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K2Tb0.5Eu0.5(PO4)(WO4) red phosphor with internal quantum efficiency of 76.45% is produced. 

Furthermore, the luminescence colour can be tuned from green to green by adjusting the ratio of 

Tb
3+

 and Eu
3+

. 
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K2Ln(PO4)(WO4):Tb
3+
,Eu

3+
 (Ln = Y, Gd and Lu) 

Phosphors: Highly Efficient Pure Red and Tuneable 

Emission for White Light-Emitting Diodes 

Dawei Wen,a Jiajun Feng,a Junhao Li,a Jianxin Shi,a* Mingmei Wu,a*
 

and Qiang Sua 

A novel phosphate/tungstate family, K2Ln(PO4)(WO4) (Ln = Y, Gd and Lu) doped with Tb3+ 

and Eu3+ is synthesized via a conventional high-temperature solid-state reaction to explore new 

pure red phosphors with high critical concentration for white light-emitting diodes (WLEDs). 

The results from the Rietveld method show that the crystal structure of the hosts is composed 

of phosphate layers and tungstate zigzags, and the Ln3+-Ln3+-units are isolated by the [PO4]3- 

groups in phosphate layers. The critical concentration of Tb3+ or Eu3+ is up to 40% - 50% in 

the single doped phosphors, which is ascribed to that the interaction of the isolated Ln3+ ions is 

mitigated by the [PO4]3- and [WO4]2- groups, so the special structure of K2Ln(PO4)(WO4) helps 

to the interaction of luminescence centres. The energy transfer from Tb3+ to Eu3+ in 

K2Ln(PO4)(WO4) is demonstrated by fluorescence decay times. By adjusting the ratio of Eu3+ 

and Tb3+, we can tune the emission colour of K2Ln(PO4)(WO4):Tb3+, Eu3+ from green to 

yellow, orange and pure red. For K2Tb0.5Eu0.5(PO4)(WO4), the internal quantum efficiency of 

is as high as 76.45% under the excitation of 394 nm, and the emission intensity in 150°C is 

92.2% of that in 25°C. 

 

 

 

 

 

 

 

 

1. Introduction 

Phosphor-converted white light emitting diodes (pc-WLEDs) 
are promising light sources due to the high electro-optical 
conversion efficiency, stability and reliability. There is a huge 
demand for novel phosphor materials with superior 
luminescence properties to improve the luminous efficiency.1-7 
Currently, the commercialized WLEDs fabricated by a blue 
LED chip with a yellow phosphor, Y3Al5O12:Ce3+, suffer a low 
colour-rendering index (CRI) and a high correlated colour 
temperature (CCT).8-13 Therefore, another approach was 
suggested to generate white light with a combination of near-
Ultraviolet (NUV) light and Red/Green/Blue (RGB) primary 
colour-phosphors such as NaBaBO3:Ce3+, a broad band green-
emitting with a quantum efficiency (QE) of 58%,14 
Na2Y2B2O7:Ce3+,Tb3+, generating a narrow line green emission 
with the QE of 75.2%,15 NaxCa1-xAl2-xSi2+xO8:Eu2+, a blue 
phosphor with the external QE exceeding the commercial 
phosphor, BaMgAl10O17:Eu2+,Mn2+,16 and Ca4(PO4)O:Eu2+, an 
efficient red phosphor.17 

Nevertheless, the luminous efficiency of the broad band red 
emission is reduced due to the insensitivity of human eye in the 
wavelength close to the near infrared region.18 Therefore, it is 
preferable to use red phosphors doped with Eu3+ with narrow 
line emission mainly in the range of 610 – 620 nm. However, 
the currently emitting red phosphors doped with Eu3+ are either 
inefficient under NUV excitation or deviating from red to 
orange: the commercial red phosphor Y2O3:Eu3+ can be 
efficiently excited by 255 nm but has weak-line absorption of f-
f transition in NUV region.19 Red phosphors based on 
Ce3+/Eu2+-(Tb3+)n-Eu3+ terbium bridge produce a narrow line 
emission with high QE under NUV excitation. In the terbium 
bridge phosphors, the orange line emission (590 – 600 nm, 5D0-
7F1) dominants, which leads to lack of red component (610 – 
620 nm, 5D0 - 

7F2). Therefore, the pure red cannot be obtained 
in this approach up till now.20-22 The ratio of red and orange 
(R/O) emission in Eu3+ was investigated and the results showed 
that the red component increases with increasing the content of 
Eu3+.23 However, the metal – metal charge transition (MMCT) 
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effect, which quenches the emission, is enhanced as the 
concentration of Eu3+ increases in many hosts.24-27 
In a word, to develop novel red phosphors meeting the 
following requirements is very urgent for NUV based WLEDs: 
I. Pure red emission. 
II. High conversion efficiency. 
III. NUV excitation. 
In order to achieve the above goal, the sensitization effect and 
crystal structure of the phosphor should be considered.  
Recently, the sensitization effect of Tb3+ ions for red emitting 
ions, Eu3+, has attracted great attention.28-31 Tb3+ ions not only 
enhance the emission of Eu3+ but also broaden the absorption 
region due to the existence of more impurity energy levels 
introduced by Tb3+. For instance, it was reported that Tb3+ ions 
can act as sensitizers to increase the luminescence efficiency of 
Eu3+ ions in La3GaGe5O16

28 and NaY(MoO4)2
32. What’s more, 

the emitting colour of the phosphors is tuneable by adjusting 
the ratio of Tb3+ and Eu3+ ions. Therefore, it is hopeful that dual 
emission might be realized by this method. 
Special hosts with high quenching concentration for high 
luminescence output are necessary. Recently, several 
researchers discovered that the critical concentrations of Tb3+ 
and Eu3+ are very high in phosphates for the reason that the 
luminescence centres are isolated by the surrounding [PO4]

3- 
groups. For Ca3Bi(PO4)3:Eu3+, the critical concentration of Eu3+ 
is 50%.33 In NaLa(PO3)4, the luminescence intensity keeps 
increasing even though the content of Tb3+ or Eu3+ is 100% 
because all the rare earth sites are isolated by [PO4]

3-.30 This 
phenomenon for phosphate helps to develop red phosphors with 
intense excitation in NUV region. Similar to the above 
phosphates, the [WO4]

2- functional group in Me2Ln(PO4)(WO4) 
(Me = Na and K; Ln = Y, Gd and Lu) is expected to serve as a 
break to reduce the concentration quenching effect of 
luminescence centres. 
So far, Na2Ln(PO4)(WO4) and K2Ho(PO4)(WO4) have been 
structurally characterized. In K2Ho(PO4)(WO4), the [Ln3+-O2—

Ln3+] unit is separated by [PO4]
3- and [WO4]

2- functional groups, 
so that a high quenching concentration is expected in both 
structures.34, 35 The vacuum ultraviolet, cathodoluminescence  
and up conversion were studied for K2Y(PO4)(WO4).

36 
However, the energy transfer (ET) effect of Tb3+ and Eu3+ in 
K2Ln(PO4)(WO4) under NUV excitation is unknown, and 
K2Lu(PO4)(WO4) has never been synthesized as far as we know. 
Furthermore, there is no report on the potential of 
K2Ln(PO4)(WO4) phosphors for WLEDs application. 
In this work, K2Ln(PO4)(WO4):Tb3+,Eu3+ (Ln = Y, Gd and Lu) 
phosphors  for WLEDs are synthesized by a high temperature 
solid state method. The site occupation and the interaction 
among ions of the doped Tb3+ and Eu3+ are discussed based on 
the crystal structure. Luminescence properties and energy 
transfer of Tb3+ and Eu3+ in K2Ln(PO4)(WO4) are investigated. 
The emission colour of the phosphor can be continuously tuned 
from green to yellow and red by increasing the ratio of 
Eu3+/Tb3+. K2Tb0.5Eu0.5(PO4)(WO4) is found to be a novel red 
phosphor with high QE under NUV excitation ascribed to the 
special structure of K2Ln(PO4)(WO4) series. Finally, the 
temperature quenching measurement is performed to research 
the thermal resistance properties. 
 

2. Experimental Section 

2.1 Sample Preparation 

A series of K2Ln1-x-yTbxEuy(PO4)(WO4) phosphors were 

synthesized by the high temperature solid-state reaction. 

KHCO3 (A.R.), (HN4)2HPO4 (A.R.), WO3 (A.R.), Y2O3 

(99.99%), Eu2O3 (99.99%), Gd2O3 (99.99%), Tb4O7 (99.99%) 

and Lu2O3 (99.99%) were weighed in stoichiometric ratio and 

ground in an agate mortar. The mixtures were first heated at 

773 K for 3 h and then at 1223 K for 3 h in air atmosphere. The 

sintered phosphors were reground and washed with alcohol for 

further measurements. 

2.2 Measurements and Characterizations 

The powder X-ray diffraction (XRD) measurements were 

carried out on a D8 ADVANCE powder diffractometer with Cu 

Kα radiation (1.5405 Å) at room temperature. The scanning 

speed is 0.5°/min. The Rietveld XRD refinement is performed 

in Fullprof suite.37 The photoluminescence (PL) spectra and 

decay curves were collected on an Edinburgh FLS920 

combined fluorescence lifetime and steady state spectrometer 

with a 450 W xenon lamp and 60 W µF flash lamp, respectively. 

The temperature-dependent PL spectra were obtained on the 

same instrument with a temperature controller. 

 

3. Results and Discussion 

3.1 Crystal Structure of K2Ln(PO4)(WO4) 

K2Ho(PO4)(WO4) crystallizes in Ibca (NO. 70) space group and 

orthorhombic crystal system (ICSD-260054).35 However, no 

records of K2Y(PO4)(WO4), K2Gd(PO4)(WO4) or 

K2Lu(PO4)(WO4) is available in Inorganic Crystal Structure 

Database (ICSD) or Joint Committee on Powder Diffraction 

Standards (JCPDS). Solid solutions of K2Ln(PO4)(WO4) (Ln = 

Y, Gd and Lu) may also exist due to the similar radii and 

valence of the rare earth ions. Here, the crystal structure data of 

K2Ho(PO4)(WO4) is used as a starting model to refine the 

crystal structure.35 As presented in Figure 1, the observed and 

calculated patterns of K2Ln(PO4)(WO4) are shown with a unit 

cell crystal structure. Solid solutions of K2Ln(PO4)(WO4), 

which share the same structure, are formed based on the results. 

There is one kind of distorted site (CN = 8) occupied by Ln3+ 

ions in K2Ln(PO4)(WO4). The following description uses the 

unit cell crystal structure in Figure 1. The cell parameters of 

K2Ln(PO4)(WO4) are presented in Table 1 and the atomic 

coordinate parameters are depicted in Tables 2 - 4. It can be 

observed that the parameters increase as the Ln3+ sites are 

substituted by Lu3+→Y3+→Gd3+ with the increasing radii. The 

expansion of crystal is due to the lager ions doping, consistent 

with the Vegard’s law.38, 39 The cell and atomic coordinate 

parameters are also presented in Figure 1, Table 1, Figure S1 

and Table S1. In K2Ln(PO4)(WO4), the [WO4]
2- groups form a 

tungstate zigzag, which can also be regarded as two successive 

[WO4]
2- layers. The phosphate layers, formed with [PO4]

3- and 

Ln3+ ions, are followed by the tungstate zigzags. Therefore, the 

phosphate layers, as well as the Ln3+ ions, are isolated by the 

[WO4]
2- groups. Furthermore, the Ln3+-Ln3+-units are isolated 
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by the [PO4]
3- groups in phosphate layers. The special structure 

indicates that the interaction of the isolated Ln3+ ions might be 

obstructed. Hence, the critical concentration of the doping ions, 

such as Eu3+ and Tb3+, might be high and the NUV absorption 

can be enhanced in this structure. 

3.2 Luminescence Properties of K2Ln(PO4)(WO4):Tb3+ and 

K2Ln(PO4)(WO4):Eu3+ 

We focus on the luminescence properties of 

K2Gd(PO4)(WO4):Tb3+,Eu3+ because the properties are similar 

for Ln = Y, Gd, Lu when Tb3+ or Eu3+ ions are doped. The PL 

and PLE spectra of K2Gd(PO4)(WO4):Tb3+ and 

K2Gd(PO4)(WO4):Eu3+ are shown in Figure 2. Tb3+ ions emit 

green colour composed of 5D4-
7F6, 

5D4-
7F5, 

5D4-
7F4 and 5D4-

7F3 

transitions while Eu3+ ions emit red colour composed of 5D0-
7F1, 

5D0-
7F2, 

5D0-
7F3 and 5D0-

7F4 under NUV excitation of 378 nm 

and 394 nm, respectively.11, 30, 33, 40, 41 The dominant emission 

of Eu3+ originates from the electric dipole transition 5D0-
7F2, 

rather than the magnetic one5D0-
7F1, indicating that Eu3+ ions 

substitute the non-inverse symmetry site in K2Gd(PO4)(WO4). 

In the PLE spectrum of K2Gd(PO4)(WO4):Tb3+, a broad band 

peaked at 244 nm with a shoulder at 266 nm is ascribed to the f-
d spin allowed and forbidden transitions of Tb3+, respectively. 

The peaks in the wavelength ranging from 300 to 500 nm are 

due to the f-f transition of Tb3+. The excitation spectrum of 

K2Gd(PO4)(WO4):Eu3+ consists of a charge transfer band (CTB) 

and peaks of f-f transitions at 299, 319, 363, 382, 394, 418 and 

466 nm being assigned to 7F1–
5H6, 

7F0–
5H3, 

7F0–
5D4, 

7F0–
5L7, 

7F0–
5L6, 

7F1–
5D3 and 7F0–

5D2.
42-44 Here, the CTB is asymmetric, 

indicating it can be deconvoluted into two bands: O2-→W6+ and 

O2-→Eu3+. However, it is difficult to distinguish which is at 

shorter or longer wavelength. 

The emission intensities as a function of Tb3+ or Eu3+ 

concentration in K2Gd(PO4)(WO4) are also shown in Figure 2. 

The variation trend of intensity for Tb3+ and Eu3+ is similarly 

composed of two regions – rapidly increasing regions (A and 

A’) and slow decline ones (B and B’). The critical 

concentration is up to 40% - 50%, moreover, the concentration 

quenching effect is unobvious. This phenomenon is a result of 

the weak interaction among the luminescence centres. As 

mentioned in Section 3.1, the Ln3+-[PO4]
3- layers are isolated by 

[WO4]
2- zigzags and the Ln3+ ions are separated by [PO4]

3- 

groups in the layers. It is probable that the mild concentration 

quenching effect is caused by the weak luminescence centres 

interactions due to the blocking of [PO4]
3- and [WO4]

2- groups 

in the special K2Ln(PO4)(WO4) structure. 

The doped ions are expected to scatter randomly in the 

appropriate sites. Therefore, when the content is 50%, the 

doped luminescence ions are expected to scatter and occupy 

half of each double-Ln3+-unit according to the law of large 

numbers as presented in Figure S2. It is inevitable that some 

double-Ln3+-units are fully occupied by two luminescence ions 

when the content is larger than 50%. Then the interactions 

among ions are enhanced because there is no blocking ions 

group of [PO4]
3- or [WO4]

2- in such units. This site-occupy 

structure explanation is consistent with the observed variation 

trend of intensity for Tb3+ and Eu3+ in K2Gd(PO4)(WO4). The 

variation trends of intensity of Tb3+ and Eu3+ depicted in Figure 

S3 for K2Y(PO4)(WO4) and K2Lu(PO4)(WO4) are similar as 

K2Gd(PO4)(WO4). 

3.3 Dual Emission and Energy Transfer of Tb3+ and Eu3+ in 

K2Ln(PO4)(WO4) 

K2Gd(PO4)(WO4):Tb3,Eu3+ samples are chosen to investigate 

the ET from Tb3+ to Eu3+. Figure 3 (a) illustrates the PL spectra 

of Tb3+-Eu3+ doubly doped K2Gd(PO4)(WO4). The 

characteristic sharp line emission of Tb3+ and Eu3+ are observed. 

The emission intensity of Eu3+ ions at 616 nm increases with 

increasing the Eu3+ content, whereas the intensity of Tb3+ at 543 

nm decreases simultaneously under 378 nm, which reflects that 

the energy can be transferred from Tb3+ to Eu3+ and 

K2Gd(PO4)(WO4):Tb3+,Eu3+ can be used as green-red double 

colour phosphors for NUV WLEDs. In Figure 3 (b), the CIE 

chromaticity coordinates of the corresponding samples are 

shifting from (0.35, 0.58) to (0.65, 0.34). More importantly, the 

coordinate of the red emission sample K2Tb0.5Eu0.5(PO4)(WO4) 

(sample V) is (0.65, 0.34), which is very close to the National 

Television System Committee (NTSC) standard for red 

subpixels (0.67, 0.33).45 The digital photos of 

K2Ln(PO4)(WO4):Tb3,Eu3+ in Figure 3 (c) also support the 

spectral results. 

The ET from Tb3+ to Eu3+ is observed in the UV-Vis spectra.28 

Luminescence decay time measurements are performed to 

further analyse the ET phenomenon. As shown in Figure 4 (a), 

the fluorescence decay curves of K2Gd0.5-

xTb0.5(PO4)(WO4):xEu3+ deviate from single-exponential decay 

process as the concentration of Eu3+ ions increase. The average 

decay time of Tb3+ can be obtained from Equation (1):29, 46 

τ�� = � ���	�
�∞
�

� ���	
�∞
�

(1) 

The values of τTb are calculated to be 3.16, 2.38, 2.05, 1.75, 

1.69 and 1.47 ms for x = 0%, 0.5%, 1%, 2%, 3% and 5% in 

K2Gd0.5-xTb0.5(PO4)(WO4):xEu3+, and the results are presented 

in Figure 4 (b). It can be observed that the average time of Tb3+ 

ions decreases with the increase of Eu3+, indicating the ET from 

Tb3+ to Eu3+. Equation (2) can be used to estimate the Tb3+-Eu3+ 

ET probability (PTb-Eu):
47, 48 

����� = �
��

− �
��

(2) 

Where τx and τ0 are the corresponding lifetimes of the sensitizer 

(Tb3+) in the absence and presence of the activator (Eu3+) for 

the same sensitizer concentration. The calculated PTb-Eu values 

are depicted in Figure 4 (c). The ET probabilities from Tb3+ to 

Eu3+ increase with increasing the content of Eu3+, indicating an 

enhanced ET process. The average decay times (τEu) of K2Gd0.5-

xTb0.5(PO4)(WO4):xEu3+ are 3.30, 3.40, 3.42, 3.42 and 3.42 ms 

for x = 0.5%, 1%, 2%, 3% and 5% when the Eu3+ ions are 

excited by 394 nm through 7F0→
5L6 transition. The values of 

τEu have little change because it is still far from the critical 

concentration. Figure 5 illustrates the decay curves of K2Gd0.5-

Page 4 of 18Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

xTb0.5(PO4)(WO4):xEu3+(λEx = 378 nm, λEm = 616 nm). The 

different PLE spectra monitoring at 616 nm of 

K2Tb0.5Eu0.5(PO4)(WO4) and K2Gd0.5Eu0.5(PO4)(WO4) and the 

characterized Tb3+ transitions in Figure S4 also indicates the ET 

process from Tb3+ to Eu3+. Two different processes can be 

observed for Eu3+ emission: rise-up process and decay process 

when excited at 378 nm. In the initial rise-up process, the 

energy absorbed by the 7F6→
5G6 transition in Tb3+ ions is 

transferred to Eu3+ ions. The rise-up process is significantly 

influenced by the content of Eu3+. As shown in Figure 5 (a), the 

rise-up process becomes faster and faster with the increase of 

Eu3+ ions, which indicates that the ET process from Tb3+ to 

Eu3+ becomes more efficient with the increase of Eu3+. 

When the K2Gd0.5-xTb0.5(PO4)(WO4):xEu3+ samples are excited 

by 378 nm, the rate equations for the population densities in the 
5D4 level of Tb3+ ion and 5D0 level of Eu3+ ion can be expressed 

as follows:49, 50 

���


� = − ���
���

− ��������       (3) 


���

� = − ���

���
− ��������      (4) 

Where the NTb and NEu are the population intensities of the 5D4 

level of Tb3+ and the 5D0 of Eu3+, respectively. KTb-Eu is the 

non-radiative ET rate from the 5D4 state of Tb3+ to 5D0 of Eu3+
. 

Then the fluorescence intensity I(t) of Eu3+ ions at 616 nm 

under 378 nm excitation can be given as following: 

���	 = �����	 = ���������
 

!��
  

!��
"#$% &− �

���
' − #$% &− �

���
'( (5) 

Using the measured values of τTb and τEu, the simulation curves 

for the K2Gd0.5-xTb0.5(PO4)(WO4):xEu3+ samples are obtained as 

presented in Figure 5 (b), which show two process for Eu3+ 

emission, being similar to the measured curves. That is to say, 

the theoretical results are consistent with the experimental 

observations. 

3.4 Performance Tests of the K2Tb0.5Eu0.5(PO4)(WO4) Phosphors
 

The relative integrated emission intensity of K2Tb0.5-

Eu0.5(PO4)(WO4), K2Gd0.5Eu0.5(PO4)(WO4), K2Lu0.5Eu0.5 

(PO4)(WO4) and K2Y0.5Eu0.5(PO4)(WO4) is 100%, 90.1%, 74.7% 

and 72.9%, respectively, under the excitation of 394 nm. 

Therefore, we choose the best one for quantum efficiency (QE) 

test. The (QE) of the K2Tb0.5Eu0.5(PO4)(WO4) phosphor was 

measured by the integrated sphere method at room temperature 

under the excitation of 394 nm.51, 52 From Figure 5S, the value 

of QE (Ф) can be calculated by the following equation:15, 53 

Ф = � )*
� �+� �*

           (6) 

Where ∫LS is the integrated intensity of the PL spectrum for the 

sample, and ∫ER and ∫ES are the integrated intensity of the PLE 

spectra for BaSO4 powder and the sample, respectively. The 

internal QE (IQE) of K2Tb0.5Eu0.5(PO4)(WO4) at room 

temperature is measured to be 76.45% under the excitation of 

394 nm, while the external QE (EQE) is 35.2%. This result is 

compared with the reported red emitting phosphors in Table 

5.20, 54-57 The IQE of K2Tb0.5Eu0.5(PO4)(WO4) is a little lower 

than that of Na2Y2B2O7:Ce3+,Tb3+,Eu3+ and Sr2Si5N8:Eu2+ but 

far better than that of Y2O3:Eu3+ and Y2O2S:Eu3+. Furthermore, 

the dominant emission transition of phosphors with Ce3+-

(Tb3+)n-Eu3+ is 5D0→
7F1 (magnetic dipole transition). This type 

of phosphors emits orange colour due to the dominant magnetic 

dipole transition. The harsh synthesis conditions of nitrides 

increases the cost. Therefore, the K2Tb0.5Eu0.5(PO4)(WO4) 

phosphor has certain advantages over the reported ones 

previously. In Figure 6, the PL spectra of K2Tb0.5-

Eu0.5(PO4)(WO4) and Y2O3:Eu3+ under 394 nm show obvious 

disparity, being consistent with the QE measurement and the 

references. 

The special structure of K2Ln(PO4)(WO4) with [WO4]
2- and 

[PO4]
3- blocking functional groups weakens the interaction of 

the luminescence centres. Hence, the critical concentrations of 

Eu3+ and Tb3+ is high and the luminescence intensity is 

promising at room temperature. 

Temperature dependence PL intensities were collected in the 

range of 25°C to 150°C. In Figure 7, it is observed that the 

integrated intensities of K2Tb0.5Eu0.5(PO4)(WO4) phosphor 

decrease with increasing the temperature. The integrated 

emission intensity at 150°C is 92.2% of that at room 

temperature, demonstrating the good thermal quenching 

properties of K2Tb0.5Eu0.5(PO4)(WO4) phosphor. The thermal 

stability might be ascribed to the lower phonon interaction of 

the host. This result is better than the red phosphors 

LaMgAl11O19:Sm3+,Eu3+ (~60%) and α-Ca2SiO4:Eu2+ (~40%).58, 

59 Arrhenius equation is fitted to the thermal quenching data of 

K2Tb0.5Eu0.5(PO4)(WO4) phosphor to understand the activation 

energy and the temperature dependence of emission intensity:60 

� = ��
�,-./0&△�

2�'
                  (7) 

Where I0 is the initial emission intensity, I is the intensity at 

different temperatures, △E is activation energy of thermal 

quenching, A is a constant for a certain host and k is the 

Boltzmann constant (8.617×10-5eV). Equation (7) can be 

revised as: 

− △�
3� + ln 7 = 89 &��

� − 1'       (8) 

The activation energy △E is calculated to be 0.19 eV according 

to the fitting result in Figure 7 (b). 

Conclusions 

In summary, K2Ln(PO4)(WO4):Tb3+,Eu3+ (Ln = Y,Gd and Lu) 
phosphors have been synthesized by using high temperature 
solid state reaction method. The critical concentration of Tb3+ 
or Eu3+ is up to 40% - 50% in the single doped phosphor  
ascribed to the special structure of K2Ln(PO4)(WO4). Energy 
transfer from Tb3+ to Eu3+ has been investigated while the 
piecewise decay observed and fitting curves are obtained. The 
emission colour of K2Ln(PO4)(WO4):Tb3+, Eu3+ can be green, 
green-red double or pure red by adjusting the ratio of Eu3+ and 
Tb3+. The IQE and EQE of K2Tb0.5Eu0.5(PO4)(WO4) phosphor 
is 76.45% and 35.24%, respectively. The thermal quenching 
property has been investigated in detail and the corresponding 
activation energy is obtained to be about 0.19 eV from 
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Arrhenius equation. The highly photoluminescent efficiency 
and the excellently thermal quenching property make 
K2Tb0.5Eu0.5(PO4)(WO4) to be a promising pure red phosphor 
for application in near-ultraviolet WLEDs. 
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Table 1. Cell parameters of K2Ln(PO4)(WO4) 

Ln 
Radii of Ln

3+
 

when CN = 8  

Cell Parameters of 

K2Ln(PO4)(WO4)  

  
α=β=γ=90° 

Y 1.019 Å 

a=6.87(6)Å, 

b=12.15(3)Å, 

c=19.72(0)Å, 

V=1647.99(0)Å3 

Gd 1.053 Å 

a=6.96(8)Å, b=12.28(5) 

Å, c=19.75(7)Å, 

V=1691.40(0)Å3 

Lu 0.977Å 

a=6.80(6)Å, b=12.06(1) 

Å, c=19.69(1)Å, 

V=1616.29(0)Å3 
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Table 2. Refined atomic coordinate parameters for 

K2Y(PO4)(WO4) 

Atom Wyck. x/a y/b z/c 

W1 8e 0.500(0) 0.250(0) 0.334(5) 

Y1 8d 0.750(0) 0.325(1) 0.500(0) 

K1 16f 0.970(6) 0.069(7) 0.343(8) 

P1 8d 0.750(0) 0.072(6) 0.500(0) 

O1 16f 0.770(3) 0.302(6) 0.385(4) 

O2 16f 0.442(0) 0.364(3) 0.284(9) 

O3 16f 0.730(8) 
-

0.004(7) 
0.438(3) 

O4 16f 0.922(9) 0.142(4) 0.492(2) 
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Table 3. Refined atomic coordinate parameters for 

K2Gd(PO4)(WO4) 

Atom Wyck x/a y/b z/c 

W1 8e 0.500(0) 0.250(0) 0.332(6) 

Gd1 8d 0.750(0) 0.324(6) 0.500(0) 

K1 16f 0.970(1) 0.073(2) 0.344(8) 

P1 8d 0.750(0) 0.070(4) 0.500(0) 

O1 16f 1.507(6) 0.400(7) 0.318(2) 

O2 16f 0.412(0) 0.310(0) 0.318(6) 

O3 16f 0.691(0) -0.006(5) 0.434(6) 

O4 16f 0.928(4) 0.154(2) 0.488(9) 
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Table 4. Refined atomic coordinate parameters for 

K2Lu(PO4)(WO4) 

Atom Wyck x/a y/b z/c 

W1 8e 0.500(0) 0.250(0) 0.336(0) 

Lu1 8d 0.750(0) 0.325(8) 0.500(0) 

K1 16f 0.968(7) 0.079(9) 0.343(9) 

P1 8d 0.750(0) 0.070(4) 0.500(0) 

O1 16f 0.700(7) 0.293(6) 0.398(6) 

O2 16f 0.442(0) 0.364(3) 0.328(0) 

O3 16f 0.745(1) 0.004(6) 0.438(3) 

O4 16f 0.922(9) 0.151(4) 0.477(5) 
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Table 5. The IQE values of 

K2Tb0.5Eu0.5(PO4)(WO4) and some reported red 

phosphors 

Sample IQE Chromaticity Note 

K2Tb0.5Eu0.5(PO4)(WO4) 76.4% Red This Work 

Y2O3:Eu3+ 72.5% Red Ref 49 

Y2O2S:Eu3+ 35% Red Ref 50 

Na2Y2B2O7:Ce3+,Tb3+,Eu3+ 77% Orange Ref 51 

Ba2Tb(BO3)2Cl:Eu2+,Eu3+ 56% Orange Ref 18 

Sr2Si5N8:Eu2+ 79% Red Ref 52 
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Figure 1.The calculated, observed XRD patterns, 

residual curves and crystal structure of 

K2Ln(PO4)(WO4) (Ln = Y, Gd and Lu). 
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Figure 2. Photoluminescence and excitation spectra of 

K2Gd(PO4)(WO4):Tb3+, K2Gd(PO4)(WO4):Eu3+ and the 

emission intensity as a function of Tb3+ or Eu3+ 

concentration. (Standard error for the measurements is ± 

5%) 
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Figure 3. Photoluminescence spectra of K2Gd0.5-

xTb0.5(PO4)(WO4):xEu3+ (x = 0%, 0.5%, 3%, 10% and 

50%, respectively) (a), the corresponding colour 

coordinates under 378 nm excitation (b) and the digital 

photos of K2Ln0.5-xTb0.5(PO4)(WO4):xEu3+ samples 

under 365 nm UV lamp (c). 
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Figure 4. Decay curves (a), fluorescence lifetimes of 

Tb3+ and energy transfer probability PTb-Eu as a function 

of x value in K2Gd0.5-xTb0.5(PO4)(WO4):xEu3+. (Standard 

error for the measurements is ± 5%) 
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Figure 5.Fluorescence decay curves for K2Gd0.5-

xTb0.5(PO4)(WO4):xEu3+ (a) and the corresponding 

simulation curves (b). 
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Figure 6. Comparison of the PL spectra of 

K2Tb0.5Eu0.5(PO4)(WO4) and Y2O3:Eu3+ under 394 nm 

excitation and the corresponding chromaticity 

coordinates. 
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Figure 7.Temperature dependence of the emission 

integrated intensity of K2Tb0.5Eu0.5(PO4)(WO4) (a) and 

the Arrherrius fitting result (b). 
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