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A solid-state reaction methodology has been adopted to synthesize Dy** (dysprosium)/Eu** (europium)
co-activated NayCasSigO18 (NCMS) phosphors. The structural, morphological, and luminescence
characteristics of the prepared materials have been investigated. The phase purity of the material was
confirmed by X-ray diffraction (XRD) by comparing the diffraction peaks with the JCPDS standard
pattern (JCPDS card no. 75-1687). The photoluminescence (PL) spectra of NCMS phosphors activated
with Dy** and co-activated with Dy®* (sensitizer)/Eu®" (activator) ions were investigated. The as-
prepared NCMS phosphors co-activated with Dy3+/Eu3* ions were excited with near-ultraviolet light (Aex
= 348 nm) and showed the utmost energy transfer of up to 97.80% from sensitizer to activator. Dexter
and Reisfeld's approximation specifically confirms that the energy transfer from sensitizer to activator
was through electric dipole—dipole interactions. The Dy**-activated NCMS phosphor showed an

illumination shift from yellow to red by varying the Eu** ion concentration and colour tunability is also
Received 15th May 2023

Accepted 18th June 2023 observed by altering the excitation energy. The emission intensity was sustained up to 92.21% at 423 K

(~150 °C), indicating an excellent thermal stability of the bi-activated NCMS phosphor. The Dy**/Eu®*
DOI: 10.1039/d3ra03229a co-doped NCMS phosphors display excellent thermal stability with flexible color tunability to emerge as

rsc.li/rsc-advances promising contenders in the field of lighting and display technologies.
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1. Introduction

Over the past few decades, inorganic material-based phosphors
with extensive optical properties have been investigated for
various solid-state lighting applications, such as w-LEDs, mul-
ticolour displays, solar cells, and temperature sensors." Espe-
cially focused on w-LEDs, the inorganic luminescent device
technology based on these phosphors has replaced incandes-
cent and fluorescent lamps.** Owing to their plethora of merits,
including lifespan, high durability, affordability, and environ-
mental friendliness, phosphor-based luminous devices have
attracted the attention of researchers.*’ It is commonly known
that commercial w-LEDs are fabricated by coating a yellow
emitting YAG:Ce*" (Ce*" ion-doped yttrium aluminium garnet)
phosphor, with a reasonably broad spectrum, on blue-emitting
InGaN LED chip. One such fabricated w-LED shows a deprived
value of color rendering index and correlated colour tempera-
ture caused by the dearth of red colour emitting
components.®**® In order to achieve sufficient CRI and lower
CCT with improved luminous stability, researchers and
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scientists have turned to an alternative approach in which the
suitable amalgamation of an RGB (red: R, green: G, and blue: B)
mono phase phosphor onto a UV/n-UV LED has been proposed.
Nevertheless, the proclaimed approach is challenging to
implement in practice due to the reabsorption of blue emission
by the RG phosphor.”»** The aforementioned glitches to
produce white light can be resolved by developing a co-doped
monophase phosphor combined with a UV/n-UV LED chip. By
transferring energy (sensitizer — activator) in the same host
matrix, the single phase white light generating phosphors
provide remarkable features, such as appropriate CRI and CCT,
spectral tunability, excellent colour reproducibility, and
appealing visual perception.*

In contemplation of an efficient single phase phosphor, the
adaptation of an appropriate host matrix with suitable dopant
ions needs to be investigated. Numerous inorganic oxide host
matrices have been explored, holding special redeeming
features, such as excellent physical and chemical stability, cost-
effectiveness, eco-friendliness, remarkable optical, thermal
stability, and facile preparation.'** Therefore, the aforemen-
tioned characteristics in host matrices, including silicates,
vanadates, borates, phosphates, molybdates, niobates, and
tungstates, engages researchers in this fascinating field.*
Among the above-listed hosts, silicates have received much
attention owing to their significant attributes, such as stable

crystal matrix, cost-effective preparation, and excellent
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chemical and physical stability. Due to these properties, sili-
cates doped with RE*" (Eu®’, Tb*", Dy*" and Tm>") ions can be
employed in diverse applications specified as solar cells, w-
LEDs, display devices, optical-thermometry, indoor agricul-
tural lighting, lasers, biosensing, and imaging.'”” However,
metasilicate hosts exhibit excellent luminescent properties in
combination with a small amount of rare earth ions as
dopants.” In the recent era, colour tunable luminescent prop-
erties in the phosphor materials can also be achieved via
incorporating dual RE ions into the host matrix. Therefore,
a suitable combination of dopant ions is indeed the primary
necessity to develop the desired phosphor that can be applied to
appropriate domains such as display and lighting.™

Among various available RE ions, trivalent dysprosium (Dy>")
is one of the accessible ions, and Dy’ doped phosphor exhibits
three foremost emission peaks in blue (B) and yellow (Y) regions
with a feeble peak in the red region. Based on the ratio of
emission intensity of two remarkable peaks, i.e., Y/B, white light
may be generated with Dy*" doped phosphor. The white light
produced through Dy** doped phosphor suffers from lower CRI
and higher CCT value due to the inadequacy of the red
component in the phosphor. Moreover, taking account of Eu**
as an activator ion into the Dy*" activated phosphor can improve
the CRI value and results in the tunable white light shifting
from cool to warm region.’®*" Therefore, in order to obtain
spectral tunability via involving the energy transfer process
between Dy*" and Eu®', the development of Dy**/Eu®’ bi-
activated inorganic phosphors has been focused in the
current research work.

The prime goal of the present article is to acquire a white
light emitting single phase phosphor with effective features of
colour tunability via varying the wavelength as well as the
concentration of activator ions. In the current article, the as-
synthesized sodium calcium metasilicate (Na,Ca,Si¢O15) phos-
phors activated with Dy** and Dy*'/Eu®" ions have been
synthesized via a well-established solid-state reaction route.
Furthermore, structural, morphological, optical, photo-
luminescence (PL), and decay studies have been performed
through distinct characterization techniques to explore the
characteristic features of the as-synthesized phosphor. Most
importantly, the PL and PL decay studies expand the excitation
and emission spectra and also elaborate the energy transfer
process between the activator and sensitizer. The thermal
stability and colorimetric properties of Na,Ca,SigO,g:Dy* /Eu’*
phosphor have also been investigated to reveal its practicability
in optoelectronic device applications.

2. Material synthesis and
characterization techniques

To synthesize sodium calcium metasilicate (Na,Ca;SigO1s)
phosphors activated with Dy** and Dy**/Eu®" ions, a solid-state
reaction methodology has been followed. Precursors with high-
purity chemicals such as Na,SiO3, CaO, SiO,, Dy,03, and Eu,0;
have been used in a stoichiometric ratio. The precursors were
weighed in an agate mortar and ground for an hour to achieve
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a perfect homogeneously mixed fine powder. Further, the fine
powder was placed into the alumina crucible, which was then
kept in the programmable furnace at different temperatures to
optimize the calcination temperature. The optimized calcina-
tion temperature has been used as 950 °C to synthesize all
NCMS samples.”* The samples with 0.0, 1.0, 3.0, 4.0, 5.0, and
6.0 mol% of Dy** concentrations in NCMS phosphor are coded
as NCMS, ND1, ND3, ND4, ND5, and ND6, respectively. Further,
the Eu®* ion is co-doped with the 5.0 mol% Dy** doped NCMS
phosphor (optimized) by increasing the Eu®* concentration
from 1.0 mol% to 10.0 mol%, named as NDE1 to NDE10.
Moreover, the sample containing 1.0 mol% of Dy*" and
1.0 mol% of Eu*" bi-activated NCMS phosphor is denoted as
ND1E1.

The structural analysis of undoped, singly Dy** doped, and
Dy**/Eu®" co-doped NCMS phosphors have been performed
using Rigaku high resolution X-ray diffractometer (HRXRD)
(Model: SmartLab). The field emission scanning electron
microscope (FE-SEM) is used to analyse the particle size and
morphology of the as-prepared material using NOVA Nano
SEM450. The optical band gaps for the as-prepared samples
have been recorded via Jasco spectrometer with model no. V-
770. The bonding, frequency, and vibrational modes were ob-
tained using PerkinElmer Spectrum Two FT-IR spectrometer.
The photoluminescence studies have been accomplished with
the xenon lamp established in JASCO FP-8300 spectrofluorom-
eter to record excitation and emission spectra. The decay
measurement analysis has been done using the Edinburgh
Spectrofluorophotometer (model no. FLS980) employed with
a pulsed xenon lamp. Ocean optics spectrophotometer acces-
sories assembled with an optical fibre system were used to
determine the thermal stability of the as-synthesized phosphor.

3. Results and discussion

3.1. Phase identification, surface morphology, and optical
band gap studies

3.1.1. X-ray diffraction. Fig. 1 exhibits the XRD measure-
ments of the NCMS host (undoped) and NCMS phosphors
activated with Dy*" and Dy**/Eu’" ions. The diffraction peak
profiles of all represented samples are well acceded with the
standard XRD pattern (JCPDS card no. 75-1687) and do not
reveal any extra peak. The peaks established in the diffraction
patterns with the non-appearance of impurity peaks endorse
the pure phase of the Na,Ca,SisO;5 host sample. Pure crystal-
line hexagonal Na,Ca,SisO;5 host is formed with the P3, space
group containing V = 1249.42 A’ along with the value of lattice
parameters as @ = b = 10.46 A; ¢ = 13.17 A

XRD profiles of NCMS phosphors activated with Dy** and
Dy**/Eu’" ions agree with standard XRD patterns, which implies
that the crystal structure remains the same even after adding
dopants. Moreover, ionic radii of both sensitizer (Dy**: 0.912 A)
and activator (Eu®*: 0.947 A) ions are close to the ionic radii of
Ca** (1.00 A) ion. Therefore, it is expected that both dopants and
co-dopants will occupy the Ca** site to exhibit superior results
without altering the crystal structure. The average crystallite size

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD patterns of undoped (NCMS), optimized Dy*" doped
(ND5), and Dy**/Eu** co-doped (NDE1, NDE2, NDE4, NDE6, NDES,
and NDE10) NCMS phosphors.

(Dpii) of all the prepared NCMS samples was evaluated via the
Debye-Scherrer equation below:*

kA
Dua = Bias €08 Oji @
where A designates the incident X-ray wavelength with the value
0.154 nm, 04 and B symbolize Bragg's diffraction angle and
full width at half maxima (FWHM) of the represented diffrac-
tion peaks.** The average crystallite size and other parameters
have been computed for all the samples using the above
formula and represented in Table 1.
The size of undoped and ND5 are 51.89 and 51.20 nm,
respectively, and the average crystallite size varies from NDE1 to
NDE10 in the range of 51.10 to 47.37 nm after insertion of Eu®".
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It can be ascertained that the crystalline size decreases as the
concentration of co-dopant ions increases, which implies that
the contraction in the lattice may occur via occupying the larger
ionic radii site (Ca**) by smaller ionic radii (Dy*" & Eu’")
ions.>>?¢

3.1.2. Morphological analysis with FE-SEM. Surface
morphology and particle size of Dy**/Eu®*" co-doped NCMS
phosphor (Dy*": 5.0 mol% and Eu®': 1.0 mol%) has been
investigated with the help of FE-SEM micrographs, as exhibited
in Fig. 2(a) and (b). The FE-SEM images of as-prepared phos-
phors show agglomerated morphology with irregular shapes,
which ascertains that the samples are prepared at a high
temperature.”” Fig. 2(a) and (b) represent the micrographs of
Dy**/Eu’®" co-doped NCMS phosphor at 5 and 10 pm resolution.
Fig. 2(c) represents the energy dispersive spectrum (EDS) of
NCMS:Dy**/Eu*" to disclose the elemental presence in the
sample.

3.1.3. Optical band gap studies. Fig. S1T depicts the band
gap of Dy*"/Eu*" co-doped Na,Ca,SicO;5 phosphors, whereas
the inset indicates the diffuse reflectance spectra with the
intense reflectance band in the range of 200-300 nm wave-
length.”® Samples coded with NDE1 and NDE10 show weak
absorption bands positioned at 348 nm and 393 nm that are
obtained due to the f-f transition of Dy** and Eu®" ions.
Moreover, energy band gap values for NDE1 and NDE10 have
been evaluated using Kubelka-Munk (K-M) relation, which is
accompanied by the Tauc equation and given as:**

(F(R)hw) = B(hv — Ep)" (2)

where E, denotes the band gap energy, F(R) as the Kubelka-
Munk function, # and B are the Planck’'s constant and pro-
portionality constant, respectively. Moreover, v is the photon
energy, and n denotes the specific values, which ascertain the
types of electronic transition. For instance, direct and indirect
allowed transitions correspond to the values () of 1/2 and 2,

Table 1 Sample code, average crystallite size, Bragg's angle (6p), and FWHM (B,.) of undoped, Dy** doped, and Dy**/Eu** co-doped NCMS

phosphors

Average crystallite

Na,Ca,Sig045:xDy* [yEu®" samples Sample code size (nm) Ot Bkt
x =0.0 and y = 0.0 mol% NCMS (undoped) 51.89 33.63 0.254
34.21 0.241
x =5.0 andy = 0.0 mol% ND5 51.20 33.63 0.209
34.21 0.198
x =5.0 andy = 1.0 mol% NDE1 51.10 33.63 0.221
34.21 0.206
x =5.0 andy = 2.0 mol% NDE2 50.28 33.63 0.221
34.21 0.207
x =5.0 andy = 4.0 mol% NDE4 49.34 33.63 0.216
34.21 0.202
x =5.0 andy = 6.0 mol% NDE6 48.19 33.63 0.221
34.21 0.208
x=5.0 andy = 8.0 mol% NDES 48.01 33.63 0.213
34.21 0.203
x =5.0 andy = 10.0 mol% NDE10 47.37 33.63 0.220
34.21 0.209

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a-b) FE-SEM micrographs of NCMS:Dy**/Eu®* phosphor at different resolutions (c) energy dispersive spectrum (EDS).

while direct and indirect forbidden transitions correspond to
3/2 and 3, respectively. Fig. S1} represents the energy band gap
values for NDE1 and NDE10, which are evaluated by the plot
between [F(R)hv]2 versus hv, indicating the direct allowed
transition band and are found to be 4.34 and 4.38 eV,
respectively.*

3.2. FT-IR spectroscopy

Fig. S21 exhibits the FT-IR spectroscopy of NCMS:5.0 Dy**/1.0
Eu®' (NDE1) and NCMS:5.0 Dy*'/10.0 Eu®* (NDE10) phosphors,
which have been recorded in order to examine the functional
groups. From the FT-IR spectra of NDE1 and NDE10, it can be
observed that both samples show analogous absorption peaks,
which indicate similar chemical compositions.*® The peaks
presented in the FT-IR spectra have been depicted in the range
of 500-1275 cm ' and positioned at 529, 624, and 696 cm ™"
owing to bending vibration modes of Si-O bond linkages.**
However, asymmetric and symmetric stretching in Si-O-Si
correspond to 729 and 1030 cm ™', respectively, while bands
observed at 914 cm ' are due to Si-O symmetric stretching
mode.* The bands centred at 1095 em™" are due to the vibra-
tional mode of metal (Ca, Na) bonds with oxygen atoms (O).** In
both FT-IR spectra, there are no additional peaks, supporting
the conclusion that the addition of Dy** and Eu®* dopant ions in
NCMS phosphor had no discernible impact.**

21108 | RSC Adv, 2023, 13, 21105-21117

3.3. Luminescent studies of NCMS phosphors activated with
Dy*" and Dy**/Eu®* ions

PL spectral measurements of NCMS phosphors activated with
Dy** and Dy**/Eu®" ions have been carried out to analyse pho-
toluminescence properties. Fig. 3(a) exhibits the photo-
luminescence excitation (PLE) spectrum of optimized 5.0 mol%
of Dy3+ activated Na,Ca,SigO;3 phosphor under an emission
wavelength of 576 nm. In Fig. 3(a), the excitation peaks are
positioned at 321, 348, 360, 382, 421, 450, and 476 nm, which
begin from the lower energy state ®Hj5/, to a variety of excited
states, including °Ps/, ®P52, ®Psjay “Fy2, *G11ja, “I1s2 and “Foy,
respectively.®® The peak appearing at 348 nm has the highest
intensity among all excitation peaks and thus indicates that the
greatest possible amount of absorption energy is at this
particular wavelength for Dy**. Hence, the photoluminescence
(PL) profiles of Dy** (x = 1.0, 3.0, 4.0, 5.0, and 6.0 mol%) doped
Na,Ca,Sig0;5 phosphors obtained at the strongest excitation
wavelength of 348 nm is shown in Fig. 3(b).

The bands in the PL spectra credited to pure Dy*" transitions
are attained at 488, 576 and 675 nm, which corresponds to *Fo,
— °H; (whereJ are 15/2, 13/2, and 11/2, respectively) as depicted
in Fig. 3(b).*” The intense peak is located at 576 nm (*Fo;, —
®H,3),), attributed to forced electric dipole (ED) transition in
which the dopant ions are situated at a location lacking an
inversion centre, whereas the second dominant peak is at
488 nm (“Fo, — °®Hysp), due to a magnetic dipole (MD)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a and b) PLE spectrum of Dy** (x = 5.0 mol%) and PL emission

spectra of ND1 to ND6 phosphors at Aey = 576 nm and e = 348 nm
(c) variation of emission intensity at 576 nm with the concentration of
Dy** ions at different excitation wavelengths (d) CIE chromaticity
diagram of ND5 under 348 nm excitation wavelength.

transition.*® The Ca®* site having low symmetry, can be
substituted by Dy** ions due to the fact that the Dy*" ionic radii
is smaller than that of Ca>" ions.*® Furthermore, stark splitting
of emission peaks has been observed for the transitions at 488
and 675 nm up to the utmost of J + 1/2 as a result of the crystal
field effect, where J is total angular momentum.*® Fig. 3(c)
depicts the effect of the concentration of Dy** ions on *Fo/, —
®H,3, intensity under different significant excitation wave-
lengths (348, 360, and 450 nm). The rise in concentration
enhances the luminescence intensity until 5.0 mol% and
further with the concentration, the intensity declines due to the
widely known concentration quenching effect.** Due to
a reduction in the distance between the dopant (Dy**) ions at
considerably larger dopant ion concentrations (beyond
5.0 mol%), it is more likely that the energy of absorbed ions is
released non-radiatively despite being transmitted radiatively.
Thus, the highly optimized Dy*" concentration in the NCMS

© 2023 The Author(s). Published by the Royal Society of Chemistry
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host is observed to be 5.0 mol% (ND5), which falls in the yellow
region under n-UV (A = 348 nm) excitation as denoted in the
CIE chromaticity diagram (Fig. 3(d)). The as-prepared Dy’" ion
induced phosphor emits yellow colour along with a feeble red
emission band. Therefore, in order to achieve intense white
light along with better CRI value and color tunability behaviour,
Eu*" was included as a co-dopant ion to the optimized yellow
emitting (5.0 mol%) Dy*" activated NCMS phosphor to accom-
plish the prerequisite red emission.*?

Thus, the PLE and PL spectra of 7.0 mol% of Eu®" (opti-
mized) activated NCMS phosphor have been measured, as
shown in Fig. 4(a) and (b). Numerous excitation peaks in 300-
500 nm range have been recognized at different excitation
wavelengths attributed to the different transitions as 321 ("F, —
°H,), 364 ("F, — °D,), 382 ("Fo — °L;), 393 ("Fo — °Lg), 416 ("Fq
— °D;), and 464 nm ('F, — °D,), as depicted in Fig. 4(a). Two
strongly intense peaks are captured in n-UV and blue region
positioned at 393 and 464 nm, which implies that the as-
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Fig. 4 (a and b) PLE and PL spectrum of 7.0 mol% of Eu** activated
NCMS phosphor; (c) intensity of °Dy — ’F, transition versus concen-
tration of Eu®* ions (in mol%); (d) CIE chromaticity diagram of the
optimized Eu®" activated NCMS phosphor under 393 nm excitation
wavelength.
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synthesized NCMS:Eu®" can be adequately excited with n-Uv/
blue light. Furthermore, the dominant excitation peak
observed at 393 nm is chosen to record the PL spectrum of Eu**
activated NCMS phosphor in a range of 500-750 nm, as repre-
sented in Fig. 4(b). The emission peaks at 579, 591, 609, 653,
and 704 nm reveal the transitions of Eu®" ions under 393 nm
excitation from the lower energy state °D, to distinct excited
states as 'Fo, 'Fy, 'F,, 'Fs, and F,, respectively.*® In the PL
spectrum, two peaks positioned at 591 (orange: O) and 609 nm
(red: R) wavelengths are quite strong among the five peaks. The
highest peak at 609 nm attributed to forced electric dipole (ED)
transition (°D, — “F,) complies with the selection rule A] < 2
and is inherently hypersensitive and strongly impacted by the
crystal field environment. However, the peak positioned at
591 nm ascribed to magnetic dipole (MD) transition (°D, — "F,)
obeys the selection rule AJj = 1.** The red to orange (R/O)
emission intensity ratio or asymmetric ratio quantifies the site
symmetry of the dopant ions. Particularly for Eu*" ion-doped
NCMS phosphor, the red to orange emission intensity ratio is
found to be 1.42 for optimum concentration (7.0 mol%) of Eu®*
ions, indicating that Eu®" ions are placed at the low symmetry
sites as the R/O ratio is greater than unity.*

Fig. 4(c) illustrates the optimum activator (Eu®*) ion
concentration in the host matrix with the highest emission
intensity, after which the intensity is suppressed through the
effect of the concentration quenching mechanism via express-
ing non-radiative energy transfer among the Eu®* ions. The
emission colour of the optimized concentration of Eu** doped
NCMS phosphor falls under the red region with the CIE coor-
dinates (0.631, 0.367), as shown in Fig. 4(d).

PLE spectra of ND1E1 (Dy*": 1.0 mol% doped and Eu’':
1.0 mol% co-doped NCMS phosphors) were measured by affix-
ing at the highest emission wavelength of each dopant (Dy*":
576 nm) and (Eu®": 609 nm), as represented in Fig. 5. The
excitation spectrum of ND1E1 phosphor exhibits characteristic
absorption peaks of Dy*" and Eu®* in n-UV and blue regions in

= Excitation spectrum at km:(yl)f) nm

Intensity (a.u.)
/

Intensity (a.u.)
321 nm
T T ———— = = = = ' 364 nm
382 nm

T T T T
50 460 470 480 490 500
Wavelength (nm)

IS

% - I 464 nm

=f 393m | ,

I 421 nm
' 476 nm

n -
>

400 500
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Fig. 5 Photoluminescence excitation spectra for ND1E1 phosphor at
emission wavelengths 576 and 609 nm (inset: spectral overlap for
emission of sensitizer (Dy®>*) and absorption of activator (Eu>*)).

21110 | RSC Adv, 2023, 13, 21105-21117

View Article Online

Paper

a range of 300-500 nm. Furthermore, one of the crucial
prerequisites for energy transfer from Dy** to Eu®" is that the
sensitizer emission (donor: Dy**) overlaps with the activator
excitation (acceptor: Eu®*), which was satisfied in the current
work. To demonstrate the energy transfer mechanism along
with colour tunability behaviour in bi-activated (Dy**/Eu®")
NCMS phosphor, the sample has been excited at selected
wavelengths of 348, 364, 393, and 464 nm. Based on the above
results, ND1E1 phosphor may efficiently excite using n-UV and
blue LEDs.

Fig. 6 depicts the excitation spectra of co-activated xDy
yEu** (where x = 5.0 mol% and y = 1.0, 2.0, 4.0, 6.0, 8.0, and
10.0 mol%) Na,Ca,SigO,3 phosphors at 576 nm emission
wavelength. The peaks obtained in the spectra are a mixture of
Dy*" and Eu®' ions positioned at 321, 348, 364, 382, 393, 421,
453, 464, and 476 nm, corresponding to the transitions from the
ground state of Dy*" (°H;s/,) and Eu®* ("F,) to various excited
states °P3, (Dy’"), “P7n (Dy*'), °Psp (Dy™), "Fn (Dy™), “Le
(Bu®"), *Gi2 (DY), “Lisp (Dy*"), "D, (Eu’"), and *Fo), (Dy™),
respectively. Fig. 7(a)~(d) epitomizes the PL spectra of Dy**/Eu**
co-activated NCMS phosphors under various excitation (348,
364, 393, and 464 nm) wavelengths. The emission peaks
perceived in visible (blue: B, yellow: Y, orange: O and red: R)
regions represented by energy transitions between ground and
excited levels of Dy*" (*Fo;, — °Hj, J = 15/2, 13/2 and 11/2) and
Eu*' (°D, — "F,, J =0, 1, 2, 3 and 4) ions as explained in the
preceding graphs.

Moreover, it is evident from Fig. 7(a)-(d) that the emission
peaks of Dy’" & Eu®" and their intensities can be strongly
impacted by the excitation wavelengths and concentration of
activator ions. According to Fig. 7(a), the emission peaks
ascribed to Dy’* ions under 348 nm excitation wavelength
exhibit a decrement in emission intensities, while an increment
in emission intensity is observed for the peaks associated with
Eu®" ions. Here, the enhancement of the absorption probability

3+/

& NCMS:5.0Dy"", xEu*’
2
o A, =576 nm I
L
-~
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F | I g
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E £ K -
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Fig. 6 Photoluminescence excitation spectra of co-activated
5.0 mol% of Dy** and x mol% of Eu®" (x = 1.0, 2.0, 4.0, 6.0, 8.0 and
10.0 mol%) NayCasSigO18 phosphors under 576 nm emission
wavelength.
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Fig.7 (a—d) Emission spectra of NDE1, NDE2, NDE4, NDE6, NDE8, and NDE10 phosphors under distinct excitation wavelengths (a) Aex = 348 nm

(b) dex = 364 NM (C) Aoy = 393 NM (d) Aex = 464 NM.

of Eu*" ions and energy transfer from Dy** (sensitizer) to Eu**
(activator) ions are responsible for the rise in Eu®*" emission
intensity with concentration.* Energy transfer from Dy*" to
Eu®*" is more prominent and conspicuous under pure Dy**
excitation (348 nm) wavelengths. Under 364 nm excitation, the
emission peak intensity related to Dy*" ions is dominated
initially and later by the peaks of Eu®" ions as the concentration
of Eu®" ions increases on account of energy transfer from
sensitizer to activator ions.*” Emission peaks appearing due to
Eu’®” ions were quite intense under 393 nm excitation, along
with feeble peaks ascribed to Dy*" ions, which is due to the
comparable excitation wavelengths of both the dopants.
However, under the 464 nm excitation wavelength, the domi-
nant emission peaks corresponding to Eu®* have been observed
as the absorption intensity of Eu** ion is leading in comparison
to Dy*", which substantiates that there is no reverse transfer of
energy (i.e., Eu** to Dy’"). Fig. 7(a)-(d) portrays the increase in
Eu’" emission intensity until 10.0 mol% concentration of Eu®*
ions under all the excitation wavelengths and no quenching of
emission intensity takes place. Moreover, color tunability could
be achieved owing to energy transfer between dopant and co-
dopant ions by tuning the excitation wavelength and varying
the Eu®" ion concentration, which is described in the forth-
coming section (Section 3.4).

Fig. S3t1 represents the schematic for a partial energy level
diagram with various energy levels, radiative and non-radiative

© 2023 The Author(s). Published by the Royal Society of Chemistry

energy transitions. The process evinces that when the light is
incident onto the Dy**/Eu*" bi-activated NCMS phosphors, then
the incident energy may be absorbed by Dy** ions at the ground
state (°H,s,) and excited to the distinct higher (i.e., °P3/, °Py/,
Py, “Fy12, *G11j2, “Iis2 and *Fop) energy levels. Furthermore,
the Dy’" ions at the excited state either relax non-radiatively
(shown with zig zag arrow) or may transfer their energy to the
nearest levels (°D; & °D,) of activator ions (shown with hori-
zontal arrows) along with their radiative emission transitions in
the visible region.*® Thus, the transfer of energy in co-doped
NCMS:Dy’**/Eu®* phosphors may occur through higher excited
states of Dy>* ions to Eu®" ions (sensitizer — activator) via
phonon-assisted non-radiative and photon accelerated radiative
transition through activator ions to provide integrated emission
in the visible region.*

Moreover, non-radiative energy transfer from donor (Dy*") to
the acceptor (Eu**) ions may be generated by variety of mech-
anisms, such as exchange interaction or multipole-multipole
interactions.*>** The exchange interaction ensues if the critical
distance (Rpy-gy) value should be less than or equal to 5 A. Using
eqn (3), the critical distance can be estimated:*>

3V \3
Roy g =2 ( 47:ch) )

where V denotes the volume, and N is the number of cations
fixed in the unit cell, respectively. However, for the current

RSC Adv, 2023, 13, 21105-21117 | 211M
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matrix V = 1249.42 A*> and N = 3. To evaluate the critical
concentration (x.), optimum Dy’" (5.0 mol%) and Eu’*
(10.0 mol%) concentrations were added upon which the Dy’
ion emission intensity persevered nearly half of its initial value;
hence the value of critical concentration is taken as 0.15 mol.*
Thus, using the above-mentioned parameters in the given
formula, the estimated Rpy g, value comes out to be 17.44 Aand
affirms the multipolar-multipolar interaction. Thus, to recog-
nize the type of multipolar interaction, Reisfeld's and Dexter
theory can be employed.>® This expresses the relation of
quantum efficiencies (ns, and 7;), where 7y, is the quantum
efficiency of sensitizer (Dy*") emission without activator (Eu®"),
and 7 is quantum efficiency with activator ions, on the

summation of sensitizer and activator concentrations
.55
(CDy“JrEu‘“)-
Mso0 z
n_°‘CDy3‘+Eu3‘3 (4)
S

where n designates the type of multipolar interactions, dipole-
dipole (d-d) interaction with the value of 6, dipole-quadrupole
(d-q) with 8, and quadrupole-quadrupole (q—q) interaction with

10. The value of the quantum efficiency ratio (M) for Dy** ion
n

S
emission without and with Eu®" ions can be associated with the

. T . (Iso
ratio of emission intensity <I_ %0
S

IS() n
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Fig. 8 Iso/ls versus CDys+Euz+”/3 plot to reveal the type of interaction
among dopant and co-dopant ions.
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Here, I, and I represent the emission intensity of Dy*" ions
without and with Eu®' ions, respectively, under 348 nm excita-

tion wavelength. The plot shown in Fig. 8 depicts the

Iso

3
—VS. CD 3+ 4 E 3+n/
I y* " +Eu

explicates the multipolar interaction that

takes place in the reported phosphor corresponds to the value
of n to 6, 8, and 10.

Among all the values of n, the best linear fit is obtained at 6,
indicating the contribution of d-d interaction to elaborate the
energy transfer mechanism from Dy** to Eu®*" ions. Moreover,
the energy transfer efficiency (ngr) of the corresponding donor
(Dy**) to the acceptor (Eu®") can be evaluated using the below
equation:*”*®

I

nETZI—ﬁ (6)

The evaluated energy transfer efficiencies for NDE1, NDE2,
NDE4, NDE6, NDE8, and NDE10 are listed in Table 2. The
utmost efficiency is found to be 97.80% for NDE10 phosphor.

3.4. CIE colorimetry studies

To elucidate the competence of white light emission and
versatile color tunable behaviour of NCMS:Dy**/Eu®* phos-
phors, color coordinates have been computed using the emis-
sion data and annotated in CIE 1931 chromaticity diagram as
expressed in Fig. 9(a)—(f).>® CIE color coordinates of ND5 under
348 nm excitation wavelength and NDE1 under 348, 364, 393,
453, and 464 nm are marked in Fig. 9(a). The color coordinates
of NDE1 phosphor under the excitation wavelengths of 348 and
364 nm are found to be in a pure white domain, while under the
453 nm excitation wavelength, the emission color reflects in the
yellow region and shows red emission under 393 and 464 nm.
Further, the color coordinates from NDE1 to NDE10 phosphor
indicate the tunability in color from the white domain to the red
region with rising Eu*" ion concentration under the excitation
of 348 and 364 nm (Fig. 9(b) and (c)). The obtained color
tunability may be the result of energy transfer from Dy** to Eu**
ions. Furthermore, the chromaticity coordinates instantly shif-
ted to the more prominent red color under the 393 nm excita-
tion wavelength represented in Fig. 9(d). Under 453 nm
excitation, the co-doped phosphor manifests a shifting of color
from yellow to the red region and exhibits pure red emission
under 464 nm excitation wavelength, which confirms that there
is no reverse transfer of energy from Eu®" to Dy*" in the prepared
phosphor, as shown in Fig. 9(e) and (f).

Moreover, CIE and CCT (correlated color temperature) values
of single and bi-activated NCMS phosphors have been evaluated

Table 2 Energy transfer efficiency, energy transfer probability rate, and average decay time of Dy>* activated and Dy**/Eu** co-activated NCMS

phosphors

Sample codes ND5 NDE1 NDE2 NDE4 NDE6 NDES NDE10
Energy transfer efficiency (ngr in %) — 95.24 95.30 96.19 96.81 97.28 97.80
Energy transfer probability (P) — — 0.31 0.36 0.41 0.62 0.73
Average decay time (ps) 2.22 — 1.30 1.22 1.15 0.93 0.84

2112 | RSC Adv, 2023, 13, 21105-21117
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(a) CIE chromaticity coordinates of ND5 at 348 nm excitation wavelength and NDE1 at different wavelengths (348, 364, 393, 453, and 464

m) (b—f) CIE coordinates of NDE1, NDE2, NDE4, NDE6, NDE8, and NDE10 under 348, 364, 393, 453, and 464 nm excitation wavelength,

respectively.

and represented in Table 3 under 348 and 464 nm excitation
wavelengths. The CCT values less than 5000 K indicate that the
colour of the synthesized phosphors falls in the warm white light
region by incorporating Eu®* ions under the excitation wave-
lengths of Dy*". The aforementioned colorimetric behaviour
under n-UV/blue LED excitation source of the as-synthesized bi-

© 2023 The Author(s). Published by the Royal Society of Chemistry

activated NCMS:Dy**/Eu®" phosphors has proved its potential
application in w-LEDs and color tunable display devices.

3.5. Decay measurement of NCMS:Dy**/Eu** phosphor

Fig. 10(a) and (b) depicts the luminescence decay measurements,
which have been performed under 348 nm excitation wavelength

RSC Adv, 2023, 13, 21105-2117 | 21113
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Table 3 CIE chromaticity coordinates and CCT values of singly doped
NCMS:Dy** and doubly doped NCMS:Dy**/Eu** phosphors under
different excitation wavelengths

Sample Excitation wavelength  CIE chromaticity
codes (nm) coordinates (x,y) CCT values (K)
ND5 348 (0.42, 0.44) 3536.11
NDE1 348 (0.43, 0.43) 3315.58
464 (0.57,0.37) 1732.00
NDE2 348 (0.44, 0.42) 3087.09
464 (0.60, 0.37) 1852.72
NDE4 348 (0.47, 0.41) 2648.14
464 (0.62, 0.37) 1959.64
NDE6 348 (0.49, 0.41) 2356.13
464 (0.62, 0.37) 2011.51
NDES8 348 (0.50, 0.40) 2179.36
464 (0.63, 0.37) 2028.12
NDE10 348 (0.52, 0.40) 1984.82
464 (0.63, 0.36) 2054.13

by fixing the emission wavelength at 576 nm. The feasible fitted
PL decay profiles of ND5, NDE2, NDE4, NDE6, NDE8, and NDE10
were achieved with the bi-exponential equation:*

I=1I+ae <ﬁ) + be <%) (7)

in the above equation, I and I, imply the emission intensity
corresponding to specific time ‘¢’ and ‘0’. The parameters, 7,
denotes the slow while 7, is the fast component of decay time
with a and b as fitting constants, respectively. Further, the
average decay lifetime (7,,4) for all the samples have been
evaluated using the below equation:
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Tavg = (5“712 + b122)/(a72 + bTZ)

(8)

The evaluated lifetime values of bi-activated NCMS:Dy*"/Eu**
phosphors show the downtrend with an increase in the
concentration of activator ion and confirm the energy transfer
from sensitizer to activator (Dy** to Eu®*) ions. Using decay time
values such as 1, (without Eu®" ions) and t (with Eu®" ions),
probability rate (P) for dipole-dipole energy transfer in
NCMS:Dy**/Eu®* phosphors have been estimated from the
equation below:*

P=1/t -l 9)

The evaluated energy transfer probability rates with varying
the activator ion (Eu®" ions) concentration in NCMS phosphors
are mentioned in Table 2. Moreover, Fig. 10(c) epitomizes the
plot for the concentration of Eu*" ions in ND5 phosphor versus
decay time values along with the energy transfer efficiency and
probability. The energy transfer probability rate and energy
transfer efficiency upsurge with increasing the concentration of
activator ions in NCMS phosphors.

3.6. Thermal stability studies of Dy**/Eu** doped NCMS
phosphor

Fig. 11(a) illustrates the thermal stability of the as-prepared
phosphor to divulge the performance of material at high
temperature, as the working temperature for LEDs approaches
150 °C very frequently. Better thermal stability makes the
material suitable for the fabrication of LEDs. Bi-activated
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— Bi- exponential Fitting

A, =348 nm

A, =348 nm NDES

= Bi- exponential Fitting

-
L

Normalized intensity (a.u.)

* NDE6

— Bi- exponential Fitting

Model
Equation

Reduced Chi
Adj. R-Squa

Expbec2
¥ = Alfexp(-x/t]) + A2*exp(-v2) + 0

3IIB41E-S

A2
Normalized! (2
K1
K2
taul 2910 1462.05791
tau2 L63256E6 450300128

ND5
A, =348 nm
Bi-exponential fitting

0.1

4
Time (pus)

Normalized intensity (a.u.)

— Bi- exponential Fitting

0.1

Lifetime (us)

% NDE2

— Bi- exponential Fitting

A, =348 nm

0.1

08 980

e

—A— Average Lifetime
ansfer probability

transfer efficiency

() Sruaniy sagsuesy KSaauyg

0.3

2 3 4
Time (us)

L9s.0

4 [ 8
Concentration of Eu™ ions (in mol%)

Fig. 10 (a) Decay plots of NDE2, NDE4, NDE6, NDES8, and NDE10 phosphors for *Fg,5 level under the excitation wavelength of 348 nm (b) decay
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the concentration of Eu* ions at Aex = 348 nm and Aem = 576 Nm.
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energy transfer efficiency, and energy transfer probability with increasing
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NCMS:Dy**/Eu** phosphor (NDE1) under 348 nm excitation
reflects a slight drop in the emission intensity with increasing
the temperature. The constant increment in temperature in the
range from RT to 463 K brings down the emission intensity of
NDE1 up to 86.30%. Fig. 11(b) depicts the variation in relative
emission intensity with rising temperature. The emission

reported samples.®*** Moreover, the thermal stability of other
sort of materials such as perovskites and metal-organic
frameworks (MOFs) possess very less thermal stability.*>*
Furthermore, the activation energy (AE,) for thermal quenching
has been evaluated using the following equation:*

I

intensity of NDE1 phosphor sustained up to 92.21 and 86.30% h=——""7+-< (10)
. . . . a

at 423 (~1.50 °C) and 463 I.(.(~1.90 °C), res.[)ectlve}y, indicating 1+ 4 exp ( Ko T)
the superior thermal stability in comparison with the other
Table 4 Comparison of thermal stability of NCMS:Dy>*/Eu®* phosphor with other reported results

Activation energy Thermal quenching
Samples (in eV) at 423 K (in %) References
Na,Ca,Sig0;5:Dy* /Eu’* 0.25 92.21 Present work
Sr;Gd(PO,);:Dy*'/Eu’ 0.188 80.0 62
SrLaMgTaOg:Dy”*/Eu®* — 83.34 63
Ba,LaV;0,,:Dy* /Eu’®* 0.23 50.0 64

© 2023 The Author(s). Published by the Royal Society of Chemistry
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where I, is the initial emission intensity whereas I designates
the intensity at a specific temperature, respectively. Addition-
ally, K is the Boltzmann's constant with the value 8.617 x
107° eV K%, and 4 is the Arrhenius constant. The activation
energy for thermal quenching of NDE1 phosphor has been
estimated using the plot between In[(ly/I7) — 1] and 1/KgT, as
displayed in Fig. 11(c) and found the value as 0.25 eV. The
present value is relatively higher than the reported values of
other phosphors, as represented in Table 4.

4. Conclusions

A sequence of NCMS phosphors activated with Dy’" and Dy**/
Eu®" ions was synthesized using a solid-state reaction tech-
nique. The crystalline hexagonal phase of sodium calcium
metasilicate phosphor material has been established via X-ray
diffraction, and the diffraction pattern for all samples agreed
well with specific JCPDS (card no. 75-1687) data. Morphological
analysis has been done via FE-SEM imaging that unveils the
agglomerated micro-sized particles with sharp edges of as-
synthesized NDE1 phosphor. The optical band gaps of phos-
phors such as NDE1 and NDE10 are estimated through diffuse
reflectance spectra. The emission spectra of the optimized
NCMS:Dy*" phosphor illustrate strong intense peaks in the
yellow region and feeble intense peaks in blue and red regions
under 348 nm excitation wavelength, whereas optimized Eu®*
doped NCMS phosphor reveals emission in the red region
under 393 nm excitation wavelength. The co-doped NCMS:Dy>*/
Eu®" phosphors display color tunability by altering the excita-
tion wavelength and concentration of Eu** ions. Moreover, the
decay plot under 348 nm excitation expresses the bi-exponential
fit with a decrement in the decay time with an increment in the
concentration of the activator ion. The Dy**/Eu*" doubly doped
NCMS (NDE1) phosphor shows outstanding thermal stability
with higher activation energy, demonstrating that this phos-
phor is a promising candidate for w-LEDs and colour tunable
devices.
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