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A novel strong green phosphor: K3Gd(PO4)2:Ce3+, Tb3+ for a
UV-excited white light-emitting-diode∗
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A series of K3Gd1−x−y(PO4)2:xCe3+, yTb3+ phosphors are synthesized by the solid-sate reaction method. X-ray
diffraction and photoluminescence spectra are utilized to characterize the structures and luminescence properties of the
as-synthesized phosphors. Co-doping of Ce3+ enhances the emission intensity of Tb3+ greatly through an efficient energy
transfer process from Ce3+ to Tb3+. The energy transfer is confirmed by photoluminescence spectra and decay time
curves analysis. The efficiency and mechanism of energy transfer are investigated carefully. Moreover, due to the non-
concentration quenching property of K3Tb(PO4)2, the photoluminescence spectra of K3Tb1−x(PO4)2:xCe3+ are studied
and the results show that when x = 0.11 the strongest Tb3+ green emission can be realized.
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1. Introduction

White light-emitting diodes (w-LEDs) are considered to
be the next illumination source owing to their great advan-
tages, including longer lifetimes, higher rendering indices,
higher luminosities, and lower energy consumptions.[1,2] Most
commercial w-LEDs have been based on a combination of
a blue LED chip and a yellow phosphor: Y3Al5O12:Ce3+

(YAG:Ce).[3] However, a low color-rendering index and high
color correlated temperature, because of the lack of red light,
seriously affects the quality of w-LEDs.[4] Accordingly, an al-
ternative method of combining ultraviolet (UV) or NUV chips
with red, green, blue phosphors has been proposed and at-
tracted a lot of attention.[5] This technology has higher color
rendering indexes (CRI) and a higher tolerance to the color
variation of a UV chip.[6] Therefore, the exploration of novel
tricolor phosphors plays an important role in the progress of
w-LEDs.

As is well known, the Tb3+ ion is frequently regarded
as an activator for green-emitting phosphor due to its domi-
nant 5D4−7F5 transition peak at around 542 nm.[7,8] However,
the intensities of Tb3+ absorption peaks are very weak in the
300 nm–400 nm UV region because of strictly forbidden 4f–
4f transitions by parity selection rule,[9] which leads to weak
green emission of Tb3+ ion and this results in the fact that
it does not match well with a UV chip. To our best knowl-
edge, Ce3+ ions are known to act as highly efficient sensitiz-

ers for activators, especially for Tb3+ because Ce3+ exhibits
strong 4f5d absorption in the UV region. Then, the energy
transfer from Ce3+ to the activator can enhance the light yield
of activator under UV light excitation.[4,10] Therefore, one of
the strategies to enhance the emission intensity of Tb3+ is to
co-dope Ce3+ ions by utilizing their efficient energy trans-
fer. In addition, an inorganic phosphate with general formula
K3R(PO4)2 has been put forward because the K3R(PO4)2

(R = Nd, Eu, and Tb) show no concentration quenching of
luminescence, even though the number of doped activators
is large.[11] A reddish orange-emitting phosphor K3Eu(PO4)2

was studied by Ju et al.,[12] which indicated that the concentra-
tion quenching did not take place in this system, even when the
doping concentration of Eu3+ reached 100%. A similar phe-
nomenon was observed by Mikhailik[13] who studied the lu-
minescence properties of K3Tb(PO4)2:Eu excited under VUV.
Therefore, there is a possibility that K3Gd(PO4)2:Tb3+ can
serve as an efficient green phosphor in which Tb3+ ions con-
tribute to green luminescence. In addition, the emission in-
tensity of green phosphor could be further improved by Ce3+

co-doping through energy transfer. Hence, in the present
paper, the luminescence properties of K3Gd(PO4)2:Tb3+

(KGP:Tb3+), K3Gd(PO4)2:Ce3+, Tb3+(KGP:Ce3+, Tb3+),
K3Tb(PO4)2:Ce3+ (KTP:Ce3+) phosphors are discussed and
the energy transfer process from Ce3+ to Tb3+ in K3Gd(PO4)2

is investigated in detail.
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2. Experiment
The phosphors K3Gd(PO4)2:Tb3+, K3Gd(PO4)2:Ce3+,

Tb3+, K3Tb(PO4)2:Ce3+ were synthesized by the conven-
tional solid-state method. High-purity K2CO3 (A.R), Gd2O3

(A.R), NH4H2PO4 (A.R), TbF3 (99.99%), CeO2 (99.99%)
were employed as raw materials, which were weighed out and
mixed homogeneously by an agate mortar for 30 minutes and
placed in an alumina crucible. This crucible had been heated at
950 ◦C for 6 h under a reducing atmosphere (5%N2 + 95%H2)

and slowly cooled to room temperature.
The phases of the obtained samples were identified by X-

ray powder diffraction (XRD) with Cu Kα (λ = 1.5418 Å)
radiation in scanning steps of 0.02◦ in a 2θ range from 10◦

to 60◦, operated at 36 kV and 30 mA (Rigaku Model D/max-
2200). The photoluminescence (PL) and photoluminescence
excitation (PLE) spectra were measured with a HITACHI F-
7000 fluorescence spectrophotometer, using a static 150-W Xe
lamp as an excitation source. The fluorescence decay curves
were measured by Jobin Yvon FL3 fluorescence spectropho-
tometer. All the measurements were carried out at room tem-
perature.

3. Results and discussion
The XRD patterns for the K3Gd1−x−y(PO4)2:xCe3+,

yTb3+ phosphors samples with varying Ce3+ and Tb3+ con-
centrations are shown in Fig. 1. All of the diffraction peaks
are in accordance with those of K3Gd(PO4)2 (JCPDS card
no. 491085), indicating that the dopant ions have not caused
significant changes in the crystal structure of the K3Gd(PO4)2

host. The crystal structure of K3Gd(PO4)2 belongs to the mon-
oclinic crystal system with space group P21/m (Z = 2). The
basic structural units are composed of isolated GdO7 decahe-
dron and PO4 tetrahedron. Each GdO7 decahedron is con-
nected with six PO4 tetrahedrons to form two-dimensional
Gd(PO4)23− sheets in the a–b plane. The K atoms are inserted
along the c axis between these sheets.[14] According to the ef-
fective ionic radii of cations with different coordination num-
bers reported by Shannon,[15] we have supposed that Tb3+ and
Ce3+ are preferably expected to occupy Gd3+ sites because
the ionic radii of Tb3+ (RCN=7 = 0.98 Å) and Ce3+ (RCN=7 =

1.07 Å) are similar to that of Gd3+ (RCN=7 = 1.00 Å). In a
K3Gd(PO4)2 crystal lattice, there are three different K+ sites,
whose coordination numbers are 9, 10, 11 and their radii are
1.55 Å, 1.59 Å, 1.64 Å respectively. Evidently, they are too
big for Tb3+ and Ce3+ to be occupied. Thus, with the consid-
eration of ionic matching, those Tb3+ and Ce3+ should occupy
Gd3+ sites.

Figure 2(a) shows the PLE (λem = 542 nm) and PL (λex =

373 nm) spectra of KGP:0.2Tb3+ phosphor. The excitation
spectrum consists of two broad bands and several sharp lines.

The two broad bands centered at 227 nm and 255 nm corre-
spond to the spin-allow transition from the 4f to the 5d state of
Tb3+ ion, whereas the sharp lines in the range of 320 nm–
400 nm are ascribed to excitation due to the forbidden f–f
transition of Tb3+ ion.[16] The lines located at about 273 nm,
311 nm are supposed to be the excitations of K3Gd(PO4)2

host. The PL spectrum shows the characteristic sharp emission
lines centered at 485, 542, 580, and 619 nm corresponding to
transitions from 5D4 level to the 7F6, 7F5, 7F4, and 7F3 lev-
els of Tb3+.[17] However, emissions in the blue region, which
come from the high energy of the 5D3 level, cannot be ob-
served. As the 5D3–5D4 transition is resonant with the 7F6–
7F0 transition, the emissions of 5D3–7FJ transitions are often
quenched for high Tb3+ concentration-doped samples due to
the cross relaxation 5D3+

7F6→5D4+
7F0.[18]
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Fig. 1. The XRD patterns of K3Gd(PO4)2 K3Gd(PO4)2:Tb3+,
K3Gd(PO4)2:Ce3+, Tb3+.

200 300 400 500 600

λem=367 nm

λex=312 nm

(a)λem=542 nm

λex=373 nm

(b)

λem=542 nm

λex=312 nm
(c)

Wavelength/nm

In
te

n
si
ty

/
a
rb

. 
u
n
it
s

Fig. 2. (color online) PLE and PL spectra of K3Gd(PO4)2:0.2Tb3+ (a),
K3Gd(PO4)2:0.1Ce3+ (b), K3Gd(PO4)2:0.1Ce3+, 0.2Tb3+ (c).

The PLE and PL spectra of KGP:0.1Ce3+ are presented in
Fig. 2(b). The PLE spectrum of Ce3+ single-doped sample ex-
hibits a broad band centered at 312 nm due to the 4f–5d transi-
tions of Ce3+ ions. The PL spectrum displays an asymmetrical
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broad band centered at 367 nm, which is associated with the
transition from the excited state to the 2F5/2 and 2F7/2 levels
of the 4f1 ground state configuration.[19,20] From the compari-
son with the excitation spectrum of Tb3+ single-doped sample
in Fig. 2(a), it follows that there is an evident overlap between
the emission spectrum of KGP:0.1Ce3+ and excitation spec-
trum of KGP:0.2Tb3+, which supports the occurrence of en-
ergy transfer from Ce3+ to Tb3+. Figure 2(c) shows the PLE
and PL spectra of KGP:0.1Ce3+, 0.2Tb3+. The PLE spec-
trum monitored at 542 nm consists of a broad excitation band,
which is similar to that produced by Ce3+ ions and the very
weak absorptions of Tb3+. The observation of the Ce3+ f–d
transition in the excitation of Tb3+ shows that the Tb3+ can be
excited through Ce3+, which indicates the possibility of en-
ergy transfer from Ce3+ to Tb3+. The PL spectrum includes a
broadband emission from Ce3+ and a group of characteristic
emissions of Tb3+, which are centered at 490, 542, 589, and
623 nm corresponding to transitions from the 5D4 level to the
7F6, 7F5, 7F4, and 7F3 levels, respectively.
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Fig. 3. (color online) PL spectra of K3Gd(PO4)2:0.1Ce3+, yTb3+ (The
inset shows the dependences of PL intensity of Tb3+ and Ce3+ on Tb3+

content in K3Gd(PO4)2: 0.1Ce3+, yTb3+ phosphor).
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Fig. 4. (color online) Photoluminescence decay curves of Ce3+ in
K3Gd(PO4)2:0.1Ce3+, yTb3+ phosphor (excited at 275 nm, monitored
at 367 nm).

Figure 3 shows the PL spectra of KGP:0.1Ce3+, yTb3+

with varying the Tb3+ concentration. Under 312 nm as a char-
acteristic excitation wavelength of Ce3+, the emission peaks
of Ce3+ as well as sharp emission peaks of Tb3+ are observed
in the emission spectra of KGP:0.1Ce3+, yTb3+. With the
increasing of Tb3+ concentration, the emission intensity of
Ce3+ ion decreases monotonically, whereas that of Tb3+ in-
creases simultaneously, which supports the existence of en-
ergy transfer from Ce3+ to Tb3+. For clarity, the dependences
of PL intensity of Tb3+ and Ce3+ on the content of Tb3+ in
KGP:0.1Ce3+, yTb3+ phosphor are shown in the inset. The
PL intensity of Ce3+ declines rapidly with the increase of the
concentration of Tb3+, whereas the Tb3+ characteristic emis-
sion intensity strengthens significantly.

In order to further demonstrate the energy transfer
from Ce3+ to Tb3+, the decay curves of Ce3+ emission of
KCP:0.1Ce3+, yTb3+ phosphors (y = 0, 0.01, 0.05, 0.1) ex-
cited at 275 nm and monitored at 367 nm are shown in Fig. 4.
It was found that all decay curves can be well fitted by the
second-order exponential decay mode, as shown by the fol-
lowing equation:[21]

I = A1 exp(−t/τ1)+A2 exp(−t/τ2),

where I is the luminescence intensity; A1 and A2 are fitting
parameters; t is the time, τ1 and τ2 are the luminescence life-
times. Based on these parameters, the average decay time τ of
Ce3+ can be calculated by the following equation:[22]

τ =
A1τ2

1 +A2τ2
2

A1τ1 +A2τ2
.

The values of average decay time (τ) are determined to be
22.98, 17.52, 137.74, 11.53 ns for KGP:0.1Ce3+, yTb3+ with
y = 0, 0.01, 0.05, 0.1, respectively. It is apparent to observe
that τ becomes smaller with the increasing of Tb3+ concen-
tration in Ce3+/Tb3+ co-doped phosphor. This proves a di-
rect evidence for the energy transfer from Ce3+ to Tb3+ in the
K3Gd(PO4)2 host. The energy transfer efficiency ηT of Ce3+

to Tb3+ can be expressed as follows:[23,24]

ηT = 1− Is

Iso
,

where Iso and Is are the luminescence intensities of the Ce3+

in the absence and presence of Tb3+, respectively. The en-
ergy transfer efficiencies from Ce3+ to Tb3+ in KGP:0.1Ce3+,
yTb3+ (y = 0.01, 0.05, 0.1, 0.2, 0.3) are calculated to be 15%,
20%, 46%, 70%, 82% respectively. With the increasing of
Tb3+ content, the value of ηT increases gradually. Although
the content of Tb3+ is only 0.3, the efficiency has already
reached 80%, which indicates the energy transfer from Ce3+

to Tb3+ is very efficient. The energy transfer from a sensitizer
to an activator may take place via exchange interaction and
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electric multipolar interaction. Exchange interaction needs a
large or an indirect overlapping between donor and acceptor
orbitals, thereby leading to an easy electronic exchange. In
addition, Ce3+ and Tb3+ ions are both reducing ions, such an
exchange would require too high energies. Therefore, an en-
ergy transfer via exchange interaction is impossible. Thus, the
energy transfer from Ce3+ to Tb3+ occurs through multipolar
interaction.[25] According to Dexter’s energy transfer formula
of multipolar interaction and Reisfeld’s approximation,[26,27]

we have
η0

η
∝ Cn/3

Ce+Tb,

where η0 and η are the luminescence quantum efficiencies of
the sensitizer (Ce3+) in the absence and presence of activator
(Tb3+), respectively. The value of η0/η can be approximately
replaced by the ratio between the relevant luminescence inten-
sities (Iso/Is). C is the total dopant concentration of Ce3+ and
Tb3+; n = 6, 8, and 10, corresponding to the dipole–dipole,
dipole–quadrupole, and quadrupole–quadrupole interacitons.
The relations between Iso/Is and Cn/3 when n = 6, 8, 10 are
illustrated in Fig. 5. It is apparent that the curve for n = 6 ap-
proaches to the linear relation, implying that the energy trans-
fer from Ce3+ to Tb3+ is realized mainly through the dipole–
dipole interaction.
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Fig. 5. (color online) Dependences of Iso/Is of Ce3+ on C6/3
Ce+Tb, C8/3

Ce+Tb,

C10/3
Ce+Tb.

As discussed above, the existence of an energy trans-
fer from Ce3+ to Tb3+ in KCP was confirmed and their en-
ergy transfer efficiency proved to be relatively high. As men-
tioned above, the K3Gd(PO4)2:Tb3+ shows no concentration
quenching. By utilizing the non-concentration property of
K3Gd(PO4)2:Tb3+ and highly efficient energy transfer be-
tween Ce3+ and Tb3+, the great green emission can be realized
in K3Tb(PO4)2:Ce3+ phosphor.

Figure 6 exhibits the PL spectra of KGP:xTb3+ with
different Tb3+-doped concentrations under 373 nm. When
x = 0.05, the emission peaks at 419, 437, and 459 nm can
be observed, which correspond to the transitions 5D3–7FJ

(J = 5, 4, and 3) of Tb3+ energy level. However, upon in-
creasing Tb3+ concentration, the emissions of 5D3–7FJ can
be suppressed due to the cross relaxation effect and transfer
of its energy to the 5D4 energy level.[18] From the inset of
Fig. 6, it follows that the intensity of Tb3+ emission located
at 542 nm increases gradually with the increase of Tb3+ con-
tent and reaches a maximum even when Tb3+ entirely occu-
pies the Gd3+ sites. This result indicates that the concentra-
tion quenching does not take place in this host. To the best
of our knowledge, the concentration quenching is caused by
energy transfer process among activators, the energy transfer
occurs from one activator to another until an energy has sunk
in the lattice.[28] Therefore, one possible reason for the non-
concentration quenching is that the energy transfer between
Tb3+–Tb3+ in K3Gd(PO4):Tb3+ does not occur effectively.
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Fig. 6. (color online) PL spectra of K3Gd(PO4)2:xTb3+ excited by
373 nm (The inset shows the dependences of PL intensity of Tb3+ on
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The PL spectra of K3Tb(PO4)2 excited by 373 nm and
those of K3Tb1−x(PO4)2:xCe3+ under 312 nm are presented
in Fig. 7. The spectra show a weak band emission of Ce3+

and intense sharp lines of Tb3+. As can be seen, the inten-
sity of K3Tb(PO4)2 under 373 nm is weaker than that of the
K3Tb(PO4)2:xCe3+ phosphor under 312 nm, which is due to
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the energy transfer from Ce3+ to Tb3+. With the increasing
Ce3+ concentration, the emission intensities of Ce3+ increase
continuously and the emission intensities of Tb3+ first increase
and reach their maximum values at x= 0.11 and then decrease.
Herein, Ce3+ ions replace the lattices of Tb3+, when the Ce3+

concentration increases, the Tb3+ concentration decreases si-
multaneously. When the Ce3+ concentration varies from 0 to
0.11, the Tb3+ green emission is enhanced because the energy
transfer is dominant over the decrease of Tb3+ concentration.
However, when the Ce3+ concentration is beyond 0.11, the
energy transfer cannot offset the loss of Tb3+. This explains
why the Tb3+ emission begins to decrease, even though the en-
ergy transfer still exists. Figure 8 shows the chromaticity co-
ordinates for K3Tb(PO4)2:0.11Ce3+ phosphor under 312 nm
which are calculated through Zolix Color Convert software
and the digital photos under 365-nm UV lamp excitation. It
is found that the CIE coordinate for K3Tb(PO4)2:xCe3+ is
(0.297, 0.585) located in the green region, and it shows an in-
tense green light, suggesting that K3Tb0.89Ce0.11(PO4)2 phos-
phor has potential application as a UV-convertible green phos-
phor in w-LEDs.

y

x

Fig. 8. (color online) Representation of CIE chromaticity coordinates
for K3Tb(PO4)2:xCe3+ phosphors upon 312-nm excitation and the dig-
ital photos of K3Tb0.89Ce0.11(PO4)2 under 365-nm UV lamp excitation.

4. Conclusions
We successfully synthesized K3Gd1−x−y(PO4)2:xCe3+,

yTb3+ phosphors by the solid-sate reaction method. Co-

doping of Ce3+ enhances the emission intensity of Tb3+

greatly through an efficient energy transfer process from Ce3+

to Tb3+. The energy transfer mechanism is demonstrated
to be dipole–dipole interaction and its efficiency reaches
above 80%. By utilizing the non-concentration quenching of
K3Tb(PO4)2 and efficient energy transfer from Ce3+ to Tb3+,
the K3Tb(PO4)2:Ce3+ phosphors are prepared and exhibit a
strong green emission, which indicates that K3Tb(PO4)2:Ce3+

phosphors have potential applications in serving as a UV-
convertible phosphor for emitting green light.
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