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Abstract

We synthesized Cu-doped Mg,B,05 nanophosphors using a combustion method, and investigated their structural, morpho-
logical, optical band gap, electronic structure, and photo/thermo-luminescence properties using x-ray diffraction (XRD),
selected area electron diffraction (SAED), high-resolution transmission electron microscopy (HR-TEM), diffuse reflectance
spectroscopy (DRS), x-ray absorption near-edge structure (XANES) spectroscopy, photoluminescence (PL) spectroscopy,
and thermoluminescence (TL) glow curves. Rietveld refinements of the XRD patterns confirmed the formation of single
triclinic phase (space group P-1) for the pure and doped Mg,B,05 nanophosphors. Variations in the cell parameters as a
function of dopant concentrations has been determined. The HR-TEM images confirmed the formation of aggregated par-
ticles of unusual morphology. The SAED pattern also confirmed the triclinic phase in Cu-doped Mg,B,05 nanophosphors.
The band gap of the Cu-doped samples decreased from 5.18 eV to 5.10 eV. The XANES study at the Cu L-edge confirmed
the Cu®* ions in the Cu-doped Mg,B,05 nanophosphors. The O K-edge spectrum of pure Mg,B,05 confirmed the existence
of marginal oxygen vacancies in the sample, which increases after Cu incorporation in the Mg,B,05 nanophosphors. Peak
position variation in the O K-edge confirmed the modified hybridization among the O 1s to O 2p transitions. From the PL
studies and CIE chromaticity diagram, a yellow-reddish color emission from the Cu-doped Mg,B,05 was observed. The TL
glow curves obtained after gamma irradiation of the samples were used to evaluate the order of kinetics, activation energy,
and frequency factor. The present results infer that Cu-doped magnesium pyroborate could be a potential candidate for solid-
state lighting and radiation dosimetry-based applications.
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Introduction

Borates are of great interest with their long involvement
in the areas of metal, ceramics, refinement of gold and
silver, adhesives, pharmaceuticals, abrasives, cosmet-
ics, anticorrosion compounds, and insecticides.! Borate
compounds have been used in applications across various
fields of high technology, like nonlinear optics, mechanical
strength, laser technology, and plasma display due to the
stability of borate-based compounds in different phases
and crystal structure with tunable crystallinity.> Of all the
borates, metal borates are especially of great interest due
to their unique properties, like chemical inertness, high
mechanical strength and high Young’s modulus, low ther-
mal expansion coefficient, super insulation, light weight,
and high corrosion resistance.*”'® Among metal borates,
magnesium borate compounds have gained the attention of
the scientific community as they have excellent mechani-
cal and thermal stability. Magnesium borate forms various
compounds, for example, Mg,B,05 (nanowire, nanorod,
and whisker 1-D nanostructures), MgB,0- (nanowire), and
Mg;B,0, (nanotube). Different properties of these com-
pounds have been used as wide band gap semiconductors,
antiwear additives, and electronics ceramics.'!~!"> MgB, 0,

o) Be(eV)

diffuse reflectance

both pure and doped with dysprosium have been used in
medical dosimetry due to the low effective atomic number,
as well as having about 2.2 times higher sensitivity com-
pared to TLD-100.'%!” Magnesium pyroborate (Mg,B,05)
nanostructures have been used in wear-resistant materials,
wide band gap semiconductors, in anticorrosion, as scintil-
lators, discharge lamps, and reducing friction additives due
to their inhibiting properties, like being flame-retardant,
having high thermal and mechanical strength as highly
conductive multi-functional solid state electrolytes, and
having good microwave dielectric properties.'®2* Zeng
et al. studied Mg,B,05 for lubricating properties and con-
cluded that the material could be used as a promising anti-
wear additive.?® Qasrawi et al. determined the band gap of
Mg,B,05 synthesized using a partial precipitation method
to be 4.72 eV.2% Awatif et al.>’ prepared europium-doped
Mg,B,05 by mixing stoichiometric amounts of europium
oxide and Mg,B,05 nanowires by a solid-state reaction
method at 930°C in air. Eu-doped Mg,B,05 has been used
as a UV emitter and green phosphor.?’ Recently, Kumar
et al.?®7% studied the photoluminescence and thermolu-
minescence properties of pure and Eu-doped magnesium
pyroborate irradiated with gamma radiations and UV radi-
ations (A = 365 nm and 254 nm), and correlated with elec-
tronic structures probed using x-ray absorption near-edge
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spectroscopy studies. X-ray absorption spectroscopy has
confirmed the oxidation state of dopants introduced in
host materials. Researchers have earlier studied pyrobo-
rate containing magnesium through magnetization and
electroparamagnetic measurements, which showed prom-
ising results.*!*> Copper is among the promising dopants
that enables the creation of defects leading to enhanced
thermoluminescence of the host material, as it acts as a
luminescence center.’>** Although there are a few studies
on magnesium pyroborate as mentioned above, it has yet
to be investigated in detail as magnesium tetraborate for
luminescence applications using various dopants.

In the present paper, Cu-doped Mg,B,05 nanophos-
phors have been prepared using combustion synthesis. The
prepared samples were characterized by x-ray diffraction
(XRD), transmission electron microscopy (TEM), selected
area electron diffraction (SAED), and high-resolution
transmission electron microscopy (HR-TEM) for structural
characterization and phase analysis along with Rietveld
refinement of the obtained XRD patterns. Diffuse reflec-
tance spectroscopy (DRS) was performed to determine the
band gap of Cu-doped magnesium pyroborate as a function
of dopant concentration. Thermoluminescence (TL) glow
curves of the prepared samples irradiated with gamma radia-
tion at different doses were investigated to obtain the kinetic
parameters. Photoluminescence (PL) spectroscopy analysis
was carried out at a 325-nm excitation wavelength, and the
response of emission spectra was studied.

Experimental

Combustion synthesis technique was used for synthesis of
Cu-doped Mg,B,05 nanophosphors at various concentra-
tions of dopant. Synthesis of Eu-doped Mg,B,05 nano-
phosphors using a combustion technique has already been
reported elsewhere.?® In this technique of the synthesis of
nanophosphors, exothermic reaction leads to the formation
of the desired product in the presence of some fuel, which
fits best for reactions like urea, glycine, etc. This process
has advantages over other processes as it is less time-con-
suming and occurs at relatively low temperature. In the pre-
sent work, magnesium nitrate hexahydrate, copper nitrate
tri-hydrate, and lithium nitrate were mixed with boric acid,
ammonium nitrate, and urea (fuel) as per the stoichiometric
ratio corresponding to 0.1% Cu, 0.2% Cu, and 0.3% Cu in
the Mg,B,05 , and the samples have been labeled MBCl1,
MBC2, and MBC3, respectively. The reagents were mixed
and properly ground in an agate mortar and pestle to form
a homogeneous mixture. The appropriate amount of the
homogeneous mixture was taken in a china dish and kept in
a muffle furnace preheated at 200°C. The furnace was then
heated up to 600°C at which the combustion reaction starts,
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leading to the decomposition of the nitrates and subsequent
release of fumes and flames from the sample mixture. Upon
completion of the combustion, the hot and dry remains along
with the china dish were kept on a metal plate for quenching.
The powder obtained in this process was again ground and
then annealed at 400°C in air. The samples thus obtained
were again ground and put in dry small tubes. Synthesis of
pure Mg,B,05 nanophosphors using a combustion technique
has already been reported elsewhere.*

Characterization

A D-8 Advance Bruker diffractometer generating Cu-Ka
radiations with an energy of 8.04 KeV and a wavelength of
1.5406 A was used to record the XRD patterns. TEM images
were recorded on a JEOL JEM-F200 (200KV cold FEG-
based TEM; IUAC, New Delhi, India). DRS of all the syn-
thesized samples was performed on a set up in the range of
200-700 nmon (RIMS; RIII, India) . Soft x-ray absorption
near-edge structure (XANES) spectra at the Cu L-edge and
O K-edge were collected using a 10D XAS-KIST soft x-ray
beamline (Pohang Accelerator Laboratory, South Korea. The
surface sensitive mode of data collection, i.e., total electron
yield mode, was applied for collecting the XANES data.
The resolution of beam line, detailed procedure of data col-
lection, background removal, data normalization, and other
technical details of the beam-line operation are provided
elsewhere.*

For the TL, all the samples were exposed to different dos-
ages of gamma radiation using a Co® source. Before gamma
exposure, the samples were annealed at 400°C for 30 min
to remove any residual information, which might be due to
moisture or due to exposure to light. After the desired expo-
sure, TL glow curves were recorded on a Harshaw Model
3500 TLD Reader having a neutral density filter, taking 5 mg
of the sample each time in a nitrogen atmosphere at a heating
rate of 5 K/s at the Health Physics Laboratory, [UAC, New
Delhi, India). PL spectra were recorded using a Renishaw
in-Via Raman microscope at an excitation of 325 nm line of
the He-Cd laser.

Results and Discussion
Structural Analysis

XRD patterns of the samples were obtained to analysis
structural information including crystallite size and phase
formation. The XRD patterns confirmed the formation of
single-phase in triclinic crystal structures matching with
the JCPDS card no 150537. Crystallite sizes obtained from
Debye Scherer’s formula were found to be 19 nm (MBC1),
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Fig.1 (a) XRD patterns of pure (a) (b)

and Cu (0.1, 0.2, and 0.3%)-

doped Mg,B,05 nanophos-

phors. (b) Rietveld refinement M_BC3

of Cu-doped Mg,B,05 nano- M‘w\, oy

phosphors.
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Table| Information retrieved from the Rietveld refinement of Cu-doped magnesium pyroborate nanophosphors

Sample A b c A B r Cell volume Chi? R, Ryp R,

MBC1 (Gof-1.1) 6.1548 9.2172 3.1204 90.473 92.188 104.457 171.2730 1.14 9.07 116 10.9
MBC2 (Gof-1.1) 6.1396 9.1947 3.1149 90.590 91.785 104.479 170.1479 1.34 10.2 12.9 11.2
MBC3 (Gof-1.1) 6.1515 9.2098 3.1204 90.375 92.251 104.324 171.1317 1.18 9.16 11.8 10.9

24 nm (MBC2), and 32 nm (MBC3) for different Cu-doped
(0.1-0.3%) magnesium pyroborate nanophosphors. The
grain size has been found to increase proportionally with the
Cu-dopant concentration. The phases of the samples remain
unaltered with the change of the concentration of the dopant,
implying that the concentration is well within the solubility
limit for the dopants.

Rietveld refinement of the synthesized samples doped
with copper is shown in Fig. 1b. Information retrieved from
the Rietveld refinement shows the presence of magnesium
and oxygen vacancies in Mg,B,0s. Cu (0.1-0.3%). Here,
also, non-linear variation of volume and cell parameters
has been observed with the change in concentration of the
dopants. Convergence indicators, e.g., chi’ and goodness of
fit along with cell parameters and cell volume are listed in
Table I, which shows variations of the unit cell volume with
the concentration of the dopant. The cell volume initially
increases and then decreases, and, on further increment in
the concentration of the dopant, again increases, but this
increment and the decrement in later ones are quite small
so that they seem nearly constant throughout. This indi-
cates that, on the addition of Cu to the lattice, Mg atoms are
replaced by Cu and the concentration of Cu atoms decreases
on further increments due to concentration-quenching.
A,B,05 (A = Mg,Co) has apparently a one-dimensional
structure in which A is surrounded by 6 oxygen atoms and

Fig.2 Crystal structure of Mg,B,05: Cu (0.3%).

B is surrounded by 3 oxygen atoms, as shown in Fig. 2 for
MBC3.%"-* Table II shows normalized vacancies at the lat-
tice positions for the samples gathered from the Rietveld
refinement.
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Microscopic Analysis

In order to get insights into the morphology and particle size
of the Cu-doped samples, TEM analysis has been carried
out on the MBC3 sample. TEM images show the formation
of elongated, non uniform, asymmetric, and agglomerated
nanocrystals with a size range between 55 nm and 126 nm
and average particle size as 80 nm, as shown in Fig. 3.

Table Il Normalized vacancies of atoms obtained after Rietveld
refinement

Atom Normalized occupancy
MBC1 MBC2 MBC3

0Ol 0.811237 0.787343 1

Mg2 0.782424 0.164774 0.659165
B2 1 0.498675 0.764025
B1 0.434054 0.579512 0.478067
05 0.734197 0.825285 0.795264
Mgl 0.723998 1 0.988627
03 0.505086 0.571071 0.683064
04 0.653001 0.826996 0.843452
02 0.666863 0.863871 0.856359

Fig.3 (a) TEM image, (b) mag-
nified TEM image, (c) HR-TEM
image, and (d) SAED pattern

of Cu (0.3%)-doped Mg,B,05
nanophosphors.
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The HR-TEM images were analyzed using Image-J soft-
ware, and the calculated d spacing was found to correspond
to the lattice plane (110) of triclinic Mg,B,05 nanophos-
phors. SAED was also carried out, and the calculated d spac-
ing was found to correspond to (1 20) of triclinic Mg,B,0;.
Both HR-TEM and SAED images clearly show the formation
of a single phase triclinic structure of MBC3.

Diffuse Reflectance Spectroscopy

DRS images for all the prepared samples are shown in Fig. 4.
The band edge absorption was observed around 250 nm,
which corresponds to the band gap of magnesium pyrob-
orate. In the DRS of MBCI, broad absorption has been
observed in the range of 300-350 nm, which may be due to
magnesium and oxygen vacancies, as discussed in Structural
Analysis Section.

As concentration of dopant is increased, defect- or
vacancy-assisted broad absorption around 300-350 nm
decrease continuously as the addition of Cu acts as a donor
and suppresses the formation of defect states.

To determine the band gap of samples synthesized in the
present study, first the reflectance is converted into absorp-
tion using the Kubelka—Munk equation:

100 nm

(d)

10 1/nm
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1-R,
£ = % =/(R,) (M)
where, f(R1),R_,R,S, K is the Kubelka—Munk function,
the reflectance at infinite thickness, absolute diffuse reflec-
tance, scattering coefficient, and absorption coefficient,
respectively.

Tauc’s plots reveal the band gaps for various concen-
trations of Cu-doped magnesium pyroborate, as shown in
Fig. 5. With the increase in the concentration of the dopant,
the band gap decreases continuously from 5.18 eV for
MBCI1 to 5.10 eV for MBC3. The decrease in the band gap
can be attributed to the replacement of magnesium ions by
copper ions having larger ionic radii, resulting in the upward
shift of the valence band decreasing the band gap of the

doped samples. The lowering of the band gap also indicates
the reinforcement of the strain and defect states.

Soft x-ray Absorption Near Edge Structure (XANES)
Spectroscopy

Figure 6 shows the XANES spectra at the Cu L-edge and
the O K-edge of pure and Cu-doped Mg,B,05 nanophos-
phors. The Li K-edge energy is very low (54.7 eV) and has
a low scattering cross-section, implying that the Li K-edge
XANES could not be measured due to the lower energy
resolution of the beam line used at the Pohang Accelerator
Laboratory.

To confirm the valence state of the Cu ions, the Cu L-edge
XANES spectra were recorded for pure and 3% Cu-doped

MBC1 (a) MBC2

R%
R%

A L A A

(b) MBC3 (c)

R%

A A A A

200 300 400 500 600 700 200 300 400
Wavelength (nm)

Wavelength (nm)

700 200 300 400 500 600 700
Wavelenath (nm)

500 600

Fig. 4 Diffuse reflectance spectra of (a) Cu (0.1%)-, (b) Cu (0.2%)-, and (c) Cu (0.3%)-doped Mg,B,05 nanophosphors.
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Fig.5 Tauc’s plot for (a) Cu (0.1%)-, (b) Cu (0.2%)-, and (c) Cu (0.3%)-doped Mg,B,05 nanophosphors.
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Fig.6 (a) Cu L-edge XANES spectra from pure magnesium borate,
Cu-doped (0.3%) Mg,B,05 nanophosphors, and bulk copper oxide.
(b) O K-edge spectra from pure and Cu-doped (0.3%) Mg,B,05 nano-
phosphors.

Mg,B,05 nanophosphors and compared with the CuO sam-
ple as reference. From Fig. 6a, it can be seen that the Cu
L-edge spectra for CuO show two distinct peaks at 922.6
eV and 942.5 eV assigned to the dipole-allowed electronic
transitions from Cu 2ps, (L) and 2p,, (L,) into the unoc-
cupied Cu 3d-orbitals, respectively.**** The valence state
of Cu in the CuO sample is 2+ (i.e., Cu** ions).***> The Cu
L-edge spectrum from the pure Mg,B,05 does not show any
peak, which demonstrates the absence of Cu ions in the sam-
ple, whereas a moderate intensity of the Cu L-edge peak is
observed in the Cu-doped (3%) Mg,B,0s. The peak position
of the Cu L-edge spectrum of the Cu-doped (3%) Mg,B,05
samples are the same as that of the Cu L-edge spectrum
from the reference CuO sample, proving the existence of
Cu”* ions in the Cu-doped (0.3%) Mg,B,05 nanophosphors.
Although the intensity of Cu L-edge peaks (from Cu-doped
(0.3%) Mg,B,05 sample) is less compared to the Cu L-edge
spectrum of reference CuO sample, this is due to the low
concentration of Cu®* ions in the Cu-doped (3%) Mg,B,Os
sample compared to the reference CuO sample.

Figure 6b shows the O K-edge spectra for pure and Cu
(3%)-doped Mg,B,05 nanophosphors. The typical O K-edge
spectrum of the oxide compounds arises from the dipole-
allowed O 1s core electrons transition to unoccupied energy
levels above the Fermi level, i.e., O 2p states hybridized with
metal empty states.*'**> Therefore, the O K-edge spectrum
can map the oxygen-related p-projected states in the conduc-
tion band and the variation therein as a function of defects
in the compounds.*®*3” The O K-edge spectrum of the pure
Mg,B,05 sample exhibits three peaks, at 533.2 eV, 536.1
eV, and 543.9 eV. The first low intense peak (at 533.2 eV) is
known as the pre-edge peak and is a dipole-forbidden peak.
This peak originates from the defect states which are situ-
ated below the O 2p states.**** The appearance of this peak
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has been reported to be related to the surface defect states
or oxygen vacancies.** It can be seen from Fig. 6b that the
intensity of the defect-induced peak is high, indicating the
higher concentration of defect states or higher O ion vacancy
formation upon doping of Cu in the Mg,B,0s. Even though
both Mg and Cu have 24 valence states, dispersion of the
Cu d states is larger than the dispersion of the Mg d bands.
This may lead to a O 1s to O 2p transition at lower energy.
A similar transition is clearly visible in the O K-edge spec-
trum of the Cu-doped Mg,B,0ssample as the peak at 543.9
eV shifts towards a lower energy. This further suggests the
insertion of Cu?" ions at the substitutional sites of Mg ions
in the Mg,B,0;.

Photoluminescence Spectroscopy

To study the effect of Cu-doping on the emission proper-
ties of magnesium pyroborate nanophosphors, PL spectra
at the excitation wavelength of 325 nm using a helium cad-
mium laser have been analyzed, as shown in Fig. 7a. The PL
spectrum of 0.1% Cu-doped magnesium pyroborate com-
prises one broad peak with the maxima around 591 nm and
another broad peak with a relatively low intensity with the
maxima around 831 nm. As the concentration of the dopant
is increased, the intensity of the 2" peak starts increasing,
resulting in one superposed broader single peak. The first
peak with a larger intensity is due to oxygen vacancies and
magnesium vacancies resulting in multiple trapping states
within the band gap of the material. In this region, some
emissions might be due to Cu?* which emits at 528 nm, 470
nm, and 580 nm. The Cu?** emission also contributes to the
peak at longer wavelengths, which is due to d-d transition.
Cu?* forms different trapping sites resulting into emissions
in the region towards the end of the spectra. Cu™ -assisted
emissions are generally found in the range 350-400 nm,
while the absence of an emission in this range indicates
the absence of Cu™ ions in the sample. Hence, it can be
concluded that the emission is due to Cu* ions. Further
investigation is to be carried out in order to obtain precise
information about the kinds of traps which result in emis-
sions in this region of the electromagnetic spectrum. From
the CIE diagram, it can be seen that all the samples having
emissions in the yellow-reddish region of the electromag-
netic spectrum.

Thermoluminescence Analysis of Copper-Doped
Mg,B,0; Nanophosphors

TL glow curves of various concentrations of Cu-doped
Mg,B,0snanophosphors have been recorded after expo-
sure to gamma radiation at different doses before heat
treatment, as shown in Fig. 8. The glow curve of Mg,B,0s:
Cu (0.1-0.3%) comprises one broad asymmetric peak
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with a shoulder towards the high-temperature region of
the curve and the maxima around 435-455 K, indicating
the presence of two types of trapping sites. For the 0.1%
Cu-doped sample, the TL intensity increases continuously
as a function of the gamma irradiation dose in the range
50 Gy to 5 KGy, indicating the proportional increase in
the charge carrier concentration with dosage facilitating
the movement of electrons out from the traps. Along the
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same lines, the increase in TL intensity for the 0.2% and
0.3% Cu-doped samples with dosage can be attributed to
the increase in the concentration of charge carriers. With
the increase in dopant concentration from 0.1% to 0.2%,
the maxima of the peak shifts from 455 K to 443 K, indi-
cating the transformation of the deep trap into a shallow
trap, resulting in an easier escape of electrons from the
traps. On a further increment in the dopant concentration

00 0.1 02 03 04 0.5 06 07 08

Fig.7 (a) Photoluminescence emission spectra, (b) CIE chromaticity diagram for MBC1, MBC2, and MBC3 with x and y coordinates (0.4310,

0.4309), (0.4710, 0.4325), and (0.4499, 0.4336) respectively.
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Fig.8 Thermoluminescence glow curve for gamma-irradiated (a) Cu (0.1%)-, (b) Cu (0.2%)-, and (c) Cu (0.3%)-doped Mg,B,05 nanophos-

phors.
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from 0.2% to 0.3%, the peak position shifts from 443 K to
435 K ,which points to the transformation into the shal-
lower traps.

In order to obtain a deeper insight into the traps of the
TL glow curves, deconvolution of the curves was carried
out using TLanal software employing Kiti’s general order
equation,®™*7 in order to obtain kinetic parameters like
activation energy, order of kinetics, and frequency fac-
tor. Although there are various methods, like Chen’s peak
shape method*® and the initial rise method, to elucidate
kinetics parameters, in this present scenario glow curves
are complex. Hence, they are not implementable here. The
Kiti’s general order equation used in the TLanal software
is:

—b(h-1)
I(T) = sny exp (KET) [1 +o-D3exp/ (—K’;/ )dT’]
(2)

changes with the concentration of the dopants. Also, the
Cu-doped Mg,B,05 nanophosphor has been found to be
highly sensitive to gamma radiation and therefore could
be used for radiation dosimetry.

Conclusions

Single-phase triclinic Mg,B,05 nanophosphors doped
with different concentrations of copper (0.1-0.3%) have
been synthesized using a combustion technique with urea
as the fuel at low temperatures. Phase formation has been
confirmed using x-ray diffraction with Rietveld refinement

Table Il Kinetic parameters of Cu-doped Mg,B,05 nanophosphors
irradiated with a 5-KGy gamma dose obtained after deconvolution
using TLanal software

where I(T) is the glow peak 1ntens.1ty, E'1s' t.he activation Meg,B,05: Cu I Trap 2 Trap 39 Trap 4" Trap
energy, s is the frequency factor, n, is the initial concentra- (¢ 19)
tion of charge carriers per cm, K is Boltzmann constant, T'is
the absolute temperature in kelvin, the f is the heating rate, ~ £nergy (eV) 0.926 | 0.927 ; 1.197 | 0.996 8
and b iS the Order Of the kinetiCS. N 1.24x 10 6.23x 10 6.23x 10 2.18x 10
Figure 9 presents the deconvoluted TL glow curves B 2[ 1'5302 2d zm
. S| nl T
for all the samples reported in the present study. It can ~ M&B:05:Cu WTrap 2% Trap 3% Trap 4% Trap
) . (0.2%)
be seen that the single broadened peak in the TL glow
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Fig.9 Deconvoluted TL glow curves irradiated with 5-KGy gamma radiations for (a) Cu (0.1%)-, (b) Cu (0.2%)-, and Cu (0.3%)-doped

Mg,B,05 nanophosphors.
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of the diffraction patterns, TEM, HR-TEM and SAED.
Band gaps of the samples have been calculated from the
Kubelka—Munk function for Mg,B,0s. Cu (0.1-0.3%) in
the range 5.10-5.18 eV. XANES study predicted the pres-
ence of oxygen vacancies and the substitution of Mg?*
ions by Cu®* ion. PL properties show emissions in the
yellow-reddish visible region due to Cu?, oxygen, and
magnesium vacancies. TL analysis of gamma-irradiated
nanophosphors show the presence of four closely lying
traps having different kinetics parameters, while the dis-
tributions of these traps changes with the concentration
and gamma radiation dose. This study has shown that Cu-
doped magnesium pyroborate could be used for various
applications like radiation dosimetry and other lumines-
cence-based applications.
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