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, optical spectroscopy and energy
transfer properties in NaZnPO4:Ce

3+, Tb3+

phosphors for UV-based LEDs †

K. Saidi and M. Dammak *

A new series of Ce3+, Tb3+ singly doped and Ce3+/Tb3+ co-doped NaZnPO4 (NZPO) phosphors have been

synthesized via a high-temperature solid-state reaction method at 800 �C. The crystal cell structure,

luminescence proprieties, energy transfer, and chromaticity coordinates of the as-prepared phosphors

were investigated in detail. The photoluminescence spectra of NZPO:Ce3+ phosphors exhibited broad

emission in the 300–380 nm range, while under UV excitation, the singly doped NZPO:Tb3+ phosphor

showed emission peaks at �485–690 nm among which the green emission peak appears at �543 nm.

The Tb3+ green emission was significantly enhanced almost 20 times via energy transfer from Ce3+ to

Tb3+. The energy transfer (ET) mechanism from Ce3+ to Tb3+ in NZPO is identified to be a resonant type

via the dipole–dipole interaction mechanism with an ET efficiency of 91%. Intense green emission is

obtained at very low Tb3+ concentrations under 285 nm excitation, making NZPO:Ce3+/Tb3+ an efficient

UV-excited green phosphor. The NaZnPO4:Ce
3+/Tb3+ phosphors are promising UV convertible materials

of green light for UV -LEDs applications.
Introduction

Recently, inorganic luminescent materials have attracted great
interest by virtue of their wide range of applications such as in
white light-emitting diodes, vacuum uorescent displays, X-ray
imaging scintillators, plasma display panels, and eld emission
displays (FEDs). Luminescent materials have been widely
investigated for their many advantages, such as intense
brightness, long service life, facile preparation, and being
environmental-friendly.1–4 Rare earth (RE3+), transition metals,
and Bi3+-activated phosphors have been extensively investigated
due to their unique luminescence performance.5–9 RE ions can
emit fascinating colors thanks to their special 4f shell cong-
uration. Different excitation energies and almost all of the
visible light spectrum from violet to red can be obtained by
combining different RE ions and varying the ratio of dopants.
The Tb3+ rare-earth ions are good green-emitting activators due
to their dominant green emission peaking around 544 nm
which is attributed to 5D4–

7F5 transitions. However, trivalent
Tb3+ ions have weak absorption in the near-UV range due to 4f–
4f strictly forbidden transitions.

On the other hand, the trivalent Ce3+ admits broad absorp-
tion in the near-UV due to the parity-allowed 4f/ 5d transition.
ences de Sfax, Laboratoire de Physique

iaux Luminescents, Université de Sfax,

yahoo.fr

tion (ESI) available. See DOI:

f Chemistry 2020
It is one of the most excellent sensitizers for WLEDs due to the
parity-allowed 4f / 5d transitions. Since the 5d orbital is
exposed in the outer electron shell and strongly interacts with
its crystalline eld, the Ce3+emission wavelength is usually
concentrated on the UV and blue light regions.10,11 Ce3+ ions can
efficiently absorb near-UV light and yield broad blue emission.
Thus, the energy absorbed by Ce3+ (sensitizer) is expected to be
transferred to Tb3+ (activator) in an appropriate host.

Phosphates based phosphors having the general formula
ABPO4 (A ¼ monovalent and B ¼ divalent cations) possess
excellent physicochemical properties, optical stabilities, better
color rendering index (CRI), low phonon energy, good thermal,
mechanical and chemical stability. This leads to producing
luminescent materials with high the luminescence efficiency
for practical applications.12–14 Among the phosphates-based
materials, the sodium zinc ortho-phosphate (NaZnPO4) pres-
ents excellent coordination exibility and strong Zn–O–Zn
linkages within the lattice. Materials with such properties may
improve the PL performance.15 On the other hand, lumines-
cence of Ce3+ and Tb3+ ions have gotten actual applications in
lightings, detections, and displays.10,16,17

Recently, various host materials for Ce/Tb system have been
reported for lighting applications including Sr2LiScB4O10:Ce

3+/
Tb3+,17 K2CaP2O7:Ce

3+/Tb3+,18 MgZn2(PO4)2:Ce
3+/Tb3+ (ref. 19)

and SrMgSi2O6:Ce
3+/Tb3+.20 Still, there is a demand for novel

single-phase green-emitting phosphors with high-efficiency
transfers for UV-LEDs applications.

In the previous reports, the properties of NaZnPO4 phos-
phors doped rare-earth ions have been studied by some
RSC Adv., 2020, 10, 21867–21875 | 21867
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researchers.14,21,22 However, to enrich the color of the emitted
light and to improve the luminescent performance, it is
necessary to choose other dopant ions for NaZnPO4 phosphor
materials. To the best of our knowledge, the luminescence
properties and energy transfer between Ce3+ and Tb3+ in this
host lattice have not been discussed so far. In the present work,
we have synthesized single-phase NaZnPO4:(Ce

3+, Tb3+) by
a solid-state reaction. The crystal structure of the doped mate-
rials was discussed. The photoluminescence (PL) properties, the
energy transfer mechanism between the sensitizer and acti-
vator, and the color chromaticity under UV light have been
studied in detail. These results demonstrated the potential
applications of NZPO:Ce3+/Tb3+ phosphors for solid-state
lighting and UV-pumped LEDs.

Experimental section

A series of samples with nominal chemical formulas NaZnPO4

doped xCe3+ (x¼ 0.02, 0.03, 0.04, 0.05, 0.06 and 0.08), yTb3+ (y¼
0.02, 0.04, 0.06, 0.08, 0.10 and 0.12) and co doped xCe3+/yTb3+

(abbreviated as NZPO:xCe3+/yTb3+, where x and y are the molar
concentrations), were prepared by a solid-state reaction route at
high temperature. The chemical reaction of the NaZnPO4 host
compound is given below:

Na2CO3 + 2ZnO + 2NH4H2PO4 / 2NaZnPO4 + 2NH3[ +

CO2[ + 3H2O

The reactants are: ZnO [analytical reagent (A.R.)], NH4H2PO4

(A.R.), Tb4O7 (99.99%), Ce2O3 (99.9) and Na2CO3 (A.R.). They
were weighed stoichiometrically and ground thoroughly in an
agate mortar. The mixture was rst preheated at 400 �C for 6 h,
then reground, and nally red at 800 �C for 4 h. Subsequently,
the products were cooled to room temperature (RT) by switch-
ing off the muffle furnace and ground into white power.

Characterization techniques

The X-ray diffraction powder patterns were recorded at room
temperature on a Bruker D8 Advance (SeriesII-2009) with Cu Ka
Fig. 1 (a) Powder XRD patterns of NZPO, NZPO:0.05Ce3+, NZPO:0.08T
region between 28.30 and 30.60�.

21868 | RSC Adv., 2020, 10, 21867–21875
radiation on the 10–80� 2q range with operating at 45 kV and 40
mA. Fourier transforms infrared spectroscopy (FTIR) for the
titled compounds were recorded at room temperature on Perkin
Elmer Spectrum 1000 FT-IR spectrometer in the 400–1400 cm�1

range. The photoluminescence excitation (PLE) and photo-
luminescence (PL) spectra were recorded on a Jobin Yvon
Fluoromax-4 Spectrouorometer (Horiba, USA) equipped with
a 150 W Xe lamp used as an excitation source.

Results and discussion
Structure of products

The NZPO host possesses a monoclinic system and the space
group P21/n.23 This result can be further conrmed by the Riet-
veld renement of the NZPO sample shown in Fig. S1.† The result
of Rietveld renement with c2 ¼ 2.24 ensures the accuracy in
lattice parameters and atomic site occupations listed in Tables S1
and S2.† The Schematic illustration of the crystal structure of
NZPO is presented in Fig. S2.† In this host, the Zn site with the 4e
Wyckoff position which creates high stress in the lattice. There
exist three kinds of Zn2+cation sites (Zn10, Zn14, and Zn19) and
three positions of Na+ sites: Na (6), Na (7), and Na (18) with
a coordination number (CN), CN¼ 6 for Na (6) and Na (7) and CN
¼ 8 for Na (18). The interatomic distances of P–O, Zn–O, and the
Na–O for the NZPO sample are listed in Table S3.†

Fig. 1(a) shows the XRD patterns of NZPO, NZPO:0.05Ce3+,
NZPO:0.08Tb3+ and NZPO:0.05Ce3+, 0.01Tb3+ samples, respec-
tively. Fig. 1(b) depicts part patterns of Fig. 1(a) corresponding
to the most pronounced diffraction peak.

Obviously, the main diffraction peaks are observed at 18.91�,
20.18�, 21.84�, 27.73�, 29.91� and 35.64� which are assigned to
the (1,1,2), (1,0,3), (0,2,0), (1,1,4), (1,2,3) and (3,0,3) planes
respectively. The XRD pattern is matching well and the peaks are
perfectly indexed. No additional peaks have been found in the
XRD pattern which suggests the single-phase formation of the
prepared phosphors. The dopant ions such as Ce3+ and Tb3+ are
supposed to occupy the NZPO lattice to substitute Zn2+ ions
which creates high stress in the lattice.24,25 The ionic radii of the
doped ions are larger than those of Zn2+ (the ionic radii of Tb3+ is
0.94 Å, Ce3+ is 1.07 Å and Zn2+ is 0.74 Å). Thus, it can result in
b3+ and NCPO:0.05Ce3+/0.01Tb3+ (b) magnified XRD patterns in the

This journal is © The Royal Society of Chemistry 2020
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Table 1 Lattice Parameters of NZPO, NZPO:0.08Tb3+, NZPO:0.05Ce3+ and NZPO:0.05Ce3+/0.01Tb3+ samples

Compose NZPO NZPO:0.08Tb3+ NZPO:0.05Ce3+ NZPO:0.05Ce3+/0.01Tb3+

a (Å) 8.668 8.670 8.667 8.672
b (Å) 8.131 8.133 8.133 8.135
c (Å) 15.2591 15.262 15.263 15.255
b (�) 89.8007 89.800 89.798 89.7975
V (Å3) 1075.548 1076.227 1076.195 1076.316
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charge imbalance and form charge defects in host lattice when
the trivalent rare-earth ions replace the divalent alkaline earth
ions. However, the substitution of Ce3+ and Tb3+ ions could bring
the positive charges in the lattices inducing amismatch of charge
on the cation sites that could be balanced by the negative
charges, like cation vacancy (VZn), or interstitial oxygen (Oi).
Therefore, the lattice gets enlarged and for which all the peaks in
the XRD pattern shied slightly in the lower angle side compared
to the standard JCPDS card no. 79-0217 pattern of the host lattice
because of the radius difference,26,27 as depicted in Fig. 1(b).
Rietveld plots of NZPO:0.05Ce3+, NZPO:0.08Tb3+ and
NZPO:0.05Ce3+/0.01Tb3+ are presented in Fig. S3, S4 and S5†
respectively. The lattice parameters and the corresponding unit
cell volumes of the prepared phosphors were calculated from the
diffraction data using Rietveld renement and listed in Table 1.
FTIR analysis

In order to conrm the phase purity, the functional group anal-
yses were performed by Fourier Transform Infrared (FTIR) spec-
troscopic method. FTIR spectra of undoped, Tb3+, Ce3+ doped
and Ce3+/Tb3+ codoped NaZnPO4 phosphors are shown in Fig. 2.
The observed bands in the 900–1100 cm�1 range are assigned to
the symmetric and antisymmetric stretching frequencies (PO4

3�).
Similarly, the bands located in the 500–630 cm�1 range corre-
spond to the asymmetric deformation modes. The absorption
band at 472 cm�1 is due to symmetric deformation modes of
phosphate groups, this band conrms the apatite structure of the
phosphate and then the existence of PO4 tetrahedra in their
Fig. 2 FTIR transmission spectra of NZPO, NZPO:Ce3+, NZPO:Tb3+

and NZPO:Ce3+/Tb3+.

This journal is © The Royal Society of Chemistry 2020
structures.22,28 No additional peaks were observed in FTIR spectra
which conrm the phase purity of the phosphors. Therefore, the
FTIR analysis also supports the XRD results that the synthesized
compounds possessed a monoclinic structure.
Luminescence properties of Ce3+ ions in NZPO phosphors

Fig. 3 exhibits the PLE spectra of NaZnPO4:0.05Ce
3+ monitored

at 319 nm and 341 nm emission wavelengths and the PL spec-
trum of NaZnPO4:0.05Ce

3+ under 285 nm excitation.
The PLE spectra NZPO:0.05Ce3+ display one band in the 200–

300 nm range (lmax z 285 nm), which can be attributed to the
transitions from the ground state to the different crystal eld
splitting levels of the 5d state of the Ce3+ ions. The absence of
electrons in the 5s and 5p shells makes them in the inner 5d
orbital unshielded and exposed to the environment ions. The 5d
orbital is the excited energy level for electrons promoted from 4f
orbital ground state under UV excitation. It can be seen that the
emission spectrum consists of a double band with maximum
peaks at approximately 319 nm (31 347.96 cm�1) and 341 nm
(29 325.51 cm�1) depicted in the inset with a difference of
approximately 1936 cm�1 under near-ultraviolet excitation (285
nm).17,29 This result is in accordance with the theoretical value
of z 2000 cm�1. The double band emission is observed which
veries one specic lattice site due to the transitions from the
relax lowest 5d excited state to the 2F5/2 and

2F7/2 spin–orbit split
4f ground states (5d / 2F5/2 and 5d / 2F7/2). It's worth noting
that the similarity of Zn (1), Zn (2), and Zn (3) sites can lead to
the one-site luminescent behavior for Ce3+.

Fig. 4(a) and (b) present the concentration-dependent PL
spectra of NZPO:Ce3+ phosphors upon 285 nm UV excitation,
and the concentration dependence of the emitting intensities of
Fig. 3 PLE and PL spectra of NZPO:0.05Ce3+.

RSC Adv., 2020, 10, 21867–21875 | 21869
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Fig. 4 (a) Concentration-dependent PL spectra of NZPO:xCe3+ (x¼ 0.02, 0.03, 0.04, 0.05, 0.06 and 0.08). (b) Variation of the emission intensity
with Ce3+(x) concentration.

Fig. 5 Linear fitting of log(x) versus log(I/x) of NZPO:xCe3+ (x ¼ 0.02,
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NZPO:Ce3+ with various Ce3+ concentrations, respectively. The
emission intensities increase with Ce3+ concentration
increasing up to 0.05; beyond that, it decreased to the lowest
because of the concentration quenching effect. When the x
value reaches 0.05, the maximum emission intensity occurs and
it was kept as a constant value to prepare Ce3+/Tb3+ co-doped
NZPO phosphors.

The non-radiative energy transfer mechanism was respon-
sible for the concentration quenching of NZPO:x Ce 3+ phos-
phors. The critical distance RC between Ce3+ ions can be
estimated using the equation given by Blasse:30,31

Rc z 2

�
3V

4pxcZ

�1=3
(1)

where Rc is the critical distance, V is the volume of the unit cell,
xc refers to the critical doping concentration, and Z is the
number of formula units per unit cell. For the NZPO host, Z¼ 4,
and xc value is 0.05 for Ce3+. Therefore, the critical distance (Rc)
was calculated to be about 21.74 Å. This value excludes the
exchange interaction because it is predominant only for about 5
Å.

The concentration quenching mechanism of the Ce3+ in the
phosphor is dominated by the multipole–multipole interaction.
Based on the report of Van Uitert,32 the relation between emis-
sion intensity (I) and doping concentration of Ce3+ ions (x) can
be expressed as:

I/x ¼ k(1 + b(x)q/3)�1 (2)

where x is the activator concentration, I/x is the emission
intensity per activator concentration, k and b are constants for
a given host in the same excitation condition, q ¼ 6, 8 and 10
represent the dipole–dipole(D–D), dipole–quadrupole (D–Q),
and quadrupole–quadrupole (Q–Q) interactions, respectively.
Assuming that b(x)q/3 [ 1, the above eqn (2) can be written
as:33,34

Log(I/x) ¼ K0 � (q/3)Log(x) and K0 ¼ log k � log b (3)
21870 | RSC Adv., 2020, 10, 21867–21875
Fig. 5 illustrates the relationship between log(I/x) and log(x) and
the corresponding straight line with slope referring – q/3. Herein,
the calculated value of q/3 is 1.4066, and q can be calculated as
4.2198, which is close to 6. The result indicates that the concen-
tration quenching mechanism of the Ce3+ emission in NZPO:Ce3+

host is dominated by the dipole–dipole (D–D) interaction.
Luminescence NZPO:Tb3+ phosphors

The excitation and emission spectra of Tb3+ activated NZPO
powders are displayed in Fig. 6. The excitation spectrum of the
NZPO:0.08Tb3+ monitored at 543 nm presents several bands
between 290 and 490 nm, which can be attributed to f–f tran-
sitions within the 4f8 conguration of Tb3+. These bands are
attributed to the 7F6 /

5H6 (303 nm), 7F6 /
5H7 (318 nm), 7F6

/ 5L6 (341 nm), 7F6 /
5L9 (350 nm), and 7F6 /

5G6 (375 nm)
transitions.27,35 In Addition, the position of the peaks has not
been changed for the 4f electrons of Tb3+ ions since they are
shielded by 5s2 5p6 shells. The emission spectrum is recorded in
0.03, 0.04, 0.05, 0.06 and 0.08) phosphors.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 PL excitation and emission spectra of NZPO:0.08Tb3+ moni-
tored at 543 nm and excited at 375 nm.
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the range of 400–700 nm by exciting with a UV light at 375 nm.
The phosphor shows the emission peaks at 490 nm, 543 nm,
582 nm, and 620 nm, which are assigned to 5D4 /

7F6,
5D4 /

7F5,
5D4 / 7F4 and 5D4 / 7F3 transitions, respectively.35,36

NZPO:0.08 Tb3+ can produce a green emission due to the
maximum peak at 543 nm corresponding to the 5D4 / 7F5
magnetic dipole transition. This green emission peak at 543 nm
has an extremely narrow full-width at half-maximum (FWHM)
of only about 10 nm, which is narrower than the previously
reported green luminescence materials used for display,
involving Ca2YZr2(AlO4)3:Tb

3+ (>13.5 nm), SiO2:Tb
3+ (>20 nm),

and in the same order then that reported for LaPO4 codoped
Ce3+/Tb3+ (>7.8 nm).37–39

The PL emission intensity of the Lanthanides (Ln3+) doped
phosphors is strongly dependent on the activator's concentra-
tion. To gure out the optimal doping concentration of Tb3+
Fig. 7 Emission spectra of NZPO:xTb3+ (x ¼ 0.02, 0.04, 0.06, 0.08, 0.10

This journal is © The Royal Society of Chemistry 2020
ions in NZPO host material, a series of Tb3+ doped NZPO
phosphors were prepared and their luminescent properties
were also studied.

Fig. 7 shows the PL spectra of the NZPO:x Tb3+ (x ¼ 0.02,
0.04, 0.06, 0.08, 0.10 and 0.12) phosphors as a function of Tb3+

ion concentration under 375 nm excitation. The PL emission
intensity of the NZPO:Tb3+ phosphors rst exhibited an
increasing tendency with the increase of Tb3+ doping concen-
tration and reached a maximum at 0.08Tb3+. This phenomenon
is a result of the concentration quenching of the Tb3+ ions. It is
accepted that the non-radiative energy transfer among Tb3+ ions
mainly results in the concentration quenching. In order to
analyze the energy transfer mechanism between Tb3+ in NZPO,
the critical distance is needed to be determined eqn (1).

The critical transfer distance RTb–Tb for energy transfer from
Tb3+ to Tb3+ ions in NZPO phosphors was calculated to be
�18 586 Å. The exchange interaction is not possible between
the Tb3+ ions because the Rc value is greater than 5 Å. The larger
value of Rc indicates that multipolar interaction was responsible
for the concentration quenching.

The interaction type between different Tb3+ ions can be ob-
tained by the eqn (2) and (3).

Fig. 8 shows the relationship between log(I/x) and log(x) of
NZPO:Tb3+ phosphor. The slope value of �1.2754 was deter-
mined from the linear curve of log(I/x) versus log(x). Hence, the q
value was determined to be 3.8262, which is quite close to the
theoretical value of 6 corresponding to the D–D interaction. It
can be concluded that the D–D interaction is the main mecha-
nism for the concentration quenching.
Luminescence and energy transfer in NZPO:Ce3+/Tb3+

phosphors

Fig. 9(a) depicts the PL and PLE spectra of singly Ce3+ and Tb3+

doped in NaZnPO4 respectively. The overlap between the PL and
PLE spectra induces an important energy transfer between the
and 0.12) excited at 375 nm.

RSC Adv., 2020, 10, 21867–21875 | 21871
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Fig. 8 Linear fitting of log(I/x) versus log(x) of (5D4 / 7F5) Tb3+

emissions.

Fig. 10 PL spectra of NZPO:0.05Ce3+/yTb3+ (y ¼ 0.00, 0.01, 0.02,
0.04, 0.06 and 0.08) excited at 285 nm.
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Ce3+ and Tb3+ ions. Generally, Ce3+ ions can be introduced as
sensitizers to the Tb3+ ions to increase the Tb3+ emissions.

Fig. 9(b) presents the excitation spectrum of NZPO:0.05 Ce3+/
0.08Tb3+ supervised at 543 nm (Tb3+ emission). This spectrum
is similar to that supervised at 319–341 nm (Ce3+ emission)
except for the difference in the relative intensity. The excitation
spectrum shows broad band of Ce3+ ion which is attributed to
the 4f–5d transition. The presence of the Ce3+ transition in the
excitation spectra monitored within the Tb3+ emissions
demonstrates the presence of an energy transfer between the
Ce3+ and Tb3+ ions.19 In order to further investigate this energy
Fig. 9 (a) Spectral overlap between the emission spectrum of
NZPO:0.05Ce3+ and the excitation spectrum of NZPO:0.02Tb3+. (b)
Excitation and emission spectra of NZPO:0.05Ce3+/0.01Tb3+

phosphors.
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transfer process, we have investigated the PL spectra of the
NZPO:Ce3+/Tb3+ co-doped phosphor under 285 nm excitation.
The PL spectrum exhibited both, the emission transitions of
Ce3+ (5d / 4f) and those of Tb3+ ions (5D4 / 7F3,4,5,6). The
doping concentration of Ce3+ is xed at the optimal value 0.05,
and a series of NZPO:0.05Ce3+, y Tb3+ (y ¼ 0, 0.01, 0.02, 0.04,
0.06, 0.08) samples were prepared.

Fig. 10 displays the emission spectra of NZPO:0.05Ce3+/yTb3+

(y ¼ 0, 0.01, 0.02, 0.04, 0.06, 0.08) phosphors under 285 nm
excitation. The highest intensity green emission of Tb3+ (543
nm) was realized for NZPO:0.05Ce3+/0.01Tb3+. We noticed
a gradually decreases of the Ce3+ PL intensity with Tb3+

concentration increasing, as can be clearly seen in Fig. 11.
These results conrmed that an effective energy transfer
occurred between the Ce3+ and the Tb3+ ions.

This energy transfer between Ce3+ and Tb3+ ions can more
investigated according to the Dexter model.40,41

PSA ¼ 2p

h

���A;S*|HSA|A
*;S

���2 ð gSðEÞgAðEÞdE (4)

where PSA is the energy transfer rate and HAS is the interaction
Hamiltonian. The matrix element indicates the interaction
between the initial state |A,S*i, and the nal state hA*,S|.Ð
gSðEÞgAðEÞdE  integral represents the spectral overlap between

the emission spectrum of the sensitizers and the excitation
spectrum of activators.

From the apparent overlap between the Tb3+ PLE and Ce3+ PL
spectra and the Dexter eqn (4), it can be concluded that reso-
nance type energy transfer may occur from Ce3+ to Tb3+ in the
NZPO host.

Moreover, the comparison of PL spectra of NZPO:Tb3+ and
NZPO:Ce3+/Tb3+ show that the intensity of green Tb3+ emission
is higher in the co-doped than that in the doped sample which
conrms that Ce3+ is an efficient sensitizer ion for Tb3+ green
emission, as shown in Fig. 12. The overall integrated emission
intensity is enhanced of about 20 times in the co-doped sample
This journal is © The Royal Society of Chemistry 2020
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Fig. 11 Dependence of (5d/ 4f) Ce3+ and (5D4/
7F5) Tb

3+ emissions
as a function of Tb3+ concentration.

Fig. 13 Dependence of the energy transfer efficiency (hT) on the Tb3+

concentration.
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(NZPO:0.05Ce3+/0.01Tb3+) when compared to the doped sample
(NZPO:0.08 Tb3+).
Ce3+ / Tb3+ energy transfer

The ET efficiency (hT) of Ce
3+/ Tb3+ in NZPO phosphors can be

calculated by using the following equation:37,42

hT ¼ 1� ID

ID0

(5)

where, ID0 and ID are the Ce3+ luminescence intensity in both
the absence and the presence of Tb3+, respectively.

Fig. 13 illustrated the energy transfers efficiencies in
NZPO:0.05Ce3+/xTb3+ (y ¼ 0.01, 0.02, 0.04, 0.06 and 0.08). It was
seen that the energy transfer efficiencies values increase with
Tb3+ increasing. A maximum Ce3+ / Tb3+ energy transfer effi-
ciency of 91% was obtained for NZPO:0.05Ce3+/0.08Tb3+ sample
which is found to be higher than that of the similar reported
orthophosphate phosphors, such as NaBaPO4:0.04Ce

3+/
Fig. 12 Comparison of Tb3+ emissions of doped NZPO:0.08Tb3+ and
cooped NZPO:0.05Ce3+/0.01Tb3+ phosphors.

This journal is © The Royal Society of Chemistry 2020
0.15Tb3+ (78.8%),43 NaCaPO4 0.02 Ce3+/0.12Tb3+ (80%),44 Ba3-
Y(PO4)3:0.05Ce

3+/0.45 Tb3+ (69.9%).45

Generally, two factors can be responsible for the resonant
energy transfer mechanism: the exchange interaction and the
multipolar interaction.

For the NZPO host, the critical concentration of the dopant
(xc) and the critical separation between the activator and
sensitizer (Rc) is calculated to be 0.06 and 20.46 Å respectively
(eqn (1)). Rc value is in the same order as that reported for
SrMgSi2O6 Ce3+/Tb3+ phosphors (19.52 Å).20 The Rc calculated
value indicates the little possibility of exchange interaction
since the exchange interaction is only for about 5–10 Å. There-
fore, we can infer the energy transfer mechanism from Ce3+ to
Tb3+ ions are likely to be electric multipolar interactions.20,46

According to the Dexter energy transfer and Readeld's
approximation, the energy transfer formula for multipolar
interactions can be written as:47,48

ID0

ID
z CTb

n=3 (6)

where C is the concentrations of Tb3+ and ID0 and ID are the
luminescence intensities of the sensitizer Ce3+ in the absence
and presence of the activator Tb3+,

The values for n ¼ 6, 8, 10 are attributed to dipole–dipole,
dipole-quadrupole, and quadrupole–quadrupole interactions,
respectively.

The relationship curves between ID0/ID and Cn/3 are shown in
Fig. 14, and the energy transfer model can be judged by
comparing the R factors during the linear tting. It can be
inferred that the dipole–dipole interaction is the main energy
transfer model between Ce3+ and Tb3+ ions in the NZPO host
which is consistent with the bibliographic results.20,31,49,50
Schematic diagram of energy transfer

The schematic diagram of the energy levels of Ce3+ and Tb3+

with the possible optical transition involved in the energy
RSC Adv., 2020, 10, 21867–21875 | 21873
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Fig. 14 Dependence of ID0/ID of Ce3+ in NZPO:0.05Ce3+/yTb3+ (y ¼
0.01, 0.02, 0.04, 0.06, 0.08) phosphors.
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transfer processes is presented in Fig. S6.† For the NZPO:Ce3+/
Tb3+ phosphor, the electrons in excited states promote to the
excited state of the Tb3+ 5d level (energy transfer process), which
is attributed to the large overlap between the 4f/ 4f transition
of Tb3+ and the 5d–4f transition of Ce3+. The electrons in the
Tb3+ 5d level relax to the 5D4 and 5D3 levels, and then the
electrons return to 7FJ (J ¼ 0–6) levels with multiple peaks.
However, in this host there are only four peaks that are assigned
to 5D4 /

7FJ (J ¼ 3, 4, 5, 6), and the other peaks do not appear.
This result can be explained by the cross-relaxation with non-
radiative transitions from 5D3 to 5D4 states. Finally, the
exciting Tb3+ ions return to their ground state with subsequent
emission of green luminescence.
Commission internationale de l'eclairage (CIE) 1931 diagram

In general, color can be expressed bymeans of color coordinates
and the CIE 1931, which is a two-dimensional graphical
Fig. 15 CIE 1931 color coordinates corresponding to the
NZPO:0.05Ce3+/yTb3+ (y ¼ 0.00, 0.01, 0.02, 0.04, 0.06 and 0.08)
phosphors.

21874 | RSC Adv., 2020, 10, 21867–21875
representation of any color perceptible by the human eye on an
x–y plot. According to the PL spectrum, under 285 nm excita-
tion, Commission International de Eclarite (CIE) chromaticity
coordinates of the samples are presented in Fig. 15 and
summarized in Table S4.†

We noticed that the singly Ce3+ doped NZPO sample shows
dark blue emission under UV excitation. However, 0.05 Ce3+

/0.01Tb3+ co-doped NZPO sample shows green emission. The
CIE chromaticity coordinate of NZPO:0.05Ce3+/0.01Tb3+ phos-
phor is determined to be (0.3149, 0.5652) which is closer to the
commercial phosphor MgAl11O19:0.67Ce

3+/0.33Tb3+ (0.330,
0.595). It is found that NZPO:0.05Ce3+/0.01Tb3+ shows intense
green light suggesting that it can be used as a potential green-
emitting candidate for the lighting eld.
Conclusions

In summary, a new series of Ce3+, Tb3+ singly doped and Ce3+/Tb3+

co-doped NaZnPO4 (NZPO) phosphors were successfully prepared
via the conventional high-temperature solid-state reaction. XRD
results and Rietveld renement analysis show that NZPO:Ce3+,
Tb3+ crystallized in a monoclinic structure with P21/n (14) space
group. The photoluminescence spectra of NZPO:Ce3+ phosphors
exhibited broad emission in the 300–380 nm range with a peak
maximum at 341 nm. The photoluminescence emission spectrum
of Tb3+ singly doped NZPO shows several sharp peaks at 488, 543,
585, and 622 nm related to 4f–4f transitions. Additionally, the
dominant green emission band around 543 nmhas a full width at
half-maximum (FWHM) only about 10 nm. The ET from Ce3+ to
Tb3+ in the NZPO host was studied in detail. The Tb3+ green
emission was signicantly enhanced almost 20 times via energy
transfer fromCe3+ to Tb3+. The ETmechanisms of Ce3+ to Tb3+ has
been determined to be a resonant type by electric dipole–dipole
interaction, and the energy transfer efficiency reached
a maximum of 91% for NZPO:0.05 Ce3+/0.08Tb3+. This phosphor
can be efficiently excited via 285 nm excitation to emit intense
green light. These resultants demonstrate that the NZPO:Ce3+/
Tb3+ phosphors are very promising as green-emitting phosphors
for lighting applications.
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