
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Se

pt
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 7

/2
5/

20
25

 4
:5

1:
56

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Luminescence an
aSchool of Science, Beijing Technology and

China. E-mail: xudh@btbu.edu.cn
bCollege of Physics and Electronic Engineerin

PR China. E-mail: fazaiyang@163.com

Cite this: RSC Adv., 2019, 9, 27817

Received 24th June 2019
Accepted 21st August 2019

DOI: 10.1039/c9ra04727a

rsc.li/rsc-advances

This journal is © The Royal Society of C
d energy transfer of Tm3+ and
Dy3+ co-doped Na3ScSi2O7 phosphors

Chao Wei,a Denghui Xu, *a Zaifa Yang,*b Yetong Jia,a Xiong Lia and Jiayue Suna

A series of Tm3+ and Dy3+ ions single- or co-doped Na3ScSi2O7 (NSSO) phosphors were prepared by

a conventional solid state reaction method. The X-ray diffraction (XRD) patterns, photoluminescence

(PL) properties, fluorescence decay curve and energy transfer behavior of the samples were studied.

The XRD patterns show that all the diffraction peaks of the samples are consistent with the JCPDS

standard data. Under UV excitation, the singly doped NSSO phosphors with Tm3+ and Dy3+ ions

show blue and yellow characteristic emission. The emission color of NSSO:Tm3+,Dy3+ can be

adjusted by the corresponding Tm3+–Dy3+ energy transfer. In addition, the chromaticity coordinate

of NSSO:0.04Tm3+,0.13Dy3+ is (0.3195, 0.3214), which is close to the ideal white light (0.333, 0.33).

These results show that NSSO:Tm3+,Dy3+ has potential application value in white light emitting

diodes (WLEDs).
1. Introduction

In recent years, white light emitting diodes (WLEDs) have
aroused great interest because of their outstanding advan-
tages, such as high luminous efficiency, energy saving ability,
environmental friendliness, low manufacturing cost and so
on.1–4 Thus, WLEDs have been widely used in displays, optical
bers, temperature sensors and other elds.5,6 The current
WLED is formed by combining the InGaN-based blue LED
chip with the yellow luminous YAG:Ce3+ phosphor.7,8 An
alternative method is to use a NUV LED chip to stimulate RGB
(red, blue, green) phosphors to obtain white light, which is
the most popular type in the market. However, there are still
some problems in the realization of white light through
polyphase phosphors, such as proportion control, color
absorption, color subtraction and so on.9–12 Therefore, it is
very necessary to develop a new type of single-phase white
light phosphor.

In the trivalent rare earth ions, Dy3+ ions have blue emission
(470–500 nm) and yellow emission (560–600 nm) in the visible
range, which correspond to 4F9/2 / 6H15/2 and 4F9/2 / 6H13/2

transitions, respectively. The yellow emission is a sensitive transi-
tion emission, which is easily affected by the crystal eld. When
the Dy3+ ion is in the low symmetry position, the yellow emission
will occupy the dominant position.13 However, Tm3+ ions can
produce blue emission (1D2 / 3F4) and are not affected by the
crystal eld.14 Based on the principle of energy transfer (ET), Tm3+
Business University, Beijing 100048, PR
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and Dy3+ co-doped a single matrix can obtain a better white light.
At present, a large number of Tm and Dy co-doped single-phase
white light emitting phosphors have been reported. For example,
YGa3(BO3)4:Tm

3+,Dy3+,15 NaBi(WO4)2:Tm
3+,Dy3+,16 Ba3La6(SiO4)6:-

Tm3+,Dy3+,17 Sr3Y(PO4)3:Tm
3+,Dy3+,18 Na3Gd(PO4)2:Dy

3+,Tm3+,19

NaGd(WO4)2:Tm
3+,Dy3+,20 etc. In particular, silicates based lumi-

nousmaterials have been paidmore attention because of their low
synthesis temperature, stable chemical properties, simple prepa-
ration process and so on.

In this paper, Na3ScSi2O7 (NSSO) phosphors with single
and co-doping of Tm3+ and Dy3+ were synthesized by
Fig. 1 XRD patterns of NSSO:0.04Tm3+, NSSO:0.13Dy3+,
NSSO:0.04Tm3+,0.13Dy3+.
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traditional solid state reaction method. The crystal struc-
ture was characterized by X-ray diffraction (XRD). By
adjusting the concentration ratio of Tm3+ and Dy3+, the
Fig. 2 (a) and (b) present SEM images of a typical NSSO:0.04Tm3+,0.13Dy
mapping images.

27818 | RSC Adv., 2019, 9, 27817–27824
obtained phosphor changes from blue to white under the
excitation of near UV light, and then the color tunability will
be achieved.
3+ phosphor, (c) EDS spectrum of the obtained sample, (d–i) elemental

This journal is © The Royal Society of Chemistry 2019
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2. Experimental
2.1 Experimental procedure

A series of Na3ScSi2O7:xTm
3+ (abbreviated as NSSO:xTm3+, x ¼

0.005–0.07), Na3ScSi2O7:yDy
3+ (abbreviated as NSSO:yDy3+, y¼ 0.07–

0.19), Na3ScSi2O7:0.04Tm
3+,yDy3+ (abbreviated as NSSO:0.04T-

m3+,yDy3+, y ¼ 0.01–0.13) samples were prepared by high temper-
ature solid state reaction. The raw materials Na2CO3 [analytical
reagent (A.R.)], Sc2O3 (99.99%), SiO2 (99.99%), Dy2O3 (99.99%) and
Tm2O3 (99.99%) were weighed according to the appropriate stoi-
chiometric ratio and mixed into agate mortar. Then it was calcined
at 1250 �C for 6 h in muffle furnace. Finally, the prepared samples
were gradually cooled to room temperature and ground into powder
for further measurement.

The phase purity of NSSO:Re3+ was measured by the Bruker
D2 X-ray diffractometer, using Cu-Ka radiation (l ¼ 0.1506 �A),
and the working parameters were 30 kV, 10 mA. The surface
Fig. 3 (a) and (b) Excitation and emission spectrum of NSSO:xTm3+

phosphor.

This journal is © The Royal Society of Chemistry 2019
morphology was measured by eld emission scanning electron
microscope (SEM, Hitachi, S-4800, Japan) with additional
energy dispersive spectrum (EDS). The photoluminescence
spectra were measured via Hitachi F7000 spectrophotometer
with 150 W xenon lamp. Using 370 nm pulse laser radiation as
the excitation light source, the uorescence decay curves of the
sample were measured by a spectrophotometer (HORIBA,
JOBIN YVON FL 3-21).
3. Results and discussion
3.1 Crystal structure of samples

The phase purity of single doping and co-doping samples was
analyzed by XRD diffraction. Because the XRD patterns of the
obtained samples are similar, representative samples are
selected to be displayed in the gure. Fig. 1 shows the XRD
diagrams of NSSO:0.04Tm3+, NSSO:0.13Dy3+ and
Fig. 4 (a) and (b) Excitation and emission spectrum of NSSO:xDy3+

phosphor.

RSC Adv., 2019, 9, 27817–27824 | 27819
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NSSO:0.04Tm3+,0.13Dy3+ samples. The results show that the
XRD patterns of all samples are in good agreement with the
standard PDF card (JCPDS no. 72-1882), indicating that the
activated Tm3+ and Dy3+ ions have no signicant effect on the
crystal structure of NSSO.

Fig. 2(a) and (b) represent SEM images of representative
samples NSSO:0.04Tm3+,0.13Dy3+ phosphor. The obtained
micrographs show that the particle size is mainly distributed in
the range of 1–2 mm. The EDS spectrum and element mapping
image of the typical sample are shown in Fig. 2(c–i). The EDS
spectrum shows that sodium (Na), scandium (Sc), silicate (Si),
oxygen (O), thorium (Tm) and erbium (Dy) are found in NSSO
phosphors. The element mapping images show that all
elements are evenly distributed in the NSSO host.
Fig. 5 (a) Emission spectra of NSSO:xTm3+ and excitation spectra of NSS
spectrum of NSSO:0.04Tm3+,yDy3+.

27820 | RSC Adv., 2019, 9, 27817–27824
3.2 PL properties of NSSO:xTm3+

Fig. 3 shows the PL excitation (PLE) and PL spectra of
NSSO:xTm3+ samples. Under the monitoring of 454 nm, the PLE
spectrum of the sample has a strong excitation peak at 357 nm,
which belongs to the 3H6 / 1D2 electron transition of Tm3+

[Fig. 3(a)]. When the excitation wavelength is 357 nm, the bright
blue emission is observed at 454 nm, which is due to the 1D2 /
3F4 transition of Tm3+ ion.21,22 In addition, Fig. 3(b) shows the PL
spectra of samples with different Tm3+ concentrations. It can be
found that the spectral curve and position have no obvious
change, only the PL intensity has changed. With the increase of
Tm3+ ion content, the intensity of PL increases gradually. When
x is 0.004, the intensity of PL reaches the maximum, and then
the intensity of PL decreases gradually. Therefore, x ¼ 0.04 is
O:yDy3+, (b) excitation spectra of NSSO:0.04Tm3+,yDy3+, (c) emission

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Decay curves of NSSO:0.04Tm3+,yDy3+ phosphors at room
temperature.
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selected as the xed doping amount of Tm3+ and Dy3+ ion co-
doped phosphors.
3.3 PL properties of NSSO:yDy3+

Fig. 4(a) shows the PL excitation spectra of NSSO:0.13Dy3+

phosphor monitored by 574 nm. The excitation spectra have
a series of sharp absorption peaks at 296, 324, 349, 385 and
424 nm, which correspond to the f–f transitions of Dy3+ from the
ground state 6H15/2 to the excited states 4D7/2,

6P3/2,
6P7/2,

4M21/2

and 4G11/2, respectively. From the excitation spectrum, the
excitation band at 349 nm (6H15/2 / 6P7/2) has the strongest
absorption, indicating that the phosphor prepared by us is in
good agreement with the wavelength of commercial NUV-LED
chip (300–410 nm).

Fig. 4(b) depicts the PL spectra of single-doped NSSO with
different Dy3+ ion concentrations excited at 349 nm. The PL
Fig. 7 Energy transfer process diagram of NSSO:0.04Tm3+,yDy3+

phosphors.

This journal is © The Royal Society of Chemistry 2019
spectra of the obtained phosphors have two obvious emission
peaks at 477 nm (blue) and 574 nm (yellow), which are
attributed to 4F9/2 /

6H15/2 and
4F9/2 /

6H13/2 transitions. The
characteristic 4F9/2 / 6H15/2 transition originates from the
magnetic dipole (MD) transition, while the other 4F9/2 /

6H13/

2 transition originates from the electric dipole (ED) transi-
tion.23,24 The ED transition is allergic and strongly inuenced
by the surrounding environment, while the MD transition is
not sensitive to the crystal eld.25,26 In the NSSO host lattice,
the yellow emission is much stronger than the blue emission,
which indicates that the Dy3+ ion occupies a non-inversion
symmetry site (low symmetry site). In addition, except for
the intensity, the shape and characteristic peak position of the
PL spectrum have not changed. With the increase of Dy3+

doping content, the luminous intensity increases at rst.
When the Dy3+ doping concentration exceeds 0.13, the lumi-
nous intensity decreases gradually due to the concentration
quenching.
Fig. 8 (a) PL spectra of NSSO:0.04Tm3+,0.13Dy3+ phosphor with
different temperature from 298 K to 498 K, (b) the relative emission
intensity with various temperature.

RSC Adv., 2019, 9, 27817–27824 | 27821
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3.4 PL properties of NSSO:0.04Tm3+,yDy3+

Fig. 5(a) exhibits the excitation spectra of NSSO:0.13Dy3+

monitored by 574 nm and the emission spectra of
NSSO:0.04Tm3+ excited by 357 nm. As shown in Fig. 5(a), there
is an overlap between the excitation spectra of Dy3+ and the
emission spectra of Tm3+ ions near the 454 nm, which proves
that there is a possibility of energy transfer from Tm3+ to Dy3+ in
the NSSO host.27 Fig. 5(b) shows the excitation spectra of
NSSO:0.04Tm3+,0.13Dy3+ phosphor monitored by 574 nm (Dy3+)
and 454 nm (Tm3+). From Fig. 5(b), it can be noticed that the
excitation spectra are similar to the Tm3+ and Dy3+ ions single-
doped NSSO phosphors. Under the monitoring of the charac-
teristic emission wavelengths of 454 and 574 nm, the excitation
spectra of NSSO:0.04Tm3+,0.13Dy3+ phosphor shows over-
lapping bands from 350 to 370 nm. This phenomenon indicates
that the NSSO samples co-doped with Dy3+ and Tm3+ ions can
be effectively excited by ultraviolet light. Therefore, the emis-
sion spectra of Dy3+ and Tm3+ co-doped NSSO phosphors were
measured at 365 nm. The emission spectra of NSSO:0.04T-
m3+,yDy3+ (y ¼ 0.01, 0.03, 0.06, 0.09 and 0.13) excited by 365 nm
are shown in Fig. 5(c). With the increase of Dy3+ concentration
from 0.001 to 0.13, the blue light emission intensity of Tm3+ ion
decreases monotonously around 454 nm, while the blue and
yellow light emission intensity of Dy3+ ion increases gradually.
The trend of emission intensity can be clearly seen in the inset
of Fig. 5(c). This result conrms the existence of energy transfer
from Tm3+ ion to Dy3+ ion.

In order to further explain the energy transfer from Tm3+ ion
to Dy3+ ion. Fig. 6 displays the PL decay curve of NSSO:0.04T-
m3+,yDy3+ phosphors excited by 365 nm. The corresponding
luminescence decay curves are recorded by a single exponential
Fig. 9 The CIE 1931 chromaticity diagram of NSSO:0.04Tm3+,yDy3+

phosphors.

27822 | RSC Adv., 2019, 9, 27817–27824
function of I(s) ¼ A exp(�t/s) + I0. Here, s is the decay lifetime,
and I0 and I(s) represent the luminous intensity at 0 and t,
respectively. Using the above equation, it is calculated that the
lifetime values of NSSO:0.04Tm3+,yDy3+ (y ¼ 0, 0.01, 0.03, 0.06,
0.09 and 0.13) phosphors are 0.0701, 0.0692, 0.0684, 0.0668,
0.0659 and 0.0648 ms, respectively. With the increase of Dy3+ ion
concentration, the lifetime value of Tm3+ decreases gradually,
which proves once again the energy transfer from Tm3+ to Dy3+.

Fig. 7 shows the energy level diagram of the energy transfer
process between Tm3+ and Dy3+ ions and the possible luminous
paths in the NSSO host. At 365 nm excitation, the Tm3+ ion
absorbs energy and excites the ground state electrons from the
3H6 state to the 1D2 state. Because the excitation spectra of Dy3+

overlap with the emission spectra of Tm3+ ions around 454 nm,
the 1D2(Tm

3+) + 6H15/2(Dy
3+) / 3F4(Tm

3+) + 4I15/2(Dy
3+) may

occur. Due to the non-radiative transition, the excited electrons
relax to a lower energy level 4F9/2. Then, the characteristic
emission at 477 nm and 574 nm corresponding to 4F9/2 /

6HJ (J
¼ 15/2, 13/2) occurs through the radiative transition.

Fig. 8(a) shows the emission spectra of NSSO:0.04Tm3+,0.13Dy3+

phosphor in the temperature range of 298 K to 498 K. With the
increase of temperature, the emission intensity of Tm3+ and Dy3+

ions decreases obviously. The relationship between the relative
intensity of Tm3+ andDy3+ and temperature is presented in Fig. 8(b).
As shown in the gure, the intensity of Tm3+ and Dy3+ at 423 K is
still 80% and 83% compared with the initial value. In this regard,
the optimized NSSO:Tm3+,Dy3+ phosphors have better thermal
stability than the previously reported Tm and Dy co-doped silicate
material.17

The chromaticity coordinates of CIE are calculated by CIE
soware. The CIE chromaticity diagram of NSSO:0.04Tm3+,
NSSO:0.13Dy3+ and NSSO:0.04Tm3+,yDy3+ (y ¼ 0, 0.01, 0.03,
0.06, 0.09 and 0.13) phosphors are presented in Fig. 9, and the
results are shown in Table 1. The color coordinates of Tm3+ and
Dy3+ single doping NSSO samples are (0.1733, 0.0628) and
(0.3195, 0.3214), respectively, which are located in yellow-white
(point 1) and purple-blue region (point 7). For Dy3+ and Tm3+ co-
doped NSSO phosphors, the CIE coordinates almost linearly
moved from point 2 (0.2531, 0.2073) to point 6 (0.3195, 0.3214).
In the obtained CIE coordinates, (0.3195, 0.3214) is quite close
to the standard white light (0.333, 0.33). In addition, the
correlation temperature (CCT) of the samples is calculated
according to the CIE coordinates. The CCT is calculated by
using the following McCamy empirical formula:

CCT ¼ 449n3 + 3525n2 + 6823n + 5520.33
Table 1 The CIE chromaticity coordinates of the samples

No. Samples CIE x CIE y

1 0.04Tm3+ 0.1733 0.0682
2 0.04Tm3+/0.01Dy3+ 0.2531 0.2073
3 0.04Tm3+/0.03Dy3+ 0.2712 0.2411
4 0.04Tm3+/0.06Dy3+ 0.2964 0.2813
5 0.04Tm3+/0.09Dy3+ 0.3069 0.2995
6 0.04Tm3+/0.13Dy3+ 0.3195 0.3214
7 0.13Dy3+ 0.3661 0.428

This journal is © The Royal Society of Chemistry 2019
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where n¼ (x� 0.3320)/(y� 0.1858). The CCT of NSSO:0.04Tm3+,
yDy3+ phosphors is calculated to be in the range of 1339–3837 K.
4. Conclusion

To sumup, Tm3+ andDy3+ ions single-doping and co-doping NSSO
phosphors have been successfully synthesized by the traditional
solid-state method. The results of XRD pattern analysis show that
the phases of the synthesized samples are pure phase, and the
single doping and co-doping of Tm3+ and Dy3+ ions have little
effect on the crystal structure of NSSO phosphors. The
NSSO:xTm3+ phosphors showed an intense blue emission (1D2 /
3F4) under excitation at 357 nm. Upon the excitation at 349 nm, the
NSSO:yDy3+ phosphors displayed yellowish white emission. The
ideal white light can be produced by properly combining Tm3+ and
Dy3+ ions. Indeed, NSSO:0.04Tm3+,yDy3+ phosphors change almost
linearly from blue to white when excited by 365 nm. In addition,
the CIE coordinate of NSSO:0.04Tm3+,0.13Dy3+ (0.3195, 0.3214) is
quite close to the coordinate of ideal white light (0.333, 0.33). The
preliminary study on the co-doping of NSSO with Tm3+ and Dy3+

ions shows that the synthesized single-phase white light phosphor
has a potential application prospect in solid state lighting.
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