting method can be quite significant, the Hoogen-
straaten’s heating rate method remains a generally reliable method
for determining TL trapping parameters of first order glow peaks.
In their study they attributed the deviation to be due to a system-
atic increase of a temperature lag between the measured and real
temperature of the sample (i.e. non-ideal heat transfer between
heating element and sample) as the heating rate increased which

affects the linear part of the heating rates plots more than has been
previously realized. They concluded that the effect of the temper-
ature lag on Hoogenstraaten’s heating rate method is a decrease
in activation energy and frequency factor and is more important
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Fig. 8. Deconvolution of the TL glow curve of the Y3(Al,Ga)5O12:Ce3+ p

Table 2
Characteristic parameters of traps associated with TL peaks in Y3(Al,Ga)5O12:Ce3+.

Heating
rates (◦C/s)

Trap
depth1 Et

(eV)

Freq. factor
s (s−1)

Trap
depth2 Et

(eV)

Freq. factor
s  (s−1)

0.5 1.43 1.20E16 2.03 4.59E18

0.8 1.59 7.0E18 2.09 6.68E18

1.0 1.73 3.48E19 1.92 3.71E16

1.2 1.58 1.56E18 2.04 2.05E19

1.6 1.51 2.37E16 2.31 1.39E21

2.0 1.57 1.35E17 2.13 3.80E18

18 21
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2.5 1.72 9.75E 2.49 3.43E

Average 1.59 7.61E18 2.14 6.94E20

or glow peaks with high activation energy and high frequency
actor [31].

Also Sunta et al. reported that the peak shape, general order
eak fitting and initial rise methods of determining E values of TL
low peaks produce low values. In the peak shape and general order
tting methods this happens when the retrapping probability is
uch higher than the recombination probability and the sample

ose is higher thereby filling the traps up to near the saturation
evel. In the case of initial rise method it was because the expo-
ential growth region of the TL intensity may  be too weak to be
easured above the instrumental background. The proposed the

se of low sample doses for analysis of the glow peaks as a remedy
or these discrepancies [32].

. Conclusion

In this study we performed TL measurements on commercial
3(Al,Ga)5O12:Ce3+ phosphor. Each of the glow curves consisted
f two thermal peaks indicating existence of more than one type
f trap; one of them is centered at 74 ◦C and the other on the

igher temperature side at 163 ◦C corresponding to shallow and
eep traps respectively. With increasing UV exposure time the posi-
ion of the thermal peak maximum (Tm) of the glow curves shifted
o higher temperatures and then to the lower temperatures. The TL [
owder with second order kinetics using TL Anal GCD program.

intensity initially increased with an increase in UV exposure time
and tends to saturate at after 10 min  and then dropped with further
exposure. The maximum temperature peak position (Tm) shifted
to higher temperature when the heating rate was  increased. The
depth of trap 1, originating from Ce3+ ion was  0.39 ± 0.08 eV and
the depth of Trap 2, originating from Ga3+ ion substitution, was
0.74 ± 0.15 eV as calculated from the Hoogenstraaten method. Val-
ues of trap depth (Et) calculated using Chen’s peak shape method
gave an average of 0.23 ± 0.1 eV and 0.79 ± 0.1 eV for trap 1 and 2
respectively which was quite comparable to 0.74 eV for trap 2 cal-
culated from the Hoogenstraaten method. We  observed that trap
depths obtained with the TL Anal GCD method were much larger
than those obtained by Hoogenstraaten and peak shape methods.
The difference may  be attributed to be a result of a continuous trap
depth distribution which deforms the glow peaks and makes the
simple glow peak models ill-suited. However it is still assumed that
the figures due to Hoogenstraaten’s method to be the most reliable.
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