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Abstract. In this paper, a thermoluminescence signal centred at 129°C induced by UV radiation of Yb3*-doped ZrO,
is reported. Phosphor was prepared by a solution combustion method and annealed at 600 and 900°C to study the effect
of annealing. The prepared phosphor was characterized by X-ray diffraction and scanning electron microscopy methods.
Various parameters were optimized. Computerized glow curve deconvolution was employed and kinetic parameters for
every deconvoluted peak were calculated. To understand the concentration quenching, a 3T1R (three trap one recombination

centre) model has been proposed.
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1. Introduction

Thermoluminescence (TL) is the phenomenon used to
measure different kinds of radiation doses. When a phosphor
material is exposed to any type of radiation or ultraviolet light,
a fraction of free electrons or holes may be trapped by some
defects inside the host lattice, known as electron or hole traps.
These trapped electrons or holes remain trapped until they
obtain enough energy to escape from defect centres. When
the provided energy for escaping trapped carriers is thermal
energy, then the phenomenon is called TL [1]. For this pur-
pose, many investigations have been conducted. In this sense,
oxide-based thermoluminescence dosimetric (TLD) materials
have been proposed as a TLD material; there are numerous
reports on the dosimetric properties of the oxide-based mate-
rial as a TL material [2-5].

Out of these oxide materials, zirconia is one of the stable
hosts and having an important TL response and it is subjected
to UV radiation, gamma and X-rays [6-8]. It has intense TL
glow curve with a higher TL signal. This TL signal can be
analysed in relation to given doses studied [9]. This oxide-
based material has a major disadvantage i.e., it shows an
instant loss of the signal within few minutes after exposure
to UV radiation [6,7,9]. To overcome this problem, we are
using other ions as impurities during the synthesis process to
enhance its TL signal [9,10].
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The present work demonstrates the synthesis of ZrO,: Yb**
phosphor by the combustion synthesis method and its struc-
tural characterization by X-ray diffraction (XRD), scanning
electron microscopy (SEM) and energy-dispersive X-ray
(EDX) analyses. The combustion synthesis offers instances
with easy experimental arrangement; surprisingly, short time
reactions and the easy accessibility of the final phosphor prod-
uct adapted to synthesize ZrO,:Yb*" phosphor. The major
aim of this work is to study the effect of the addition of Yb**
ions to enhance the TL behaviour of the ZrO, phosphor mate-
rial under UV radiation.

2. Experimental

The synthesis of ZrO,:Yb** (1-10 mol%) by a solution com-
bustion method involves following chemicals as precursor
materials, zirconium nitrate (Zr(NO3)s), ytterbium nitrate
(Yb(NO3)3) (purchased from Sigma Aldrich) and urea used
as a fuel. The stoichiometric ratios of an oxidizer and fuel
were taken in an alumina crucible to which triple distilled
water was added to dissolve the compounds. The redox mix-
ture thus obtained was then introduced into a muffle furnace
maintained at 600+ 10°C. The mixture undergoes dehydration
and then decomposes with liberation of large amounts of gases
(CO; and N»). The mixture was then frothed and swelled thus,
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forming foam which ruptured with a flame. The whole
combustion process was completed in less than a few min-
utes (<3 min). The Petri dish was taken out from the furnace
and a foamy product was crushed into fine powder using a
pestle and mortar for 30 min. These powders were calcined at
600-900°C for 1 h, and then subjected to further structural,
morphological and luminescence studies [10—12].

2.1  Instrument details

The sample was characterized by XRD analysis. XRD data
were collected over the range of 20-70° at room tempera-
ture. XRD measurements were carried out for all the prepared
samples using an X-ray powder diffractometer (Philips make
X’Pert PRO Panalytical and Rigaku-miniflex, Japan) with
CuKa radiation at a wavelength (1) of 1.54 A, with a voltage
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of 40 kV and a current of 30 mA. The Ni filter was used to
minimize CuKa radiation. The particle size was calculated
using the Scherrer formula. The TL studies were carried out
using a TLD reader 11009 supplied by Nucleonix. The sample
was irradiated by 254 nm UV radiation. The kinetic parameter
was evaluated by Chen’s peak shape method and the graph
was plotted using Origin 8.0 programme.

3. Results and discussion

3.1 Structural characterization

Figure 1 shows the XRD pattern of the freshly prepared
Zr0,:Yb>* and annealed phosphor samples. There is a clear
broadening of the diffracted peaks, which is due to the nano-
range crystal size. The broadening width of the peak decreases
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Figure 1. XRD results of ZrO»:Yb3* phosphor.
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with annealing which confirms the increase in the crystal size
with annealing of the sample. XRD patterns of ZrO,:Yb>,
in which seven different peaks were obtained at 26 values
of 27.83, 30.53, 35.60, 50.42, 54.66, 60.54 and 63.15°. The
diffracted peaks show a major tetragonal phase, which is con-
firmed by the presence of a high intensity peak at 260 values
of 30.53 and 50.42° [13,14].

The size of the particles has been computed from the full
width at half maximum (FWHM) of all the peaks using the
Scherrer formula. The average crystal size was calculated
using Scherrer’s formula [15]. The Scherrer formula is
given by:

K
"~ Bcosh’

where D is the average particle size perpendicular to the
reflecting planes, K is the constant and the value is 0.89,
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A is the X-ray wavelength, 8 is the FWHM and 6 is the
diffraction angle. The average crystal size of the sample is
found at around 22 nm.

3.2 Particle shape and size

The shape and size of the prepared nanocrystalline were
determined by SEM. Figure 2 shows the SEM images of
Zr0,:Yb>* phosphor nanoparticles produced by the chem-
ical combustion technique.

3.3 EDX spectroscopy results

Combustion synthesized ZrO,:Yb** phosphor was analysed
by EDX analysis to obtain the chemical composition of the
prepared phosphors. In the spectrum, intense peaks of Zr, Yb
and O are present which confirm the formation of ZrQ,:Yb**
phosphor (figure 3). The presence of C and Cu is due to the
use of a carbon-coated copper grid in which the sample was
placed for analysis. Quantitative elemental analysis of the pre-
pared sample was also determined and the result is mentioned
in table 1.

Table 1. Percentage elemental composition of the prepared
phosphor.

Element Weight% Atomic%
CK 19.18 43.78
OK 24.26 39.62
CuK 1.76 0.76
ZrL 50.70 15.24
YbL 3.75 0.59
Total 100.00 —
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Figure 3. EDX spectra of ZrO»:Yb>* phosphor.
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4. TL behaviour of Yb**-doped ZrO, phosphor

The TL glow curve of Yb**-doped ZrO, phosphor was
recorded under 254 nm UV exposure. The TL glow curve
was recorded for 5 min UV exposure at a heating rate of
6°C s~!. A single TL glow peak was found at 136°C for
phosphor (figure 4).
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Figure 4. TL glow curve for freshly prepared Yb3*+-doped ZrO,
phosphors for fixed 5 min UV exposure at a heating rate of 6°C s~ 1.
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Figure 5. TL glow curve of Yb3T-doped ZrO, phosphor for fixed
5Smin UV exposure at different annealing temperatures with a heating
rate of 6°C s~ 1.
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4.1 Effect of annealing on Yb**-doped ZrO, phosphors

To modify certain properties like crystal size, surface to
volume ratio, etc., the prepared phosphor was annealed at dif-
ferent temperatures ranging from 600 to 900°C for 2 h. From
the structural characterization of the sample, it was clear that
as aresult of annealing, the sample becomes free from internal
stresses results in a refined and more homogeneous structure.
The study of the TL glow curve at different annealing temper-
atures shows a continuous increase in the intensity of the TL
glow peak (figure 5). This increase is the result of minimiza-
tion of the residual TL signal at higher temperature [16]. The
kinetic parameters were calculated for all the peaks obtained
for different heating rates and are summarized in table 2. The
activation energy for all the peaks has almost equivalent val-
ues which confirms that annealing of phosphor does not affect
the formed traps and no new traps were formed as a result of
annealing.

4.2 Effect of different heating rates on Yb>* (1.5%)-doped
ZrO, phosphors

To record the TL glow curve, the pre-irradiated sample
is heated at a fixed rate. If the selected heating rate is
low, the charge carriers have enough time to get retrapped,
whereas at the higher heating rate, TL intensity diminishes
due to the thermal quenching phenomenon [17,18]. There-
fore, the optimization of heating rate to record the TL signal
is a necessary process. To optimize the heating rate for
UV exposed ZrO,:Yb** phosphor, the TL glow curve was
recorded at variable heating rates from 4 to 7°C s~ for fixed
5 min UV exposure. As the heating rate was increased from 4
to 6°Cs~!, aslight increase in the peak intensity was observed
with peak temperature shifting to the higher temperature
side. However, with a further increase in the heating rate to
7°C s7!, the TL intensity again decreased and peak shifts
towards higher temperature. Using the above results, the heat-
ing rate was optimized for 6°C s~! for both fresh and annealed
samples (figures 6 and 7). Kinetic parameters were calculated
to study the effect of the heating rate on traps for both fresh
and annealed samples. The value of the activation energy for
6°C s~! has a minimum value which also confirms the opti-
mization of this heating rate (tables 3 and 4).

Table 2. Kinetic parameters of Yb3T-doped ZrO; for fixed 5 min UV exposure at different annealing temperatures with a heating rate of

6°C s~

Annealing Activation energy, Frequency factor,
temperature (°C) 71 (°C) Tn(°C) T»(°C) T 8 o pu=38w E (eV) O
Fresh 102 136 176 34 40 74 0.541 0.644 1.1 x 10°
600 104 136 177 32 41 73 0.562 0.69 4.2 x 10°
700 103 136 176 33 40 73 0.548 0.656 1.8 x 10°
800 102 136 175 34 39 73 0.534 0.634 9.5 x 108
900 103 136 176 33 40 73 0.548 0.656 1.8 x 10°
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Figure 6. TL glow curve at different heating rates for freshly pre-
pared Yb3*+-doped ZrO, phosphors for fixed 5 min UV exposure.

—o—4°Cs”
(138) —o—5°Cs

80000

60000

40000

Intensity (Arb Units)

20000

g
.......

- W
r B B S

25 50 75 100 125 150 175 200 225 250

Temperature in 'C

Figure 7. TL glow curve of Yb>*-doped ZrO, phosphor annealed
at 900°C for different heating rates.

4.3 Effect of UV exposure time on Yb>* (1.5%)-doped
ZrO, phosphors

The TL glow curves of Yb**-doped Gd, O3 phosphor with the
variation of the UV exposure time have been recorded. The TL
response in terms of intensity (peak intensity of the TL glow
curve) is found to be continuously increasing from 5 to 25 min
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UV exposure, then it starts to decrease (figure 8). This wide
response is an extraordinary result obtained not only for this
phosphor, but also for many nanostructure materials [19]. The
activation energy for different UV exposure times has almost
the same value which confirms that the UV radiation does not
affect the position of trap levels (table 5).

4.4  Effect of Yb** concentration

Effects of different concentrations of Yb** from 1 to 7 mol %
on the TL response of ZrO,:Yb>* nanophosphors were stud-
ied (figure 9). For this, the TL glow curves with the variable
concentrations of Yb>* (1-7 mol%) were recorded for con-
stant UV exposure of 25 min and at constant heating rate of
6°C s~!. It was noticed that the integrated area of the curve
for UV exposure increases with increasing Yb** concentra-
tion up to 4 mol%. Furthermore, the glow peak structure
remains the same for all the concentrations of Yb>T, how-
ever, the TL intensity varies with Yb3t concentration. The
intensity of the TL glow curve increases with an increase
in the dopant concentration (Yb**) up to 4 mol% of Yb**
and then, the TL intensity decreases further with an increase
in Yb>* concentration. This decrease in TL intensity is due
to the concentration quenching which destroys trap levels.
Kinetic parameters are presented in table 6.

4.4a CGCD: The trapping parameters of localized energy
levels within the crystal and defects in the phosphor have been
determined by using the computerized glow curve deconvo-
lution (CGCD). It helps in better understanding of the TL
mechanism. By considering this fact, the CGCD curve fitting
was performed by using a glow curve deconvolution function
applied on the obtained glow curve under optimized condi-
tions to isolate each peak [18]. The deconvoluted curve has
three peaks at 104, 133 and 168°C. The activation energy,
order of kinetics and frequency factor for each peak are cal-
culated and summarized in table 7. The activation energies
corresponding to peaks at 104, 133 and 168°C were found to
be 0.96, 0.83 and 0.63 eV, respectively (figure 10).

4.4b  Probable model to explain concentration quenching
in TL behaviour of ZrO,:Yb** phosphor: Theoretically,
the TL peak at higher temperature should have higher
activation energy than the lower temperature peak, but in the

Table 3. Kinetic parameters at different heating rates for freshly prepared Yb3* (1.5)-doped ZrO, phosphors for fixed 5 min UV

exposure.

Activation energy, Frequency factor,

Heating rate T, (°C) Tm (°C) T> (°C) T 8 w uw=3e/w E (eV) Ssh

4 98 125 151 27 26 53 0.491 0.758 6.1 x 1010
5 104 129 157 25 28 53 0.528 0.844 6.4 x 10!
6 102 136 175 34 39 73 0.534 0.643 1.2 x 10°
7 109 143 180 34 37 71 0.521 0.662 1.3 x 10°
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Table 4. Kinetic parameters of Yb>*-doped ZrO, phosphor annealed at 900°C for different heating rates.

Activation energy, Frequency factor,

Heating rate Ti (°C) Tm (°C) T (°C) T b ® w=2s/w E (eV) SGs™h

4 100 127 153 27 26 53 0.491 0.766 6.8 x 1010
5 104 129 157 25 28 53 0.528 0.844 6.4 x 10!
6 100 133 173 33 40 73 0.548 0.656 1.8 x 10°
7 109 142 182 33 40 73 0.548 0.685 1.7 x 10°

present result, the peak at higher temperature i.e., 168°C has
relatively lower activation energy. As the present work deals
with the tuning of the TL behaviour of ZrO,:Yb** phosphor
with dopant concentration, we proposed a model to explain
the effect of the concentration quenching on the dopant con-
centration. To explain the effect of concentration quenching
the energy level model with three traps and one recombination
centre (3T1R) is used here [20,21] (figure 11).

According to this model, there are three electron traps with
concentrations ¢, @5, ¢5 and @1, @2, @3 are the respective
instantaneous occupancies. €1, & and &3 are the respec-
tive activation energies; fi, f> and f; are the respective
frequency factors and P;, P, and P; are the correspond-
ing retrapping probability coefficient for trapl, trap2 and
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Figure 8. TL glow curve intensities for Yb3t-doped ZrO,
phosphors for different UV exposure times with a heating rate of
6°Cs™!.

trap3, respectively. M represents the concentration of the
recombination centre and m is the instantaneous occupancy
of the holes and the probability coefficient for the hole
to be trapped in the recombination centre is 8. P, is the
electron recombination probability coefficient, Cg and Vg
are the concentrations of free electrons and holes, respec-
tively. The excitation dose responsible for the electron—hole
pair is represented by X. The concentration of the recom-
bination centre M is variable with variation in the dopant
concentration in different samples, whereas the other con-
centrations of the traps are considered to be constant. The
excitation dose is also kept constant during simulation of
the excitation of the different samples containing different
concentrations of dopants. The governing process during
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Figure 9. TL glow curve of Yb’*-doped ZrO> (0.5-4.5%)
phosphor annealed at 900°C for a heating rate of 6°C.

Table 5. Kinetic parameters of Yb3T (1.5%)-doped ZrO» phosphors for different UV exposure times with a heating rate of 6°C s~ L.

Activation energy, Frequency factor,

UV exposure time T1 (°C) T (°C) T> (°C) T 5 w w=28/w E (eV) S
5 102 136 180 34 44 78 0.564 0.65 1.2 x 10°
10 101 136 175 35 39 74 0.527 0.623 5.7 x 108
15 100 136 175 36 39 75 0.52 0.604 3.2 x 108
20 102 136 174 34 38 72 0.528 0.641 1.4 x 10°
25 102 136 176 34 40 74 0.541 0.644 1.0 x 10°
30 101 136 175 35 39 74 0.527 0.623 5.7 x 108
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Table 6. Kinetic parameters of Yb>* (0.5-4.5%)-doped ZrO, phosphor annealed at 900°C for a heating rate of 6°C.

Activation energy, Frequency factor,

YB3t concentration  Ti (°C)  Tm (°C)  T» (°C) T 1) o pu=8lw E (eV) S@s™h
0.5 100 133 173 33 40 73 0.548 0.656 1.7 x 10°
1 100 133 173 33 40 73 0.548 0.656 1.7 x 10°
1.5 102 133 173 31 40 71 0.563 0.702 7.1 x 10°
2 100 133 172 33 39 72 0.542 0.654 1.7 x 10°
2.5 99 133 171 34 38 72 0.528 0.632 8.7 x 108
3 101 133 170 32 37 69 0.536 0.674 3.0 x 107
4 100 133 171 33 38 71 0.535 0.653 1.6 x 10°
4.5 101 133 171 32 38 70 0.543 0.675 3.2 x 107
Table 7. Kinetic parameters calculated for the deconvoluted curve.
Peaks T1 (°C) Tm (°C) T, (°C) Mg E (eV) S(s™hH
1 85.6 104.8 123.5 0.4934 0.9636 1.5 x 101
2 107.12 133 161.53 0.5244 0.8304 3.4 x 10!
3 128.3 168.5 209.2 0.5031 0.6263 1.4 x 108
1.8x10° - 2r0,:Yb* —0— Experimental Glow Gurve Experimental values have been determined by solving the
(136) o Deconvotwed Peak 1| above mentioned equations with respect to time ¢. The exci-
Sy —&— Deconvoluted Peak 2 . . . . . .
1.5x10° - —&— Deconvoluted Peak 3 tation dose is proportional to X,. Excitation is followed by
- the relaxation containing electrons and holes present in the
E 1.2x10° 1 conduction and valance bands, respectively, which undergoes
g retrapping by decaying the respective traps. Retrapping of
> 9.0x10' e~ and holes results in the TL signals as a function of the TL
g signal under the influence of heat energy. The following equa-
£ 6.0x10' tions are obtained by solving the above mentioned equations:
.
-
3.0x10° d¢’1 , ,
o= Pi(p, — @})Cp — S P exp(—e /kT), 7
0.0 T T T T T d(p/
2 ’
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Figure 10. Deconvoluted TL spectra of Yb’'-doped ZrO; ar =P (¢’3 - ¢3)CB — S3P3 exp(—&/kT), 9
phosphor under optimum conditions. dm
? = _PmmCB’ (10)
excitation can be represented by the following differential
on P Y £ dCy _dm  dp|  dpy  d
equations: - = = (11)
dt dt dt dt dt

de; ,

dtl = Pi(¢1 — ¢})Cs. (1
d /

% — Py(¢s — ))Cs. ®)
d /

;;3 — Py(¢s — })Cs. 3)
d

d—’? = B(M — m)ny — PpymCp. @)
‘%=X—ﬂ<M—m)vB, ®)
dCo _dm | dVe dsi d _d ©
dt ~ dt dt dt dt drt

The TL intensity as a function of temperature (7') can be
written as:

d

m
I(T) = ——— = P,mCg. 12
(T) 7 mCg (12)

The differential equations were solved numerically by
applying simulation at all the stages involved in the TL
process. The numerical values for the parameters in the model
are: @] = 2.99 x 103cm™, ¢, = 0.98 x 107 cm ™3, ¢} =
20lx107°, P =1x10"%cm?®s™!, P, = 1 x 108 cm®s~!,

Pi=1x 107cm?®s ™, P, =1 x 107%cm?s7!, =1 x
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Figure 11. Energy level diagram of the three trap one recombination centre model.

10%cm?s™!, e; = 0.96eV,e, = 0.83eV,e; = 0.62¢eV,
fi = 15 x 107 f = 34 x 10"s7, f5 = 1.4 x
10857, D=5x10"cm™ and B = 6°Cs~.

During the excitation stage, the initial occupancy of the
recombination centre was chosen as 0.1 M. The simulation
results show that the two TL glow peaks reach maxima at
different concentrations [22,23].

To explain the effect of concentration quenching, the model
was analysed. During the analysis of the proposed model, it
was considered that all the traps ¢, ¢, and ¢3 were fixed and
the recombination centre M was varied. The initial instanta-
neous occupancies ¢ = ®, = &5 = 0 and m = aM, here,
the value of o was determined by Fermi statistics. The value
of o remains constant for variable concentration of M. The
dose provided to the, sample was not enough for the satura-
tion of traps, therefore, ®; < ¢, P2 K ¢ and O3 K ¢s.
The radiation dose D was provided to the sample and is equal
to X;. After dose D, the population concentrations n; and n,
of electron—hole pairs can be represented by the following
equations:

P
&) = 11 D. (13)
P11 + Py + P33 + PaM
P.
o, 22 (14)

= D
P11 + Py + P3¢p3 + PraM

At the time of TL measurement, initially the electron from the
first trap ¢, excited to the conduction band and subsequently
trapped by either second or third trap levels ¢, and ¢3 or
recombination centre M. The retrapping of the electron by

the recombination centre M is responsible for TL emission.
The integrated intensity of the first TL peak is approximately,

PmaM o PmOlM
Pydy + Psps + PuaM ' Prpy + Pigps + PraM

Py (15)
P11 + Papy + P33 + PaM

Il,int -

For a small dopant concentration, M has a smaller value,
P,aM <K P, + P3¢s, so that P,,a M can be neglected in
the denominator and the TL intensity becomes directly pro-
portional to M i.e., the TL increases linearly with increasing
M. As the dopant concentration increases, the value of M also
increases which results in P,aM > Pi¢p; + Py + Pis,
so that the denominator grows as the squares of M and the
TL intensity decreases with an increase in M. Thus, initially
the TL intensity grows with an increase in the concentration
of M, then, it levels off and then decreases with a further
increase in M concentration. During excitation of @, some
of the electrons were trapped by ®,. Due to this, the popu-
lation concentration ®, changes. The change in &, can be
represented as:

Py
AdD, = , (16)
Py + P33 + PraM
P:
Ad, — p100)
Py + P33 + PraM
P
191 D. (17)

X
P11 + Py + P33 + PaM
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The total concentration @ is:

@ — Py
27 Py + Patpy + Pips + PaM
P
x <1 + 191 )D, (18)
Py + P33 + PraM
, P
D, = 202 D. (19)

Py + P33 + ProaM

The changes in ®3 and m during this step is negligible. As the
temperature increases continuously, the electron @), retrapped
by the second trap ¢,, becomes free and are captured by either
¢3 or M. The integrated intensity of the second peak is rep-
resented as:

Pm(XM /
D = d,, (20)
Pyps + P33 + PnaM
PmOlM P2¢2
b = X
Pi¢s + P,aoM Pypy + P33 + P,aM
(2D

The intensity increases linearly for the smaller value of M
due to:

PooM < Ps¢s.

And the intensity shows inverse relation at higher M concen-
tration due to:

PuaM > Pr¢y + P3gs.

The value of P, oM indicates that /; and I, will peak at dif-
ferent values of M. With an increase in the value of M, the
first peak reaches the maxima before the second peak. It is
due to competition in trapping among the three traps during
excitation and read out time.

5. Conclusion

Yb**-doped ZrO, was synthesized by the combustion synthe-
sis method. The prepared phosphor has a cubic phase, which
was confirmed by the XRD pattern of phosphor. The crys-
tal size was found at around 22 nm. The TL glow curve was
recorded under 254 nm UV excitation. The optimized condi-
tions for the TL glow curve are: heating rate of 6°C s~!, UV
exposure time of 25 min and Yb** concentration of 4 mol%.
The CGCD was applied for the TL glow curve obtained for
the optimized curve. The CGCD curve has three peaks which
show the formation of three traps. Kinetic parameters for each
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condition were calculated and the maximum parameters do
not affect the values of activation energy which confirms that
they do not affect the formed traps. Three trap one recom-
bination centre model was used to explain the concentration
quenching behaviour of the prepared phosphor.
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