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In this  paper,  thermoluminescence  (TL) properties  such  as  glow  curves  analysis,  dose
response  linearity  and  some  dosimetric  characteristics  of  pure  and  carbon  doped  lanthanum
aluminate  (LaAlO3) produced  by different  syntheses  using  the  solid  state  reaction  method
are investigated,  after  exposure  to  different  UV  radiation  doses.  The  effect  of different  syn-
theses  on  the  TL glow  curves  structures  is also  investigated  and  discussed.  TL  glow-curve
deconvolution  (CGD)  methods  and  the  Chen’s  peak  shape  methods  were  used  to  analyze  the
sets  of  TL  glow  curves.  The  kinetic  parameters  of TL  single  peaks  were  computed.  Addition-
ally, the  life  times  (�) of  electrons  in trap  for all samples  were determined  and  calculated.  A
good  linear  dose  response  over  the  dose  range  from  0.21  to 1.26  mJ/cm2 has  been  attributed
to  both  samples  (B and C).

©  2017  Elsevier  GmbH.  All  rights  reserved.

. Introduction

Thermoluminescence (TL) is the process of light emission from a semiconductor or insulator when it is heated after the
revious absorption of energy from ionizing radiation [1]. Many natural and synthetic materials exhibit this phenomenon
2,3]. Application of this phenomenon is found in several disciplines like dosimetry [4], archaeology [5] and solid state
esearch as a tool to investigate defects in some luminescent materials [1,5].

Due to their excellent chemical and thermal stability; lanthanum aluminate (LaAlO3) polycristals have been widely
sed as a substrate of high-temperature superconductor [6–9]. TL properties of lanthanum aluminate (LaAlO3) applied to
ltraviolet radiation dosimetry has been previously studied [10–12]. UV radiation can induce certain deleterious effects,
uch as erythema, painful inflammation of the membrane of the eye and skin cancer [13,14]. Therefore, there is a push for
ew and high-performance radiometers, for direct dose evaluation, and also TL-based dosimeters for post-exposure dose

valuation. ZrO2 + PTFE (TL dosimeter) and a-Al2O3:C (PTTL dosimeter) are among the best TL materials ever discovered
or UV dosimetry, presenting minimum detection values of 0.002 mJ/cm2 and 0.050 mJ/cm2, respectively [15,16]. Recently,
anthanum aluminate (LaAlO3) single crystals grown by hydrothermal condition and co-doped with trivalent Ce3+ and Dy3+

are earth ions have been reported to show high thermoluminescent response after exposure to low doses of ultraviolet
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Fig. 1. Schematic diagrams illustrating the synthesis pathways used to produce pure and carbon doped LaAlO3:C samples.

Table 1
Samples denomination and syntheses methodologies.

Sample denomination Mixing Methodology Resulting crystal

A Al2O3:C + La2O3 LaAlO3:C
B.  Al2O3 + La2O3 LaAlO3

C La2O3:C + Al2O3 LaAlO3:C
D  La2O3 + Al2O3 LaAlO3
radiation [10]. On the other hand, alpha-Al2O3:C crystals have been reported to shown excellent TL properties for both
gamma  and UV fields (Akselrod et al., [17]), Thus, in a previous work, we investigated the possibility of doping LaAlO3
crystals with carbon atoms, aiming the enhancing of its TL properties for UV and also for gamma  fields [12]. We  have sintered
equimolar amounts of alpha-Al2O3, La2O3 and carbon atoms by the solid state method, in order to obtain polycrystalline
LaAlO3:C powder. The material showed very high TL output and linear response for UV spectral irradiance ranging from 0.04
to 1.20 mJcm−2.

In the present paper, we explored four different mixing methodologies to produce pure and carbon doped LaAlO3 crystals
by the solid state reaction method. Particularly, we are interested in producing LaAlO3:C crystals by two  different ways: in
the first route Al2O3 powder plus carbon atoms will be sintered together at high temperature and then mixed with La2O3
powder. In a second route La2O3:C powder will be sintered at high temperature and then mixed with Al2O3 powder.

The aim of this work is to find what sintering route produces the better TL responses for undoped and carbon doped
LaAlO3 crystals, after exposure to UV fields. On the other hand, in order to improve the understanding of the whole of carbon
atoms in the TL process, detailed kinetics study of trapping parameters of TL glow peaks is also reported.

2. Experimental procedure

Lanthanum aluminate polycristals (LaAlO3) were synthesized by solid state reaction method by mixing equimolar ratios
of Al2O3 (Vetec, 99.99%) and La2O3 (Alfa, 99.98%). The mixed powder was  weighed and then manually grinded in agate mortar
with 0.1 wt.% of carbon atoms. In order to investigate the influence of the mixing methodology on the TL output of carbon
doped LaAlO3 crystals, samples were produced using four different combinations of aluminum oxide (Al2O3), lanthanum
oxide (La2O3) and carbon (C) atoms on the synthesis process. At the end of the synthesis stage all samples were annealed
at 950 ◦C for 30 min, for thermally emptying the electron traps (to remove captured charge carriers from trap centers). The
schematic diagrams illustrating the syntheses stages are shown in Fig. 1.

The samples obtained by different mixing methodology depicted on the above diagrams were denominated according to

Table 1.
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Fig. 2. XRD patterns of all samples produced by four different syntheses.

Table 2
FWHM and particle size values pure and carbon doped LaAlO3 samples obtained from the XRD patterns.

Sample 2� (deg) FWHM (deg) D ( ´̊A)

A 33.38 0.18 467.18
B  33.39 0.18 467.18
C  33.38 0.16 517.24
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D  33.39 0.16 517.24

.1. Measurements

In order to confirm the formation of LaAlO3 phase, all samples were analyzed using Regaku D/Max ÚLTIMA X-ray diffrac-

ometer with CuK� radiation (� = 1.54 ´̊A) for 2 theta ranging from 4◦ to 80◦. The scanning rate was  set to 0.02◦/s. The UV
rradiation was performed using a commercial 8WUV fluorescent lamp. The spectral irradiance at the lamp surface was
.98 mJ/cm2, measured using a calibrated radiometer UVX100 E-22476 with a 254 nm sensor. Thermoluminescent mea-
urements were performed using the RISO TL/OSL DA20TL reader, with a heating rate of 10 ◦C/s. The TL signal was  integrated
rom 100 ◦C up to 300 ◦C.

. Results and discussions

.1. X ray diffraction (XRD)

The crystalline structure of all studied samples was  checked by XRD technique. The X-ray diffraction patterns of samples
roduced by the four different mixing methodologies are shown in Fig. 2. All samples investigated are in the rhombohe-
ral crystallographic phase of LaAlO3, in agreement with the JCPDS 31-0022 card. However, peaks assigned to lanthanum
ydroxide phase (JCPDS 36–1481) have also been identified. The amount of LaAlO3 and La(OH)3 were in the range of 35–43%
f and 57–65%, respectively. This was considered an unexpected result once stoichiometric amounts of lanthanum oxide
nd aluminum oxide were used to the reaction. Except for LaAlO3 and La(OH)3, there were no peak shifting or the presence
f a second phase for samples produced by the four different syntheses.

The width of the XRD peak increases as the size of the particle (D) decreases. The size of the crystallites has been estimated
rom the full width at half maximum (FWHM) of the most intense peak. The crystallite dimension (D) was calculated using
he well-known Scherer’s equation [18]:

D = 0.9.�

ˇ. cos �
,

here D is the particle size, � is the FWHM,  � is the wavelength of X ray source; � is the angle of diffraction. Table 2 shows the
alues of the FWHM and the particle size obtained from the diffraction patterns given in Fig. 2. It is seen that the crystallite
imensions from samples C and D are equal (517. 24 Å) and larger than crystallites from samples A and B (467.18 Å). Thus,
t seems that the methodology where the carbon doped La2O3:C and undoped La2O3 powders are first sintered at high
emperature, produces larger crystallites.
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Fig. 3. TL glow curves of pure and carbon doped LaAlO3 crystals produced by four different syntheses.

3.2. Thermoluminescence properties

Thermoluminescence (TL) glow curves of pure and (0.1 wt.%) carbon doped mixture of LaAlO3 and La(OH)3, produced
by four different mixing methodologies are shown in Fig. 3. These crystals were irradiated with UV lamp at the range
from 0.042 to 1.26 mJ/cm2. The main TL glow peak for all samples was  located at 415 K, which was characterized as the
principal dosimetric trap in these crystals; two peaks have also been observed at 493 K and 548 K for samples A, C and D.
These peaks were reported in previously published works [11,12]. Sample B presents only one strong peak located at 415 K.
It can be seen in both samples A and C that, with the presence of carbon atoms in these crystals lattices, the TL output
were bigger than undoped samples. However, a very small shift was found in the glow peak location. It could be noted
that all thermoluminescence glow curves of these crystal depends on many factors such as the synthesis pathways, the
kind of impurities and the heating rate. It is clear in this study that carbon atoms are the key factor that influences the
thermoluminescence properties on the mixture.

It can be noted that carbon atoms in these materials play the role of a dopant and also that four-valent carbon anions
replace the two-valent anions of oxygen during the crystal growth process [18]. It has been showed that carbon (C) at the
oxygen (O) site acts as a charge compensator to stabilize the F+ center, thereby enhancing the TL signal at 465 K. Also, carbon
(C) at aluminum (Al) site can serve as electron traps for thermoluminescence emission process in �-Al2O3 [19].

Lanthanum oxide is highly hygroscopic and rapidly converts to lanthanum hydroxide (La(OH)3) when at moist atmo-
sphere, as observed by Neumann, et al., and Fleming et al. They conclud that after 24 h La2O3 is totaly converted to La(OH)3
[20,21]. The thermoluminescence properties of lanthanum oxide was studyed by Soliman et al. [22]. They evaluated the sen-
sitivity of thermoluminescence detectors based on commercial lanthanum oxide (La2O3) for beta, gamma, and UV radiation.
La2O3 is considered a promising phosphor for the detection of UV fields and is sugested to application in ultraviolet dosime-
try. According to Fleming et al., it is probable that the lantanum oxide used by Soliman is actually a lanthanum hidroxide. In
this context, the TL curves shown in this paper represent a sum of individual LaAlO3 and La(OH)3 TL peaks. However, they
have resulted in a material more sensitive than La2O3 and LaAlO3 already reported in the literature [11,12,22].

3.2.1. TL glow curve analysis
The thermoluminescent glow curves analysis was performed by the TL glow-curve deconvolution functions for first,

second and general orders of kinetics, i.e. the GCD technique that has been applied widely since the 80s. [23]. It is shown
in Fig. 4 the deconvolution of TL glow curves for pure and carbon doped LaAlO3 crystals. It can be seen from these results
that all experimental curves are composed by four singles peaks, except the sample B which is composed by three peaks.
The thermoluminescence glow peak is related to the trap levels that exist in the band gap of a semiconductor or insulator
material. These energies levels are characterized by a set of kinetic parameters such as: activation energy (E), order of kinetics
(b) and frequency factor (s). In our study, these parameters are calculated by using the Chen’s peak shape method [1]. The
calculated kinetics parameters are listed in Table 3. The RT lifetimes (�) of electron in traps can be evaluated by the following
formula,

� = 1
s

exp
(

E

kBT

)
,

where s is the frequency factor and k is the Boltzmann constant. The RT lifetimes of traps values are reported in Table 3.
B
Thermoluminescence sensitivity of pure and carbon doped LaAlO3 crystals depend strongly on the exposure time. Fig. 5

shows the maximum TL intensity response of samples B and C as a function of the exposure time; selected points in these
curves correspond to a period of 1, 5, 15 and 30 s.
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Fig. 4. Deconvolution of thermoluminescence glow curves for pure and carbon doped LaAlO3 crystals.

Table 3
Kinetic parameters values of TL peaks determined by the Chen’s peak shape method.

Samples Peak n◦ Tmax (K) �g b  ̌ (◦C/s) E� (eV) E� (eV) E� (eV) Eavr (eV) s (s−1) � at 293 K (s)

A. 1 372.43 0.53 2.00 10 0.702 0.693 0.708 0.701 1.65 × 109 6.92 × 102

2 413.57 0.42 1.01 0.872 0.859 0.878 0.869 2.35 × 1010 3.77 × 104

3 493.28 0.52 1.99 1.012 1.016 1.010 1.010 9.33 × 109 2.53 × 107

4 546.43 0.53 2.00 1.447 1.469 1.421 1.446 1.14 × 1013 6.54 × 1011

B 1 374.14 0.44 1.13 10 0.725 0.705 0.742 0.724 3.40 × 109 8.36 × 102

2 416.14 0.42 0.99 0.990 0.901 0.890 0.898 4.52 × 1010 6.18 × 104

3 459.85 0.49 1.58 1.012 0.989 1.027 1.009 6.15 × 1010 3.69 × 106

C 1 372.43 0.53 2.00 10 0.702 0.693 0.708 0.701 1.65 × 109 6.92 × 102

2 417.85 0.44 1.15 0.936 0.916 0.948 0.933 1.12 × 1011 9.99 × 104

3 494.14 0.53 2.00 1.018 1.010 1.021 1.016 1.03 × 1010 2.91 × 107

4 549.00 0.54 2.00 1.475 1.508 1.440 1.474 1.82 × 1013 1.24 × 1012

D 1 372.43 0.53 2.00 10 0.702 0.693 0.708 0.701 1.65 × 109 6.92 × 102

10 4
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2 414.43 0.48 1.44 0.856 0.831 0.875 0.854 1.36 × 10 3.60 × 10
3 492.43 0.52 1.96 1.006 0.993 1.012 1.004 8.39 × 109 2.22 × 107

4 551.57 0.53 2.00 1.439 1.457 1.416 1.437 7.00 × 1012 4.46 × 1011

.2.2. Linearity curves
Thermoluminescence response of any TL material is directly related to the amount of absorbed radiation dose. A material

s said to be good TL dosimeter when its response to absorbed dose is linear over a wide dose range. TL glow curve of UV
rradiated pure and carbon doped LaAlO3 crystals with different doses is shown in Fig. 6. To study the linearity, all samples

ere irradiated with the same UV doses ranging from 0.042 to 1.26 mJ/cm2. As it can be seen, the shapes of the glow curves
n these figures remained unchanged regardless of the increased dose.
The TL output intensities shown in Fig. 6, for pure and carbon doped LaAlO3 crystals are plotted as a function of UV
rradiance in Fig. 7. The result showed that there was a good linear dose response over the dose range from 0.21 to 1.26 mJ/cm2,
or both samples B and C. The TL response of these two  samples is shown in Fig. 8. The linear fitting provided correlation
oefficients equal to 0.9827 and 0.9999 for samples B and C, respectively. We then conclude that the best TL response for
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Fig. 5. Maximum TL response of samples B and C as a function of the exposure time.
Fig. 6. TL glow curve of pure and carbon doped LaAlO3 crystals at different dose of UV exposure.

UV fields was found to sample C, which was grown by first sintering La2O3 together carbon atoms and then sintering again
the resulting La2O3:C together Al2O3.

4. Conclusion

In this paper, thermoluminescence and dosimetric characteristics of pure and carbon doped lanthanum aluminate
(LaAlO3) crystals irradiated by different UV doses were studied and discussed. All samples studied were produced by solid
state reaction method with different mixing methodologies. The sets of trapping parameters, such as; activation energy
(E) and frequency factor (s) of all thermoluminescence (TL) glow peaks of samples, were calculated by Chen’s peak shape

methods. A good linear dose response over the UV dose range from 0.21 to 1.26 mJ/cm2 has been attributed to both samples
B and C, with correlation coefficients equal to 0.9827 and 0.9999, respectively.
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Fig. 7. TL dose response curves of UV doses irradiated pure and carbon doped LaAlO3 crystals.

A

A
C

R

Fig. 8. TL intensity versus UV dose for samples B and C exposed to 0.042, 0.21, 0.63 and 1.26 mJ/cm2.
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