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Narrow band green emitting phosphors have gained widespread attention due to their application in

white light emitting diode (wLED) backlight displays. Commercial backlight displays have a broad band

green phosphor which limits their performance. In this work, bright, narrow and thermally stable green

emitting MgGa2O4:Mn2+ (MGO-Mn) has been synthesized. Time-resolved emission spectroscopy

suggested that Mn2+ ions are distributed at both Mg2+ and Ga3+ sites of the MGO spinel, which resulted in

a high internal quantum efficiency of 63%. The colour purity of MGO-Mn (76.4%) superseded that of the

commercial green phosphor β-SiAlON:Eu2+ (59.12%). Doping-induced creation of oxygen vacancies

endows MGO-Mn with excellent persistent luminescence with a time duration of more than 900 s upon

4 min charging with 270 nm UV light and persistent radioluminescence of more than 6000 s when

charged with X-rays for 1 min. Finally, tunable white LEDs (cool and neutral white LEDs) are fabricated by

combining the RGB mixture of the green phosphor with commercial red and blue phosphors along with a

280 nm UV LED chip. This work also showcases the importance of different annealing atmospheres in the

photoluminescence and persistent luminescence of the MGO-Mn phosphor.

1. Introduction

Presently, there is high demand for white light emitting diodes
(wLEDs) in backlight display devices, which are the fourth-gene-
ration lighting sources having the benefits of low power con-
sumption, long lifetime, high brightness, low heat emission and
environmental friendliness.1,2 The commercial wLED consists of
a cerium(III) doped yttrium aluminium garnet phosphor coated
on a blue LED chip.3 Many research studies are going on for the
development of a green emitting phosphor with better emission

properties. Researchers have reported a good number of green
emitting phosphors that find application in areas like white light
emitting diodes, backlight displays, optical temperature sensors,
anticounterfeiting applications, persistent emission etc.4–10 The
most reported green phosphors are rare earth based phosphors
which possess many disadvantages such as safety related issues
in mining and the high cost of rare earth ions.11 The reported
rare earth based green phosphors include Li2Ca2Si2O7:Eu

2+,12

Ba2CaZn2Si6O17:Tb
3+,13 Ca6La4(SiO4)2(PO4)4O2:Eu

2+,14

NaBaB9O15:Eu
2+,15 RbLi(Li3SiO4)2:Eu

2+,16 CaAl4O7:Ce
3+,Tb3+,17

Ca2YHf2Al3O12:Ce
3+,Tb3+ 18 and NaSrLa(MoO4)O3:Er

3+.19

The commercially used green phosphor β-SiAlON:Eu2+

emits at 527 nm with an FWHM of 50 nm.20 Another impor-
tant green phosphor is CsPbBr3 quantum dots (QDs) with an
FWHM value of 20 nm and a high quantum efficiency.21 Even
though QDs have superior emission properties, they cannot
withstand the junction temperature of the LEDs and also
undergo degradation when exposed to a humid environ-
ment.22 Another important disadvantage is the toxicity associ-
ated with Pb, which leads to the search for lanthanide acti-
vated green phosphors with narrow band emission. These
include RbNa(Li3SiO4)2:Eu

2+ (FWHM ∼ 41 nm),16 Ba[Li2(Al2Si2)
N6]:Eu

2+ (FWHM ∼ 57 nm),23 SrGa2S4:Eu
2+ (FWHM ∼

47 nm),24 and Ba2LiSi7AlN12:Eu
2+ (FWHM ∼ 61 nm),25 which

have higher green emission efficiency due to the allowed tran-
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sition of Eu2+(4f–5d). But they have poor thermal stability and
high fabrication costs arising from the use of rare earth ions,
which paved the urgent need for cheap and thermally stable
green emitting phosphors. Transition metal activated (Mn2+)
phosphors have been investigated intensely to circumvent the
above-mentioned issues. These mainly include Sr2MgAl22O36:
Mn2+ (FWHM ∼ 26 nm),26 MgAl2O4:Mn2+ (FWHM ∼ 35 nm),6

BaZnAl10O17:Mn2+ (FWHM ∼ 31 nm)27 and Zn2SiO4:Mn2+

(FWHM ∼ 42 nm).28

Another important application of phosphors is in the area
of persistent luminescence (PersL) in which the luminescence
lasts for a longer duration even after the stoppage of the exci-
tation source which can be UV, visible, IR or high energy X-ray
radiation.29,30 PersL can be used in many areas such as display
screens, afterglow toys, bioimaging, information storage, antic-
ounterfeiting etc.31,32 Hu et al.33 reported colour tunable per-
sistent luminescence in oxyfluoride glass which lasted for an
hour. Due to the change in the coordination environment of
Mn2+, the persistent colour evolves from red to yellow and then
to green. Ma et al.34 reported the X-ray excited PersL in MgF2:
Mn2+ wherein Ca2+ incorporation leads to tunability.

Lanthanide doped phosphors have attracted great attention
due to their high color purity and stable narrow band emis-
sion, but their high cost and low abundance can limit the scal-

ability of high quality phosphors for different applications.
Another important aspect is the tunability in the emission
which can be achieved in a transition metal ion doped phos-
phor and this flexibility is limited in lanthanide-based phos-
phors. In terms of thermal stability, transition metal ions can
maintain the luminescence properties at elevated tempera-
tures compared to lanthanides.

The manganese ion is an ideal luminescent centre that can
replace the costly rare-earth ions and can be used as a rare earth
free and cost-effective dopant for phosphor applications.
Depending upon the crystal field strength of the host matrices,
Mn2+ can exhibit emission in the green and red regions. In a
tetrahedral (weak field) environment, Mn2+ exhibits green emis-
sion, whereas in an octahedral (strong field) environment, it
exhibits red emission. So choosing a host material can control
the emission of Mn2+ ions.35,36 Developing a Mn doped material
for wLEDs and persistent light emission is a growing field.

In this work we have employed solvent free solid-state syn-
thesis for the preparation of Mn-doped MgGa2O4 (MGO-Mn)
under different annealing atmospheres. The spinel which is
annealed under a reducing atmosphere has shown superior
emission properties that can be excited by using UV, visible
and X-ray radiation with an internal quantum yield of 63%. In
addition to that, the material also exhibits longer UV and X-ray

Fig. 1 (a) Powder XRD patterns of MGO-Mn(A), MGO-Mn(I) and MGO-Mn(R), (b) FTIR spectrum and (c) Raman spectrum of MGO-Mn(R)
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activated persistent luminescence. Finally, the synthesized
green phosphor is mixed with commercial red and blue phos-
phors in the appropriate composition to produce white light.

2. Experimental
2.1. Synthesis and LED fabrication

The precursors used for the synthesis are MgO (SPEX pure),
Ga2O3 and MnCO3. The precursors were weighed according to
their stoichiometry and ground in a mortar and pestle for
15 min, followed by heating in a muffle furnace at 1350 °C for
5 h under an air atmosphere and then final grinding. This is rep-
resented as MGO-Mn(A). Another sample was prepared under an
inert atmosphere, which is represented as MGO-Mn(I). The air
annealed samples were again annealed under a reducing atmo-
sphere at 1350 °C for 10 h. This sample is represented as
MGO-Mn(R). The doping percentage of Mn was 2% in all the
above samples.

To assemble a phosphor LED device (pc-LED), the mixture
of the as-obtained optimized green phosphor, the BAM:Eu2+

blue phosphor, and the Y2O3:Eu
3+ red phosphor (at different

ratios) was combined with a 280 nm UV LED chip. Initially,
the phosphor mixture was excellently mixed with epoxy resin
to obtain phosphor paste. Then the subsequent mixture was
coated onto the surface of the 280 nm UV chip to obtain a pc-
LED device. Finally, the device features of the obtained pc-LED
device were verified using a CCD spectrophotometer, including
electroluminescence spectra, chromatic colour coordinates
(CIE), colour rendering (CRI), and colour temperature (CCT).

2.2. Instrumentation

X-ray diffraction was performed to confirm the phase purity of
the materials on a benchtop Proto X-ray diffractometer with
CuKα as the monochromatic source. FTIR measurements were
carried out on an Alpha Bruker system in ATR mode.The Raman
spectral measurements have been carried out on a micro Raman
spectrometer. The FESEM and EDS mapping of the samples

Fig. 2 XPS high resolution spectra of (a) Mg 1s, (b) Ga 2p3/2, (c) Mn 2p and (d) O 1s of MGO-Mn(R).
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were carried out in a Field emission scanning electron micro-
scope (Carl Zeiss Make, GEMINISEM300 Model). All the photo-
luminescence measurements were done on a fluorescence
spectrometer (FLS 1000, Edinburgh make) with a 450 W Xenon
lamp as the excitation source. Emission photographs were cap-
tured under a 265 nm UV lamp using a Nikon camera. The
quantum yield measurements were carried out on an integrating
sphere with BaSO4 as the reference. Low-temperature photo-
luminescence measurements were carried out using a cryostat
assembly with the fluorescence spectrometer and liquid nitrogen
as the coolant. For decay measurements, a 150 W microsecond
flash lamp was used as the excitation source with variable fre-
quencies from 0.1 to 100 Hz. Persistent luminescence measure-
ments were carried out using a PTI QM-400 spectrofluorometer
equipped with a 450 W Xenon lamp. Thermoluminescence
measurements were performed using a Riso TL/OSL-DA-15
reader system and the signals were recorded at a heating rate of
2 K/s. XPS measurements were carried out on a SPECS instru-
ment with a PHOBIOS 100/150 delay line detector. EPR measure-
ments were performed on a Bruker X-band EPR spectrometer.
X-ray excited radioluminescence (RL) measurements were
carried out using a customized X-ray generator with a W tube
operating at 100 kV and 4 mA. RL emission was recorded with
the help of an optical fiber-based Avantes spectrometer. The
thermal stability and electroluminescence properties of the
obtained samples were determined using a high-sensitivity CCD
spectrophotometer (Maya 2000 Pro) by utilizing a 280 nm LED
chip. The CIE colour coordinates have been plotted by incorpor-
ating the emission values in CIE 1931.

3. Results and discussion
3.1. Phase, vibrational spectroscopy and morphology
structural analysis

X-ray powder diffraction has been used to evaluate the phase
purity and crystal structure of the synthesized material. The
respective XRD patterns are displayed in Fig. 1a. The XRD
pattern of the synthesized material matches well with the stan-
dard pattern of MgGa2O4 suggesting that the Mn2+ ion is doped
into the host lattice with a spinel crystal structure. No other
impurity phases are found in the XRD pattern. This observation
is consistent with the fact that the ionic radius of the dopant
Mn2+ is 0.066 nm, which is close to its substitute Mg2+/Ga3+

(0.057 nm/0.047 nm) in tetrahedral coordination, whereas that
of Mn2+ is 0.067 nm, which is close to its substitute Mg2+/Ga3+

(0.072 nm/0.055 nm) in octahedral coordination. The space
group corresponding to the crystal structure is Fd3̄m. In this
structure, Mg occupies the tetrahedral site (MgO4), whereas Ga
occupies the octahedral site (GaO6). Although the crystal struc-
ture is spinel, some of the Mg ions can occupy the octahedral
site and the same number of Ga can occupy the tetrahedral site,
thus forming a partial inverse spinel structure. This creates anti-
site defects in the crystal structure and the inversion can reach
up to 44% depending upon the synthesis methods.37

The FTIR spectrum of MGO-Mn(R) is shown in Fig. 1b with
two bands at 450 cm−1 and 605 cm−1, which correspond to the
stretching modes of Ga–O and Mg–O bonds respectively.38,39 The
shoulder peak around 800 cm−1 corresponds to the Ga–O
vibration in the GaO4 unit.40 The FTIR spectra of MGO-Mn(A)
and MGO-Mn(I) are shown in Fig. S1†, which have similar bands
to those of MGO-Mn(R) except the shoulder peak at 800 cm−1.
The shoulder peak corresponds to the inversion of the Ga3+

cation, which has also been reported by Naka et al.41 in CoGa2O4,
which confirms that partial inversion is observed in MgGa2O4.

The Raman spectrum of MGO-Mn(R) is presented in Fig. 1c.
From group theory analysis, the total number of vibrational
modes are A1g + Eg + 3T2g + T1g + 4T1u + 2A2u + 2Eu + 2T2u.
Among these only five modes, (A1g + Eg + 3T2g) are Raman active.
The asymmetric peaks are split into doublets which indicate
that the spinel has a partially inverted structure. The peak at
741 cm−1 corresponds to the A1g mode, the peaks at 633 and
517 cm−1 correspond to the T2g mode and the peak at 365 cm−1

corresponds to the Eg mode.34,35

The FESEM image of the MGO-Mn(R) sample shown in
Fig. S2a† depicts irregular shapes with sub-micron size. The
high temperature heating has resulted in an appreciable extent
of aggregation as well. The EDS mapping of the same is shown
in Fig. S2b–S2f†, which confirms the uniform distribution of
elements Mg, Ga, O and Mn in the synthesized phosphor.

3.2. X-ray photoelectron spectroscopy (XPS) and electron spin
resonance (ESR) spectroscopy

The XPS high resolution spectra of Mg, Ga, Mn and O are shown
in Fig. 2. The high-resolution spectra of Mg 1s and Ga 2p3/2 are
shown in Fig. 2a and b, which are asymmetric in nature and the
curve can be fitted with two peaks, which confirms that Mg and

Fig. 3 EPR spectra of MGO-Mn(A), MGO-Mn(I) and MGO-Mn(R).

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2025 Dalton Trans., 2025, 54, 1038–1051 | 1041

Pu
bl

is
he

d 
on

 1
8 

N
ov

em
be

r 
20

24
. D

ow
nl

oa
de

d 
on

 4
/2

9/
20

25
 7

:4
5:

36
 A

M
. 

View Article Online

https://doi.org/10.1039/d4dt02960g


Ga occupy both octahedral and tetrahedral sites. The peak values
of Mg 1s are 1301.3 eV and 1299 eV, which correspond to Mg2+ at
octahedral and tetrahedral sites respectively.42 The fitted peak
values for Ga 2p3/2 are 1117 eV and 1114 eV, which correspond to
Ga3+ at octahedral and tetrahedral sites respectively.43,44 The
high-resolution spectrum of Mn 2p3/2 is shown in Fig. 2c with a
binding energy value of 641.8 eV.45 The O 1s spectrum is shown
in Fig. 2d, which has an asymmetric peak and can be fitted to
two peaks with binding energy values of 530.2 and 532.7 eV,
which correspond to lattice oxygen and an oxygen vacancy,
respectively.46,47 55Mn is the major isotope of Mn with 100%
natural abundance and nuclear spin I = 5/2. Thus, it is expected
to give six hyperfine lines due to hyperfine interactions with an
electron field. Mn in both +2 and +4 states is EPR active with d5

and d3 configurations respectively. Mn2+ is expected to show an
EPR spectrum close to g = 2.0 due to the half-filled configuration,
whereas the Mn4+ system with the d3 configuration is expected to
show EPR spectra at lower g values than the divalent species.
Fig. 3 shows the EPR spectra of the MGO-Mn(A), MGO-Mn(I) and

MGO-Mn(R) samples which showed the six hyperfine lines of
Mn2+. The MGO-Mn(A) and MGO-Mn(R) phosphors have the
same spectral features and the same g values (1.99) as those of
MGO-Mn(I). However, the MGO-Mn(I) sample has an unresolved
spectrum due to spin exchange broadening and also has higher
absorption intensity when compared with MGO-Mn(A) and
MGO-Mn(R). This is primarily because of the higher Mn2+ con-
centration which leads to the large spin broadening (50.8 mT).48

3.3. Time resolved photoluminescence

Fig. 4a presents the excitation spectrum of MGO-Mn(R) with
an emission wavelength of 505 nm. A broad band can be
observed in the region from UV to near UV, which comprises
host absorption and Mn2+ → O2− charge transfer. Along with
that, three other weak absorption peaks can be seen in the
blue region at 380, 425 and 440 nm, which correspond to the
forbidden d–d transitions 4A1 → 4T2 (4D), 4A1 → 4T1 (4G) and
4A1 → 4T2 (4G) of Mn2+ ions respectively.49,50 The emission
spectra of MGO-Mn(R) with excitation wavelengths of 425 nm

Fig. 4 (a) Excitation spectrum with the inset showing the emission spectra at excitation wavelengths of 425 nm and 440 nm, (b) emission spectrum
at an excitation wavelength of 270 nm with the inset showing the corresponding CIE diagram and the digital photograph, (c) spectra for quantum
yield and (d) decay plot with the inset showing the peak fitted emission spectrum of MGO-Mn(R).
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and 440 nm are shown in the inset of excitation spectrum and
the emission spectrum with an excitation wavelength of
270 nm are shown in Fig. 4b; all the emission spectra consist
of a broad band in the green region with a peak maximum at
505 nm, which is due to the 4T1(

4G) → 6A1(
6S) d–d transition.

The corresponding CIE diagram is shown in the inset with CIE
coordinates as (0.085, 0.654). The inset presents the digital
image of this sample captured using a Nikon camera under
265 nm UV lamp excitation, which shows bright green colour
that can be seen by the naked eye. The FWHM of MGO-Mn(R)
is calculated to be 31 nm which is less than that of the com-
mercial green phosphor β-SiAlON:Eu2+ (54 nm). This suggests
that the MGO-Mn(R) green phosphor can be potentially used
in backlight displays. Along with that, the phosphors can be
efficiently excited by blue light from 425 or 440 nm. The green
emission observed here reveals that Mn2+ occupies the low
crystal field (tetrahedral coordination).51 The emission spectra
of MGO-Mn(A) and MGO-Mn(I) are shown in Fig. S3.†

To further evaluate the applicability, the internal quantum
efficiency (IQE) and external quantum efficiency (EQE) have

been calculated by using the integrating sphere method and
the spectrum is shown in Fig. 4c. The internal quantum
efficiency can be calculated by using the equation:52

ηi ¼
Ð
LS �

Ð
LRÐ

ER � Ð
ES

ð1Þ

The IQE value is obtained as 63.2%. The IQE values for
MGO-Mn(A) and MGO-Mn(I) are shown in Fig. S4.†

The external quantum efficiency (EQE) can be calculated by
using the equation:

η0 ¼
Ð
LS �

Ð
LRÐ

ER
ð2Þ

The EQE value is obtained as 50%. The green emission at
505 nm is expected to originate from Mn2+ occupying the tetra-
hedral site. In the crystal structure of MGO, as already dis-
cussed, both Mg2+ and Ga3+ have tetrahedral coordination due
to the partial inversion, which is confirmed from the FTIR,
Raman and XPS studies. In order to determine the site occu-

Fig. 5 (a) Excitation spectra in the temperature range of 80 K–280 K with an emission wavelength of 505 nm, (b) emission spectra in the tempera-
ture range of 80 K–280 K with an excitation wavelength of 270 nm, (c) contour plot of the emission spectra and (d) plot of the integral intensity and
FWHM of MGO-Mn(R) at different temperatures.
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pancy of the Mn2+ ions, the decay profile was recorded with an
excitation of 270 nm and the emission was monitored at
505 nm, which is shown in Fig. 4d. The decay profile follows a
bi-exponential decay and can be fitted in the following
equation:1

IðtÞ ¼ A0 þ A1 exp
�t
τ1

� �
þ A2 exp

�t
τ2

� �
ð3Þ

The lifetime values obtained after fitting are 5.6 and
58.3 ms with a relative percentage of 69 and 31, respectively,
which confirms that the Mn2+ ion occupies two different sites.
It can be proposed that the short lifetime value corresponds to
Mn2+ occupying the Ga3+ site whereas the long lifetime corres-
ponds to Mn2+ at the Mg2+ site. So, the broad emission in the
green region can be fitted to two peaks by Gaussian fitting
with peak values of 503 and 516 nm.53,54 We speculate that
they correspond to Mn2+ occupying the [MgO4] and [GaO4]
sites, respectively. The substitution of Mn2+ at Ga3+ can create
charge compensating defects such as oxygen vacancy related
defects around Mn2+, which is why the peak at 516 nm is
broader.

Table 1 Comparison of Mn2+ and Eu2+ activated green phosphors with
their emission wavelengths and FWHM values

Green phosphor
Emission
wavelength (nm) FWHM (nm) Ref.

Sr2MgAl22O36:Mn2+ 518 26 26
MgAl2O4:Mn2+ 535 35 6
SrAl2Si2O8:Mn2+ 517 2 56
NaGa8Al3O17:Mn2+ 510 33 57
NaGa11O17:Mn2+ 505 29 57
ZnB2O4:Mn2+ 541 41 58
Zn2GeO4:Mn2+ 534 49.5 35
NaAl11O17:Mn2+ 508 33 59
Sr2ZnGe2O7:Mn2+ 535 48 60
LaMgAl11O19:Mn2+ 517 24 61
Na2MgAl10O17:Mn2+ 513 27 62
BaZnAl10O17:Mn2+ 516 31 27
Rb3Na(Li3SiO4)4:Eu

2+ 527 42 52
RbLi(Li3SiO4)2:Eu

2+ 530 53 16
Ba2LiSi7AlN12:Eu

2+ 515 61 25
(Ba,Sr)SiO4:Eu

2+ 530 72 63
Ba[Li2(Al2Si2)N6]:Eu

2+ 532 57 23
MgGa2O4:Mn2+(R) 505 31 This work

Fig. 6 (a) Persistent decay plot, (b) thermoluminescence spectrum of MGO-Mn(R), and (c) schematics for the persistence mechanism.
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The colour purity of the green phosphor can be calculated
by using the following equation:

Color purity ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxs � xiÞ2 � ðys � yiÞ2

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxd � xiÞ2 � ðyd � yiÞ2

q � 100% ð4Þ

Here (x, y) represents the CIE colour coordinates of MGO-Mn
(R), (xi, yi) represents the CIE colour coordinates of the white
light (0.3333, 0.3333) and (xd, yd) represents the corresponding
colour coordinates of the green monochromatic light source
(0.12, 0.82). And the value is calculated to be 76.4%, which is
higher than that of the commercial green phosphor β-SiAlON:
Eu2+ (59.12%), which indicates that the synthesized green
phosphor has superior colour purity.

Fig. 5a shows the excitation spectra of MGO-Mn(R) in the
temperature range of 80–280 K with an emission wavelength of
505 nm. The same spectral features are observed in the low
temperature region with only variation in their intensity.
Fig. 5b shows the emission spectra with an excitation wave-
length of 270 nm. With an increase in temperature from 80 to
280 K, the emission intensity reduces monotonically, although

the emission peak positions barely shift in this temperature
range. Fig. 5c shows the corresponding contour plot of the
emission profile, and the intensity variation with temperature
can be seen from the contour plots. Fig. 5d represents the plot
of integral intensity and FWHM as a function of temperature.
With an increase in temperature the emission intensity gets
reduced whereas the FWHM gets enhanced. When the temp-
erature increases the thermally activated luminous centre
more strongly interacts with the thermally activated phonon,
which increases the population density of the phonon and
thus the electron–phonon interaction becomes more promi-
nent, which results in the enhancement of the FWHM value.55

Some recently reported Mn2+ and Eu2+ activated green phos-
phors with their emission wavelengths and FWHM values are
compared in Table 1.

3.4. Persistent luminescence and thermoluminescence

The PersL decay curve is shown in Fig. 6a with an excitation
wavelength of 270 nm and an emission wavelength of 505 nm.
The decay curve was acquired by illuminating the MGO-Mn(R)
sample with 270 nm UV light for 4 min. Afterglow of more

Fig. 7 (a) X-ray excited emission spectrum of MGO-Mn(R), (b) emission spectra of MGO-Mn(R) at different X-ray voltages, (c) plot of the integral
area against the X-ray voltage and (d) decay plot of the X-ray excited persistent luminescence of MGO-Mn(R).
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than 15 min is observed, which demonstrates that the material
is a good persistent luminescent phosphor. In order to corre-
late the persistence properties, thermoluminescence (TL) was
carried out by illuminating the phosphor materials with UV
light for 4 min followed by recording the spectrum (Fig. 6b).
The trap depth value can be calculated by using the equation:

E ¼ Tm=500 ð5Þ

Here, E is the activation energy or trap depth and Tm is the
maximum temperature in the glow peak. It can be seen that a
single shallow trap with a trap depth value of 0.72 eV is
observed for MGO-Mn(R). The higher persistent emission in
MGO-Mn(R) is due to the higher shallow trap centres com-
pared to MGO-Mn(A) and MGO-Mn(I) which have deep trap
centres that quench the persistent emission (Fig. S5†). The
XPS measurement has clearly shown the presence of oxygen
vacancies in the sample, which played a very crucial role in the

persistent luminescence. The oxygen vacancy formation is trig-
gered by aliovalent localization of the majority of Mn2+ substi-
tutes at the Ga3+ sites, as is already described based on the
photophysical measurements. The schematics for the mecha-
nism of persistent luminescence are shown in Fig. 6c. Under
UV irradiation, oxygen vacancy related traps can be filled. After
stoppage of the excitation the trapped carriers are released
from defects via the conduction band and to the luminescence
center, which is then followed by the recombination of charge
carriers giving green persistent luminescence.

The radioluminescence spectrum of MGO-Mn(R) is pre-
sented in Fig. 7a, in which the spectral features are the same
as those with the UV excitation, which suggests that the origin
of emission is from Mn2+ ions. Fig. 7b represents the radiolu-
minescence spectra as a function of X-ray voltage starting from
20 kV to 100 kV and a constant current of 4 mA. By increasing
the X-ray voltage, the spectral features do not change but the
RL intensity increases monotonically, as shown in Fig. 7c.

Fig. 8 (a) PL spectra of the MGO-Mn(R) phosphor measured at temperatures from 298 to 438 K under the excitation of a 280 nm UV LED. (b) The
Arrhenius fitting of the emission intensity of the MGO-Mn(R) phosphor and the calculated activation energy (Ea) for thermal quenching. (c) Relative
intensity of the MGO-Mn(R) phosphor at different temperatures. (d) The CIE variations in the MGO-Mn(R) phosphor at different temperatures.
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Another important feature observed is the X-ray excited persist-
ent luminescence of the material which lasts for around
100 min, as presented in Fig. 7d.

3.5. Temperature-dependent photoluminescence

Thermal stability is recognized as a crucial parameter for any
phosphor material to be used in devices. Fig. 8a summarizes

the emission spectra of the MGO-Mn(R) green phosphor
recorded at various temperatures ranging from 298 to 438 K. It
is realized that the integrated emission intensity of the
measured system reduced gradually with mounting tempera-
tures. However, even at around 423 K, the MGO-Mn(R) green
phosphor preserves nearly 61% of its room temperature emis-
sion intensity (Fig. 8b). With the help of the Arrhenius plot

Fig. 9 (a) The EL spectrum of the MGO-Mn(R) phosphor combined with a 280 nm UV LED of current 3 mA. (b) The CIE diagram of the corres-
ponding EL spectrum along with the direct image of the illuminated device (inset).

Fig. 10 (a) The EL spectrum of the mixture of Y2O3:Eu
3+ red and BAM:Eu2+ blue and MGO-Mn(R) green phosphors. The mixture of RGB was taken

in various ratios and combined with a 280 nm UV LED of current 3 mA. The direct images of the respective illuminated devices are included as the
inset. (b) The CIE diagram of the corresponding EL spectra recorded at various RGB ratios.
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(Fig. 8c), reported elsewhere,64,65 the activation energy for the
present sample was estimated to be 0.31 eV. The CIE color
coordinates were also measured for the emission spectra
recorded at various temperatures ranging from 298 K to 438 K.
The results presented in Fig. 8d clearly showed negligible vari-
ations in the measured coordinates at terminal temperatures,
indicating the device potential of the present green phosphor.

3.6. Device performance

In order to check the credibility of the optimized green phos-
phor in white LED fabrication, a green pc-LED has been fabri-
cated by mixing this green phosphor along with resin followed
by coating the phosphor + resin mixture on a 280 nm UV LED
source with an operating current of 3 mA. The resulting elec-
troluminescence spectrum, shown in Fig. 9a, demonstrates a
narrow band green emission at 504 nm with an FWHM of
∼32 nm along with the LED spectral band situated at 280 nm.
The resulting CIE coordinates can be seen from Fig. 9b, which
are located in the green region, and the direct digital image of
the illuminated pc-LED source is also depicted in the inset of
the same figure. Such narrow band emission and appreciable
thermal stability at elevated operating temperatures make the
system suitable for white LED applications.

Finally, numerous white LEDs were made up using a
mixture of commercial Y2O3:Eu

3+, an optimized green-emitting
MGO-Mn(R) phosphor, and the commercial BAM:Eu2+ blue
phosphor in various ratios. The different batches of powder
mixtures were then mixed with resin and individually coated
on identical 280 nm UV LED chips. Fig. 10a represents the EL
spectra of the fabricated white LEDs with the various RGB
mixing ratios along with the digital images of the respective
illuminated devices in the insets. As seen in the CIE diagram
depicted in Fig. 10b, by adjusting the RGB ratio at 12 : 8 : 1, the
white light emission of the fabricated white LEDs shifted from
cool white light to pure white light with a CCT of 5881 K and a
CRI of 73, as observed from the CIE coordinates depicted in
the inset of Fig. 10b.

Table 2 represents the reported works on Mn2+ doped
MgGa2O4, which are compared with our work.

4. Conclusion

Here in this work, we have synthesized bright, pure and per-
sistent deep green emitting MGO-Mn phosphors using the
solid-state method. The synthesized phosphor was character-
ized by using XRD, FTIR, EDS and Raman spectroscopy. We
could achieve an IQE of more than 63% and EQE of 50% in
the sample annealed under a reduced atmosphere. The same
sample was utilized in designing a pc-LED which showed deep
green emission with a colour purity of 76.4%, which is
superior to the commercial green phosphor. The optimum
green phosphor can retain 61% at 423 K relative to the PL
intensity observed at room temperature and the activation
energy is estimated to be 0.31 eV, suggesting good thermal
stability. In addition to this, the phosphor can be excited by
using UV, visible and X-ray radiation, depicting efficient photo
and radioluminescence. Interestingly both UV activation and
X-ray activation show persistent luminescence properties
driven by the presence of oxygen vacancy-related shallow traps.
For evaluating the real-time device performance of the
MGO-Mn phosphor, a prototype white-LED was fabricated by
combining a 280 nm UV chip and a mixture of tri-color emit-
ting phosphors, and by tuning the RGB phosphor compo-
sition, we could achieve both cool and pure white LEDs.
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Work Ref.

This work only reported excitation and emission spectra 66
This work has shown the stabilization of both Mn2+ and Mn4+ in MgGa2O4 and explored it for thermometry applications 67
This work is purely material synthesis work where authors have shown the effect of different kinds of fluxes on the PL of MgGa2O4:
Mn2+ phosphors

68

This work reported the comparison between MgGa2O4:Mn2+ and ZnGa2O4:Mn2+ nanophosphors synthesized by the glycothermal
method

69

This work is purely material synthesis work where authors have used the spray pyrolysis method, prevented surface residual non-
radiative defect sites and produced highly luminescent and spherical phosphors

70

This is an upconversion paper where authors have reported the visible upconversion in Yb3+, Mn2+ co-doped MgGa2O4 phosphors 71
We have reported bright green emission from MgGa2O4:Mn2+ with an IQE of 63% and EQE of 50% with a colour purity of 76.4%,
which superseded that of the commercial green phosphor β-SiAlON:Eu2+(59.12%) and carried out thermal stability measurements,
thermoluminescence, afterglow under UV and X-ray and finally LED fabrication
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