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h i g h l i g h t s
� Undoped and doped (Ce, Ti, Cu) crystals of LiAlO2 were investigated.
� Crystals were grown using Micro Pulling Down method.
� First order kinetic of luminescence processes was confirmed.
� Activation energies of traps were received from deconvolution and VHR method.
� Results obtained from deconvolution and VHR method differ significantly.
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a b s t r a c t

Lithium aluminate (LiAlO2) crystals, both undoped and doped with Ti, Cu and Ce, were grown using the
Micro Pulling Down method and their thermoluminescence (TL) was studied. The first order kinetics of
thermoluminescent glow curves was confirmed. The Tmax-Tstop method showed the existence of a high
number of overlapping peaks. The same conclusion followed from the deconvolution of TL glow curves.
We show that TL signal consists of at least 9 overlapping peaks. Comparison of trap parameters obtained
with deconvolution and the variable heating rate method is presented.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Several works on luminescent properties, of both doped and
undoped lithium aluminate (LiAlO2), have been recently presented
(Lee et al., 2012, 2013; Holston et al., 2015a; Holston et al., 2015b;
Dhabekar et al., 2008a; Dhabekar et al., 2008b; Mittani et al.,
2008; Twardak et al., 2014a). Most of them are focused on opti-
cally stimulated luminescence (OSL). It is attractive for potential use
in dosimetry, as it shows quite high sensitivity for ionizing radia-
tion, relatively low effective atomic number (Zeff ¼ 10.7) and con-
tent of Li-6, which makes it useful for measurements in neutron
fields. Besides OSL, lithium aluminate shows also significant ther-
moluminescent (TL) signal (Twardak et al., 2014b), which however
was less thoroughly investigated so far.

The majority of works studied the lithium aluminate crystals
grown by the Czochralski method. However, in recent years LiAlO2
crystals were also obtained using the relatively new Micro Pulling
Down method (Pejchal et al., 2011, 2012). Some other high-
sensitive OSL materials, such as lithium magnesium phosphate
(LiMgPO4), have also been crystallized recently by this method
(Kulig et al., 2016a, 2016b).

In this work we performed the study of TL kinetic properties of
undoped and doped (Ti, Cu, Ce) lithium aluminate crystals grown
by the Micro Pulling Down technique. Especially calculations of TL
kinetic parameters established using Tmax-Tstop, TL glow curve
deconvolution and the variable heating rate methods were done.
The dependence of number of peaks and its kinetic parameters on
the samples dopants is also presented. Moreover the short dis-
cussion of applicability of previously mentioned methods used for
establish kinetic parameters for lithium aluminate is conducted.
2. Materials and methods

Four types of undoped and doped (Ce, Cu, Ti) lithium aluminate
crystals were prepared at the Institute of Nuclear Physics (Krakow).
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Table 1
Information about investigated samples: compounds melted in the crucible and
applied growing rate in Micro Pulling Down process.

Sample Compounds Growth rate

LiAlO2 Li2CO3 þ Al2O3 þ 4 mol% Li2CO3 1 mm/min
LiAlO2: Ti Li2CO3 þ Al2O3 þ 4 mol% Li2CO3 þ 0.1 mol% Ti2O3 1 mm/min
LiAlO2: Cu Li2CO3 þ Al2O3 þ 4 mol% Li2CO3 þ 0.5 mol% CuCl2 5 mm/min
LiAlO2: Ce Li2CO3 þ Al2O3 þ 4 mol% Li2CO3 þ 1 mol% CeO2 5 mm/min

Fig. 2. The outcome of the Tmax- Tstop method. Graphs show the Tmax versus Tstop
dependence calculated for (a) undoped LiAlO2, (b) LiAlO2: Ti, (c) LiAlO2: Ti and (d)
LiAlO2: Ce.
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All of the studied crystals were grown with Micro Pulling Down
technique using a radio frequency heating system (Cyberstar,
France) (Fukuda and Chani, 2007).

For the crystal growth processes of undoped lithium aluminate,
mixtures of aluminium oxide (Al2O3) and lithium carbonate
(Li2CO3) in powder form were prepared with 4 mol% excess of
Li2CO3. That excess is necessary due to lithium loss by evaporation
of lithium oxide during mixture melting. Titanium dopant was
added to the mixture in form of oxide (Ti2O3), similarly as the
cerium one (CeO2)$In case of copper dopant, water solution of
copper chloridewas instilled to undoped powdermixture. Then the
water was evaporated from the solution.

The previously prepared powders' mixtures were placed in an
iridium crucible. The material was slowly heated to a temperature
slightly exceeding lithium aluminate melting point (1650 �C). After
melting the temperature was lowered in order to obtain optimum
conditions for crystal growth process. In all cases a graphite after-
heater was used. All processes were conducted in argon atmo-
sphere. Undoped and titanium doped crystals were grownwith the
1 mm/min growth rate. The growth rate applied for Cu and Ce
doped samples was 5 mm/min (see Table 1). The obtained lithium
aluminate crystals had a form of rods with diameters of a few
millimeters. The undoped sample was 9 cm long and the length of
the doped samples was 4e5 cm. Subsequently, the crystals were
crushed into powder in a mortar in order to ensure the homoge-
neity of samples. For further measurements the samples weighing
8e19 mg were used.

Thermoluminescence was measured using a commercial reader
Risø DA-20 TL/OSL (Risø DTU, Denmark). The reader was equipped
with the band pass filter Hoya U-340. This filter transmits light from
250 to 400 nm (UV range). In all experiments, before irradiations
Fig. 1. TL glow curves of LiAlO2:Ti after irradiation with different doses from 0.07 to
26 Gy.
samples were annealed in reader at 450 �C for 60 s. This annealing
procedure is sufficient to erase all possible residual signal. Irradi-
ations were carried out using a built-in beta source90Sr/90Y (max
energy 2.27 MeV). Detailed specification of the reader and its per-
formance was described by Bilski et al. (2014). and Wr�obel et al.
(2015).

One of the applied experimental methods was Tmax-Tstop tech-
nique. In this method previously annealed samples were irradiated
with the dose of 0.7 Gy. Then, immediately after exposition samples
were preheated to a specific temperature Tstop with a heating rate of
5 �C/s and subsequently cooled to room temperature. The next step
was the registration of TL glow curves with the same heating rate.
Applied temperature range was 25e400 �C. From the obtained TL
glow curve, the position of the first maximum (Tmax) was noted.
Then the whole process was repeated for the different Tstop values.
Tstop was increased stepwise with the 2 �C step. The first value of
Tstop was determined by the beginning of low temperature tail of
the first glow peak. In case of lithium aluminate the first Tstop was
50 �C. The last applied Tstop was 350 �C.

3. Results and discussion

As was mentioned previously lithium aluminate has significant
thermoluminescent signal. The highest sensitivity (measured as the
integral of TL glow curve) from the investigates samples shows
lithium aluminate doped with copper. The TL signal of LiAlO2:Ti
measured after exposure to the same dose was two times lower.
The lowest sensitivity to ionizing radiation exhibit undoped and



Fig. 3. Deconvolution of (a) undoped LiAlO2, (b) LiAlO2: Ti, (c) LiAlO2: Ti and (d) LiAlO2:
Ce. Samples were irradiated with beta particles (0.5 Gy).

Table 2
Peak parameters estimated using TL glow curves deconvolution. Analysis was conduct
(230e400 �C). Parameters of last two peaks of LiAlO2:Cu were not presented, due to too

LiALO2

Main peak 1 T (�C)
E (eV)

59
0.95

2 T (�C)
E (eV)

71
0.89

3 T (�C)
E (eV)

4 T (�C)
E (eV)

85
0.73

5 T (�C)
E (eV)

99
0.65

Second peak 6 T (�C)
E (eV)

7 T (�C)
E (eV)

8 T (�C)
E (eV)

145
0.50

9 T (�C)
E (eV)

10 T (�C)
E (eV)

195
0.72

11 T (�C)
E (eV)

210
0.50

Tail 12 T (�C)
E (eV)

237
0.51

13 T (�C)
E (eV)

14 T (�C)
E (eV)

295
0.51
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cerium doped samples. Their relative intensity in comparison with
Cu doped samples is less than 10% (9% for undoped and 8% for
cerium doped sample).

The first step of investigations was the determination of the
kinetic order of luminescence processes occurring in studied ma-
terials. This was realized by checking position of TL peaks over a
wide range of doses. For this purpose samples were annealed using
a standard thermal treatment. Subsequently they were irradiated
with beta particles and read out. TL glow curves were registered
from 25 �C to 400 �C at the constant heating rate of 5 �C/s. Then the
entire procedure was repeated for the increasing doses ranging
from 70mGy to 26.4Gy (23 dose values). Fig. 1 shows an example of
the obtained results for titanium doped lithium aluminate. As can
be seen position of TL peaks does not shift towards higher tem-
peratures with increasing dose, which indicates first order kinetics
(Bos, 2007). Similar observations can be made for other three
materials.

TL glow curves of all studied lithium aluminate samples show
between two (LiAlO2: Cu) and four (LiAlO2: Ce) clearly distin-
guishable peaks. However, the shapes of TL glow curves indicate
the existence of higher number of overlapping peaks. For that
reason Tmax-Tstop method was used in an attempt to determine the
number and positions of individual peaks. The final result of Tstop-
Tmax method was the relationship between Tmax and Tstop. Such
graphs for all samples are presented in Fig. 2. A plot of Tmax versus
Tstop should show a stepwise curve, where each “flat” region cor-
responds to different trapping centre. All of the obtained curves
show not only “flat regions”, but also smooth slopes, which sug-
gests the existence of large number of closely overlapping peaks or
even a continuous distribution of thermoluminescent glow peaks.
In particular, for copper doped samples there is no possibility to
separate any of the “flat region”. However, it should be noticed that
the resolution of Tstop-Tmax method is estimated to be approxi-
mately 5 �C (McKeever, 1980).
ed in 3 areas defined as: main peak (50e100 �C), second peak (100e230 �C), tail
low intensities to derive meaningful information.

LiAlO2:Ti LiAlO2:Cu LiAlO2:Ce

61 57 60
0.97 1.01 0.88
73 68 72
0.87 0.93 0.86

80 86
0.83 0.80

89 90
0.73 0.67
101 97
0.65 0.87

108 113
0.59 0.62
128 121
0.50 0.58

149 151 155
0.57 0.50 0.77
184 187
0.56 0.95
204 202
0.54 0.69

240
0.62
256
0.50

304
0.90



Fig. 4. Outcome of the variable heating rate method. The graphs of 1/(TmaxkB) versus ln
(Tmax

2 /beff), where Tmax - temperature of maximum peak intensity, kB - Boltzmann
constant, b-heating rate.
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TL glow curve deconvolution (GCD) was performed using
GlowFit software (Puchalska and Bilski, 2006). TL glow curves for
these analysis were registered with a heating rate of 1 �C/s in the
temperature range 25e400 �C.The previously applied dose was
0.5 Gy. Fig. 3 shows the results of deconvolution for all of investi-
gated materials. Background used during fitting procedure was
based on themeasurements of TL signal of unirradiated samples. As
can be seen the acceptable fit, which figure of merit (FOM) lower
than 2.5%, requires at least 9 peaks for undoped and titanium and
copper doped samples and 10 peaks for lithium aluminate doped
with cerium. For LiAlO2: Ce deconvolution was performed only up
to 350 �C, due to big equivocality of fit in higher temperature re-
gion. Based on the obtained fits, the peak parameters were esti-
mated. Detailed information of calculated values, such as peak
position and energy trap depth are shown in Table 2. For each trap
frequency factor was also calculated. For all samples frequency
factors of first two peaks were in range 109 - 1013 s�1. For the
subsequent two peaks the value of this parameter is in the range
107-1010 s�1. For high temperature peaks frequency factors falls
down and typically are from 103 - 107 s�1. The analysis of results
was conducted in 3 regions of TL glow curves defined as: “main
peak” (50e100 �C), “second peak” (100e230 �C), “tail”
(230e400 �C). TL glow curve deconvolution shows that for each
sample at least 4 peaks are needed to obtain acceptable fit in the
“main peak” (50e100 �C) area. In this region peaks’ parameters of
undoped and Ti doped samples exhibit good agreement. In the
second region the dominant peak at 150 �C is present for all sam-
ples. Parameters of other peaks vary between samples. Copper and
cerium doped samples are the most similar. Fitting in the region
over 230 �C is not so unequivocal, due to low intensity of peaks.
Exception is cerium doped sample, with clearly visible high tem-
perature peak. Obtained values of energy trap depthmay seemvery
low, especially for high temperature peaks. However, calculated
lifetimes for these traps are in fact higher than in low temperature
region and reach up values of 109 s.

Second method used for estimation of trap parameters was the
variable heating rate method (VHR). It was applied for the first five
peaks of undoped and titanium doped samples and for the first four
peaks of Ce and Cu doped ones (obtained with deconvolution),
because of low intensity and high uncertainty of the rest of peaks.
Peaks used in deconvolution of TL glow curves obtained with VHR
method were the same as those obtained from GCD. Samples were
annealed and irradiated with the dose of 0.7 Gy. Measurements
were carried out with five different heating rates: 0.1 �C/s, 0.2 �C/s,
0.5 �C/s, 1 �C/s and 2 �C/s. The acquired TL glow curves were then
deconvoluted and for further calculation first four peaks were
taken. Fig. 4 presents the outcome of the variable heating rate
method for all of lithium aluminate samples. Based on these graphs
activation energies, frequency factors and lifetimes (at room tem-
perature) were calculated and compared with results received with
deconvolution (see Table 3). One can notice a significant discrep-
ancy of trap's activation energies produced by the variable heating
rate method and those obtained with deconvolution. In case of the
latter method the obtained results are in most cases regularly
lower. Comparison of the results shows acceptable agreement for
the peaks number 1, 2 and 3 of the doped samples. For subsequent
peaks the values of kinetic parameters differ significantly. This may
suggest that still more peaks exist in this region, but on the other
hand it may be the influence of low temperature parts of over-
lapping higher temperature peaks. It should be also remembered
that results obtained with variable heating rate method are heavily
dependent on deconvolution applied during calculation. To deter-
mine which of the method reflects better the real values of trap
parameters, lifetimes calculated from both of methods were
compared with the lifetimes calculated from short time fading.
Samples were annealed and then irradiated with the dose of 0.7 Gy,
subsequently they were read after certain amount of time (30, 60,
180, 240 or 300 s). Applied heating rate was 5 �C/s. The obtained TL
glow curves were then deconvoluted. Using the calculated signal
reduction factors, lifetimes of the first three peaks were estimated
for all samples (see Table 3). The results show better agreement
with values obtained with glow curve deconvolution, which sug-
gests that results of trap parameters obtained with this method are
more reliable. For confirmation of this conclusion, a similar pro-
cedure was applied for higher temperature peak number 8 posi-
tioned at approximately 150 �C for undoped and titanium doped
samples. In this case the time intervals between irradiation and
readout were 300 s and 54,000 s. Fig. 5 presents an example of TL
glow curves of Ti doped lithium aluminate measured after three
different amounts of time: 40 s, 300 s and 54,000 s. Results ob-
tained from fading experiment are different from that received
from both VHR and GCD methods, although the GCD results were
closer (see Table 3). This may be due to the fact, that results ob-
tained from VHR method were found to be very sensitive for ac-
curacy of establishing peak positions. In case of lithium aluminate,
which glow-peaks are closely overlapping, these values are
unavoidably biased with high uncertainties. For example a small
1 �C change in position of peak 1 of undoped LiAlO2 in only one of
applied heating rates leads to 3% error in E, 221% in frequency factor
and 13% in lifetime. Taken into consideration complexity of lithium



Table 3
Comparison of activation energies (E), frequency factors (s) and lifetimes calculated at room temperature (25 �C) of peaks in “main peak” (50e100 �C) of each sample obtained
using TL glow curve deconvolution (GCD) and variable heating rate method (VHR). Results of short and long (*) term fading experiment.

Peak number 1 2 3 4 5 (...) 8

LiAlO2 E (eV) VHR 1.06 1.02 0.91 0.98 0.63
GCD 0.95 0.89 0.73 0.65 0.50

s (s�1) VHR 1Eþ15 4Eþ14 6Eþ11 3Eþ12 2Eþ06
GCD 3Eþ13 1Eþ12 1Eþ09 3Eþ07 4Eþ04

t (s) VHR 1Eþ03 8Eþ02 7Eþ03 3Eþ04 3Eþ04
GCD 7Eþ02 2Eþ03 4Eþ03 5Eþ03 1Eþ04
Fading experiment 2Eþ02 1Eþ03 4Eþ03 2Eþ05*

LiAlO2: Ti E (eV) VHR 0.92 1.01 1.11 1.26 1.19
GCD 0.97 0.87 0.73 0.65 0.57

s (s�1) VHR 7Eþ12 6Eþ13 5Eþ14 1Eþ16 2Eþ13
GCD 4Eþ13 4Eþ11 8Eþ08 3Eþ07 3Eþ06

t (s) VHR 8Eþ02 4Eþ03 3Eþ04 4Eþ05 2Eþ07
GCD 1Eþ03 1Eþ05 5Eþ03 5Eþ03 2Eþ04
Fading experiment 3Eþ02 3Eþ03 2Eþ03 3Eþ05*

LiAlO2: Cu E (eV) VHR 0.97 0.90 0.87 0.92
GCD 1.01 0.93 0.83 0.67

s (s�1) VHR 7Eþ13 2Eþ12 4Eþ11 6Eþ11
GCD 3Eþ14 6Eþ12 3Eþ10 1Eþ08

t (s) VHR 7Eþ02 1Eþ03 3Eþ03 1Eþ04
GCD 8Eþ02 4Eþ04 3Eþ03 3Eþ03
Fading experiment 8Eþ02 1Eþ03 1Eþ03 e

LiAlO2: Ce E (eV) VHR 0.87 0.90 0.90 0.91
GCD 0.88 0.86 0.80 0.87

s (s�1) VHR 2Eþ12 5Eþ12 6Eþ11 2Eþ11
GCD 2Eþ12 3Eþ11 1Eþ10 5Eþ10

t (s) VHR 6Eþ02 7Eþ02 6Eþ03 2Eþ04
GCD 7Eþ02 2Eþ03 5Eþ03 2Eþ04
Fading experiment 2Eþ02 2Eþ03 5Eþ03

Fig. 5. TL glow curves of LiAlO2:Ti registered 40 s, 300 s and 54000 s after irradiation.
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aluminate glow-curves, one may expect still higher peak position
uncertainties. This tends to suggest that the VHR method may be
not applicable for analysis of this type of glow-curves. Another
factor which may influence the results, is thermal quenching,
which existencewas confirmed for investigated samples andwhich
can lead to overestimation of values calculated with VHR method.

4. Conclusions

Undoped and doped (Ti, Cu, Ce) lithium aluminate crystals were
grown with Micro Pulling Down method. The thermoluminescent
glow curves show first order kinetics. Although lithium aluminate
TL glow curve seems to be not complicated and consists of two up
to four apparent peaks, the more detailed study with Tstop - Tmax
method shows the existence of a large number of closely, over-
lapping peaks. This result is also confirmed by TL glow curves
deconvolution, where acceptable fit (FOM <2.5%) requires at least 9
peaks for undoped, titanium and copper doped samples and 10 for
cerium doped one. Fitted peaks differ between investigated sam-
ples, especially in high temperature regions. Results obtained from
TL glow curve deconvolution and the variable heating rate method
strongly differ, in particular for peaks placed at temperatures
higher than 100 �C. The inconsistencies in obtained results suggests
that the number and parameters of separate TL glow curve peaks of
lithium aluminate are still ambiguous, especially in high tempera-
ture part of TL glow curve (T > 220 �C). The results may even
indicate a continues distribution of peaks in lithium aluminate.
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