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INTRODUCTION

In present solid state lighting research domain, the need
for phosphor converted white light emitting diodes (WLEDs)
has driven researchers to design revolutionary phosphors with
adequate host matrix doped with suitable activators [1]. Light-
emitting diodes (LEDs) have received significant attention as
illuminating light sources and components in display systems
since the introduction of WLEDs in the 1960s [2]. The lighting
industry is actively focusing on WLEDs, also regarded as the
next generation of solid-state lighting (SSL) [3]. In recent years,
WLEDs have gotten a lot of attention in comparison to tradi-
tional light sources like incandescent and fluorescent lamps
because of their benefits like low energy consumption, higher
rendering index (CRI), reliability, higher luminosity efficiency,
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longer lifetime, energy-saving qualities and environmental
friendliness [4,5].

According to solid state lighting research, low cost and
ease of preparation are essential criteria in phosphor synthesis.
As a consequence, choosing the most excellent host from a
plethora of options such as silicates, sulphates, phosphates,
nitrates and vanadates is critical. Phosphors based on phosphate
host matrices have become a major research area due to their
wide variety of applications in lighting and displays. Phosphate
based phosphors have a number of benefits, including a low
cost, a high luminous efficiency, a low sintering temperature,
a big band gap, greater thermal and chemical stability over a
wide range of temperatures and a straightforward synthesis
procedure. On a variety of phosphate based hosts, a number of
phosphate based compounds with the generic formula AI-IV

4[XO4]3
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(where A is a metal ion with an oxidation state of +1 (I) to +4
(IV) and X = Cr, P, Si, Ge, S, Se, As, V, etc.) have been revealed.
In the structure of eulytite type phosphate, the AI-IV-site cations
are randomly oriented, resulting in a disordered structure that
is an excellent luminous material host [6].

Trivalent lanthanide ion-doped optical materials have
drawn a lot of interest due to the abundance of emission colours
based on 4f-4f or 5d-4f transitions [7]. Dy3+ is selected among
the trivalent lanthanide ions in this research because it is most
appropriate for the production of white light. Dy3+ ions typically
exhibit two well-known emission bands: 4F9/2 → 6H15/2 in blue
at (470–500 nm) and 4F9/2 → 6H13/2 in yellow at (570–600 nm).
The luminescence properties of rare earth doped eulytite-type
materials are quite good. According to previous study, eulytite
type materials can serve as excellent matrices for solid lightning
because of their disordered structure that promotes lumine-
scence [8]. Several reports of eulytite type phosphates have
been reported based on WLED application standards, including
NaCaBi2(PO4)3:Dy3+,Eu3+ [9], Sr3Gd(PO4)3:Dy3+ [10], Sr3Bi-
(PO4)3:Dy3+ [11], Ba3Y(PO4)3:Dy3+ [12], Sr3Y(PO4)3:Dy3+ [13]
and MNa[PO4]:Dy3+ [14]. The NaBaBi2[PO4]3 combination is
a potential host material for lanthanide ions doped phosphor.
To the best of our knowledge, the photoluminescence properties
of NaBaBi2[PO4]3:Dy3+ phosphors have yet to be determined.

In order to explore a white light phosphor for solid state
lighting, a series of NaBaBi(2-x)(PO4)3:xDy3+ (0.025 ≤ x ≤ 0.20)
phosphors were synthesized by high temperature solid state
reaction in an air atmosphere. The structural and photolumine-
scence properties were explored, as well as the concentration
quenching mechanism. The CIE chromaticity coordinates of
the phosphors were calculated and discussed.

EXPERIMENTAL

Phosphor sample preparation: The NaBaBi(2-x)(PO4)3:
xDy3+ phosphors were prepared by varying the dopant Dy3+

content x from 0.025 to 0.2 using a traditional high-temperature
solid-state reaction method. Analytical grade Na2CO3, BaCO3,
Bi2O3, NH4H2PO4 and Dy2O3 were procured from Sigma-Aldrich.
Because high-purity raw ingredients were utilized, no purifi-
cation was required. The raw ingredients were weighed and
homogenized in an agate mortar for around 30 min according
to the stoichiometric ratio. To ensure that all of the raw ingre-
dients were thoroughly decomposed, the crushed phosphors
were placed in a crucible and presintered at 400 ºC for 3 h inside
the muffle furnace. After 30 min of pulverization, the powered
phosphors were sintered for yet another 6 h at 800 ºC in the
muffle furnace. The entire process has been carried out in an
air atmosphere. Finally, the samples were allowed to cool to
ambient temperature prior to being pulverized into powder
for the measurements.

Characterization: The crystallinity and phase purity of
the synthesized phosphors were investigated using a powder
X-ray diffractometer (PXRD) with a Bragg-Brentano geometry
and CuKα radiation (λ = 1.5406 Å) at 40 kV and 40 mA. A
Carl Zeiss Microscopy GmbH, field emission scanning electron
microscope has been utilized to explore the surface morpho-
logy. A Fluoromax-4 Spectrofluorometer (Horiba Scientific)

was used to determine the photoluminescence (PL) emission
as well as the photoluminescence excitation (PLE) spectrum.
Diffuse reflection spectra (DRS) were recorded using a UV-
Vis-NIR spectrophotometer (V-670, Shimadzu) and white BaSO4

powder was used as a reference standard. The chromaticity
coordinate values were calculated using MATLAB software.
All of these experiments were carried out at room temperature.

RESULTS AND DISCUSSION

XRD studies: To ensure phase formation and crystalline
nature of the synthesized phosphors, XRD patterns of the as-
prepared NaBaBi(2-x)(PO4)3:xDy3+ phosphor were obtained for
various concentrations x = 0, 0.025, 0.05, 0.075, 0.1, 0.15 and
0.2 is shown in Fig. 1. The obtained phosphor samples could
be significantly indexed to the appropriate standard phases of
NaBaBi2(PO4)3 (JCPDS card no. 47-0843), implying that they
are single phase. There was no additional impurity phase found,
indicating that Dy3+ ions doping had no effect on the host
structure and demonstrating that the produced samples are of
excellent phase purity. According to JCPDS card, the comp-
ound NaBaBi2(PO4)3 has an eulytite type structure and a cubic
crystal system with space group I43d (220), lattice parameters
a = b = c = 10.2601 Å, a = b = c = 90º, Z = 4 and cell volume
= 1080.1 Å3. Furthermore, Dy3+ occupied sites may be stated
using eqn. 1 [15]:

s d
r

s

(R (CN) R (CN))
D  (%) 100

R (CN)

 −= × 
 

(1)

Here, Dr, CN, Rs and Rd are the radius percentage difference,
coordination number and ionic radii of the host cation and
doped ion, respectively. The radius percentage of difference
(Dr) between the potential substitution ion Bi3+ (r = 1.03 Å)
and the dopant ions Dy3+ (r = 0.912 Å) is determined to be
11.4% (for hexa-coordination), suggesting that dopant ions
Dy3+ are occupying Bi3+ sites in the host lattice (Dr < 30) [16].
The substitution of Bi3+ ions by Dy3+ ions seemed to have no
influ-ence on the charge balance of host lattice because the
valence states of Dy3+ ions were compatible with those of Bi3+

ions. The average crystallite size of the samples was estimated
using the Scherrer’s equation to better understand their
crystalline nature (eqn. 2):

k
D

cos

λ=
β θ (2)

where, D is the average crystallite size, k is the dimensionless
shape factor with a value of 0.9, λ is the X-ray wavelength (λ
= 0.15406 nm), β is the line broadening full-width at half-
maximum (FWHM in radians) and θ is the Bragg’s diffraction
angle in degrees [17]. For the optimal concentration of Dy3+

doped phosphor (x = 0.075), the crystallite size is found to be
D = 59.3 nm.

Surface morphology: The surface morphology of optimum
concentration of as-prepared NaBaBi1.925(PO4)3:0.075Dy3+

phosphor were investigated using field emission scanning
electron microscopy (FESEM). Fig. 2 clearly revealed that the
synthesized phosphors are in the nano-scale range of particles
with irregular morphologies, which may be due to thermal decom-
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Fig. 1. XRD patterns of NaBaBi(2-x)(PO4)3:xDy3+ for various concentrations
(x = 0, 0.025, 0.05, 0.075, 0.1, 0.15 and 0.2)

position at elevated temperatures. It is made up of agglomerated
particles and has a granular polycrystalline shape, as per FESEM
images at different magnifications. They are certainly useful
in a wide range of scientific and solid-state lighting device manu-
facturing applications [18].

UV-DRS studies: The optical absorption of host lattice,
NaBaBi2(PO4)3 and the Dy3+ doped phosphors were inves-
tigated using UV-visible diffuse reflectance spectroscopy in
the 200-800 nm range. The DRS spectra of undoped host lattice
NaBaBi2(PO4)3 are shown in Fig. 3a and the band gap energy
of the host matrix is shown in the inset. Between 400 and 800
nm, it has a high reflection status, then drops significantly
between 350 and 200 nm, which corresponds to the band
transition in the NaBaBi2(PO4)3 host lattice.

The DRS spectra of NaBaBi(2-x)(PO4)3:xDy3+ for x = 0.025,
0.05, 0.075, 0.1, 0.15 and 0.2 are shown in Fig. 3b. From 450
to 800 nm, a high percentage of reflectance is observed. A
substantial absorption band in the wavelength range of 340 to
500 nm is found when Dy3+ ions are integrated into the host
matrix. The photoluminescence excitation spectra in Fig. 4a
matched very well with the absorption in NaBaBi2(PO4)3:Dy3+

phosphor at 389 and 428 nm closely. The spin and parity
forbidden transitions were responsible for low intensity of
absorption lines (corresponding to the 4f-4f transition of Dy3+)
[19]. The band gap energies (Eg) of NaBaBi(2-x)(PO4)3:xDy3+

phosphor were calculated using (αhν)1/n versus wavelength
traces. The nature and value of the optical band gaps may be

(a) (b)

(d)(c)

Fig. 2. FESEM images of NaBaBi(2-x)(PO4)3:xDy3+ phosphor under different magnifications, 80, 50, 30 and 20 KX
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Fig. 4a. Photoluminescence excitation and emission spectra of NaBaBi1.925

(PO4)3:0.075Dy3+ (monitored at λex = 352 nm and λem = 575 nm)

evaluated utilizing fundamental absorption, which corresponds
to electron excitation from the valence band to the conduction
band. Eqn. 3 is the relationship between the absorption coeffi-
cient (α) and incident photon energy (hν):

(αhν)1/n = A(hν–Eg) (3)

where A is a proportional constant, h is the Planck’s constant,
ν is the frequency of light, Eg is the material’s band gap energy
and n is an exponent depending on what kind of transition.
The values of n = 1/2, 2 and 3/2 for direct allowed, indirect
allowed and direct forbidden transitions, respectively. The
(αhν)1/n versus hν were plotted to determine the probable
transitions and the associated band gaps were calculated by
extrapolating the steepest portion of the graph on the h axis at
(αhν)1/n = 0. The host has an energy band gap of 4.25 eV,
whereas the Dy3+ doped phosphor has an energy band gap of
4.27, 4.29, 4.31, 4.30, 4.33 and 4.35 eV for the concentrations
x = 0.025, 0.05, 0.075, 0.1, 0.15 and 0.2. The modest change
in Eg value can be attributed to the disorder generated in the
host lattice as a consequence of lanthanide ion inclusion [20].

Photoluminescence properties: To explore the photo-
luminescence properties of the trivalent rare earth ion Dy3+ in
NaBaBi2(PO4)3 host, the excitation (PLE) and emission (PL)
spectra were measured and depicted in Fig. 4a. The excitation
spectrum of NaBaBi1.925[PO4]3:0.075Dy3+ of phosphor by moni-
toring the emission wavelength at 575 nm is shown in Fig. 4a.
This phosphor exhibits a series of intraconfigurational (4f-4f
transitions) excitation peaks at 301, 327, 341, 352, 367, 389
and 428 nm corresponding to the electronic transitions from
the ground state to excited state 6H15/2 → 4D7/2, 6H15/2 → 6P3/2,
6H15/2 → 4F5/2, 6H15/2 → 6P7/2, 6H15/2 → 6P5/2, 6H15/2 → 4I13/2 and
6H15/2 → 4G11/2, respectively [21,22]. The prominent excitation
peaks in the excitation spectrum suggest that this phosphor is
well suited for creating WLEDs utilizing near-UV or blue LED
chips.

The emission spectrum reveals that the phosphor emits
two strong emission peaks at 485 nm (4F9/2 → 6H15/2) and 575
nm (4F9/2 → 6H13/2), as well as one weak peak at 666 nm (4F9/2

→ 6H11/2), when excited at the most intense 352 nm (6H15/2 →
6P7/2) excitation band. This emission band is composed of blue
(485 nm), yellow (575 m) and red (666 nm). It is obvious that
yellow emission band is relatively greater than blue emission
band. The hypersensitive electric dipole transition, 4F9/2→6H13/2,
is greatly impacted by the surrounding environment, but the
magnetic dipole 4F9/2→6H15/2 transition is unaffected by the
crystal field symmetry around the Dy3+ ion [23]. Because of
its dominant hypersensitive electric dipole (ED) transition, 4F9/2

→6H13/2 of Dy3+ ions are predicted to inhabit a low-symmetry
site with no inversion center, in the host lattice [24].

Fig. 4b illustrates the relationship between emission
intensity and variation in the Dy3+ doping concentration. It
can be recognized that the emission intensity increases with
Dy3+ doping concentration, peaking at x = 0.075, after which
the emission intensity decreases, indicating that the critical
concentration has been realized. The concentration quenching
of luminescence is caused by energy transfer from one activator
to another until all energy is exhausted. As a consequence,
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calculating the critical distance is essential (Rc) [22]. The Blasse
formula [25] can be used to compute the critical radius distance
(Rc) between activators (RE3+ − RE3+) is given in eqn. 4:

1/3

c
c

3V
R 2

4 x N

 
=  π 

(4)

where xc is the critical concentration of the activator ion, N is
the number of available sites for the activator ions in the unit
cell and V is the volume of the unit cell. The critical transfer
distance of xDy3+ centred in NaBaBi(2-x)(PO4)3 phosphor is
determined to be Rc = 19.01 Å using the optimal parameters
of V, N and xc (1080.1 Å, 4 and 0.075, respectively) [26].

If the Dy3+–Dy3+ distance is greater than 5 Å, the exchange
interaction is ineffectual and only the multipolar interaction is
relevant; if the Dy3+–Dy3+ distance is less than 5 Å, then the
exchange interaction is effective [27]. The multipolar inter-
action is the predominant method of concentration quenching,
as evidenced from the Rc value of Dy3+–Dy3+ for NaBaBi2(PO4)3

:Dy3+ phosphor.
The microscopic method of interaction between luminous

centres defines the energy transfer type. Van Uitert [28] created
a theoretical background for the correlation between luminous
intensity and doping concentration in his early research. There
are three energy-transfer manifestations of multipolar inter-
action, according to Van Uitert’s report: dipole–dipole (d–d),
dipole–quadrupole (d–q) and quadrupole–quadrupole (q–q)
interactions. The change in emission intensity from the multi-
polar interaction emitting level may also be used to quantify
the intensity of multi-polar interaction level [28]. Dexter’s
theory may also be utilized to analyse the type of interaction
between the activators using eqn. 5:

Q/3 1I
K[1 (x) ]

x
−= + β (5)

there, I denotes for the emission spectrum’s integral intensity,
x for the activator concentration, I/x for the emission intensity
per activator concentration, K and β are constants for a given
host in the identical excitation condition.

Q denotes the sort of interaction between rare earth ions,
with Q = 3 indicating energy transfer among the closest neigh-
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Fig. 4c. Curve of log (I/x) vs. log x in NaBaBi(2-x)(PO4)3:xDy3+ phosphor (λex

= 452 nm)

bours and Q = 6, 8, 10 indicating d–d, d–q and q–q interactions,
respectively. As a result, further calculations are defined which
sort of interaction contributes to the energy transfer. Eqn. 5
can be effectively simplified to eqn. 6 for β(x)Q/3 ≈ 1 as follows:

I Q
log A logx

x 3
  = − 
 

(6)

where, A = log k – log β.
The linear fitting of the log (x) and log (I/x) value resulted

in slope value is -0.90252 for blue and yellow emission, respe-
ctively. For linear fitting, the Q value estimated using eqn. 5 is
2.70, which is close to 3, which suggested that the concen-
tration quenching must be caused by energy transfer among
the closest-neighbor ions in NaBaBi(2-x)(PO4)3:xDy3+ phosphors
[29].

CIE chromaticity coordinates: The chromaticity diagram
from the Commission International de l’Eclairage (CIE) demon-
strates the importance of coordinates in determining a phosphor’s
exact emission colour and colour purity. The emission spectra
(monitored at λex = 452 nm) at the optimal concentration x =
0.075 were used to compute the CIE chromaticity coordinates
of phosphors. The colour coordinates of NaBaBi1.925(PO4)3:
0.075Dy3+ for full emissions were estimated to be x = 0.341
and y = 0.374. As seen in Fig. 5, the coordinates were close to
“ideal white” (0.333, 0.333), indicating a cool white colour
tone.

Conclusion

In summary, a series of white emitting phosphors,
NaBaBi(2-x)Dyx(PO4)3, are achieved by a high-temperature solid
state reaction. The XRD results confirmed that the host matrix
belongs to the eulytite type structure and crystallized in the
cubic phase of space group I43d. The FESEM images revealed
the nanocrystalline nature of the prepared phosphors. The band
gap between the host and Dy3+ doped phosphors was estimated
to be between 4.25 and 4.35 eV. The photoluminescence result
inferred that the phosphors display the efficient excitations in
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near UV and blue regions, originating from the 4f-4f transitions
of Dy3+. This means that the phosphor can be effectively excited
by UV chips for potential applications in WLEDs. The emission
spectra showed two dominant emission bands in the blue (4F9/2

→6H15/2) and yellow (4F9/2→6H13/2) regions. The yellow emission
is stronger than the blue emission as the Dy3+ ions are in a
low-symmetry site. The optimum dopant concentration of Dy3+

ions is x = 0.075. Energy transfer between nearest-neighbour
ions is the base of the concentration quenching mechanism.
The CIE chromaticity coordinates values lie in the ideal white
region. All of these characteristics indicated that Dy3+ doped
NaBaBi2(PO4)3 phosphors have substantial potential for usage
in near-UV or blue light-excited WLED applications.
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