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Abstract: Samples of Ce’* and Dy** doped Zinc Borate (ZnB,04) phosphors were synthesized using the solid-state
reaction method. Structural characterization was performed using X-Ray Diffraction (XRD), surface morphology was
analyzed by Field-Emission Scanning Electron Microscopy (FESEM), and elemental composition was determined via
Energy Dispersive Spectroscopy (EDS). The XRD pattern of the synthesized sample closely matches the JCPDS 39-1126
reference. Thermoluminescence (TL) analysis revealed that the samples doped with 2 mol% Ce3* and Dy>" exhibit the
highest TL intensity. Upon irradiation of both samples with varying Ultraviolet (UV) exposure times, the maximum TL
intensity was observed with a 15-minute UV dose. Trapping parameters were calculated using Chen’s method, and the
relationship between total TL intensity and UV dose, as well as the TL emission spectra, were also recorded.

Keywords: ZnB;0j4, thermo luminescence, phosphors, X-Ray Diffraction (XRD), Field-Emission Scanning Electron
Microscopy (FESEM)

1. Introduction

Fundamental and applied research in radiation detectors frequently utilizes rare-earth-doped phosphors. These doped
materials are in high demand due to their applications in traffic signals and automobile brake lights. They also play a
critical role in the clinical, personal, and environmental monitoring of ionizing radiation. When crystalline materials are
exposed to highly ionizing radiation, they emit light upon thermal stimulation. According to band theory, irradiation
of the Thermoluminescent (TL) material generates electron-hole pairs, and defects in the lattice create localized energy
levels within the forbidden energy gap. These electron-hole pairs are trapped in these defects. Upon heating, the trapped
electron-hole pairs are energized, enabling them to escape. The electrons can either be retrapped beyond the conduction or
valence band, where they recombine with other electrons or holes. The locations where recombination occurs are called
recombination centers. If radiative recombination takes place, these centers are known as luminescence centers. As a
result, when the trapped holes are released by heat and recombine with trapped electrons, TL occurs. The number of
electrons increases with temperature, leading to radiative or non-radiative emission [1]. A glow curve is a plot of emitted
light intensity as a function of temperature during the TL process at a given heating rate. This curve may exhibit multiple
peaks, each corresponding to an energy level within the material participating in the TL process. Changes in the position,
shape, and intensity of these peaks reflect the characteristics of the material, impurities, and defects present [2]. The TL
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response varies with the concentration of rare-earth impurities and radiation dose, making it useful for dosimetry and
geological dating [3]. Each glow peak is associated with the release of an electron from a specific trap level within the
material’s energy band. The TL studies of borate-based compounds are particularly interesting due to their near tissue
equivalence, low cost, thermal stability, high sensitivity, low synthesis temperature, and ease of preparation [4-9].

Among the various borate materials, Zinc Borate (ZnB,0O4) is notable for its low toxicity, cost-effectiveness, high
luminescence efficiency, and wide band gap [10—12]. When doped with rare-earth ions, it demonstrates promising
applications, such as in long-lasting phosphors for emerging lighting displays, flat-panel displays, and Light-Emitting
Diodes (LEDs). Previous studies have extensively explored the dosimetric properties of rare-earth-doped zinc borates
[13-17].

Despite these numerous applications, the activation mechanisms of rare-earth ions within the host lattice of zinc
borate remain inadequately understood. It is generally believed that lattice defects are closely linked to and stabilized by
the rare-earth impurities. The trapped charge carriers can migrate to the emission sites, thereby enhancing the efficiency
of TL materials. This study focuses on TL measurements, providing an opportunity to investigate key properties such
as glow curves, dose-response behaviors, luminescent intensity, and kinetic parameters of Ce- and Dy-doped zinc borate.
The TL kinetic parameters were evaluated using the peak shape method. Despite the substantial body of TL research in
the literature, very few studies have specifically examined Ce- and Dy-doped ZnB,04 phosphors.

2. Experimental

We synthesized Zinc Borate (ZnB,0,4) phosphors using the solid-state reaction method. The starting materials used
for the synthesis included Analytical Reagent (AR)-grade ZnC, H3BO3, Ce;03, and Dy;03. A specific stoichiometric
ratio of the raw materials was accurately weighed and mixed. The mixture was ground for 4 hours using a combination
of water and acetone, then sintered at 850 °C in a furnace under atmospheric conditions. The sample was maintained at
850 °C for five hours, after which the furnace was turned off. The samples were allowed to cool naturally before being
ground again to obtain a fine powder. TL measurements were performed using a Nucleonix TL 10091 Thermoluminescent
Dosimeter (TLD) reader.

3. Result and discussions

ZnB, 0y crystals exhibit a three-dimensional layered structure with BO4 tetrahedra at the corners. Figure 1 presents
the X-Ray Diffraction (XRD) pattern of pure ZnB,O4 phosphor. The XRD data were recorded over the 26 range of 100°
to 700°. The X-ray diffraction measurements were conducted using a Bruker AXS D8 Advance powder diffractometer,
employing a Cu-Ka radiation source at 40 kV with a wavelength of 1.540598 A. The 26 angle was measured with a step
size of 0.04° and a count time of 1.5 s per step. The synthesis temperature of the phosphor was 850 °C. The obtained
XRD patterns were compared with the reference data from JCPDS file No. 39-1126.

Due to the very low concentration of impurities, the volume of the impurity phase interacting with the X-ray beam
may be insufficient to produce strong or consistent diffraction peaks. Rare earth ions, such as Ce’* and Dy>*, typically
substitute for host ions in the crystal lattice. When the impurity ions are well-dispersed and present in low concentrations,
they generally cause only a slight shift in the main host peaks due to minor lattice strain, rather than introducing entirely
new peaks. As shown in Figure 1, the small amount (2%) of Ce*" and Dy>* ions does not significantly alter the XRD
pattern of the pure ZnB,O4 sample. All samples exhibit single-phase diffraction patterns with no evidence of secondary
phases. The dopant ions do not affect the crystal structure of ZnB,O4, which retains a body-centered cubic structure with a
lattice parameter of a = 7.473 A and space group Im3m, similar to the undoped ZnB,O4 phosphor. The highest diffraction
intensity for all samples was observed at the (2 1 1) plane, with a 20 value of approximately 29.6°. The crystallite sizes
of the samples were found to range from 5 to 10 micrometers.
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Figure 1. XRD of undoped, Ce and Dy doped ZnB,0O4 and JCPDS file

4. Scanning electron microscopy and energy-dispersive X-ray spectroscopy
analysis

In this study, a Carl Zeiss Ultra-High Resolution (UHR) FESEM Gemini Scanning Electron Microscope (SEM)
500, available at the Indian Institute of Technology, Bhilai (C.G.), India, was used to analyze FESEM images, Energy
Dispersive Spectroscopy (EDS), and elemental mapping of the samples. The FESEM images reveal irregular, micro-
sized crystallite structures, as shown in Figures 2a, ¢, and e. These images also indicate agglomeration in the sample. The
particle size of the pure ZnB,04 sample was found to be smaller than that of the doped samples. A flower-like structure
is observed in the pure ZnB,04 sample. In contrast, Figures 2¢ and 2e show larger, drier, clay-like structures in the doped
samples. The Energy-Dispersive X-ray (EDX) spectra of the prepared undoped, Ce**-doped, and Dy**-doped ZnB,04
samples confirm the incorporation of rare earth elements, as well as the elemental composition and stoichiometric ratio,
as seen in Figures 2b, d, and f, respectively.

In the EDS analysis, the X-axis represents the energy of the detected X-rays, typically measured in kilo-electron Volts
(keV). Each element in the sample emits characteristic X-rays at specific energy levels; thus, the position of the peaks along
the X-axis is used for qualitative identification of the elements present. The Y-axis corresponds to the peak intensity, which
represents the relative abundance or concentration of each element in the sample, and is used for quantitative analysis.
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Figure 2. (a) FESEM image of pure ZnB,04 phosphor; (b) EDX of pure ZnB,0O4 phosphor; (¢) FESEM of Dy doped ZnB,0O4 phosphor; (d) EDX of

Dy doped ZnB, 04 phosphor; (¢) FESEM of Ce doped ZnB,04 phosphor; (f) EDX of Ce doped ZnB,O, phosphor
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5. Thermoluminescence

The thermoluminescence process involves two main steps. First, the system transitions from an equilibrium state to
a metastable state through the absorption of energy from ionizing radiation. Second, the system returns to the equilibrium
state by releasing the absorbed energy in the form of light, typically through thermal stimulation. According to McKeever,
the creation of defects occurs due to electronic excitation. Radiation-induced defects are localized electronic states that
are occupied by a non-equilibrium concentration of electrons. According to energy band theory, between the conduction
band and the valence band, two localized optical bands exist: one acts as a recombination center, and the other serves as a
trap center. These localized optical bands arise due to the presence of impurities within the host lattice [18]. As a result of
irradiation, both electrons and holes are generated. Electrons transition from the valence band to the conduction band and
become trapped near the conduction band in what is referred to as an electron trap. The holes in the valence band occupy
their corresponding traps, which are known as luminescence centers [19]. When heat is applied, the trapped electrons are
released from the electron trap and recombine with the holes, as illustrated in Figure 3. This recombination process leads
to the emission of photons.
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Figure 3. Basic mechanism of thermoluminescence

Thermoluminescence (TL) is a widely used technique for determining the trap level depth of materials. It has various
applications across different fields, primarily due to its ability to measure the accumulated radiation doses in materials.
The trap depth can be calculated by analyzing the kinetic parameters associated with TL. Several methods, including the
initial rise method, heating rate method, isothermal method, and peak shape method, are commonly employed to analyze
TL glow curve data. In this study, the deconvolution method is applied to determine the kinetic parameters of the prepared
ZnB,04 phosphor. The TL intensity of pure ZnB,0,4 phosphor was measured using a fixed Heating Rate (HR) of 5 °C/s
following a 15-minute Ultraviolet (UV) exposure.
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Figure 4. (a) TL glow curve of undoped ZnB, O, phosphor; (b) TL glow curve of Dy>* doped ZnB,0, phosphor; (c) TL glow curve of Ce* doped
ZnB,04 phosphor; (d) Effect of UV exposure on Dy>* doped ZnB,04 phosphor; (e) Effect of UV exposure on Ce>* doped ZnB,04 phosphor
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Figure 4a shows the TL intensity of pure ZnB,O4 phosphor as a function of temperature. It exhibits a broad peak
centered at 92.5 °C, indicating strong TL intensity, with an additional shoulder observed at 237 °C. Figures 4b and 4c depict
the variation in TL intensity for Dy>*-doped and Ce3*-doped ZnB,0,4 samples, respectively. The molar percentage of
dopants ranges from 1% to 4% for both impurities. The Dy>*-doped sample presents a broad peak spanning from 60 °C
to 190 °C. Notably, the TL intensity of the Dy>*-doped sample is approximately twice that of the Ce>*-doped sample.

The higher TL intensity observed in the Dy**-doped sample, compared to the Ce3*-doped sample, is primarily
attributed to its greater efficiency as a TL activator. Dy>* serves as a primary luminescent center, contributing to both
blue and yellow emissions, which are efficiently detected by standard detectors. In contrast, Ce3* typically exhibits a
broad emission band in the near-UV/blue region (~ 350-400 nm), which may be less effectively captured or coupled with
the material’s specific trap distribution. While Ce** is an efficient activator in Photoluminescence (PL), its performance
in TL processes is less efficient.

Furthermore, the Ce**-doped sample displays a sharper peak compared to the Dy>*-doped sample. The highest
TL intensity for both samples occurs at a 2 mol% dopant concentration. All samples were exposed to UV light for 15
minutes. Beyond this concentration, TL intensity decreases due to non-radiative energy transfer, as activators can act as
self-quenchers [20]. Therefore, 2 mol% Ce®* and Dy>* represent the optimal dopant concentrations for the synthesized
samples.

Figures 4d and 4e illustrate the effect of UV dose on the TL properties of ZnB,04:Ce3* and ZnB,04:Dy>* phosphors.
The UV dose was varied from 5 minutes to 20 minutes. The results clearly show that for ZnB,04:Ce3*, the integrated
TL intensity initially increases with UV dose, reaching its maximum at 15 minutes, after which it begins to decrease. In
contrast, for ZnB,04:Dy>*, the maximum TL intensity is observed at 15 minutes of UV irradiation. Exposure to UV
light generates electron-hole pairs, with the RE3* ions capturing the electrons and the holes being trapped at host-related
centers. Upon heating, these holes are gradually untrapped at different temperatures according to the thermal stability of
the material. The characteristic emission of RE3* ions is observed as the ions decay to their ground state from the excited
state. The increase in UV dose results in a higher concentration of active luminescent centers, leading to an enhancement
in TL intensity. However, beyond a certain UV dose, only a limited number of RE ions are available for charge reduction,
which may explain the observed saturation in TL intensity with further increases in UV exposure [21].
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Figure 5. (a) Gaussian curve of Dy>* doped ZnB,0, phosphor; (b) Gaussian curve of Ce** doped ZnB,O,4 phosphor

Figure 5a and 5b show the Gaussian curve fitting for the ZnB,04:Ce>* and ZnB,04:Dy>* phosphors, respectively.
The superposition of multiple peaks results in a broad single glow peak. This broad peak was deconvoluted into three

Transactions in Optics and Photonics 132 | Ravi Sharma, e al.



distinct bands for ZnB,04:Ce>* phosphor, located at 347.6 K, 378.3 K, and 414.1 K, and four bands for ZnB204:Dy3+
phosphor, positioned at 341.4 K, 405.1 K, 461.8 K, and 476.9 K. The TL parameters for all deconvoluted peaks were
calculated using Chen’s method [22, 23]. The activation energy for ZnB,04:Ce3* varies from 0.49 eV to 0.82 eV, and the
frequency factor varies accordingly. Similarly, the activation energy for ZnB,04:Dy>* ranges from 0.62 eV to 0.75 eV,
with the corresponding frequency factor varying as well. These values are summarized in Tables 1 and 2.

Table 1. Trapping parameter of Ce** (2 mol%) doped ZnB, O,

Phosphor Peak T, T B ® e  E(ev) S(shH

Peak 1 74.61 19.84  20.09 3994 05 0.82 1.3x 101
ZnB;04:Ce®t (2%)  Peak2 10529 29.63  30.08 59.71 0.5 0.63 3.1x10°
Peak3 14141 43.66 43.09 86.75 0.5 0.49 7.5 % 10°

Table 2. Trapping parameter of Dy>* (3 mol%) doped ZnB,O4

Phosphor Peak T T 1) 0] Ug  E(ev) S(sh

Peak 1 6842  20.66 2037 41.03 05 075 19x102
Peak2  132.06 2855 28.69 5724 05 076  3.3x10°
Peak3 188.87 39.87 40.02 79.89 0.5  0.69  3.0x10%
Peak4 20397 4671 4731 9403 05 062  2.7x10
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Figure 6. (a) TL emission spectra of Dy** doped ZnB, 0O, phosphor; (b) TL emission spectra of Ce>* doped ZnB, 04 phosphor

Figure 6a and Figure 6b show the TL spectra for ZnB,04:Ce’" and ZnB,04:Dy>" phosphors. TL spectra were
recorded between wavelengths 450 and 700 nm using different interference filters.

Similar to the photoluminescence of Ce>* doped phosphor, TL also has emission due to 4d-5f transitions. The peaks
were recorded at 460 nm, 480 nm, 540 nm, and 650 nm, which confirms the emission due to 4d-5f transitions. In Dy3Jr

Volume 1 Issue 1]2026| 133 Transactions in Optics and Photonics



doped ZnB;,04, we got maximum TL intensity at 460 nm out of three emission peaks at 460 nm, 540 nm, and 600 nm.
This is due to the transitions of 45, ), to 6,5 " [24].

6. Conclusions

Pure and Ce, Dy doped ZnB, 04 samples were synthesized by the solid state reaction method using Zinc Oxide (ZnO)
and H3BO3 as starting materials. The crystallite sizes of the samples were found to be in the range 5-10 micrometers. Phase
analysis confirms the body-centered cubic structure with @ = 7.473 Ao and space group (Imszm) as of undoped ZnB,0O4
phosphor. The addition of rare earth does not bring any changes in the XRD pattern. The XRD image is also well matched
with the reported JCPDS file no 39-1126. On irradiating both the samples with different UV exposure, 15-minute UV
dose exhibited maximum TL intensity. The enhanced TL with an increase in UV dose is due to the rising number of
traps. The maximum obtained TL was 2 mol% for both Ce?* and Dy** doped samples. The average activation energy
calculated was 0.65 eV, 0.69 eV, and the frequency factor was ~ 7.87 x 10'°, ~ 1.34 x 10'° for Ce and Dy doped samples,
respectively. The red emission peak at 680 nm is absent, whereas the blue emission at 460 nm and the yellow emission at
580 nm are observed in the TL spectra.
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