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Abstract
ZnAl2O4:Dy3+ sub-micron phosphor material was synthesized by co-precipitation method. Different characterization tech-
niques, including XRD, FESEM, FTIR, TG–DTA, UV–visible spectroscopy, Photoluminescence (PL) and Thermolumines-
cence (TL) were used to investigate different properties of the material. Effects of doping concentration and heat treatments 
on the TL properties were investigated. It was observed that the  ZnAl2O4:Dy3+ (0.2 M%) phosphor material exhibited its 
maximum TL intensity when annealed at 1600 °C. Kinetic parameters were determined by different methods, such as, Com-
puterized Glow Curve Deconvolution (CGCD) method, Initial Rise (IR) method and Various Heating Rate (VHR) method. 
The phosphor showed excellent TL properties like good reusability, wide and sublinear dose response which makes it a 
suitable candidate for high-dose dosimetry application.

Keywords Dy3+-doped zinc aluminate · Co-precipitation method · Thermoluminescence (TL) · Photoluminescence (PL) · 
TLD phosphor material

Introduction

It has been more than 400 years since Robert Boyle has 
accidentally discovered Thermoluminescence (TL) in a dia-
mond. Since then, there has been momentous development 
in the investigation of the TL properties of the phosphors for 
various applications including radiation dosimetry. TL is a 
phenomenon in which energy stored in an irradiated material 
in the form of defects and it is released when subjected to the 

heat. After heating the  pre-irradiated phosphor, the trapped 
electrons are freed from trapping centers and recombine with 
holes called luminescence centers (LCs) by releasing energy 
of recombination in the form of photons which are measured 
using photodetectors. The number of traps/LCs are generally 
proportional to the absorbed doses. Thus, by using a simple 
technique, such as TL, the doses of high energy radiations 
could be estimated. Recently, extensive research has been 
carried out on the rare earth-activated phosphor materials for 
their effective application in the field of radiation dosimetry 
[1].

The TL dosimetry technique, along with other applica-
tions, is widely utilized in the field of ‘dosimetry for irra-
diation of food’ where high doses of ionizing radiations are 
used. The useful range of high dose dosimetry is found to 
be in the range of 10 Gy to a few kGy [2]. There are many 
TLD phosphor that are commercially available, including 
LiF:Mg,Ti (TLD-100),  CaF2:Dy (TLD-200), LiF:Mg,Cu,P 
(TLD-700H),  Al2O3:C (TLD-500), and  CaSO4:Dy (TLD-
900) for their applications in radiation therapy, personal 
dosimetry, and environmental monitoring, etc. [3, 4]. The 
majority of these phosphors could be utilized for measure-
ment of high doses because they saturate early (~ 100 Gy) 
[5]. There is also a problem of radiation hardening and 
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reusability at very high doses. Recently, Sahare et al. [6–22] 
have shown that TLD nanophosphors have very wide dose 
ranges  (10–3 to  105 Gy) and especially used for estimation 
of high doses (as high as  105 Gy) of ionizing radiations like 
gamma rays. Moreover, they are more radiation resistant too. 
Recent papers on the TL also show that some microcrystal-
line TLD phosphor materials could also be used for estima-
tion of high doses of such radiations [23–25] and efforts are 
still being made to discover such phosphors (aluminates, sul-
phates, borates, etc.) which would detect high dose without 
undergoing structural damages by preparing them in various 
ways, subjecting them to heat treatments in different reduc-
ing/oxidizing atmospheres and/or doping/codoping them 
with different impurities.

Researchers working worldwide have discovered remark-
able properties of zinc aluminate  (ZnAl2O4) phosphor, such 
as, wide band gap  (Eg ≊ 3.8 eV), high thermal stability, bet-
ter diffusion and excellent ductility, etc. It has been widely 
used for many applications, such as, catalysis, sensor and 
radiation dosimetry [26–30]. Rare earth doped zinc alumi-
nate compounds have received a significant attention due to 
its noteworthy thermoluminescent properties, such as, wide 
and linear dose response, excellent reusability, low fading, 
etc. However, it is not easy to prepare the material in a single 
phase as traces of ZnO and  Al2O3 unreacted phases could 
also be found in the material, if it is not sintered properly 
at higher temperatures (as high as 1600 °C and above). 
This may affect dosimetry properties, such as glow curve 
structure, sensitivity, dose response etc. This has not been 
explored till today for dosimetry applications. Synthesis of 
zinc aluminate at high temperatures results into increase in 
the crystallinity benefiting its usage in the field of dosim-
etry [31]. Determination of the kinetic parameters asso-
ciated with the TL glow curves is important for studying 
glow curve structures, trapping levels and kinetics. Different 
methods such as, Computerized Glow Curve Deconvolution 
(CGCD), Initial Rise (IR) and Various Heating Rate (VHR) 
method were used to evaluate the kinetic parameters [32]. 
Kinetic parameters determined using these methods were 
found to be approximately the same showing consistency 
in the approach.

Rare earth (lanthanides) doped aluminate materials have 
attracted attention of researchers due to their greater chemi-
cal stability and strong emission properties in the visible 
region of the electromagnetic spectrum [33–35]. Emission 
in rare earth impurities doped aluminate hosts span over 
the whole range of visible spectrum from blue to infra-red 
for their various applications including solid state lighting, 
display devices, up-conversion and quantum cutting, high-
temperature monitoring (optical thermometry) using lumi-
nescence techniques, etc. [36–41]. Most of the rare-earth 
impurities show variable oxidation states. They can exist in 

different (+ 2, + 3 and + 4) oxidation states in the same host 
material and their ionic states could be changed by redox 
reactions on annealing these phosphors materials in reduc-
ing/oxidizing atmospheres for tuning their chromaticity and 
colour coordinates. The sensitivity of the TLD phosphor 
materials could also be improved by energy transfer by co-
doping and redox reactions [25, 42–45]. In this paper, we 
have used dysprosium as an impurity for doping the host 
material. The previous reported result of dysprosium sug-
gests strongest emission for the transition 4F9/2 → 6H13/2 of 
 Dy3+ ion. Three distinct emission peaks, which are mostly 
found at 493 nm (blue), 584 nm (yellow), and 680 nm (red) 
in the emission spectra, are primarily responsible for the 
 Dy3+ transitions such as 4F9/2 → 6H15/2, 4F9/2 → 6H13/2, and 
4F9/2 → 6H11/2, respectively [35].

In this paper, we have emphasized on the TL properties 
of the dysprosium doped zinc aluminate phosphor mate-
rial due to its good TL characteristics. Different chemical 
and physical methods are available to prepare the phosphor 
material, such as, co-precipitation, hydrothermal, combus-
tion, sol–gel, thermal plasma, etc. to prepare the material in 
micro- and nanocrystalline forms [8, 9, 20, 35, 42, 46–49]. 
These methods have some advantages and disadvantages. 
In the present study, materials doped with different impu-
rity concentrations (0.0–1.0 M%) were prepared by using 
a hybrid route. Firstly, the materials in intermediate states 
were prepared by co-precipitation method and then sin-
tered at high temperature to form a single phase. Thus, the 
materials were annealed at different temperatures in the 
range of 400–1600 °C for 2.0 h. The synthesized phosphor 
materials were characterized by using various characteri-
zation techniques such as, X-Ray Diffraction (XRD), Fou-
rier transformed infrared spectroscopy (FTIR), UV–visible 
spectroscopy, Field Emission Scanning Electron Micros-
copy (FESEM), Thermo-gravimetric (TG) and differen-
tial thermal analysis (DTA) and Photoluminescence (PL). 
Using 60Co gamma-rays radioactive source, the phosphor 
was irradiated for different doses and thermoluminescence 
(TL) glow curves were recorded. The kinetic parameters of 
the TL glow curve were investigated using CGCD, IR and 
VHR methods.

Experimental

Synthesis of  ZnAl2O4:  Dy3+

The rare earth doped zinc aluminate phosphor can be 
prepared by using variety of chemical and physical tech-
niques. The co-precipitation method was used to synthesize 
 ZnAl2O4:  Dy3+ (x = 0.0–1.0 M %) phosphor due to its sim-
plicity and time saving characteristics [50, 51]. Precursors of 
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the Analytical Reagent (AR) grade such as Zn(NO3)2·6H2O 
(HPLC (99.99%)), Al(NO3)3·9H2O  (HPLC (99.99%)), 
 NH4OH (HPLC (99.99%)) and  Dy2O3 (Alfa-Aesar (99.99%)) 
were used in stoichiometric ratio. In order to synthesize 
 ZnAl2O4:Dy3+ phosphor, appropriate amounts of nitrates, 
and dysprosium were dissolved in the distilled water which 
was followed with constant stirring at room temperature for 
2.0 h. Further, ammonia was added to the homogeneous and 
transparent mixture, until the pH of the solution was found to 
be 10.0. The resulted solution with white co-precipitate was 
filtered out at 2500 rpm by centrifuging and washing it using 
distilled water for several times. To evaporate the water con-
tent and pollutants, the centrifuged mixture was then dried 
in an oven for 24 h at 150 °C. The pristine material was 
sintered at different temperatures in air to get the material 
in the desired single  ZnAl2O4 phase while considering the 
following equations [35, 50, 51]. Equation 1 indicates that 
the starting nitrate ingredients when treated with ammonium 
hydroxide get converted to their hydroxides.

Finally, the synthesized powder was annealed in air at 
different temperatures ranging from 400 to 1600 °C for 2.0 h 
in high temperature tubular furnace. The heating as well 
as the cooling rate was 2.0 °Cs−1

. Equation (2) denotes the 
intermediate reaction for the phosphor annealed between 
400 °C and 800 °C.

Equation (3) denotes the intermediate reaction for the 
phosphor annealed between 800 °C and 1400 °C,

while, Eq. (4) denotes the final reaction for the phosphor 
annealed at 1600 °C, where a single phase of  ZnAl2O4 phos-
phor was obtained.

Annealed materials were then grinded to obtain the phos-
phor in the powder form. The prepared samples were fur-
ther characterized by different characterization techniques 
and the intermediate phases were confirmed by compar-
ing the XRD patterns with the JCPDS data of these phases 
(Sect. "X-ray Diffraction"). To investigate the TL properties, 
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the grinded powder samples were exposed to different doses 
of 60Co gamma source.

Characterization techniques

Using Cu-target (Cu–Kα = 1.54 Å) as X-ray source availed 
on the Bruker AXS D-8 Advance X-ray Diffractometer, the 
structural characteristics of the prepared samples were inves-
tigated. The employed voltage, current, scanning step and 
step size were 40 kV, 40.0 mA, 1.0 s/step, and 0.02 degree, 
respectively. Also, Field Emission Scanning Electron 
Microscope (FESEM) (JEOL JSM-6360A) equipped with 
an energy-dispersive X-ray spectrometer (EDS) was used to 
conduct the morphological and compositional analyses. To 
conduct this study, around 0.5 mg of the sample was soni-
cated in the presence of ethanol (10 ml) to attain a dispersive 
solution. A drop of the solution was put by a dropper onto a 
glass substrate and further dried by using IR lamp to form a 
layer of the material. The samples, thus, prepared were used 
for FESEM/EDS study. FTIR (JASCO FTIR 6100) spectros-
copy technique was used to examine the functional groups 
of the  ZnAl2O4:Dy3+ (0.2 M%, 1600 °C) phosphor material 
in the region of 4000–400  cm−1. Resolution of 2.0  cm−1, 
scanning speed of 2.0 mm/sec, and an aperture of 5.0 mm 
were the applied constraints. In order to achieve good IR 
transmittivity, KBr was mixed with the sample in the ratio 
of 8:2. The phosphor material  ZnAl2O4:Dy3+ (0.2 M%) 
annealed at 1600 °C was also characterized by UV–visible 
spectroscopy (model V-770 JASCO) using an integrating 
sphere (ISN-923) powder sample holder (PSH-002) attach-
ments for recording diffused reflectance spectra. For which 
the data interval of 0.5 nm, continuous scanning speed of 
400 nm/min were the applied constraints. A dried KBr-pellet 
was used as reference material for the reflectance. TG–DTA 
analysis was carried out on Hitachi STA 7300 instrument in 
the presence of argon gas atmosphere. The TG–DTA curves 
were recorded in the temperature range of 10–900 °C with 
a heating rate of 20 °C  min−1. PL emission and excitation 
spectra were obtained with the help of Horiba Scientific fluo-
rescence spectrophotometer (model PTI QM-8450-11-C sys-
tem # 3560). For TL study, the samples in the powder form 
were preirradiated for different doses by using 60Co gamma 
source located at the Savitribai Phule Pune University. TL 
measurements were recorded at least three times by using 
a computerized research TLD-reader (Nucleonix Systems 
Pvt. Ltd., India, Model TL1009I). The TLD-reader consists 
of a 25 mm PMT with ultra-low dark count as a photodetec-
tor and a PID temperature controller and programmer for 
linear heating. The PMT was operated at a voltage of 800 V 
and current in the range of pico- to microamperes. Approx. 
5.0 mg of the samples were taken each time for record-
ing the TL glow curve with linear heating rate of 5.0 °C/s. 
TL intensity was normalized by exact mass of the sample 
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measured each time. In order to explore the reusability study, 
the optimized phosphor material  (ZnAl2O4:Dy3+ (0.2 M%), 
1600 °C)) was mixed with a small amount of polytetrafluor-
ethylene (Teflon) powder in the mass ratio of 10:1 to make a 
pellet using a hydraulic press for better handling. The pellet 
was irradiated for a 10.0 Gy test dose of gamma rays from 
60Co radioactive source to record the TL glow curve. The 
TL glow curve was recorded up to 400 °C and the procedure 
was repeated several times.

Results and discussion

X‑ray Diffraction

The XRD patterns of the materials annealed at different 
temperatures are shown in Fig. 1a–h. XRD pattern of the 
material prepared by the coprecipitation method and dried at 
150 °C is shown in Fig. 1 (pattern a). The XRD pattern was 
compared with the standard XRD data of  ZnAl2O4 (JCPDS 
file # 74-1136) and it was found that none of the peaks 
matched with the data in this file. It was, therefore, thought 

Fig. 1  X-ray diffraction patterns 
of the materials: a as prepared 
by coprecipitation method, b 
annealed at 400 °C, c annealed 
at 600 °C, d annealed at 
800 °C, e annealed at 1000 °C, f 
annealed at 1200 °C, g annealed 
at 1400 °C and h annealed 
at 1600 °C, respectively. The 
stick plots of different phases 
occurring at different annealing 
temperatures are also plotted 
from the data in their respective 
JCPDS files and given here for 
ready reference. The various 
phases that are occurring at 
different annealing temperatures 
are Zn(OH)2, Al(OH)3, ZnO, 
�-Al2O3, and  ZnAl2O4. No sepa-
rate phase of the Dy-impurity 
has been observed at any 
stage of synthesis or anneal-
ing showing that the impurity 
is dispersed evenly in the host 
matrix. The broad peaks in pat-
terns (a–d) were deconvoluted 
(not given here for clarity) by 
a Gaussian function to confirm 
the occurrences of peaks cor-
responding to different phases. 
(Color figure online)



4507Journal of Radioanalytical and Nuclear Chemistry (2024) 333:4503–4522 

that some intermediate states (phases) of the constituent ele-
ments, i.e., Al(OH)3 and Zn(OH)2, as given in Eq. (1) might 
have been formed. Therefore, experimental data was com-
pared with the standard data in JCPDS Card No. 74-0094 and 
JCPDS Card No. 76-1782 for probable hydroxide materials. 
It was discovered that the diffraction peaks of this material 
matched with the XRD peaks appearing at around 18.34°, 
22.69°, 28.85°, 44.33°, 58.06°, 64.38°, 71.30° belonging to 
the (200), ( 1 11), ( 2 02), (313), ( 2 24), (331), (226) hkl-
planes, respectively, of the monoclinic phase (space group 
 P121/c1) of the (Al(OH)3) compound and were symbolized 
by ( ) whereas, the peaks located around 32.67°, 37.96°, 
39.32°, 44.88°, 48.82°, 54.26°, 55.80°, 67.12° denoted by 
( ) and belonged to (121), (012), (201), (221), (032), (310), 
(240), (312) planes of the orthorhombic phase (P2_1 2 _12 
1) of the Zn(OH)2 compound. The phosphor annealed at dif-
ferent temperature ranging from 400 °C to 800 °C. The XRD 
peaks (symbolized by ( ) patterns (b–d) showed that these 
phases get converted to face centered cubic (FCC) phase of 
the  ZnAl2O4 though the traces of the hydroxide phases of 
zinc and aluminum could still be observed in this tempera-
ture range. It is interesting to see that annealing the material 
at still higher temperature (~ 1000 °C) some new XRD peaks 
(pattern e) appeared in addition to that of  ZnAl2O4 phase 
(Table 1). When these peaks were compared with the JCPDS 
data (JCPDS file # 36-1451 and 10-0173) it matched per-
fectly revealing that some of these peaks symbolized by (
) correspond to wurtzite phase having hexagonal symmetry 
(space group  P63mc) of ZnO (peaks appearing at around 
2 � values 31.77°, 34.42°, 36.25°, 56.60°, 66.38°, 69.10°, 
76.96° belonging to (100), (002), (101), (110), (200), (201), 
(202) planes) and the others symbolized by ( ) correspond 
to corundum like orthorhombic phase (space group Pbcn) 
of the �-Al2O3 (peaks appearing at around 2 � values 25.58°, 
35.14°, 37.79°, 43.36°, 52.55°, 57.52°, 59.77°, 61.35°, 
66.55°, 68.20°, 74.27°, 76.88°, 77.23° belonging to (012), 
(104), (110), (113), (024), (116), (211), (018), (214), (300), 

(208), (1010), (119) planes). It seems that either the  ZnAl2O4 
phase might be getting separated in to these phases or the 
traces of the earlier remaining hydroxide phases of zinc and 
aluminum might be getting converted in to their respective 
oxide phases. However, on annealing the phosphor further 
at higher temperatures (1200–1600 °C), the XRD patterns 
(f–h) exhibited that the individual oxide phases of ZnO and 
�-Al2O3 started diffusing evenly to form a single-phase 
 ZnAl2O4 as shown in pattern (h). The rise in the intensity as 
well as sharpness of the XRD peaks with the annealing tem-
perature increasing suggested that there is an increase in the 
crystallinity and grain size of the  ZnAl2O4:Dy3+ phosphor 
on annealing [35]. No separate phase of the Dy-impurity 
has been observed at any stage of synthesis or annealing 
showing that the impurity is dispersed evenly in the host 
matrix. The lattice parameters were also calculated for the 
 ZnAl2O4:Dy3+ (0.2 M%) phosphor annealed at 1600 °C and 
are given in Table 1. The lattice parameters (a, b, c) were 
determined by using following Eq. 5 for a cubic lattice.  

Field emission scanning electron microscopy 
(FESEM)

The morphological study of the synthesized phosphor was 
carried out using FESEM technique. Figure 2a–e shows 
FESEM images of the materials annealed at different tem-
perature. The FESEM images revealed the development of 
soft aggregates of the particles of nanometre sizes. The par-
ticles get aggregated to bigger sizes on annealing at higher 
temperatures [48, 49]. Figure 3a–e represents the histo-
gram images of the particle size distribution of the mate-
rials annealed at different temperature. The average parti-
cle size of the materials annealed at different temperature 

(5)d =
a

√

h2 + k2 + l2

Table 1  Calculated values 
of the lattice parameter of 
 ZnAl2O4:Dy3+ (0.2 M%, 
1600 °C) phosphor

Sample 2θ (degree) h k l FWHM (radian) a (A°) 
(Cubic 
Phase)

ZnAl2O4:Dy3+(0.2 M%, 1600 °C) 19.08 111 0.00320 8.04
31.14 220 0.00414 8.11
36.85 311 0.0045 8.08
44.87 400 0.00452 8.07
49.24 331 0.00458 8.06
55.77 422 0.00503 8.06
59.46 511 0.00546 8.07
65.31 440 0.00613 8.07
74.19 620 0.00585 8.07
77.38 533 0.00669 8.08
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are represented in Table 2 and are also shown graphically 
in Fig. 3f. The as prepared material has an average parti-
cle size of 107 nm. The grain sizes of the materials were 
found to increase with the increasing annealing temperature 
as reported earlier in the literature [52]. The average parti-
cle size of the finally prepared in single phase of  ZnAl2O4: 
 Dy3+ (0.2 M %) after annealing at 1600 °C was found to be 
approx. 261 nm from the FESEM images.  

Fourier transformed infrared spectroscopy (FTIR) 
and energy dispersive spectroscopy (EDS)

The FTIR absorption spectra of the pristine (as prepared) 
and the material annealed at 1600 °C is as shown in the 
Fig.  4a (spectra (i) and (ii)). Various absorption bands 
appearing in these spectra could be assigned to different 
(rotational, vibrational or stretching) modes of functional 
groups present. Highly intense band around 3722  cm−1 in the 
pristine material could be attributed to the stretching oscilla-
tions of the O–H functional group indicating the presence of 
hydroxides of the constituent elements formed during syn-
thesis by coprecipitation method as predicted in Eq. (1) [48, 
50, 51]. The other bands appearing in the frequency range 
of 2820–3100  cm−1 could be assigned to stretching of the 
C–H group, similarly, bands 1758 and 1372  cm−1 are due to 
C=O stretching and rocking. These functional groups might 
be due to environmental  CO2/CO present due to pollution. 
An absorption band appearing at around 1562  cm−1 could 
be assigned to N–O asymmetric stretching and yet another 

band appearing at around 1303  cm−1 could be attributed to 
N–C stretching. The presence of these groups may be due to 
ammonium nitrate and residues produced during synthesis 
which later get eliminated by decomposition during anneal-
ing. Several bands in the frequency range of 1200–400  cm−1 
in both the FTIR spectra could be assigned to vibrational, 
rotational and stretching modes of Zn–O, Zn–O–Zn, Al–O, 
Al–O–Al groups due to the formation of hydroxides, indi-
vidual oxides and mixed oxide on annealing of the pristine 
material. It could, however, be observed in these spectra that 
all the absorption band corresponding to the hydroxide and 
other organic groups diminished on annealing at 1600 °C. 
For the phosphor annealed at 1600 °C, Very weak bands in 
the frequency range (1371–1562  cm−1) related to C–H and 
C=O groups may be occurring due to adsorption of atmos-
pheric  CO2/CO and formation of hydrogen bonding due to 
adsorption of water molecules.

The elemental composition analysis of  ZnAl2O4:Dy3+ 
(0.2 M%) phosphor annealed at 1600 °C was obtained from 
the energy dispersive spectroscopy (EDS) and is represented 
in Fig. 4b. The result revealed that the  ZnAl2O4:Dy3+ com-
pound exhibited three prominent peaks corresponding to 
Zn, Al, O elements. Small crests of the Dysprosium ele-
ment confirmed the presence of  Dy3+ ions in the matrix. 
Table annexed to Fig. 4b shows the atomic percentage of 
the  ZnAl2O4:Dy3+ (0.2 M%) phosphor annealed at 1600 °C. 
Absence of the atomic percentage for dysprosium ion was 
noted; which may be due to the less doping concentration 

Fig. 2  FESEM images of  ZnAl2O4:  Dy3+ (0.2 M %) phosphor a as prepared by coprecipitation method and annealed at b 400 °C, c 1000 °C, d 
1400 °C and e 1600 °C, respectively. (Color figure online)
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(0.2 M%) of dysprosium ions. However, EDS spectra showed 
the presence of the peak for dysprosium element.

UV–visible spectroscopy analysis

UV–visible diffused reflectance spectra of the  ZnAl2O4:Dy3+ 
(0.2  M%) phosphor material annealed at 1600  °C was 
measured at RT in the range of 200–1000  nm and is 
shown in the Fig. 5. A strong peak around 277 nm was 
observed for  ZnAl2O4:Dy3+ phosphor which may be due 
to … of the material [53]. The band gap energy  (Eg) of 
the  ZnAl2O4:Dy.3+ sample was determined using the well-
known Tauc relation is given by Eq. (6)

where h is the Planck’s constant,� is the Kubelka–Munk 
(K–M) absorption coefficient, and v is the frequency. The 
extrapolation of the linear regions of the Tauc graph using 
the relation (αh ν)2 vs. hν (Fig. 5, inset) is used to determine 
the value of the direct band gap  Eg and was found to be 
3.91 eV [54, 55].

Thermal analysis

The thermal behaviour of the sample was studied by using 
thermo-gravimetric (TG) and differential thermal analysis 
(DTA) method and is shown in Fig. 6a and b respectively. 
As the samples were prepared by the wet coprecipitation 
method, some water molecules might have been trapped 
inside and get released on heating contributing to the weight 
loss. Furthermore, as predicted in Eq. (1), there is forma-
tion of Zn and Al hydroxides in the process of coprecipita-
tion and the decompose on subsequent heating huge weight 
loss due to release of large number of water molecules is 
expected as seen in TGA curve (curve i) of the as prepared 
material [55]. This process already occurs in case of the 
samples pre-annealed at different high temperatures and 
therefore the weight loss goes on decreasing with the anneal-
ing temperatures of the pre-annealed materials as seen in the 
other curves (ii–iv). No water molecules or other trapped 

(6)�h� =
(

h� − Eg

)⅄
Å

Fig. 3  a–e histogram graph of grain sizes distribution of the 
 ZnAl2O4:  Dy3+ (0.2  M %) phosphor a as prepared and which was 
further annealed at b 400 °C, c 1000 °C, d 1400 °C and e 1600 °C 

respectively, and f variation of average particle sizes with annealing 
temperature. (Color figure online)

Table 2  Average particle sizes of the as prepared  ZnAl2O4:Dy3+ 
(0.2 M%) phosphor annealed at different temperature

Sr. No Annealing temperature (°C) Average 
particle sizes 
(nm)

1 as prepared 107.92
2 400 62.88
3 1000 54.27
4 1400 85.64
5 1600 260.94
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gases could remain in the materials annealed above 1000 °C 
and thus the TGA curves become very much flat.

From the TGA curve, four regions of weight loss are 
observed for the as prepared sample. The first weight loss 
was found to be 7.69% at ~ 100 °C attributed to the removal 
of adsorbed/trapped water molecules from the sample [55]. 
In the second region, up to 20.55% of weight loss was 
observed in the range 150–330 °C, representing the loss of 

the chemisorbed water [54]. The endothermic process led 
5.78% weight loss was observed in the range of 330–470 °C. 
The peaks in the range of 330–470 °C in the DTA curve rep-
resented the desorption of adsorbed  CO2 and release of water 
molecules on decomposition of the intermediate hydroxides 
of Zn and Al. A small weight loss of 5.53% was observed in 
the fourth region with the exothermic peaks at 588–820 °C, 
associated to the formation of  ZnAl2O4 at higher tempera-
tures. The TGA curves in the Fig. 6a suggested that in as 
prepared sample there was around 40% weight loss. It was 
obvious, as some water molecules were present in the as 
prepared sample and do get released on heating which con-
tribute to the weight loss. While the weight loss gradually 
decreases for the phosphor with increasing applied heat 
treatment and were found to be approximately 18%, 6%, 1%, 
0.7% for the samples annealed at 400 °C, 800 °C, 1200 °C 
and 1600 °C respectively. DTA curves of the as prepared 
sample and that of annealed 600 °C show endothermic 
peaks at 100, 248, 813 and 900 °C , which indicate release 
of the adsorbed water and various gas molecules and the 
phase changes involved as given by Eqs. (1–4). However, 
not many changes could be observed in such curves of the 
samples annealed at higher temperatures as phase changes 
had already taken place during annealing and also as the 
DTA could not be taken at temperatures higher than 900 °C 
due to limitations of the equipment. The results were also 
found in correlation with the XRD analysis.

Fig. 4  a FTIR spectra of the as prepared material, b EDS spectra and percentage wise atomic composition of  ZnAl2O4:Dy3+ (0.2 M%) phosphor 
annealed at 1600 °C. (Color figure online)

Fig. 5  Absorbance spectra and Tauc plot (inset) for  ZnAl2O4:Dy3+ 
(0.2 M%) annealed at 1600 °C. (Color figure online)
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Photoluminescence (PL)

The PL properties of the  ZnAl2O4:Dy3+ (0.2 M%) sam-
ple annealed at 1600 °C was investigated carefully. The 
excitation spectra of  ZnAl2O4:Dy3+ phosphor moni-
tored at 481 nm is shown in the Fig. 7a. The spectra 
consisted of several excitation bands located in the 
region 290–450  nm due to the different transitions 
from the ground state (6H15/2) to various excited states 
of  Dy3+ ions. Spectra showed sharp excitation peak 
at ~ 343 nm corresponding to the 6H15/2 → 4M15/2, 4P7/2 
 Dy3+ transitions and other peaks at 296 nm, 325 nm, 
367 nm, 380 nm, 394 nm and 425 nm were assigned 
to the 6H15/2 → 4D7/2, 6H15/2 → 4P3/2, 6H15/2 → 4D7/2, 
6H15/2 → 4I13/2, 6H15/2 → 4M21/2 and 6H15/2 → 4G11/2 tran-
sitions of the  Dy3+ ion, respectively. Whereas, the 
peak at 280  nm was attributed to the charge transfer 
between  O2− and  Dy3+ ions. The emission spectra of 
 ZnAl2O4:Dy3+ (0.2  mol%) sub-micron phosphor was 
monitored at an excitation of ~ 343 nm and is shown in 
Fig. 7b. Spectra contains one intense band at ∼481 nm 
and other two relatively weak bands at ∼564 nm and 
∼594 nm. The emission spectra of  ZnAl2O4:Dy3+ phos-
phor under 343 nm excitation exhibit sharp peaks in 
the blue (481 nm) and yellow (564 nm) region due to 
the 4F9/2 → 6H15/2. and 4F9/2 → 6H15/2 transitions, respec-
tively. The blue emission was observed due to the mag-
netic dipole transition and yellow emission due to the 
hypersensitive electric dipole transitions [8]. The PL of 
the materials annealed at different temperatures was not 
given as the material was not formed in a single phase.

Thermoluminescence (TL)

Effect of annealing temperature and doping concentration

The effect of annealing on the TL glow curves of 
the  ZnAl2O4:Dy3+ (0.2 M%) phosphor material is as shown 
in Fig. 8. It could be noted here that no TL was observed in 
case of the as prepared material. It was as expected because 
it could be observed from Eq. (1) that during coprecipita-
tion method the starting materials in their nitrate forms 
get converted in to hydroxides and OH− radicals which are 
known as ‘killers of luminescence’ and thus no TL was 
observed [56, 57]. The as prepared sample (by coprecipita-
tion method) did not exhibit the TL glow curve. From the 
XRD and TG–DTA analysis, it could be seen that the mate-
rials go through various phases as oxides of the ingredient 
compounds then mixed phases and finally after in the desired 
 ZnAl2O4 phosphor material, therefore, the changes in their 
glow curve structures and the intensity was as expected 
and are clearly seen in Fig. 8 [58–60]. The inset of Fig. 8 
suggested that there is increase in the TL intensity with 
the annealing temperature increasing and was found to be 
the maximum after annealing the  ZnAl2O4:Dy3+ (0.2 M%) 
phosphor material at 1600 °C.

Figure 9 shows the effect of doping concentration of 
 Dy3+ ions on the TL glow curves of the  ZnAl2O4:  Dy3+ 
(0.0–1.0 M%) phosphor material annealed at 1600 °C. The 
TL glow curves were recorded after irradiating the phosphor 
with a 10.0 kGy dose of gamma rays using 60Co gamma 
source. The variation in the total TL intensity with dop-
ing concentration is also represented in the inset of Fig. 9. 

Fig. 6  aTGA and b DTA curves of the (i) as prepared  ZnAl2O4: 
 Dy3+ (0.2  M %) phosphor and annealed at different temperatures 
(ii) 400 °C, (iii) 600 °C, (iv) 800 °C, (v) 1000 °C, (vi) 1200 °C, (vii) 

1400 °C and (vii) 1600 °C. The ordinate is to be substracted by the 
numbers near the curves to get the relative values of the parameters. 
(Color figure online)
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The undoped  ZnAl2O4:Dy3+ phosphor exhibited very low 
TL intensity. The highest TL intensity was noted for 0.2 M 
% doping concentration of  Dy3+ ions and decreases sig-
nificantly beyond this doping concentration. This is called 
concentration quenching and occurs due to interionic non-
radiative transitions at higher doping concentrations [61].

Dose response

Figure  10a represents the TL glow curves of the 
 ZnAl2O4:Dy3+ (0.2  M%, 1600  °C) phosphor exposed 
to the different doses of gamma radiation (10.0 Gy to 
30.0 kGy). No significant change in the TL glow curve 
structure and TL peak position was observed which 
clearly indicate that the phosphor shows first order kinet-
ics. Figure 10b represent the dose response for the peak 

173 °C, 325 °C as well as for the total TL intensity. It 
was found that the TL peak dose response for both the 
peaks and TL dose response by taking area under the 
curve into consideration showed sub-linear dose response 
in the range 10.0 Gy–2.0 kGy. Beyond 2.0 kGy the total 
TL intensity was observed to saturate with the increase 
in the gamma doses up to 30 kGy. The concentration 
of radiation-induced defects in such a high dose range 
(2.0–30.0  kGy) may have reached a threshold value, 
which had further led to the production of unstable 
defects (absorption centers) and structural alterations. 
This was the main reason for the saturation of the TL 
intensity over a certain absorbed dose. Also, the satura-
tion in the TL intensity results from the production of 

Fig. 7  PL spectra for  ZnAl2O4:Dy3+ (0.2  M%) phosphor material 
annealed at 1600  °C: a Excitation spectrum at the emission wave-
length 481  nm, b Emission spectrum at the excitation wavelength 

343 nm. The PL of the materials annealed at different temperatures 
was not given as the material was not formed in a single phase. 
(Color figure online)

Fig. 8  TL glow curves of  ZnAl2O4:Dy3+ (0.2  M%) phosphor 
annealed at different temperature irradiated for a 10.0 kGy dose of a 
60Co gamma source. (Color figure online)

Fig. 9  TL glow curves of  ZnAl2O4:Dy3+ phosphor annealed at 
1600 °C doped with different doping concentration (0.0–1.0 M%) of 
dysprosium ions irradiated for 10.0 kGy dose of a 60Co �-rays source. 
(Color figure online)
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an increasing number of tracks that overlap and may not 
provide additional TL intensity at very high doses [62].

Determination of number of peaks and  locations  in a TL 
glow curve by   Tmax‑Tstop Method The number and loca-
tions of the hidden peaks inside a complex TL glow 
curve can be shown by the  Tmax–Tstop method. The 
 ZnAl2O4:Dy3+ (0.2 M%) phosphor annealed at 1600 °C 
for 2.0 h was irradiated for a dose of 10.0 kGy using 60Co 
gamma source. 5.0 mg sample was heated with a linear 
rate (5.0 °Cs−1) at an interval of 10 °C to a temperature 
 Tstop corresponding to a position on the low-temperature 
tail of the first glow peak. In order to obtain the remain-
ing glow curve, the same sample was then heated up 
to 400  °C, and the peak temperature  (Tmax) of the cor-
responding glow curve was recorded. Again, another 
5.0  mg sample which was irradiated for the same dose 
was heated with same linear heating rate up to the new 
temperature (5.0 °C more than the previous temperature). 
This sample was now heated up to 400 °C to record the 
remaining glow curve and  Tmax was noted. This process 
was executed numerous times by raising the  Tstop tem-
perature by 5  °C above the previous attempt each time. 
 Tmax vs.  Tstop graph is shown in Fig. 11, which exhibited 
staircase-like structure, with the  Tmax values correspond-
ing to the steps (horizontally flat regions of the curve) 
representing the corresponding highest peak tempera-
tures. Four hidden peaks were observed in the TL glow 
curve structure of the  ZnAl2O4:Dy3+ (0.2 M%, 1600 °C) 
phosphor at 173 °C, 196 °C, 325 °C, and 375 °C.

Deconvolution of TL glow curves and calculation 
of trapping parameters

TL glow curves of  ZnAl2O4:Dy3+ (0.2 M%, 1600  °C) 
phosphor exposed to different doses of gamma rays from 
60Co source (10.0 Gy–30.0 kGy) suggested no appreciable 

change in the pöperatures. This shows that the peaks fol-
low first order kinetics [61–63]. Therefore, the Comput-
erized Glow Curve Deconvolution (CGCD) curve fitting 
method was used to deconvolute the glow curve suggested 
by Kitis at al. for the first order kinetics of glow curves 
[64]. The experimentally discovered TL glow curve was 
fitted for the kinetic analysis using CGCD method given 
by Pagonis et. al. [65]. The typical deconvoluted TL glow 
curves, theoretical curve along with the experimental TL 
glow curve of  ZnAl2O4:Dy3+ (0.2 M%) phosphor annealed 
at 1600 °C are shown in the Fig. 12. The deconvolution 
of TL glow curves, revealed significant overlap and good 
agreement between the theoretical and experimental glow 
curves (FOM 2.58%). Four peaks were discovered in a 
typical TL glow curve of  ZnAl2O4:Dy3+ phosphor which 
were located at around 173 °C, 196 °C, 325 °C and 375 °C.

Fig. 10  a TL glow curves for 
the  ZnAl2O4:Dy3+ (0.2 M%, 
1600 °C) phosphor at 1600 °C 
for different doses of a 60Co �
-rays source, b dose response, 
curve (i) variation of the 
intensity with dose for 173 °C 
peak, curve (ii) variation of the 
intensity with dose for 325 °C 
peak, curve (iii) variation of 
the intensity with dose for area 
under the whole curve. (Color 
figure online)

Fig. 11  Typical  Tmax–Tstop graph for  ZnAl2O4:Dy3+ (0.2  M%) phos-
phor annealed at 1600 °C. (Color figure online)
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For general order kinetics the function is given in 
Eq. (7)

For first order:

Here, I (T) is the TL intensity at temperature T (K),  Im 
is the maximum peak intensity,  Tm is the temperature cor-
responding to maximum peak intensity  Im, E is the trap 
depth or the thermal activation energy (eV) needed to free 
the trapped electrons, and ‘ k ’ is the Boltzmann’s constant 
(8.6 ×  10−5  eVK−1).

The frequency factor ‘ s ’ for first order kinetics is obtained 
from the Eq. (9).

where, � is the linear heating rate.
To determine the kinetic parameters, Chen's set of empiri-

cal equations were used to compute the activation energy ( E ) 
and order of kinetics ( b ) of the deconvoluted illumination 
peaks of nanocrystalline  ZnAl2O4 phosphor [66].
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To determine the order of kinetic, the form factor was 
calculated by using Eq. (11),

The form factor, �g , has a theoretical range of 
0.42–0.52. For a peak with first order kinetics, form fac-
tor value is 0.42 and for second order kinetics the value is 
close to 0.52. In the Table 3; μg was found to be ~0.42 for 
all the deconvoluted glow curve, which verified that all the 
peaks obey first order kinetics. Furthermore, Balarin and 
Furetta offered the following factor (Eq. 12). 

It ranges from 0.7 to 0.9 for first-order kinetics and from 
1.05 to 1.20 for second order kinetics [66–68]. The acti-
vation energy or trapping depth (eV) values for different 
peaks ranged from 0.10 to 0.59 eV whereas, the values 
for the frequency factor ranged from  102 to  107  s−1 for 
 ZnAl2O4:Dy3+ (0.2 M%, 1600 °C) phosphor.

Various heating rate method

The kinetic characteristics of the  ZnAl2O4:Dy3+ phos-
phor were also determined using the Various Heating Rate 
(VHR) method. Figure 13a shows the TL glow curves of 
the  ZnAl2O4:Dy3+ (0.2 M%, 1600 °C) phosphor irradiated 
at 10 kGy, obtained at six different heating rates (1 °C/s to 

(10)E� = C�

(

kT2
m

�

)

− b�(2kTm)

� = �, �,�

� = Tm − T1, � = T2 − Tm,� = T2 − T1,

C� = 1.51 + 3.0(�g − 0.42),

C� = 0.976 + 7.3(�g − 0.42),

C� = 2.52 + 10.2(�g − 0.42)

b� = 1.58 + 4.2(�g − 0.42),

b� = 0,

bw = 1.

(11)�g =
T2 − Tm

T2 − T1

(12)� =
T2 − Tm

Tm − T1

Fig. 12  Comparison between the experimental (–o–) and theoretically 
(—) fitted the TL glow curves of  ZnAl2O4:Dy3+ (0.2 M%) phosphor 
(annealed at 1600 °C for 2 h) irradiated for 10.0 kGy dose using 60Co 
source. Deconvoluted single fitted glow curves, a, b, c, and d (—) can 
also be seen in the figure. (Color figure online)
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6 °C/s). Kinetic parameters were calculated using the depend-
ence of the peak position  (Tm) on a heating rate (β). It was 
observed that when the linear heating rate increased, the TL 
peak intensity decreased. Also, the peaks were observed to 
shift towards high temperature range with increase in the linear 
heating rate. Chen introduced Eq. (10) for the case of general 
order kinetics in 1969 [66]. 

Eq. (13) is obtained for the case of first order kinetics 
where (b =1) in Eq. (13)

(13)It = −
dn

dt
= s1nbe

(− E

kT
)

(14)It = −
dn

dt
= nse

(− E

kT
)

Table 3  Kinetic parameters of  ZnAl2O4:Dy3+ (0.2 M%,) phosphor irradiated for 10 kGy by CGCD, IR and VHR method

Peak tem-
perature 
(°C)

Geometri-
cal factor 
(µg)

Balarin 
parameter 
(γ)

Activation 
energy by 
CGCD (eV)

Activation 
energy by IR 
(eV)

Activation 
energy by VHR 
(eV)

Frequency fac-
tor by CGCD 
 (s−1)

Frequency 
factor by IR 
 (s−1)

Frequency factor 
by VHR  (s−1)

173 ± 1 0.48 0.93 0.17 ± 0.008 0.16 ± 0.008 0.19 ± 0.009 1.9 ± 1 ×  105 2.1 ± 1 ×  105 1.6 ± 1 ×  105

196 ± 1 0.49 0.98 0.11 ± 0.01 0.11 ± 0.005 – 1.7 ± 1 ×  102 3.1 ± 1 ×  102 –
325 ± 1 0.48 0.93 0.37 ± 0.01 0.37 ± 0.010 0.39 ± 0.01 1.0 ± 1 ×  105 1.3 ± 1 ×  105 1.4 ± 2 ×  105

375 ± 1 0.42 0.74 0.59 ± 0.02 0.57 ± 0.020 – 2.7 ± 1 ×  107 5.3 ± 1 ×  107 –

Fig. 13  a Glow curves of a 10 kGy irradiated  ZnAl2O4:Dy3+ (0.2 M%,) phosphor annealed at 1600 °C measured at different heating rates, b and 
c Plot of ln

(

T
2

m

�

)

vs.(1∕kT
m
) for the dominant and shoulder peak, respectively. (Color figure online)
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Assuming a linear heating rate and integrating the 
Eq. (14) we get Eq. (15)

Equation (16) was obtained by evaluating the derivative 
of Eq. (15) to zero, which gives the equation indicating the 
maximum of the glow peak.

We can derive the effort to escape factor (s) by rearrang-
ing the terms in Eq. (16).

Taking ln on both the side of the Eq. (16) we get,

The activation energy (E) was determined by slope of the 
straight line obtained from the graph in Fig. 13a and b, i.e., 
Plot of ��

(

T2
m

�

)

vs.(1∕kTm) , whereas, the y-intercept in the 
graph also help us to obtain frequency factor (s) given by the 
Eq. (19)

The kinetic parameters for the peaks at 173 and 325 °C 
could be found using the VHR method and are shown in the 
Table 3. Due to the inability of determining and identifying 
the peak position, the kinetic parameters for the other two 
peaks located around 196 and 375 °C could not be deter-
mined due to overlapping.
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Initial rise method

The initial rise method was used to determine the kinetic 
parameters of  ZnAl2O4:Dy3+ (0.2 M%,) phosphor annealed 
at 1600 °C. This method of was first suggested by Garlick 
and Gibson [69]. The sample (5.0 mg) was heated using 
the TL reader beyond the first TL peak's maximum, and 
was cooled. Another irradiated sample was heated upto a 
certain temperature such that the first peak was thermally 
cleaned. The sample was cooled and reheated beyond next 
peak's maximum to record the TL glow curve of second 
peak. The procedure was repeated for remaining peaks. It 
can be assumed that the number of trapped electrons in the 
low temperature tail of a TL peak remains approximately 
constant. For temperatures up to a cutoff temperature  TC, 
which is equivalent to a TL intensity  IC of less than 15% 
of the maximum TL intensity  Im, this method remains true 
[69, 70]. Figure 14 display the fractional glow curves of 
every peak (173 °C, 196 °C, 325 °C, and 375 °C) after 
thermally cleaning previous peak(s).

Equation (20) is the general order equation suggested 
by May and Patridge [70].

In this case, the heating rate is represented by � , the 
pre-exponential component is s′ , the scaling factor is C , 
and the concentration of trap carriers is denoted by n.

According to Rashedy for balance dimension suggested 
replacement of s′ by s/(N.b−1) [71]

(20)I(T) = −�
dn

dT
= Cs�nbexp(−

E

kT
)

Fig. 14  Fractional-glow curves of a 10 kGy irradiated  ZnAl2O4:Dy3+ 
(0.2  M%) phosphor annealed 1600  °C recorded for the peaks a 
173 °C, b 196 °C, c 325 °C and d 375 °C. (Color figure online)
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When we substitute b = 1 for first order kinetics in 
Eq. (21), we obtain

Equation (22) was produced by taking ln on both sides 
of the equation.

Equation  (22), which is expressed as y = mx + c, 
Fig. 15a–d displays the graph of ln I(T) vs 1/kT that was 
plotted for each of the following peak temperatures: 173 °C, 
196 °C, 325 °C, and 375 °C. The activation energy (E) for 
each peak was determined by taking the negative slope of 
the straight line on the ln(I) vs. (1/kT) graph. 

From the graph of Fig. 15, intercept I is now expressed as

(21)I(T) = −�
dn

dT
= Cs

nb

Nb−1
exp(−

E

kT
)

I(T) = Csnexp(−
E

kT
)

(22)lnI(T) = ln(Csn) −
E

kT

Here, area under the curve, A was used in place of Cn, 
and the equation was rewritten as,

Kinetic parameters determined by IR method are rep-
resented in Table 3.

The uncertainty value of activation E was calculated 
by using standard deviation formula given in Eq. (24) and 
shown in Table 3.

I = lnCsn

I = ln(As)

I = ln(A) + ln(s)

ln(s) = I − ln(A)

(23)s = Antilog[I − ln(A)]

Fig. 15  Plot of ln (TL Intensity) vs. 1/kT (of initial part) of the fractional glow curves of a 173 °C, b 196 °C, c 325 °C and d 375 °C of a 10 kGy 
irradiated  ZnAl2O4:Dy3+ (0.2 M%) phosphor annealed at 1600 °C respectively. (Color figure online)
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where S is the standard deviation of the sample, N is the 
number of observations,xi are the observed values of a sam-
ple item and x indicates the mean value of observation.

The activation energy and frequency factor found using 
the CGCD, IR and VHR methods, respectively, are shown 
in Table 3.

Reusability

One of the most important specifications for a good TLD 
phosphor is its ability to be reused. If a material's sensitivity 
or glow curve structure changes after it is being used once, 
it is not regarded as a suitable TL dosimeter; rather, these 
properties should not change even after the material has been 
exposed to radiation and has undergone multiple TL read-
outs. Therefore, the reusability study of the newly developed 
 ZnAl2O4:Dy3+ (0.2 M%, 1600 °C) phosphor was investi-
gated. A 10.0 kGy dose of gamma radiation was delivered to 
the prepared pellet of  ZnAl2O4:Dy3+ phosphor to investigate 
its reusability property. Figure 16 shows the variation of 
total TL intensity of the phosphor with respect to the readout 
cycles. No noticeable variation in the TL sensitivity of the 
phosphor material was observed. The newly developed TLD 
phosphor is thus seen to have a very good reusability. This 
showed the material durability and has ability to be reused.

Comparison with standard TLD phosphor

The TL intensity of the synthesized  ZnAl2O4:Dy3+ 
(0.2  M%, 1600  °C) phosphor was compared with the 

(24)S =

�

∑N

i=1(xi − x)2

N − 1

standard existing TLD phosphor such as  CaSO4:Dy (TLD-
900) [72] and  K2Ca2(SO4):Eu3+ (0.1 M%, 700 °C) nano-
phosphor [16]. All the phosphors were irradiated together 
for a dose of 1.0  kGy and the TL glow curves were 
recorded. The results are shown in the Fig. 17. The TL 
peak intensity of the  ZnAl2O4:Dy3+ phosphor was found 
to be around (1/25) and (1/17) times sensitive than the 
TLD- 900 and  K2Ca2(SO4):  Eu3+ nanophosphor, respec-
tively. Whereas, by the area under the curve method, the 
 ZnAl2O4:Dy3+ phosphor was noted to be around (1/23) and 
(1/8) times sensitive than the TLD- 900, and  K2Ca2(SO4): 
 Eu3+ nanophosphor, respectively.

Fading

After being exposed to a 10.0 kGy dose of gamma irradia-
tion,  ZnAl2O4:Dy3+ (0.2 M%, 1600 °C) phosphor material 
was kept in the dark at an ambient temperature (27 °C). 
After certain interval of time 5 mg of the stored sample 
was used each time to record the TL glow curve. The 
graph of total TL intensity vs. storage time for the peaks 
located around 173 °C and 325 °C were plotted separately 
and are shown in Fig. 18a and b respectively. The figure 
illustrated that the fading of the peak located at 173 °C 
was found to be 45% over first 7 days which is considered 
to be very high and not good for the dosimetry purpose. 
However, one shoulder peak present at higher temperature 
325 °C can be used for dosimetry purpose due to low fad-
ing (8% in 7 days).

Fig. 16  Reusability of  ZnAl2O4:Dy3+ (0.2  M%, 1600  °C) phosphor 
irradiated for 10.0 kGy dose. (Color figure online)

Fig. 17  Comparison of the TL Intensity of  ZnAl2O4:  Dy3+ (0.2 M%, 
1600  °C) with that of other known TLD phosphors, i.e.,  CaSO4:Dy 
(TLD-900) and  K2Ca2(SO4)3:Eu3+ (Nano),  irradiated  using  1.0 kGy 
gamma radiation dose  from 60Co radioactive source. (Color figure 
online)
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Conclusion

The  ZnAl2O4:Dy3+ (0–1 M%) phosphor was successfully 
synthesized using a co-precipitation route. The phosphor 
was found to exist in pure face centered cubic crystal struc-
ture when annealed at 1600 °C. The lattice parameters were 
determined and were found to be a = b = c = 8.08 Å. Thermal 
analysis of the synthesized phosphor suggested weight loss 
in the form of water and organic molecules, leading to the 
desired phase formation when annealed at a higher tempera-
ture, which was correlated with XRD analysis. The compo-
sitional studies determine the presence of Zinc (Zn), Alu-
minum (Al), Oxygen (O), and Dysprosium (Dy) elements 
with the appropriate number of atomic percent. FESEM 
study revealed that the particles have a tendency to aggregate 
and form small clusters of a typical shape. Using UV–vis-
ible Spectroscopy,  ZnAl2O4:Dy3+ phosphor was found to 
have direct band gap value of 3.91 eV. PL excitation and 
emission results show that the characteristics 4f-4f transi-
tions of  Dy3+ ion is responsible for the luminescence prop-
erties in the phosphor. The sample which was doped with 
0.2 M% doping concentration of dysprosium ion and which 
was annealed at 1600 °C for 2.0 h showed highest TL inten-
sity. The four hidden peaks were revealed for a typical TL 
glow curve of  ZnAl2O4:Dy3+ phosphor at 173 °C, 196 °C, 
325 °C, and 375 °C. The Computerized Glow Curve Decon-
volution (CGCD), Initial Rise (IR) and Variable Heating 

Rate (VHR) method were used to find kinetic parameters of 
TL glow curve and were found to be in decent agreement. 
All the hidden peaks were discovered to follow first order 
kinetics. The peak present at lower temperature showed 
high fading (around 45% fading). However, the peak pre-
sent at higher temperature showed less fading. The phosphor 
showed excellent reusability as well as sub-linear and wide 
dose response in the range 10.0 Gy to 2.0 kGy. Thus, it was 
found to be a better candidate for the fulfillment of high-dose 
dosimetry applications.
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for the  ZnAl2O4:Dy3+ (0.2  M%, 1600  °C) phosphor. The material 
in powder form was irradiated to 10.0 kGy dose of γ-radiation from 
60Co source, stored in dark at room temperature and TL was taken at 
different intervals of time. The intensity on Y-axis (ordinate) was nor-
malized to find the fading directly in percentage. (Color figure online)
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