
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

ug
us

t 2
02

3.
 D

ow
nl

oa
de

d 
on

 3
/1

7/
20

26
 2

:5
1:

29
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
High quantum effi
aFaculty of Materials Science and Engine

Ha-Dong district, Hanoi 10000, Vietnam
bDepartment of Chemistry, Hanoi Pedagog

Vietnam
cFaculty of Fundamental Sciences, Phenikaa

Hanoi 10000, Vietnam. E-mail: tu.nguyen@
dCollege of Science, Cantho University, 3/2 N
eInternational Training Institute for Materi

Science and Technology (HUST), 01 Dai Co
fFaculty of Electrical and Electronic Enginee

Dong district, Hanoi 10000, Vietnam
gSchool of Information Technology and

Economics University (NEU), 207 Giai Phon

Cite this: RSC Adv., 2023, 13, 25069

Received 13th June 2023
Accepted 7th August 2023

DOI: 10.1039/d3ra03955b

rsc.li/rsc-advances

© 2023 The Author(s). Published by
ciency and excellent color purity
of red-emitting Eu3+-heavily doped Gd(BO2)3-
Y3BO6-GdBO3 phosphors for NUV-pumped WLED
applications

Manh Trung Tran, a Nguyen Van Quang,b Nguyen Thi Huyen,b Nguyen Tu, *c

Nguyen Van Du,c Do Quang Trung, c Nguyen Tri Tuan,d Nguyen Duy Hung,e
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and Pham Thanh Huy a

Eu3+-doped phosphors have been much attractive owing to their narrow-band red emission peak at 610–

630 nmwith high color purity; however, the weak and narrow absorption band in the NUV region limits their

applications. Doping a higher amount of Eu3+ ions into a non-concentration quenching host could be key

to enhancing the efficiency of the absorption value and emission intensity. Hence, the design of Eu3+-

heavily doped phosphors with a suitable host lattice is key for applications. In this study, red-emitting

Eu3+-doped Gd(BO2)3-Y3BO6-GdBO3 (GdYGd:Eu3+) phosphor with a high quantum efficiency of 58.4%

and excellent color purity of 99.5% is reported for the first time. The phosphor is efficiently excited by

NUV light at 394 nm and emits a strong red emission band in the 590–710 nm range, peaking at 612 nm.

The optimal annealing temperature and Eu3+ doping content to obtain the strongest PL intensity are

1100 °C and 20 mol%, respectively. The optimized GdYGd:Eu3+ phosphor possesses a high activation

energy of 0.319 eV and a lifetime of 1.14 ms. An illustration of phosphor-coated NUV LED with

chromaticity coordinates (x = 0.5636,y = 0.2961) was successfully synthesized, demonstrating the great

potential of GdYGd:Eu3+ phosphor for NUV-pumped WLED applications.
1. Introduction

Phosphor-converted white light-emitting diodes (pc-WLEDs)
are widely used in industry and life because of their many
advantages, such as a long lifetime, less thermal radiation, high
efficiency, low energy consumption, and eco-friendliness.1 Pc-
WLEDs are typically fabricated by combining LED chips with
down-converting phosphors.2 Commercially available WLEDs
are oen obtained by placing the yellow-emitting YAG:Ce3+

phosphor on a blue LED chip (InGaN-460 nm).3 However, this
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the Royal Society of Chemistry
approach has some drawbacks, such as a poor color rendering
index (CRI < 80) and highly unexpected correlated color
temperature (>4000 K) due to the shortage of red emission.4

Consequently, signicant efforts have been dedicated to
exploring viable solutions to manipulate white light through the
relevant combination of red, green, and blue (RGB) emissions.5

The most common high-CRI pc-WLED is produced by two main
techniques: (i) covering green and red-emitting phosphors on
a blue LED chip and (ii) coating a mixture of blue, green, and
red-emitting phosphors on a near-UV (NUV) LED chip.6 Over the
past few decades, enormous RGB phosphors have been
discovered; however, the efficiency of red-emitting phosphors
has not satised the need for practical application in low
brightness.1 This obstacle has become more severe for red-
emitting phosphors because of the low sensitivity of human
eyes to the red and far-red spectral region.7 According to the
literature, europium (Eu2+ and Eu3+) and manganese (Mn4+)
ions are prevalently used as activators for red-emitting phos-
phors.8 The most favorable selection for commercial applica-
tions is Eu2+-doped phosphors owing to their broad absorption
band in the range of 400–480 nm is well matched with the blue
LED chip emission.9 Unfortunately, the synthesis of these
phosphors requires very harsh conditions, such as extreme
RSC Adv., 2023, 13, 25069–25080 | 25069
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temperature (1800 °C), excessive atmosphere (0.9 MPa), and an
inert gas (N2), leading to high cost.10 In addition, the use of blue
excitation causes signicant reabsorption and reduces the
quality of output light.11 Eu3+-doped phosphors could solve this
issue because of the featured excitation in the NUV region (360–
420 nm).5 Owing to the characteristic 5D0 /

7FJ (J = 1, 2, 3, and
4) transitions, Eu3+-doped phosphors could produce narrow-
band orange-red/red emissions, in which the orange-red (610–
630 nm) emission, corresponding to the 5D0/

7F2 transition, is
appropriate for indoor or full-color display applications with
high color purity.8 However, NUV-pumped pc-WLED using the
Eu3+-doped phosphors show a low quantum efficiency (QE)
owing to the negligible absorption in the NUV and blue region,
resulting from the parity-forbidden transitions (7F0 /

5D4,
5L6,

5D3).12 It is well known that red-emitting Y2O2S:Eu
3+, green-

emitting ZnS:Cu+, Al3+, and blue-emitting BaMgAl10O17:Eu
2+

phosphors are currently used for UV InGaN-based WLED;
however, the efficiency of green and blue phosphors is eight
times higher than that of red phosphor.13 In addition, the life
duration of Y2O2S:Eu

3+ material is insufficient under prolonged
UV irradiation.6 Thus, NUV-pumped novel red-emitting phos-
phors with high efficiency are in great demand to replace the
current Y2O2S:Eu

3+ material for emerging applications.4

On the one hand, higher efficiency of absorption value and
emission intensity could be achieved by doping more Eu3+

dopant content in non-concentration quenching hosts, such as
Ca3Y2−xB4O12:xEu

3+ (ref. 14) or Ba6Gd2(1−x)Ti4O17:xEu
3+.5 On the

other hand, developing a suitable host matrix for NUV-excited
Fig. 1 Schematic fabrication procedure for the Eu3+-doped Gd(BO2)3-Y

25070 | RSC Adv., 2023, 13, 25069–25080
WLED is also considered to provide non-inversion symmetry sites
for dopant Eu3+ ions.15 Accordingly, high-brightness red-emitting
Eu3+-doped phosphors well excited at 395 nm, such as Ca3(-
PO4)2:Eu

3+ (ref. 16) and Sr3Y(BO3)3:Eu
3+,3 are interesting for use

in NUV-pumped LEDs. Another prominent candidate, the
AlPO4:Eu

3+ phosphor, with high quantum efficiency and excel-
lent thermal stability for NUV-pumpedWLED, has been reported
in our previous study.8 It was previously reported that GdBO3,17–19

Gd(BO2)3,20 and Y3BO6 (ref. 21 and 22) are excellent host lattices
to dope a high amount of Eu3+ ions; however, only a low quantum
efficiency of 14.30% could be obtained under the excitation of
NUV light. It is well known that the introduction of dopants at
a critical concentration in a material oen leads to a decrease in
photoluminescence (PL) intensity, resulting in a lower quantum
efficiency of the synthesized material.8 To enhance quantum
efficiency, one effective approach is the heavy doping of the host
lattice.23,24 Signicantly, this can be accomplished within multi-
phase lattices, offering a compelling pathway for optimizing the
optical properties of the material.25

Herein, a novel Eu3+-heavily doped Gd(BO2)3-Y3BO6-GdBO3

(GdYGd:Eu3+) NUV-pumped red-emitting phosphors with high
quantum efficiency and excellent color purity. The inuence of
synthesis parameters on the crystal structure and luminescence
characteristics has been systematically studied. Further, the chro-
maticity coordinates, color purity, thermal stability, and quantum
efficiency of synthesized phosphors are discussed. A prototype of
a phosphor-converted NUV LED is fabricated, demonstrating the
high potential for NUV-pumped WLED applications.
3BO6-GdBO3 phosphors and LED device.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2. Materials and methods
2.1. Material preparation

The red-emitting GdYGd:Eu3+ phosphor was obtained by
applying a simple sol–gel method using the initial materials,
including Y2O3 (Sigma-Aldrich 99.99%), Eu2O3 (Sigma-Aldrich
99.99%), Gd2O3 (Sigma-Aldrich 99.99%), H3BO3 (Sigma-Aldrich
99.99%), C6H8O7$H2O (Sigma-Aldrich 99.99%) and HNO3

(Merck, 67%). First, Y2O3, Eu2O3, and Gd2O3 oxides were
magnetically stirred at room temperature in an HNO3 solution
for 60 minutes to dissolve completely. During this process,
H3BO3 and C6H8O7$H2O solutions were gradually dropped to
obtain a transparent solution. Then, this solution was
Fig. 2 (a–e) FESEM images of GdYGd:20 mol% Eu3+ phosphor annealed
grain-size distribution of GdYGd:20 mol% Eu3+ phosphor annealed at 11

© 2023 The Author(s). Published by the Royal Society of Chemistry
continuously stirred at 120 °C for 6 h to obtain a wet gel
product. The wet gel was also stirred at 200 °C for 5 h to obtain
a dry gel. The dry gel was ground using an agate mortar for 30
minutes in the next step. Finally, the received product was
annealed at 600–1200 °C in the air for 5 h to achieve the nal
GdYGd:Eu3+ phosphor powders.

2.2. LED device fabrication

A red LED was produced using the following procedure. First,
an elastomer and a hardener were mixed in a proportion of 1 : 1
to obtain a polydimethylsiloxane solution (PDMS, Dow Corning
OE-7340 Optical Encapsulant). Then, the optimized GdYG-
d:Eu3+ phosphor was incorporated with a PDMS solution
at different temperatures in the range of 800–1200 °C for 5 h and (f)
00 °C for 5 h.

RSC Adv., 2023, 13, 25069–25080 | 25071
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(phosphor : PDMS = 1 : 4) by applying a 27-second process
utilizing a planetary mixer (Kurabo Mazerustar KK-V300SS). The
red LED prototype was obtained by putting the prepared
mixture on the cover of a NUV 395 nm chip utilizing a dispenser
(i-DR S310A Desktop Dispensing Systems), followed by a 4 h
dried process at 150 °C using an oven (ASONE AVO-310SB-D).
The schematic fabrication procedure for GdYGd:Eu3+ phos-
phors and LED device are presented in Fig. 1.

2.3. Characterization

The crystalline structure of all samples was characterized by
a D8 Advance X-ray diffractometer using CuKa (lCu = 1.5406 Å)
radiation. The surface morphology of the samples was investi-
gated by eld emission scanning electron microscopy (FESEM-
JEOL/JSM-7600F). The grain size variation was evaluated using
an LB-550 dynamic light scattering system (Horiba, USA). Pho-
toluminescence (PL, 3D PL) and photoluminescence excitation
(PLE) spectra were studied using a NanoLog uorescence
spectrophotometer (Horiba, USA) with a 450W xenon lamp. The
optical characterization of the red LED illustration was
Fig. 3 (a) XRD patterns of GdYGd:20 mol% Eu3+ phosphors annealed in a
XRD pattern of the (−211) plane.

25072 | RSC Adv., 2023, 13, 25069–25080
investigated with a GS-1290-3 spectroradiometer (Gamma
Scientic, USA) using an integrating sphere with a diameter of
50 cm. All the above characterizations were carried out under
ambient conditions.
3. Results and discussion
3.1. Surface morphology and structure analysis

Fig. 2a–e shows the FESEM images of GdYGd:20 mol% Eu3+

phosphor annealed at different temperatures in the range of
800–1200 °C for 5 h. It was observed that the particle size of the
samples tended to increase gradually with an increase in
annealing temperature. This could be explained by the
agglomeration of small clusters forming larger particles at high
temperatures.26 As shown in Fig. 2d and f, the FESEM image and
the size variation of GdYGd:20 mol% Eu3+ phosphor annealed
at 1100 °C conrmed that the average size of particles is about
0.6 mm. The largest particle size of 2 mm is obtained at 1200 °C.

Fig. 3 shows the XRD patterns of GdYGd:20 mol% Eu3+

phosphors annealed in the air for 5 h at 600–1200 °C. Only low-
ir at the temperature range of 600–1200 °C for 5 h and (b) in-focused

© 2023 The Author(s). Published by the Royal Society of Chemistry
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intensity diffraction peaks could be observed in the XRD
patterns of samples annealed at low temperatures of 600–700 °
C, indicating a low crystalline quality of obtained samples. At
800 °C, multiple sharp peaks are obtained at 2q = 21.5°, 26.5°,
28.5°, 30.4°, 31.9°, 33.5°, 34.4°, 36.2°, 43.2°, 45.8°, 48.7°, 51.2°,
and 54.2°, corresponding to the coexistence of three different
phases, including monoclinic Gd(BO2)3 (JCPDS no. 23-0986),27

monoclinic Y3BO6 (JCPDS no. 34-0291)6 and hexagonal GdBO3

structures (JCPDS no. 13-0483).28 It is noteworthy that the peak
intensity generally increases with an increase in the tempera-
ture from 800 to 1100 °C and then slightly decreases at 1200 °C,
implying that Gd(BO2)3, Y3BO6, and GdBO3 phases started
forming at 800 °C and reached the best crystalline quality at
1100 °C. It should also be noted that there is a modest shi
toward lower angles with an increase in temperature from 800
to 1100 °C, probably relating to the substitution of the larger-
radius ion (Eu3+: 0.95 Å) for the smaller one (Y3+: 0.88 Å) in the
host lattice.29,30 The shi towards a higher angle at 1200 °C
could possibly be related to the replacement of larger-sized Gd3+

ions (1.25 Å)27 by smaller-radius-size Eu3+ ions.3,16

Fig. 4a and b illustrate the XRD patterns and in-focused XRD
pattern at the (−211) plane of GdYGd:x mol% Eu3+ (x = 1–35)
Fig. 4 (a) XRD patterns of Gd(BO2)3-Y3BO6-GdBO3:x mol% Eu3+ (x = 1
pattern of the (−211) plane.

© 2023 The Author(s). Published by the Royal Society of Chemistry
phosphors annealed at 1100 °C for 5 h, respectively. As shown in
Fig. 4a, all XRD patterns exhibit a similar shape, indicating
a slight inuence of Eu3+ ion concentration on the crystalline
structure of GdYGd:Eu3+ phosphors. Fig. 4b reveals a uctua-
tion of peak position at the dopant level of 1–23 mol% and
a shi towards a larger 2q angle with a further increase in Eu3+

ion concentration. Although Eu3+ ions could replace Y3+ or/and
Gd3+ ions in the host lattice,3,6,11 they are preferentially
substituted by Y3+ ions owing to a slight difference in radius
between Eu3+ and Y3+ ions.29,30 Hence, the negligible variation in
the (−211) peak at Eu3+ doping concentrations of 1–23 mol%
could be explained well by substituting Eu3+ with Y3+ ions. In
contrast, the right shi at the higher Eu3+ doping content (>23
mol%) implies the dominance of the substitution of Eu3+ ions
for Gd3+ ions when the saturated replacement of Eu3+ for Y3+

ions is reached in the host lattice.11,31
3.2. Photoluminescence study

Fig. 5a presents the PLE and PL spectra of GdYGd:20 mol% Eu3+

phosphor annealed at 1100 °C for 5 h. The PLE spectrum
monitored at 612 nm shows a strong broad absorption band
–35) phosphors annealed at 1100 °C for 5 h and (b) in-focused XRD

RSC Adv., 2023, 13, 25069–25080 | 25073
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Fig. 5 (a) PLE spectrum (blue curve) monitored at 612 nm and PL
spectrum (red curve) excited at 394 nm of GdYGd:20 mol% Eu3+

phosphors annealed in air at 1100 °C for 5 h. (b) A diagram of the
energy level for excitation and emission transition of Eu3+ in Gd(BO2)3-
Y3BO6-GdBO3 host lattice.

Fig. 6 (a) 3D emission–excitation spectrum and (b) PL spectra excited
at 270, 321, 363, 385, 394, and 465 nm of the GdYGd:20 mol% Eu3+

phosphors annealed in the air at 1100 °C for 5 h.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

ug
us

t 2
02

3.
 D

ow
nl

oa
de

d 
on

 3
/1

7/
20

26
 2

:5
1:

29
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
peaking at 270 nm and lower-intensity peaks at 321, 363, 385,
394, 417 and 465 nm. It has been previously reported that the
strong and broad peak at around 270 nm is due to the Eu3+–O2+

transition in the host lattice.8 The peaks at 321, 363, 385, 394,
417 and 465 nm correspond to the 7F0/

5H3,
7F0 /

5D4,
7F0/

5L7,
7F0 / 5L6,

7F0 / 5D3 and 7F0 / 5D2 transitions of Eu3+

ions,32–37 respectively. The PL spectrum excited at 394 nm shows
multiple emissions in the red-light region at 593, 612, 617, 624,
627, 656, and 707 nm, attributing to the 5D0–

7Fj (j = 1, 2, 3, 4)
transitions of Eu3+ ions.6,34,38–47 Briey, the peak at 593 nm is due
to the 5D0–

7F1 transition; the emission peaks at 612–627 nm and
656 nm originated from the 5D0–

7F2 and 5D0–
7F3 transitions,

respectively. The peak at 707 nm is due to the 5D0–
7F4 transition

of Eu3+ ions. A diagram of the energy levels for the excitation
and emission transitions of Eu3+ ions in GdYGd lattices is
illustrated in Fig. 5b.

The 3D emission and excitation spectrum and PL spectra
under the excitation of different wavelengths of GdYGd:20
mol% Eu3+ phosphors annealed at 1100 °C for 5 h are illustrated
in Fig. 6a and b, respectively. The 3D emission and excitation
25074 | RSC Adv., 2023, 13, 25069–25080
spectrum in Fig. 6a demonstrate that the as-synthesized phos-
phor has three absorption regions at (i) 280–330 nm; (ii) 355–
425 nm with the highest intensity peak at 394 nm; and (iii) 450–
470 nm with the most substantial peak at 465 nm. As shown in
Fig. 6b, the intensity of the PL spectrum excited at 394 nm is the
highest compared to the PL spectra excited at 270, 321, 363, 385,
and 465 nm, which conrms the most suitable excitation
wavelength at 394 nm. Several other emissions could also be
observed in the red-light region, in the range of 590–710 nm.

Fig. 7 displays the PL spectra of GdYGd:20 mol% Eu3+

phosphors annealed at 700–1200 °C for 5 h. While no emission
could be observed at 700 °C, multiple emission peaks are
observed in the PL spectra of the phosphors annealed at 800–
1200 °C. This observation is well explained by the better crys-
talline structure of the higher-temperature-annealed phos-
phors, as shown in Fig. 3. It is also noted that all PL spectra of
samples annealed at 800–1200 °C show an indistinguishable
shape; however, there is a strong relationship between the PL
intensity and the synthesized temperature. As illustrated in the
inset of Fig. 7, the 612 nm peak intensity rst increases with the
temperature in the range of 800–1100 °C, reaching the highest
value at 1100 °C, and then decreases with the higher tempera-
ture of 1200 °C. The improvement in the PL intensity at 800–
1100 °C could be associated with more efficient diffusion of
Eu3+ ions into the GdYGd host lattice or/and a signicant
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 PL spectra excited by the 394 nm wavelength of GdYGd:20 mol% Eu3+ phosphors annealed in the air at 600–1200 °C for 5 h.
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improvement in the quality of GdYGd crystalline phases at
elevated temperatures.8 The lower PL intensity at 1200 °C could
be explained by the reduction in the crystalline quality of the
GdYGd phases, as previously shown in the XRD patterns.
Fig. 8 PL spectra excited at 394 nm of GdYGd:xmol% Eu3+ (x = 1–35) ph
intensity dependence on Eu3+ concentrations.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Fig. 8 illustrates the PL spectra of GdYGd:x mol% Eu3+ (x =

1–35%) phosphors synthesized at 1100 °C in air for 5 h, showing
a signicant inuence of Eu3+ dopant concentrations on the PL
intensity. The inset of Fig. 8 establishes the change in the 612
osphors annealed at 1100 °C for 5 h. The inset shows the 612 nm peak

RSC Adv., 2023, 13, 25069–25080 | 25075

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra03955b


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

ug
us

t 2
02

3.
 D

ow
nl

oa
de

d 
on

 3
/1

7/
20

26
 2

:5
1:

29
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
nm peak intensity with the Eu3+ doping concentration. It is
evident that the PL intensity gradually increases with the
dopant Eu3+ concentration in the range of 1–20 mol%, which is
explained by an increase in the luminescent centers.8 Then, it
decreases with higher concentrations from 20 to 35 mol% Eu3+,
possibly relating to the quenching effect of concentration.48 The
most intense PL intensity is obtained at 20 mol%, indicating
that the distance between neighbor Eu3+ ions reached its critical
distance threshold, Rc.8,11,48 In this case, the Rc value of 7.02 Å
can be determined using the Blasse equation, which is higher
than the critical value of 5 Å for exchanging energy by interac-
tion, implying the governance of the multipolar interaction for
the quenching mechanism.8,16 It is well known that multipolar
interaction oen contains three types that correspond to the
value of the characteristic function for multipolar interaction
types: dipole–dipole, dipole–quadrupole, and quadrupole–
quadrupole interactions.49 In this study, the dipole–quadrupole
interaction majorly governs the multipolar interaction of Eu3+

ions in the GdYGd host lattice. Similar results have also been
reported in our previous study.8

Fig. 9a and b show the PLE spectra monitored at 612 nm and
the time-resolved decay spectra using the excitation wavelength
of 394 nm for GdYGd:x mol% Eu3+ (x = 7–30) samples,
respectively. Although all the PLE spectra shown in Fig. 9a
present a unique shape with three main absorption regions at
260–330 nm, 355–425 nm, and 450–470 nm, the PLE intensity
strongly depends on the doping concentrations. It rst
Fig. 9 (a) PLE spectra mentioned at 612 nm and (b) lifetime curves of
GdYGd:x mol% Eu3+ (x = 7–30) phosphors.

25076 | RSC Adv., 2023, 13, 25069–25080
increases as the dopant concentrations increase from 7 to 20
mol% and then decreases with higher concentrations of 23 and
30 mol%. The highest PLE intensity is reached at 20 mol%, as
demonstrated in the inset of Fig. 9a. As described in our
previous study, PL decay curves can be tted using a double-
exponential function.50 As shown in Fig. 9b, the tted lifetime
values of Eu3+-doped GdYGd phosphors are in the order of
milliseconds, which is consistent with the values reported in
recent studies.51,52 It is noteworthy that there is a slight decrease
in the lifetime from 1.18 to 1.12 ms with an increase in Eu3+

doping concentration from 7 to 30 mol%, highly contributing to
the quenching effect by concentration.51 This means that the
highest PL intensity could be obtained at a doping concentra-
tion of 20 mol%.
3.3. Color purity, thermal stability, and quantum efficiency
(QE)

It is well known that the chromaticity coordinates (x,y), color
purity, and thermal stability of phosphors are important factors
for LED applications.11 The calculated (x,y) values of all the
samples are displayed in Fig. 10, beyond the red-light region of
the CIE diagram. In addition, the color purity can be calculated
from the CIE coordinates.53 Table 1 presents the (x,y) values of
all the samples under an excitation wavelength of 394 nm. It is
noteworthy that the GdYGd:x mol% Eu3+ (x = 1–35) phosphors
possess excellent color purities (higher than 99% at all the Eu3+

doping concentrations), which is superior to those of
K2SrGe8O18: Eu3+ (95.5%),54 Na2Gd(PO4)(MoO4):Eu

3+ (92%),55

and Ca3Y2−xB4O12:xEu
3+ (88.57%).14 Hence, these results indi-

cate that GdYGd:Eu3+ phosphor is a great candidate for high
color-purity LEDs.
Fig. 10 CIE coordinates of GdYGd:Eu3+ phosphors doped with
different concentrations in the range of 1–35 mol%.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The calculated chromaticity coordinates and the color purity
values of the GdYGd:x mol% Eu3+ (x = 1–35) phosphors

Eu3+ doping
level (%)

Chromatic
coordinates (x,y)

Color purity
(%)

1 (0.6233,0.3762) 99.1
7 (0.6477,0.3520) 99.3
10 (0.6537,0.3460) 99.2
13 (0.6557,0.3440) 99.5
16 (0.6553,0.3444) 99.4
20 (0.6581,0.3416) 99.5
23 (0.6462,0.3535) 99.3
26 (0.6059,0.3936) 99.4
30 (0.6161,0.3834) 99.1
35 (0.6115,0.3880) 99.3
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Fig. 11a illustrates the relationship between the optimized
GdYGd:Eu3+ phosphor emission spectra and the measured
temperature. It can be observed that all PL spectra in Fig. 11a
Fig. 11 (a) Temperature-dependent PL spectra of GdYGd:20 mol% Eu3+

the measured temperature. The inset in Fig. 10b shows the linear relations
coated) and the GdYGd:20mol% Eu3+-coatedNUV chip and (d) the CIE ch
shows a digital image of the red LED prototype at the OFF- and ON-mo

© 2023 The Author(s). Published by the Royal Society of Chemistry
present a similar shape; however, the PL intensity gradually
decreases with the annealing temperature in the range of 25–
200 °C, as illustrated in Fig. 11b. At 150 °C, the PL intensity
remains 52.8% that of the initial PL intensity at room temper-
ature. The activation energy (DE) of phosphors can be derived
from the temperature-dependence spectra using the Arrhenius
equation, as reported in our recent study.8 The dependence of

the
�
Ln

��
I0
I

�
� 1

��
on 1/kT is illustrated in the inset of

Fig. 11b, showing a slope of −0.319 by linear tting. Thus, the
activation energy of the GdYGd:20 mol% Eu3+ phosphor is 0.319
eV. This obtained value is signicantly better than some re-
ported values for commercial phosphors, such as Y2O3:Eu

3+ red
phosphor (0.17–0.24 eV),56,57 Sr3YBO3:0.9Eu

3+ (0.137 eV),3 and
Sr9LiMg(PO4)7:Eu

3+ (0.160 eV).58

To demonstrate the application ability of the resultant
phosphor, a prototype of a red-emitting LED was fabricated by
coating the optimized GdYGd:20 mol% Eu3+ phosphor on the
phosphor and (b) the change in the normalized PL intensities based on
hip between ln[(I0/I)− 1] and 1/kT. (c) EL spectra of the NUV chip (non-
romatic coordinates (x,y) of the red LED prototype. The inset in Fig. 10d
de states.
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Table 2 A comparison of the QE values of recently reported red-
emitting phosphors and the GdYGd:20 mol% Eu3+ phosphors

Phosphors

Excitation
wavelength
(nm)

Emission
wavelength
(nm)

QE
(%) Ref.

AlPO4:3% Eu3+ 395 594 38.7 8
K4BaSi3O9:0.05Eu

3+ 395 617 27 62
LiCaBO3:0.5% Eu3+ 393 611 40 63
CaB4O7:0.5% Eu3+ 393 611 48 63
Na3Sc2(PO4)3:0.35Eu

3+ 394 621 49 64
KSGO:0.08Eu3+ 394 617 57.6 54
Ca8MgLu(PO4)7:Eu

3+ 394 612 69 65
Ba3Y4O9:Eu

3+ 396 614 46 66
YBO3:0.05Eu

3+ 394 591 44.59 67
Sr2InTaO6:Eu

3+ 396 624 58.4 68
La2W2O9:Eu

3+ 395 618 77 69
GdBO3:Eu

3+ 391 591 14.3 18
Gd(BO2)3:Eu

3+ 396 588 — 20
Y3BO6:Eu

3+ 394 613 — 22
GdYGd:20% Eu3+ 395 612 58.4 This study
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top surface of a 395 nm LED chip. Fig. 11c illustrates the EL
spectra of the NUV LED chip (non-coated) and GdYGd:20 mol%
Eu3+-coated NUV LED. Additionally, a sharp emission peak at
395 nm from the NUV chip and red emissions in the 580–710
nm wavelength region is obvious in the EL spectrum of the
GdYGd:Eu3+-coated LED prototype. The quantum efficiency
(QE) of GdYGd:20 mol% Eu3+ phosphor can be estimated using
the following eqn (1):59,60

QE ¼

ð
Lsð

ER �
ð
Es

(1)

where LS is the emission spectrum from the phosphor, and ER
and ES correspond to the excitation spectra without and with the
phosphor, respectively.8,61

Table 2 compares the QE values of some reported red-emit-
ting phosphors and the optimized GdYGd:20 mol% Eu3+

phosphor in this study. The high QE value of 58.4% of the
GdYGd:20 mol% Eu3+ phosphor indicates a potential applica-
tion of this phosphor in NUV-pumped WLED. It is noteworthy
that this value is much higher than the QE value of GdBO3:Eu

3+

phosphor (14.30%).18 Fig. 11d illustrates the CIE chromatic
coordinates (x = 0.5636,y = 0.2961) of the fabricated red LED.
The inset presents the digital image of the red LED prototype in
the OFF- and ON-mode states, demonstrating the strong red
light emitted from this prototype.
4. Conclusion

A novel red-emitting Eu3+-heavily doped Gd(BO2)3-Y3BO6-GdBO3

phosphor well excited at 394 nmwas successfully synthesized by
applying a simple sol–gel method. Among the samples, the
highest photoluminescence (PL) intensity is achieved when
doped with a high concentration of 20 mol% Eu3+ and annealed
at 1100 °C in an air atmosphere for 5 hours. The optimized
25078 | RSC Adv., 2023, 13, 25069–25080
phosphor shows excellent color purity of 99.5%, a high activa-
tion energy of 0.319 eV, and an impressive quantum efficiency
of 58.4%. To demonstrate the practical application of this
phosphor, a red LED prototype was successfully fabricated
using the GdYGd:20 mol% Eu3+ phosphor, resulting in chro-
matic coordinates of (x = 0.5636,y = 0.2961). These results
unequivocally demonstrate that the prepared Gd(BO2)3-Y3BO6-
GdBO3:20 mol% Eu3+ phosphor holds signicant promise as an
efficient candidate for phosphor materials in NUV-pumped
WLED applications.
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