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echanisms and color-tunable
luminescence of Tm3+/Tb3+/Eu3+ co-doped
Sr4Nb2O9 phosphors for high-quality white light-
emitting diodes

Ravina, a Kanishk Poria, b Mukesh K. Sahu,c A. Kumar,a Anu,d Sajjan Dahiya,e

Nisha Deopa *a and A. S. Raod

This paper investigates the synthesis and luminescence characteristics of Tm3+/Tb3+/Eu3+ co-doped

Sr4Nb2O9 (SNB) phosphors as potential candidates for white light-emitting diodes (WLEDs). The study

explores the energy transfer mechanisms and color-tunable characteristics of these phosphors. The SNB

phosphors were prepared using a solid-state reaction method, and their structural and morphological

properties were characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM),

energy-dispersive X-ray spectroscopy (EDS), and Fourier-transform infrared (FT-IR) spectroscopy. The

diffuse reflectance, photoluminescence (PL) and time resolved photoluminescence (TRPL) properties

were investigated, revealing efficient energy transfer processes from Tm3+ to Tb3+ and Eu3+ ions. The

energy transfer mechanisms were determined through critical distance calculations and analysis of

multipolar interactions. The co-doped phosphors exhibited tunable emission colors ranging from blue to

white light, with controllable correlated color temperatures (CCTs) and high color rendering indices

(CRIs). The CIE chromaticity coordinates were optimized to approach neutral white light. The PL

intensity is maintained at 81.19% at 150 °C of that of room temperature which showcases the remarkable

thermal stability of the as-prepared phosphors. The results highlight the potential of Tm3+/Tb3+/Eu3+ co-

doped SNB phosphors for generating high-quality, color-tunable white light for advanced lighting

applications.
1 Introduction

With technological advancements, especially the widespread
utilization of rare earth ion-doped phosphors, white light-
emitting diodes (WLEDs) have progressively emerged as the
optimal choice for next-generation lighting solutions. This
preference arises from their inherent advantages, including
cost-effectiveness, high efficiency, and environmental
friendliness.1–3 Currently, white light can be achieved through
two approaches. The rst involves integrating a blue InGaN chip
with YAG:Ce3+ yellow phosphors. However, this approach lacks
the red segment of the spectrum, leading to a diminished color
rendering index (CRI) and an elevated correlated color
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temperature (CCT). This deviation from the natural white light
region poses a challenge to achieving high-quality white light
illumination. Another approach involves using a near-
ultraviolet chip combined with three-color phosphors. This
method is capable of meeting the requirements for a high color
rendering index (CRI) and achieving a suitable correlated color
temperature (CCT).4 By employing this approach, it becomes
possible to produce white light that closely resembles natural
lighting conditions. Therefore, the development of color-
tunable phosphors on a single-phase substrate is a highly
signicant research direction within the eld of white light-
emitting diodes (WLEDs). This approach aims to create phos-
phors that can be adjusted to produce a wide range of colors,
enabling versatile and customizable lighting solutions.

Rare-earth ions exhibit a remarkably diverse electronic
structure, rendering them capable of emitting photo-
luminescence across a wide range of wavelengths, including
visible and infrared light. Particularly in the visible light region,
their emission ability and vivid colors stand out, making rare-
earth ions highly desirable for various applications, such as
lighting and display technologies.5 The fusion of three primary
colors—red, green, and blue—is well-known to yield white light.
RSC Adv., 2023, 13, 33675–33687 | 33675
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In this context, different phosphors utilize Tm3+, Eu3+, and Tb3+

ions as blue, red, and green emitters, respectively. These ions
are chosen for their abundant electron transitions, contributing
to the emission properties of the phosphors. For instance, Tm3+

doping in inorganic compounds oen yields excellent blue-
emitting performance due to the blue transition from 1D2 /
3F4.6,7 Eu

3+ ions emit in the orange-red region of the spectrum
through the 5D0 / 7FJ (J = 0–4) transitions,8,9 while Tb3+ ions
are commonly used as blue-green emitters with the 5D4 /

7FJ (J
= 6–3) transitions.10 Co-doping Tm3+, Eu3+, and Tb3+ ions into
a single host material allows for the potential generation of
a single-phased phosphor emitting white light.11 This approach
permits the generation of white light by combining emissions
from these different ions. Furthermore, the selection of an
appropriate host material is vital for synthesizing phosphors
with high performance. The host material plays a crucial role by
providing suitable crystal elds for the activator ions. The
crystal structure and properties of the host material signi-
cantly inuence the luminescent properties and efficiency of
the phosphor. Hence, careful consideration and optimization of
the host material are essential to achieve phosphors with
desirable performance characteristics.

The extensive study of niobate group materials is driven by
their remarkable electro-optic, dielectric, ferroelectric, pyro-
electric, and piezoelectric properties.12,13 Niobate serves as
a highly favorable host matrix for doping rare-earth ions due to
its exceptional luminescent properties, excellent chemical
stability, and good thermal stability. Concerning characteristics
related to light emission, the optical absorption observed in
niobates is attributed to charge transfer occurring within the
NbO6 complex.14 This absorption behavior signicantly inu-
ences their luminescent properties. While certain pure niobates
may not exhibit luminescence, substantial research has been
conducted on rare-earth-doped niobates due to their potential
as light-emitting materials. The incorporation of rare-earth ions
into niobate structures allows for the creation of luminescent
centers, expanding the range of applications in areas such as
lighting, displays, and optoelectronics.
2 Experimental procedure and
instrumentations

Through the solid-state reaction method, we synthesized
samples of strontium niobate phosphor Sr4Nb2O9 (SNB) doped
with Tm3+, Tb3+, and Eu3+. The precursor materials SrCO3

(98%), Nb2O5 (99.9%), Tm2O3 (99.9%), Tb4O7 (99.9%), Eu2O3

(99.99%) were of analytical grade. Following their precise stoi-
chiometric ratio, we weighed and thoroughly mixed the
precursors using an agate mortar until achieving uniformity.
These homogeneous mixtures were then poured in an alumina
crucible and sintered at 1350 °C for 7 hours, followed by gradual
cooling to ambient temperature. We labeled the resulting
phosphors as follows: SNB:xTm3+ (x= 0.01, 0.03, 0.05, 0.07, 0.10
mol), SNB:0.03Tm3+, yTb3+ (y = 0.01, 0.02, 0.03, 0.04, 0.05, 0.06,
0.08, 0.10 mol) denoted as TT1-TT10, SNB:0.03Tm3+, 0.06Tb3+,
zEu3+ (z = 0.01, 0.03, 0.05 and 0.07 mol) labeled as TTE1-TTE7.
33676 | RSC Adv., 2023, 13, 33675–33687
Finally, we nely powdered the prepared samples for subse-
quent characterization.

Structural analysis of the samples was conducted using X-ray
diffraction (XRD). A Bruker D8 Advance diffractometer equip-
ped with a nickel lter and a Cu Ka radiation source (wave-
length l = 1.5406 Å) was utilized within the 2q range of 20° to
80°. For examination of sample morphology and elemental
composition, scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDS) were performed using
a Zeiss Gemini 300 instrument. Additionally, Fourier-transform
infrared (FT-IR) spectra of the as-synthesized samples were
recorded using a Nicolet IS50 FT-IR apparatus. UV spectrum
analysis was conducted using a Jasco V-770 spectrophotometer
with light sources of deuterium and halogen and a resolution of
1.0 nm. For validation of PL excitation and emission spectra,
a Jasco 8300 FP spectrouorophotometer employing 300 W
xenon lamp acts as excitation source and a resolution of 1.0 nm
was used. PL decay measurements were performed using the
Hitachi F 7000 spectrouorometer in conjunction with a 450
watts microsecond xenon ash lamp. The time-resolved pho-
toluminescence (TDPL) was performed using the FLAME-S-XR1-
ES Ocean Optics spectrometer along with a sample holder along
with a heating assembly.
3 Results and discussion
3.1. Study of XRD pattern

Fig. 1 presents the XRD patterns of SNB phosphors doped with
3 mol% Tm3+, 3 mol% Tm3+ and 6 mol% Tb3+. The diffraction
patterns demonstrate consistency with standard data (Card No.
048-0558), conrming the successful incorporation of Tm3+,
Tb3+ and Eu3+ions into the host lattice. The XRD patterns
conrm that the as-prepared phosphor possesses a crystalline
cubic structure within the Fm3m space group, showing no
structural alterations.15 The impurities at 28° and 50° in the
XRD is because of the difference between both ionic radius and
charge numbers between the Ln3+ ions and Sr2+ ions. The
average crystallite sizes (D) were calculated using Debye–Scherer
equation (eqn (1)) from the literature,16

D ¼ Kl

b cos q
(1)

resulting in values of 41.64 nm for SNB:3 mol% Tm3+, 40.61 nm
for SNB:3 mol% Tm3+ and 6 mol% Tb3+, and 41.07 nm for
SNB:3 mol% Tm3+, 6 mol% Tb3+, and 5 mol% Eu3+.

Fig. 2 demonstrates the XRD patterns of the SNB:3Tm3+/
6Tb3+/zEu3+ (z = 1, 3, 5 and 7 mol%) samples which are
consistent with the standard data. The average crystallite size
were evaluated and found to be 42.26, 41.88, 41.07 and
42.12 nm, respectively.
3.2. SEM and EDS studies

SEM imaging, SEM-EDS mapping, and EDS spectrum analysis
were employed to investigate the morphology and elemental
composition of the SNB sample doped with 3 mol% Tm3+ and
1 mol% Tb3+, as illustrated in Fig. 3. In Fig. 3(a), the SEM image
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD patterns of SNB:xTm3+ (x = 3 mol%), SNB:3Tm3+/yTb3+ (y
= 6 mol%) samples and compared with standard data.

Fig. 2 XRD patterns of SNB:3Tm3+/6Tb3+/zEu3+ (z = 1, 3, 5 and
7 mol%) samples and compared with standard data.
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unveils the presence of regular and smooth micron-sized
particles within the SNB sample. Elemental mapping results
in Fig. 3(b–f) exhibit a uniform distribution of Sr, Nb, O, Tm,
and Tb elements across the grains. The EDS spectrum depicted
in Fig. 3(g) displays distinct peaks corresponding to Nb, O, and
Sr, along with smaller peaks representing Tm and Tb. No
indications of impurity elemental peaks are evident, indicating
the successful integration of Tm3+ and Tb3+ ions into the SNB
host matrix. The inset within Fig. 3(g) illustrates the elemental
compositions.
3.3. FTIR studies

The structural components and functional groups present in
the as-synthesized SNB:xTm3+ (x = 1, 3, 5, 7, and 10 mol%)
phosphor were analyzed by recording FT-IR spectra in the
wavenumber range of 4000–400 cm−1. Fig. 4 illustrates the FT-
IR spectra of the synthesized phosphor. FT-IR spectroscopy
was employed in the initial stage of material analysis to ensure
the quality of the product. The shi in peak positions indicated
the presence of contaminants. The spectra exhibited analogous
positions of shoulder, as shown in Fig. 4. The FT-IR spectra
revealed the presence of nine peaks at approximately 418, 435,
© 2023 The Author(s). Published by the Royal Society of Chemistry
525, 651, 861, 1442, 2885, 2948, and 2989 cm−1. These peaks
were assigned based on previous reported papers. The peak
observed near 418 and 525 cm−1 corresponds to the Sr–O
stretching modes.17 The peaks around 435 and 861 cm−1 are
attributed to the coupling between Nb–O stretching mode.18

The peak at approximately 651 cm−1 is due to Tm–O stretching
vibrations.19 The peaks observed in the range of 1442 and
2989 cm−1 are associated with water molecules.20 The distur-
bances in the form of peaks between 1000 to 3000 cm−1 may
indicate the presence of residual organic compounds.21

Furthermore, the absence of signicant evidence of carbonates
or carboxyl groups in the FT-IR spectra conrms the synthesis of
phosphor materials from their precursor carbonates.

3.4. Diffuse reectance study

Diffuse reectance spectra were collected for the SNB samples
doped with 3 mol% Tm3+ and SNB:3 mol% Tm3+, 6 mol% Tb3+

over the wavelength range of 200–1800 nm, spanning the UV-
visible and near-IR regions at room temperature, as depicted
in Fig. 5.

In the phosphors doped solely with Tm3+, the absorption
bands located at approximately 684, 788, 1216, and 1644 nm
RSC Adv., 2023, 13, 33675–33687 | 33677
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Fig. 3 (a) SEM images. (b–f) SEM-EDSmapping. (g) EDS spectrum of SNB:3mol% Tm3+, 6mol% Tb3+ phosphor [inset shows the elements weight
and atomic percent].
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correspond to transitions from the ground level 3H6 to
3F3,

3H4,
3H5 and 3F4 levels, respectively.22 In phosphors co-doped with
both Tm3+ and Tb3+, a captivating interplay of energy level
33678 | RSC Adv., 2023, 13, 33675–33687
transitions is observable. Tm3+ ions exhibit transitions at 684,
788, 1216, and 1644 nm, while Tb3+ ions exhibits the 7F6 /

5D3

energy level transition at 386 nm.23
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FT-IR spectra of SNB:xTm3+ samples.

Fig. 6 PLE and PL spectra of SNB:xTm3+ phosphors.
Fig. 5 Diffuse reflectance spectra of SNB:3 mol% Tm3+ and
SNB:3 mol% Tm3+, 6 mol% Tb3+ phosphors.
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3.5. Photoluminescence properties

Fig. 6 displays the photoluminescence excitation and emission
spectra of the synthesized SNB:xTm3+ (x = 1, 3, 5, 7, 10 mol%)
phosphors. The dominant excitation peak at 360 nm can be
attributed to the distinctive 3H6 /

1D2 transitions of Tm
3+ ions,

effectively stimulated by near-ultraviolet (NUV) light. In the
emission spectra, a broad peak ranging from 440 to 480 nm
under the 360 nm excitation for SNB:xTm3+ (x = 1, 3, 5, 7, 10)
phosphors is associated with the 1D2 /

3F4 transition.24
© 2023 The Author(s). Published by the Royal Society of Chemistry
Interestingly, the peak intensity of the samples initially
increases and then diminishes as the Tm3+ doping concentra-
tion rises. This intensity attains its peak at x= 3 mol%, which is
attributed to concentration quenching, as depicted in Fig. 6.
This phenomenon arises from the cross relaxation mechanism
due to variations in the spacing between luminescence centers.
At lower concentrations of Tm3+ ions, the spacing between them
is sufficiently small to effectively neglect uorescence quench-
ing.25 However, with an increasing concentration of Tm3+ ions,
RSC Adv., 2023, 13, 33675–33687 | 33679
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Fig. 7 PLE and PL spectra of SNB:3 mol% Tm3+/yTb3+ phosphors.
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the gap between the ions diminishes, falling below the critical
transfer distance. This results in a higher utilization of Tm3+

ions at the 1D2 level, consequently leading to a decrease in
luminous efficiency.

3.6. Energy transfer from Tm3+ to Tb3+

To explore the energy transfer mechanism from Tm3+ to Tb3+

ions, we prepared SNB phosphors doped with 3 mol% Tm3+ and
varying concentrations of Tb3+ (denoted as ymol%, where y= 1,
2, 3, 4, 5, 6, 8, and 10 mol%). Fig. 7 illustrates the emission
spectra under 263 nm UV light excitation, and a spectral
comparison reveals that the emission peak positions remain
nearly consistent across the 8 samples, appearing at approxi-
mately 450, 492, 530, 591, and 620 nm.26
Fig. 8 Energy transfer efficiency of Tm3+ / Tb3+ and the luminous in
530 nm (Tb3+).

33680 | RSC Adv., 2023, 13, 33675–33687
Analysis of the emission spectra indicates that as the
concentration of Tb3+ ions increases, the luminescent intensity
of the distinct blue emission peak at 450 nm decreases.
Meanwhile, the emission peaks attributed to Eu3+ ions at
530 nm initially experience an increase, reaching a maximum
for Tm-3 mol% and Tb-6 mol%, followed by a gradual decrease.
This observation suggests the occurrence of a concentration
quenching phenomenon, signifying the energy transfer from
Tm3+ to Tb3+ ions.

The efficiency of energy transfer from Tm3+ to Tb3+ ions can
be quantied using the formula:27

h ¼ 1� IT

IT þ ID
(2)

In this equation, IT and ID denote the photoluminescence
intensities of the emission peaks at 450 and 530 nm,
respectively.

The calculated efficiency values for the TT1, TT2, TT3, TT4,
TT5, TT6, TT8, and TT10 phosphors are 86.1%, 88.5%, 89.7%,
90.2%, 90%, 91.3%, 90.3%, and 90.4%, respectively. These
results underscore a signicant improvement in energy transfer
efficiency with increasing concentration, reaching its peak value
in the TT6 phosphor sample. The higher concentration of Tb3+

ions surrounding the Tm3+ ions promotes a greater likelihood
of cross relaxation between the transitions of Tm3+ (1D2 /

3F4)
and Tb3+ (5D4 / 7F5).28 This phenomenon elucidates the
concentration quenching and the reduction in emission
intensity at 450 nm. The quantum yield for the TT6 phosphor
was evaluated using the equations mentioned in literature and
comes out to be 41% which is higher than the other reported
works.29,30

Fig. 8 graphically portrays the energy transfer efficiency
between Tm3+ and Tb3+ ions, alongside the emission intensities
corresponding to the 1D2 /

3F4 transition of Tm3+ and the 5D4
tensity curve of the monitoring wavelength were 450 nm (Tm3+) and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 PL spectra of SNB:3 mol% Tm3+/6 mol% Tb3+/z mol% Eu3+

phosphors under 264 nm excitation wavelength.
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/ 7F5 transition of Tb3+. As the concentration of Tb3+ ions
increases, the emission intensity of Tm3+ decline, while
conversely, the emission intensity of Tb3+ and the energy
transfer efficiency increases.

The emission spectra of SNB:3 mol% Tm3+, 6 mol% Tb3+,
and zmol% Eu3+ phosphors illuminated by 264 nm UV light are
depicted in Fig. 9. These spectra reveal distinct emission peaks
associated with Tm3+, Tb3+, and Eu3+ ions at 450, 493, 528, 593,
and 618 nm.31,32 Notably, the positions of these characteristic
peaks remain largely consistent across varying Eu3+ concentra-
tions. Specically, the emission intensity at 528 nm initially
increases until the TTE5 phosphor, aer which it diminishes
with higher Eu3+ ion concentrations.

Fig. 10 provides further insight, illustrating changes in
emission intensity. The emission intensity from Tm3+ ions at
Fig. 10 Variation of the emission intensity of Tm3+/Tb3+/Eu3+ ions
with the concentration of Eu3+ ions.

© 2023 The Author(s). Published by the Royal Society of Chemistry
450 nm and Tb3+ ions at 493 nm declines, while the emission
intensity attributed to Eu3+ ions at 618 nm rises as the Eu3+

concentration increases. This observation strongly implies
a dual energy transfer mechanism, occurring from both Tm3+

and Tb3+ ions to Eu3+ ions.
Energy transfer mechanism of Tm3+, Tb3+ and Eu3+ ions is

illustrated in the schematic diagram presented in Fig. 11. The
ions at ground state get excited to the higher energy levels of
Tm3+, Tb3+ and Eu3+ by the 264 nm UV excitation. Aer that ions
gets de-excited to lower energy states 5D1,0 of Eu3+ and 5D4 of
Tb3+ through non-radiative emission aided by phonons and
relaxed to the ground state. In the case of Tm3+ ions, the blue
photons emitted at 545 nm associated with 1D2 / 3F4 transi-
tion. In the case of Tb3+ ions, the cyan and green photons
emitted at 492 nm and 530 nm associated with 5D4 / 7F6
transition and 5D4 / 7F5 transition, respectively and for Eu3+

ions transitions at 593 nm (5D0 /
7F1) and 618 nm (5D0 /

7F2)
emit orange and red photons, respectively. As the energy gap
between the excited state 1G4 of Tm

3+ ions and 5D4 of Tb
3+ ions

is smaller so they can bridge with the phonons of host lattice
which results in non-radiative relaxation in Tm3+. Some part of
the energy is migrated to Tb3+ which results in transition from
7F6 to 5D4.33 The non-radiative resonant energy transfer from
Tm3+ (1G4) to Eu3+ ions (5D2) is because of lesser energy differ-
ence between these two states. This result in the Eu3+ ions
transition from 7F1 level to

5D2 state and then return to 5D0 state
through non-radiatively which accompanied further radiative
emission from this excited state to 7F1 and

7F2 state.
The energy transfer interactions between sensitizers and acti-

vators can be broadly categorized into two primary types:
exchange interaction and electric multipolar interaction. The
characterization of these interactions hinges on a critical param-
eter known as the critical distance (Rc) between the sensitizers and
activators. If the value of Rc remains below 5 Å, exchange inter-
action is likely; however, if Rc surpasses this threshold, electric
multipolar interaction becomes more probable.34

In order to determine the nature of the interaction between
Tm3+ (sensitizer) and Tb3+ (activator), the critical distance Rc

can be quantied using an equation outlined in existing
literature.35

Rc ¼ 2

�
3V

4pNXc

�1
3

(3)

The computed Rc value is found to be 18.04 Å, which
signicantly exceeds the 5 Å threshold. This outcome strongly
suggests that the energy transfer mechanism is primarily driven
by electric multipolar interactions.

Utilizing Dexter's energy transfer formula for multipolar
interaction and applying Reisfeld's approximation, the rela-
tionship can be presented as follows:36,37

ISO

IS
fCTmþTb

n=3 (4)

Here, ISO and IS denotes the luminescence intensities of Tm3+

ions without and with Tb3+ ions, respectively. CTm+Tb is the
RSC Adv., 2023, 13, 33675–33687 | 33681
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Fig. 11 Energy level diagram of Tm3+/Tb3+/Eu3+ ions at 264 nm.
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combined concentration of Tb3+ and Tm3+ ions. The ratio ISO/IS
f CTm+Tb

n/3 with n = 6, 8 and 10 corresponds to different
exchange interactions: dipole–dipole, dipole–quadrupole, and
Fig. 12 Fitting relationship of Iso/Is of Tm
3+ on (a) C (Tm3+ + Tb3+)6/3, (b

33682 | RSC Adv., 2023, 13, 33675–33687
quadrupole–quadrupole interactions, respectively.38 The rela-
tionship between ISO/IS and CTm+Tb

n/3 is illustrated in Fig. 12. It
is evident that the most optimal linear tting is observed when
) C (Tm3+ + Tb3+)8/3 and (c) C (Tm3+ + Tb3+)10/3.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Colorimetric parameters for SNB:xTm3+, SNB:3Tm3+/yTb3+

and SNB:3Tm3+/6Tb3+/zEu3+ samples with excitation of 350 nm

Sample

Color co-ordinates

CRI CCT (K)X Y

T1 0.288 0.172 — 6500
T3 0.271 0.157 — 3032
T5 0.279 0.163 — 3616
T7 0.280 0.165 — 4337
T10 0.293 0.176 — 7858
TT1 0.282 0.289 88.82 9677
TT2 0.293 0.303 89.41 8163
TT3 0.303 0.313 89.51 7256
TT4 0.302 0.314 89.52 7309
TT5 0.304 0.315 89.53 7165
TT6 0.298 0.309 89.48 7622
TT8 0.306 0.316 89.55 6984
TT10 0.302 0.312 89.45 7291
TTE1 0.299 0.307 89.34 7623
TTE3 0.298 0.303 88.87 7815
TTE5 0.301 0.307 89.11 7467
TTE7 0.299 0.303 88.64 7662
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n = 6. Consequently, the dominant mechanism for energy
transfer from Tm3+ to Tb3+ is ascribed to dipole–dipole
interactions.

To provide additional evidence for Tm3+ / Tb3+ energy
transfer in SNB phosphor. Theoretically, it is known that when
3 mol% Tm3+ 6 mol% Tb3+ / z Eu3+ energy transfers, the time
attenuation of Tb3+ ions will be accelerated energy transfer
process 3 mol% Tm3+ 6 mol% Tb3+/ z Eu3+. If 3 mol% Tm3+

6 mol% Tb3+ and Eu3+ ions work independently without
occurrence of 3 mol% Tm3+ 6 mol% Tb3+ / z Eu3+ energy
transfers, the uorescence lifetime of both remain equivalent to
that observed in the single-doped sample. The experimental
analysis of uorescence lifetime of Eu3+ ions in SNB:3 mol%
Tm3+, 6 mol% Tb3+, z Eu3+ phosphor was tested and the double
exponential decay function was used to t well:39,40

IðtÞ ¼ I0 þ A1 exp

�
� t

s1

�
þ A2 exp

�
� t

s2

�
(5)

In eqn (5), It represents the luminous intensity at specic time t,
I0 is the background or detector zero offset. A1 and A2 are
constants while s1 and s2 are the rapid and gradual life of
exponential components, respectively. The computation of the
Fig. 13 PL decay curve for SNB:3 mol% Tm3+, SNB:3 mol% Tm3+/6 mol% Tb3+ and SNB:3 mol% Tm3+/6 mol% Tb3+/5 mol% Eu3+ phosphors.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 33675–33687 | 33683
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average uorescence lifetime (sav) can be performed using eqn
(6):41

savg ¼ A1s12 þ A2s22

A1s1 þ A2s2
(6)

The uorescence lifetime decay curve of SNB:3 mol% Tm3+,
SNB:3 mol% Tm3+, 6mol% Tb3+ and SNB:3 mol% Tm3+, 6mol%
Tb3+, z Eu3+ phosphors is shown in Fig. 13 and the calculated sav
value are 2.11, 1.90 and 1.64 ms, respectively. From the result it
is evident that the decrement in the average life time of co
Fig. 14 CIE coordinates of (a) SNB:xTm3+, (b) SNB:3Tm3+/yTb3+ and (c)

33684 | RSC Adv., 2023, 13, 33675–33687
doping sample SNB:3 mol% Tm3+, 6 mol% Tb3 is due to energy
transfer between Tm3+ to Tb3+. Further, the average lifetime
decreased further when it is doped with Eu3+, thus powerfully
conrming the existence of 3 mol% Tm3+ 6 mol% Tb3+ / z
Eu3+.

The CIE chromaticity coordinates of SNB:xTm3+,
SNB:3 mol% Tm3+, yTb3+ and SNB:3 mol% Tm3+, 6 mol% Tb3+,
zEu3+ phosphors are evaluated using formulation from the re-
ported work in literature42,43

CCT = −449n3 + 3525n2 − 6823.3n + 5520.33 (7)
SNB:3Tm3+/6Tb3+/zEu3 samples.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 TDPL spectra of SNB:3 mol% Tm3+, 6 mol% Tb3+, 5 mol% Eu3+ phosphor [inset exhibits the relative emission intensity variation for 5D1 /
7F1 transition in the temperature range spanning from 28 to 200 °C].
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and indicated in Table 1 and Fig. 14. These phosphors offer
a remarkable avenue for color tunability, enabling the creation
of customized illumination. The warm light can be achieved by
adjusting the CCT and CRI values with NUV excitation of
SNB:0.03Tm3+, 0.06Tb3+, zEu3+ phosphors. Notably, the CIE
coordinates of TTE5 phosphor (0.3016, 0.3073) is close to
standard value (0.31006, 0.3136). As highlighted in Table 1,
increasing the concentration of Eu3+ concentration in the
codoped phosphors has the effect of modifying the color
temperature and enhancing the color rendering index by
introducing the red emission into the spectra of white light.
TTE1 phosphor represents the CCT of 7623 K and CRI 89.34
while the TTE3 phosphor emits the 7815 K CCT and 88.87 CRI
white light. The result reveals that the TTE5 phosphor with
higher Eu3+ concentration emits the cool light with CCT value of
7467 K and CRI value of 89.12. Hence, the white light with
alterable CCT (7467–7815 K) and high CRI (>88) can be achieved
for SNB:0.03Tm3+, 0.06Tb3+, zEu3+ phosphors with the control
of Eu3+ concentration. Obviously, the TTE5 phosphor yield
neutral white light with CCT of 7467 K and CRI of 89.12 with CIE
coordinates (0.3016, 0.3073). These attributes position these
phosphors as a strong contender for single-phased phosphors,
holding signicant promise for advancing neutral white light-
emitting diodes (w-LEDs) with tunable color characteristics.

The thermal stability of as-prepared phosphors is crucial
parameter in the application of W-LEDs device as operating
© 2023 The Author(s). Published by the Royal Society of Chemistry
temperature may increase signicantly aer the constant
working of device at high temperature. The temperature
dependent photoluminescence of SNB:3 mol% Tm3+, 6 mol%
Tb3+, 5 mol% Eu3+ phosphor under 263 nm excitation was
conducted in the range spanning from room temperature (28 °
C) to 200 °C is shown in Fig. 15. The results indicate that the
emission intensities of the as-prepared sample decreases with
the rise in temperature because of thermal quenching but
position remains unaltered. This decrement is attributed to the
non-radiative transitions, therefore rate of intensity reduction
changes over different emission peaks. This characteristic
maintains the color stability of the as-prepared phosphors
which indicates their reliable performance. Thermal stability
was determined through the ratio of emission intensity at
particular temperature to that at room temperature. The emis-
sion trend of the transition 5D1 /

7F1 is depicted in the inset of
Fig. 15. The strength of intensity at 150 °C and 200 °C relative to
that at room temperature comes out to be 81.19% and 73.51%,
respectively which is higher than reported work in the litera-
ture.28 The results indicate the excellent thermal stability of the
as-prepared phosphor.

3.7. Conclusions

We have synthesized a series of single-phase SNB phosphors co-
doped with Tm3+, Tb3+, and Eu3+ ions. XRD analysis of the SNB
phosphor conrms the formation of cubic structure within the
RSC Adv., 2023, 13, 33675–33687 | 33685
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Fm3m space group and its match with standard data from the
JCPDS le. The quantum efficiency of TT6 phosphor found to be
91.3%. The TDPL spectra reveal that the PL intensity persists to
81.19% at 150 °C in compare to room temperature. Under an
excitation wavelength of 360 nm, Tm3+ single-doped SNB
samples exhibit blue luminescence, characterized by an initial
increase followed by a subsequent decrease in luminescence
intensity. The maximum intensity is reached at a 3 mol%
doping concentration. Additionally, the photoluminescence
emission spectra of SNB phosphors co-doped with Tm3+ and
Tb3+ ions, excited at 263 nm, reveal a declining intensity of Tm3+

emissions alongside an increasing intensity of Tb3+ emissions.
This shi in the behavior of Tm3+ and Tb3+ ion intensities
signies the occurrence of energy transfer from Tm3+ to Tb3+

ions. Upon doping Eu3+ ions into the optimized co-doped
sample (3 mol% Tm3+ and 6 mol% Tb3+), both Tb3+ and Tm3+

ion intensities decrease as the concentration of Eu3+ ions
increases. This variation in intensity is attributed to the energy
transfer process from the optimized co-doped sample to Eu3+

ions. By carefully adjusting the doping concentrations of Tm3+,
Tb3+, and Eu3+ ions to approximately 3 mol%, 6 mol%, and
5 mol%, respectively, the emission color can be ne-tuned to
achieve white light emission.
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