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Nanocrystalline yttrium aluminum garnet (Y3AlsO17) is synthesized by combustion technique. The X-ray
diffraction (XRD) pattern of 900 °C annealed sample revealed a cubic structure. The average crystallite size
is found to be 20.5 nm. y-irradiated Y3Al5017 exhibits two thermoluminescence (TL) glows: a prominent
one with a peak at ~410K and another one with a peak at ~575K. It is found that the TL glow peak
intensity at 410K increases, while its glow peak temperature is almost steady with an increase in the
y-dose. The effect of the heating rate on the TL glow curve is studied. It is found that Tp,; shifts towards
higher temperature region while the Iy; decreases with an increase in the heating rate. The TL glow curves
are analyzed by Chen’s peak shape method and the TL parameters are estimated.
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PACS: 81.20.Ka; 61.05.cp; 87.53.Bn; 78.60.Kn; 68.37.Hk

1. Introduction

Nanomaterials are very attractive phosphors for the cathode ray tube, flat panel displays, optical
windows and solid-state lighting. Yttrium aluminum garnet (YAG) is commonly used as a host
material in various solid-state lasers and fluorescent displays. YAG is proved to be an excellent
optical component in laser and beam delivery systems. It is also known that YAG is one of the
most creep resistant oxides and therefore is used as a host at high-temperature areas (1, 2). The
YAG has been investigated by material scientists due to its high optical transmission range (0.21-
5.3wm), excellent thermal conductivity (14.0W m~tK™1), high refractive index (1.833), good
dielectric constant (11) and elastic properties (3-6). YAG has a high melting point (1940 °C) too,
with a specific gravity of 4.5 and a density of 4.5gcm—3, hardness 8.5 Mohs and has the ability to
handle high fluences without any damage or significant wavefront distortion. YAG nanocrystals
are also considered as very efficient scintillators for y- and X-rays (7). YAG may be synthesized
by a variety of routes such as solid-state reaction, sol-gel method (7), Stockbarger method (8),
precipitation techniques (9) and solution combustion methods (10). Among these techniques,
solution combustion method has several advantages since it is simple, fast, requires less energy
and produces homogeneous and high purity crystalline oxides with a high surface area.
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Thermoluminescence (TL) is a powerful technique to study charge carriers (electrons or holes).
It is used to identify the nature of defects and their thermal stability in crystalline solids. TL is
highly structure-sensitive, simple, a reliable technique and has wide applications in personal
monitoring, archeological age determination of pottery, geological dating, etc. The principle of
TL process is discussed in detail elsewhere (11, 12). Recent studies indicate that luminescent
nanomaterials have potential application in dosimetry caused by ionizing radiations (13, 14). It
may be noted that nanophosphors are shown as high-dose detectors in ionizing radiation. The
influence of a high concentration of surface trapping centers and quantum confinement effect on
the nanophosphor luminescence characteristics are important for radiation detection. TL behavior
of YAG nanophosphors caused due to high y-dose is reported in the present work with a detailed
calculation of trapping parameters.

2. Materialsand methods

The nanocrystalline YAG powder is prepared by solution combustion technique using yttrium
oxide (Indian Rare Earth Ltd.), aluminum nitrate (Qualigens), nitric acid (Merck chemicals) and
urea (Merck chemicals) as ingredients. Yttrium oxide is dissolved in dilute HNOj3 to obtain yttrium
nitrate. Stochiometric amounts of yttrium nitrate, aluminum nitrate and urea are dissolved in a
minimum quantity of double distilled water in a cylindrical Pyrex dish to obtain homogenous
solution. The dish containing the homogeneous mixture is introduced into a muffle furnace main-
tained at 500 & 5 °C. Initially, the solution begins to boil and forms foam and turns to flame less.
Then, it undergoes dehydration followed by evaporation of a large amount of gasses and finally,
it decomposes into powder form. The balanced reaction is given by:

3Y(NO3)3 + 5AI(NO3)3 + 20CH4N,O — Y3Al501, + 20CO, 4 +40H,0 4 +32N; 1

The final product is found to be voluminous and nanocrystalline. Finally, the solid residue is
transferred to a crucible and annealed at 900 °C in a muffle furnace for 6 h to remove the leftover
carbon impurities, if any (10).

The synthesized powder is characterized by powder X-ray diffraction (PXRD) using 1.5406 A
Cu K, radiations (The advanced D-8 X-ray diffractometer, Bruker AXS, Germany). Surface
morphology of annealed YAG sample is obtained using a scanning electron microscope (SEM;
JEOL-6490LV). A set of samples each of 10 mg are annealed and exposed to y-rays for various
doses in the range 1.0-14.0kGy at room temperature. TL glow curves are recorded using a
Harshaw thermoluminescence dosimeter reader (model 3500) fitted with a 931B PMT.

3. Resultsand discussion

Figure 1(a) shows the XRD pattern of 900 °C annealed combustion synthesized YAG. The XRD
pattern is compared with standard Joint Committee on Powder Diffraction Standards (JCPDS) file
(Card N0.35-0810). The XRD pattern is matched with the standard data. The diffraction peaks
observed at 18.15°, 27.80°, 29.75°, 33.37°, 36.68°, 41.16°, 46.60°, 52.79°, 55.10°, 57.39°, 61.72°,
70.10° and 72.04° are assignedto (21 1),(321),(400),(420),(422),(521),(532),(444),
(640),(642),(800),(840)and (84 2) planes, respectively. The average crystallite size of the
phosphor is calculated using Debye—Scherrer formula:

09
~ Bcoso’

(1)
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Figure 1. (a). X-ray powder diffraction patterns of Y3Al;012. (b) Williamson-Hall plot of 900°C heat-treated
combustion synthesized Y3Al5015.

where D is the average crystallite size, A is the wavelength of X-rays used, 8 is the full-width at
half-maximum (FWHM) of the diffraction peak (in radians) and 6 is the diffraction angle. The
crystallite sizes are calculated for different peaks and the average crystallite size is estimated to be
20.5nm. Also, the FWHM of a given diffraction peak may be expressed as a linear combination
of the contributions from the lattice strains and the small grain size through the Williamson-Hall
relation (15) given below

B coso 1 4esing

A D+ A @)

where ¢ is the effective strain. A plot of (8 cos®)/A versus (sin9)/x is shown in Figure 1(b).
From the linear fit, the crystallite size is calculated from the Y-intercept and the lattice strain (¢)
from the slope of the fit. The crystallite size and the lattice strain are found to be 26.7 nm and
0.126%, respectively. The SEM image of annealed YAG is shown in Figure 2. It can be seen that
some agglomeration exist in the powder form and seems to be spongy, volcano in nature which
are attributed to the liberation of large quantity of gasses during combustion and formation of
necks during annealing (16).

TL glow curves of combustion synthesized YAG samples y-irradiated for doses in the range
1.0-14.0 kGy are given in Figure 3. TL glow curves are recorded at a heating rate of 5 K s~. Two
TL glows: a prominent one with a peak at 410 K resulting from the recombination of F center
electron swith hole centers and a weak one with a peak at 575 K might be due to the recombination
of F* center electron with another type of hole centers are observed in all samples (17, 18). The
variations of TL glow peak intensity and TL glow peak temperature with y-dose are shown in
Figure 4. It is found that TL intensity of the prominent glow (410 K) peak intensity is observed
to increase linearly up to the dose of ~12.0 kGy and then decreases with a further increase in the
y-dose. And, the glow peak intensity at 575K is found to increase up to ~4 kGy, then reaches
saturation with a further increase in the y-dose in the present work (19). This indicates that the
electron and hole trap centers and hence the recombination events are increased with an increase
in y-doses and hence the TL glow peak intensity increases (20). Decrease in TL intensity with
further increasing y-dose may be ascribed to the formation of complex defects or non-radiative
centers (21). Further, it is observed that the prominent TL glow peak temperature (410 K) is found
to be steady with an increase in the y-dose within the experimental errors.

While studying the crystal structure and luminescence properties of nanocrystalline YAG syn-
thesized by sol-gel method Zhydachevskii and coworkers observed broad TL glows with peaks
around 400 and 570K and a wide emission band with a peak around 800 nm under 1 kGy y-
irradiation (14). They attributed the emission due to intrinsic defects of YAG. Vijay Singh et al.
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Figure 2. SEM image of 900 °C heat-treated combustion synthesized Y3Al501,.

(17) reported three TL glows with peaks at 413, 483 and 718 K in glycine—-nitrate combustion
synthesized 100 Gy y-irradiated YAG samples. The TL glows with peaks at 413 and 483 K were
found to be weak when compared to 718 K TL glow. They attributed TL glows below 673K to
F-type centers and above 673 K to F™-centers using electron spin resonance (ESR) spectroscopy.

Mori (18) reported the causes of thermally induced and UV irradiation induced color centers in
YAG single crystals using optical absorption spectroscopy, TL and ESR techniques. He observed
that primary thermally induced color centers in YAG single crystals were electrons trapped at
anion vacancies (F-centers) and the ESR signal showed F* and Op-centers in the crystal. Pujats
and Springis (22) reported F-type centers in X-irradiated YAG crystals at low temperature. The
defects in YAG are mainly oxygen vacancy in the host lattice with one or more trapped electrons
which are known as F-type center. In the YAG crystal, the broad photoluminescence band with a
peak at 460 nm observed was attributed to presence of the F-center.

The TL of y-irradiated YAG in the present work exhibits a prominent and broad TL glow with
a peak resembling at ~410 K with an overlapping of more than two glows. In order to calculate
the accurate values of kinetic parameters one should deconvolute the overlapped TL glows. The
deconvolution of the TL glow curves in the present studies performed using computerized glow
curve deconvolution based on the Gaussian function using Origin 6.1 software. The deconvoluted
TL glow curves are obtained for the best fit of theoretical curve with the experimental one. In the
present work, theoretical fit matches with experimental data for four deconvoluted curves. In this
method, the area under the curve, the glow peak temperature and the temperature on the lower
and upper sides corresponding to half the peak intensity (Tr,, T1 and T3), and glow peak intensity
parameters are obtained (23-25).

The TL curve of 4.0 kGy y -irradiated sample shown in Figure 3 is deconvoluted and results are
shown in Figure 5(a) for a typical case. Based on this, three TL glows were resolved with peaks
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Figure 3. Thermoluminescence glow curves of combustion synthesized y-irradiated nanocrystalline Y3Al5015.

at 407, 437 and 474 K from the prominent experimental TL glow (410 K). And these glow peaks
might be due to recombination of different holes and electrons (17). The glow peak at 590 K
might be due to complex defect center. The variations of deconvoluted TL glow peaks intensity
and TL glow peak temperature with y-dose are shown in Figures 5(b) and 5(c), respectively. It
is found that TL intensity of the 407 K glow is found to increase with an increase in the y-dose
up to 12.0 kGy and then decreases with a further increase in the y-dose. The increase of 407 K
glow peak intensity (Im1) is observed to be linear up to the dose of ~10.0kGy and the glow
peaks intensity of second (Im2) and third (Im3) also increases with an increasing y-dose and the
fourth glow peak intensity (Im4) is found to increase up to ~4 kGy, then it saturates with a further
increase in the y-dose. And, the glow peak temperature of the TL glows in the present work are
found to be steady with increase in the y-dose and each of the isolated Gaussian TL glow peak
has different FWHM values.

The evaluation of Kinetic parameters such as activation energy (E) of the traps involved in TL
emission, order of kinetics (b), frequency factor (s) and trap density (n,) of luminescence centers
is one of the important studies in luminescence subject. Here, the energy required to detrap the
electron from the trapping center to reach the conduction band (E) and the frequency factor (s)



Downloaded by [Bangalore University] at 03:29 06 August 2016

Radiation Effects & Defectsin Solids 701

12 600
@
11 | 410K TL glow peak intensity ®
R 1550
10 -
M
5. “
{500 §
3 5
5, gL 1=
o
f |
@ T 4450 ®
8 .
& 410K glow peak temperature 3
ez | ©
H gL
- - 400
5 | = T h
575K TL 'glow peak intensity
i 4 350
3 I T T T T T T
0 2 4 6 8 10 12 14 16

y-doses (kGy)

Figure 4. Variation of TL intensity and glow peak temperature with y-irradiated Y3Al5015.

that is the rate of electron ejection. The order of kinetics, b is a measure of the probability that
a free electron gets retrapped. The retrapping effect increases with the density of empty traps.
The kinetics parameters pertaining to the glow peak are calculated using the glow curve shape
method modified by Chen as shown in Figure 5(d) (26, 27) and the values for a typical dose of
4kGy are given in Table 1. The equations involved in the glow curve shape method are given
elsewhere (28):

T —Tn
T -T

i )
where ug is the symmetry factor. The temperatures Tp,, T1 and T, are, the glow peak temperature
and temperature on the lower and upper sides corresponding to half the peak intensity, respectively.
The activation energy (E) is calculated using the relation

2
EO( = Cotkl_m - ba(ZKTm)1 (4)

where o = 7,6, w with T = Ty, — Ty is the half-width at the low temperature side of the peak;
8 = T, — Ty, is the half-width towards the fall-off side of the glow peak and w = T, — Ty is the
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Figure 5. (a). Thermoluminescence glow curve of 4.0 kGy y-irradiated Y3AlsO15. (b) Variation of TL intensity and glow
peak temperature with y-irradiated Y3Al5017. (c) Variation of TL intensity and glow peak temperature with y -irradiated
Y3Al5012. (d) Representative diagram of different parameters used in the glow curve shape method. (e) Variation of
activation energy and frequency factor corresponding to T as a function of dose.

total half-width and

C, =151+3.0(ug—0.42), b, =158+ 4.2(uy—0.42), Cs=0.976+ 7.3(uq — 0.42),
bs=0, C,=252+10.2(uy—042), b, =1.

Here, ug = §/w is the so-called geometrical shape or symmetry factor.
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Table 1. Trap parameters of TL glow of 4 kGy y -irradiated YAG nanocrystalline powder.

TLPeak  Tm (K) Ug Order of kinetics ~ E (eV) s(s™h) Trap density ny (cm—3)
Tm1 407 0.52 2.0 12192 543 x 101 9.66 x 10°
T2 437 0.51 1.6 1.0151  1.59 x 1011 1.10 x 107
T3 474 0.51 1.6 0.8994  8.43 x 108 8.08 x 108
Tma 590 0.50 1.6 0.5996 1.23 x 104 3.60 x 107

The frequency factor is obtained from the relation:

pE _  —E _
k7 = SO e [L+ (b= Ddn] )

where A, = 2KT,/E, bis the order of kinetics, k is the Boltzmann constant (8.6 x 1075 eV K1)
and g is the linear heating rate (5 Ks™1).
And trap density (n) is calculated using the relation (29).

wln

T B{252 + 10.2(jg — 0.42)}

No (6)
where w = T, — Ty, B is the heating rate and jq is the symmetry factor.

The activation energy and the frequency factor pertaining to the prominent TL glow in YAG are
obtained by the deconvolute method for various dose levels are shown in Figure 5(e). It is found
that activation energy and frequency factor is almost steady throughout dose levels. Therefore,
the trap depth and the rate of electron ejection from the trap are not affected by dose levels.
The activation energy, frequency factor, symmetry factor and trap density pertaining to Tn,; are
estimated to be 1.1734eV, 3.2334 x 10*s~1, 0.52 and 8.6023 x 108 cm~3, respectively. The
prominent glow peak (Ty1) obeys the second-order kinetics, and the other three glow peaks as
analyzed above are found to obey the general order kinetics.

The effective atomic number (Zefrective) is @ fundamental property of the TL materials and it is
related with radiation interaction processes and the latter has direct applications in characterization
of wide range of radiological dosimetry and surrogate materials and biological tissues and the
calculation of particle interactions. For practical applications, such as high sensitivity of TL
material must have high Zgrective atomic numbers. For ionizing radiation, the material factor
governing the energy dependence is the effective atomic number (Ze), which indicates the amount
of energy absorbed by the material by a given radiation. The higher the value of Z.¢ and the lower
the energy of incident photons, the larger is the TL response to a given dose due to the dominant
component of the photoelectric effect in the mass energy absorption coefficient. The effective
atomic number has been calculated using a simple power law of the form:

Zett = 72 az", ©)

where g; is the fractional electron content of element ‘i’ with the atomic number Z;. The value of
mwill typically be in the range 3-4, with 3.5 being a reasonable value (30). The Zg of Y3Al501;
compound has been calculated to be 30.58. Therefore, YAG has a high effective number hence is
used in radiological dosimetry applications (12).

The heating rates have a pronounced effects on the trapping parameters of TL materials provided
the TL material responses effectively. Therefore, the heating rate is one of the most important
experimental parameters which strongly affect the TL glow intensity, glow curve temperature and
FWHM (31). Figure 6(a) shows the TL glow curves of YAG recorded at three typical heating rates.
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Figure 6. (a). Effect of heating rates on TL glow curve for samples exposed to 5kGy y-dose. (b) Variation of TL
intensity and glow peaks temperature of the defect centers corresponding to Ty and Tz as a function of heating rates.
(c) Variation of activation energy and frequency factor of the defect center with Tyy1 as a function of heating rates.

The prominent glow peak temperature (Ty;) observed at ~395 K is found to be shifted towards
higher temperature side while decreasing in intensity (I,;) and FWHM increases with an increase
in the heating rate as shown in Figure 6(b). This may be attributed to thermal quenching of TL
due to an increase in the heating rate (32). Figure 6(c) shows variation of activation energy and
frequency factor as a function of heating rate. It is found that activation energy and frequency
factor decrease with increase in heating rates. Therefore, trap depth and the rate of electron ejection
seems to be dependent on heating rates.

4, Conclusions

Nanocrystalline YAG phosphor is synthesized by combustion technique using urea as the fuel.
XRD pattern revealed the cubic phase and the average crystallite sizes are found to be ~20.5 nm.
The SEM picture of YAG indicated the spongy and volcano-type morphology. Two well-resolved
TL glows — a prominent one with a peak at ~410 K and another one with a peak at 575K are
observed in all y-irradiated samples. It is found that the prominent TL glow peak (410 K) intensity
increases linearly up to about 12 kGy y-dose. This glow peak may be considered for radiation
dosimetric applications. The TL glow curves are analyzed by Chen’s peak shape method and the
TL parameters are estimated. The experimental TL glow curve is composed of overlapping TL
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peaks around 407, 437, 474 and 590 K. And the glow peak intensity of 407 K glow is found to
linearly increased up to 10.0 kGy y -dose. The prominent TL glow obeys the second-order kinetics
since the retrapping of electron is high.
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