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By using an improved Bridgman method, 0.3 mol% Tm3+/0.6 mol% Tb3+/y mol% Eu3+ (y = 0, 0.4, 0.6, 0.8)
doped Na5Y9F32 single crystals were prepared. The x-ray diffraction, excitation spectra, emission spectra and fluorescence
decay curves were used to explore the crystal structure and optical performance of the obtained samples. When excited by
362 nm light, the cool white emission was realized by Na5Y9F32 single crystal triply-doped with 0.3 mol% Tm3+/0.6 mol%
Tb3+/0.8 mol% Eu3+, in which the Commission Internationale de l’Eclairage (CIE) chromaticity coordinate was (0.2995,
0.3298) and the correlated color temperature (CCT) was 6586 K. The integrated normalized emission intensity of the tri-
doped single crystal at 448 K could keep 62% of that at 298 K. The internal quantum yield (QY) was calculated to be
∼ 15.16% by integrating spheres. These results suggested that the single crystals tri-doped with Tm3+, Tb3+ and Eu3+

ions have a promising potential application for white light-emitting diodes (w-LEDs).
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1. Introduction
Over the years, with the continuous consumption of en-

ergy, the growth of energy-efficient equipment has become
an unstoppable trend. The white light-emitting diodes (w-
LEDs) have aroused high interest due to their advantages of
energy-saving, fast switching, longer lifetime, environmen-
tally friendly, compact size, and color tunability over fluores-
cent tubes and incandescent bulbs.[1–4] Currently, the w-LEDs
are mainly obtained in the following ways: (i) the combina-
tion of blue chip of GaN/InGaN and yellow phosphor of YAG:
Ce3+;[5] (ii) mixing three colors (blue, red, green) phosphor
to achieve white emission under UV excitation;[6] and (iii) the
composition of a unitary NUV/UV LED chip with multicolor
fluorescence.[7] The white light produced by the above meth-
ods often encounters some problems, such as low efficacy, re-
duced lifetime, weak resistance to heat and small rendering
index, which reduce the quality of the white light.[8–10] There-
fore, increasing academic interest has concentrated on the re-
search of pursuing a mono-phase and full-emission material
by a near ultraviolet stimulation to overcome the defects of
traditional w-LEDs.[11] The unique electron transitions (4f–4f
or 4f–5d) in RE3+ ions can generate in the aggregate spectral

cover scope from ultraviolet to infrared.
Among RE3+ ions, Tm3+ has a high emission peak

(1D2 → 3F4) at ∼ 450 nm (blue), and Tb3+ usually
plays a green-emitting sensitizer at ∼ 545 nm (green
5D4 → 7F5). Eu3+ acts as an effective red-emitting ac-
tivator owing to the transition of 5D0 → 7FJ (J = 1,
2, 3, 4).[12] The Tm3+/Tb3+/Eu3+ tri-doping used in
some materials has been extensively researched, such as
Na5La(MoO4)4 fluorescent powder: Tm3+/Tb3+/Eu3+,[13]

and ZnB glasses: Tm3+/Tb3+/Eu3+.[14] Nevertheless, ow-
ing to the difficulty of crystal growth, the single crystal tri-
doped with Tm3+/Tb3+/Eu3+ is rarely seen. On account of the
Na5Y9F32 single crystal being proof of invariable physical–
chemical properties, thermal stabilization and high luminous
efficiency,[15] the RE3+ doped Na5Y9F32 single crystals may
be a desirable material to obtain comprehensive performance.

In this paper, the Tm3+/Tb3+/Eu3+ doped Na5Y9F32

single crystals were grown by the Bridgman method.
When the excitation wavelength was set at 362 nm, the
Tm3+/Tb3+/Eu3+ tri-doped Na5Y9F32 single crystals had
abundant emission from 430 nm to 650 nm and the cool white
emission was obtained with CIE coordinate (0.2995, 0.3298)
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and the CCT of 6586 K.

2. Experimental details
By using through the ameliorative Bridgman technique,

Tm3+, Tb3+and Eu3+ doped Na5Y9F32 single crystals were
prepared from 99.99% high purified NaF, YF3, TmF3, TbF3

and EuF3 powders. Moreover, adding a slight of KF (99.99%)
as flux into raw material to change the phase equilibrium
between YF3 and NaF and reduce the crystalline tempera-
ture of Na5Y9F32 single crystal.[16] The homologous concrete
course of crystal growth was described elsewhere.[17] Here,
the Na5Y9F32 single crystal is named as NYF, and the RE3+

singly doped, co-doped and tri-doped are as below:
Sample A: NYF + 0.3 TmF3;
Sample B: NYF + 0.6 TbF3;
Sample C: NYF + 0.6 EuF3;
Sample D: NYF + 0.6 TbF3 + 0.3 TmF3;

Sample E: NYF + 0.6 TbF3 + 0.3 TmF3 + 0.4 EuF3;
Sample F: NYF + 0.6 TbF3 + 0.3 TmF3 + 0.6 EuF3;
Sample G: NYF + 0.6 TbF3 + 0.3 TmF3 + 0.8 EuF3.
As displayed in Fig. 1(e), the size of the grown lucent

crystal is approximately Φ10 mm×30 mm. It was then cut and
burnished to ∼ 2 mm to test correlative luminescence proper-
ties. As listed in Table 1, the real Tm3+, Tb3+ and Eu3+ con-
tents in Na5Y9F32 single crystal were determined by ICP-AES
from PerkinElmer Inc Optima 3000. The crystalline phase of
the as obtained samples was verified via Bruker D8 Advance
(Germany) with radiation source of Cu-K-α ray (0.15043 nm).
The excitation spectra, emission spectra, and decay lifetime
were investigated by FLSP 920 type spectrometer (Edinburgh,
England). The FLSP 920 spectrometer with temperature con-
trolling equipment was used to explore temperature-dependent
emission spectra. The quantum yield was measured by Horiba
FL3-111 spectrometer (France).

Table 1. The doping concentrations of Tm3+, Tb3+, Eu3+ in raw material and the ionic numbers of Tm3+, Tb3+ and Eu3+ ions in the obtained crystal.

Sample A B C D E F G
Tm3+ (mol% in raw material) 0.3 0 0 0.3 0.3 0.3 0.3

Measured Tm3+ (mol% in single crystal) 0.302 0 0 0.304 0.307 0.303 0.305
Tb3+ (mol% in raw material) 0 0.6 0 0.6 0.6 0.6 0.6

Measured Tb3+ (mol% in single crystal) 0 0.566 0 0.564 0.571 0.575 0.578
Eu3+ (mol% in raw material) 0 0 0.6 0 0.4 0.6 0.8

Measured Eu3+ (mol% in single crystal) 0 0 0.475 0 0.306 0.486 0.648

3. Results and discussion
3.1. XRD analyses

Figures 1(a)–1(d) exhibit the XRD patterns of Na5Y9F32

(PDF#27-1428), samples A, D and G, respectively. The whole
diffraction peaks are tallied with standard data and there are no
unnecessary peaks. It suggests that introduced Tm3+, Tb3+

and Eu3+ ions will not have major influence on the crystal
structure of Na5Y9F32. Davolos recommends that in order
to implement effective ions doping, the permissible radius
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Fig. 1. (a) The XRD patterns of the standard XRD cards of Na5Y9F32
(PDF#27-1248). (b)–(d) XRD patterns for 0.3 mol% Tm3+, 0.3 mol%
Tm3+/0.6 mol% Tb3+ and 0.3 mol% Tm3+/0.6 mol% Tb3+/0.8 mol%
Eu3+ doped single crystals using the powders obtained by grinding the
bulk crystal. (e) The insert diagram is a picture of grown Na5Y9F32
single crystal.

differences between the dopants and substitution sites should
be not greater than 30%.[18] The percentage differences in
radius of Tm3+–Y3+, Tb3+–Y3+ and Eu3+–Y3+ are 2.58%,
3.36% and 6.38%, respectively, demonstrating that the three
ions are efficiently doped into Na5Y9F32 single crystal.

3.2. Excitation spectra and emission spectra

Figure 2 demonstrates the emission and excitation spectra
of Tm3+, Tb3+ and Eu3+ singly doped single crystals. Fig-
ures 2(a)–2(c) present the excitation spectra of Tm3+, Tb3+

and Eu3+ singly doped ones monitored at 452 nm, 544 nm
and 614 nm, respectively. Figure 2(a) reveals a sharp peak at
358 nm, owing to 3H6→ 1D2 transition of Tm3+. Figure 2(b)
illustrates five peaks at 320 nm, 338 nm, 354 nm, 370 nm and
378 nm, which originate from the ground sate 7F6 to excitation
sates 5D1, 7F6, 5L8, 5D2, 5G6 and 5D3 transitions of Tb3+. Fig-
ure 2(c) consists of 362 nm, 383 nm and 396 nm three peaks,
originating from 7F0→ 5D4, 5G2 and 5L6 transitions of Eu3+.
It is noted that the Tm3+, Tb3+ and Eu3+ excitation spectra
show a consistent excitation band at about 362 nm, indicat-
ing the three ions may be stimulated by 362 nm simultane-
ously, which offer a potential possibility for white emission
through the integration of a near-ultraviolet LED chip with
Tm3+/Tb3+/Eu3+ triply-doped Na5Y9F32 single crystal. Fig-
ures 2(d)–2(f) show the emission spectra of Tm3+, Tb3+ and
Eu3+ doped ones, respectively, stimulated by 362 nm. Fig-
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ure 2(d) exhibits a blue band located at 452 nm, which is due to
the transition of Tm3+ : 1D2→ 3F4. Figure 2(e) describes the
peaks at 486 nm, 544 nm, which are owing to 5D4→ 7F6, 7F5

transitions of Tb3+, respectively. Because of the 5D0 → 7F1,
7F2 transitions of Eu3+, two emission bands are presented at
592 nm and 613 nm in Fig. 2(f). Generally speaking, the lig-
and field makes no difference to the 5D0 → 7F1 transition in-
tensity of the magnetic dipolar, while the 5D0→ 7F2 transition
of electric dipolar is known to be prohibited in central sym-
metric environment.[19] The emission intensity of the transi-
tion 5D0 → 7F1 (592 nm) is stronger than that of 5D0 → 7F2

(613 nm) in Fig. 3(f), which manifests that the local structure
of Eu3+ in Na5Y9F32 single crystal belongs to spatial inver-
sion.
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Fig. 2. (a)–(c) Excitation spectra of sample A: Tm3+, B: Tb3+ and C: Eu3+,
respectively. (d)–(f) Emission spectra of sample A: Tm3+, B: Tb3+ and C:
Eu3+, respectively.

Figure 3(a) exhibits the fluorescence spectra of 0.3 mol%
Tm3+/0.6 mol% Tb3+/y mol% Eu3+ (y = 0.4, 0.6, 0.8) tri-
doped Na5Y9F32 crystals. Under 362 nm excitation, the flu-
orescence spectra show the blue, green and reddish-orange
emission, which originate from Tm3+ : 1D2→ 4F3 (452 nm),
Tb3+ : 5D4→ 7F6 (491 nm), Tb3+ : 5D4→ 7F5 (544 nm), and
Eu3+ : 5D0→ 7F1 (591 nm), Eu3+ : 5D0→ 7F2 (613 nm), re-
spectively. Figure 3(b) shows the emission intensity of Tm3+,
Tb3+ and Eu3+ with relation to the Eu3+ content. With the
addition of Eu3+ concentration, the luminescence intensities
of Tm3+ and Tb3+ decrease, while the luminescence intensity
of Eu3+ increases gradually.
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Fig. 3. (a) Fluorescence spectra of samples E, F and G in the wavelength
of 430 nm–650 nm under 362 nm excitation. (b) The relationship be-
tween integrated emission intensity with different Eu3+ concentration.

3.3. Energy transfer

The possible energy transfer among Tb3+, Tm3+ and
Eu3+ ions have been investigated previously.[20,21] Here, an
explicit level scheme was made to make clear the procedure of
energy transfer in Fig. 4. Under excitation upon of 362 nm, the
Tm3+ ions in ground-state are stimulated to 1D2 energy level
by absorbing the pumping energy, then the ions in high energy
level release a part of the energy to 1G4 level through non-
radiative transition (NR). Simultaneously, the energy of 1G4

attenuates to the 6H3 level with 452 nm (blue) radiation. The
Tb3+ ions in the ground state absorb the excitation energy and
then jump to the 5D2 energy level. Because the particles do
not have a stable state at 5D2 energy level, so they will nonra-
diative relax to the 5D4 energy level. Meanwhile, 491 nm and
544 nm (green) radiations are produced, which originate from
the transitions: 5D4→ 7F6, 5D4→ 7F5 of Tb3+, respectively.
Similarly, the Eu3+ ions in the ground state are excited into
the 5D4, then the transitions of Eu3+ : 5D0 → 7F1 (591 nm),
Eu3+ : 5D0 → 7F2 (613 nm) will occur.

It can be known from the absorption spectra in Fig. 4,
the energy levels between 1G4 and 2D5 (5× 103 cm−1), 5D4

and 5D1 (2× 103 cm−1) are very small. It is expected that
the processes of the energy transfer (ET) is easily to occur.
Significantly, the ET1 and ET2 will easily occur when Tb3+,
Tm3+ and Eu3+ ions are in a system. It can be observed that
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the transitions of Tm3+ : 1G4 → Eu3+ : 2D5 (592 nm) and
Tb3+ : 5D4→ Eu3+ : 5D1 (614 nm) are generated under the in-
fluence of both ET1 and ET2 processes. These two processes
will expedite the non-radiative transition of Tm3+ : 1D2→ 1G4

and Tb3+ : 5D2→ 5D4 due to the depression in Tm3+ : 1G4 and
Tb3+ : 5D4. Thus, the Tb3+ and Tm3+ emission intensities
drop sharply, while the luminous intensity of Eu3+ ascends,
which is identical to the changes of Fig. 3(b).
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Fig. 4. Schematic illustration of the energy transfers in Tm3+/Tb3+/Eu3+ tri-doped Na5Y9F32 single crystal.

3.4. Decay curves and CIE

To further describe the energy transfer processes among
Tm3+, Tb3+ and Eu3+ ions, Fig. 5 reveals the decay curves of
Tb3+: 542 nm and Tm3+: 452 nm when pumped at 362 nm.
The measured data is excellently assessed by the double expo-
nential fitting[22,23]

τ = (A1τ
2
1 +A2τ

2
2 )/(A1τ1 +A2τ2), (1)

where τ1 and τ2 are the rapid and slow lifetimes for exponen-
tial components, respectively. A1 and A2 are the correlative
parameters obtained by fitting.

According to the average time obtained by calculation,

the efficiency of ET1 and ET2 can be ascertained by the
formula[24,25]

ηET = 1− τs

τ0
, (2)

where τ0 is the average time of sample D at 452 nm and
544 nm in the absence of Eu3+, and τs is the average time of
samples E, F, G at 452 nm and 544 nm in the presence of Eu3+.
Table 2 lists the detailed lifetimes and the energy transfer effi-
ciencies. In Table 2, as the Eu3+ concentration increases, the
lifetimes of Tm3+: 452 nm, Tb3+: 544 nm decrease, while the
energy transfer efficiency increases gradually, indicating the
possible energy transfer of Tm3+→ Eu3+, Tb3+→ Eu3+.
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Fig. 5. (a) Decay curves of the samples D, E, F and G at 452 nm. (b) The samples D, E, F and G at 544 nm, respectively. The red line is a
nonlinear fitting.
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Table 2. The average decay lifetimes of the 452 nm, 544 nm and energy
transfer efficiencies of ET1, ET2 when excited by 362 nm.

Samples τ452 (µs) τ544 (ms) ETE1 ETE2
D 57.0 5.07 / /
E 42.3 3.68 25.8% 27.4%
F 35.7 2.98 37.4% 41.2%
G 27.2 1.94 52.3% 61.7%

Figure 6 presents the CIE chromaticity coordinates and
CCT of the prepared crystals. In Fig. 6, the color of the emit-
ted light changes from blue to cool white, emission accompa-
nied by increasing the Eu3+ content. Furthermore, the CCT
can be defined by[26]

CCT =−437n3 +3601n2−6861n+5514.31, (3)

where n = (x− 0.3320)/(y− 0.1858), x and y are CIE chro-
maticity coordinates. When the Eu3+ concentration comes
to 0.8 mol%, the CIE chromaticity coordinates and CCT are
(0.2995, 0.3298) and 6586 K, which suggest that cool white
emission can be realized in Na5Y9F32 single crystal when
pumped at 362 nm.

x

y
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Crystal CIE x CIE y CCT/k

A 0.1639 0.0800 1951

B 0.2852 0.5834 6372

C 0.5006 0.4600 2555
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E 0.2040 0.1713 -

F 0.2507 0.2417 -

G 0.2995 0.3298 6586
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D: 0.3 Tm/0.6 Tb

Fig. 6. The chromaticity CIE diagram of prepared samples under
362 nm excitation. The inset table shows the detailed values of color
coordinates and correlated temperatures.

3.5. Quantum yield and temperature-dependent emission
spectra

The quantum yield is a factor that can not be ignored, as
is depicted in Fig. 7. The QY of prepared sample G is mea-
sured by the integrating sphere and can be confirmed by the
equation[27,28]

QY =
EB−EA

SA−SB
, (4)

where EA and EB are the integrated emission intensities of
the BaSO4 powder reference and the sample, respectively. SA

and SB are the integrated scattered intensities of the reference
BaSO4 powder and the sample, respectively. The QY equals
to ∼ 15.16%. According to the previous reports, we found
that the value of 1 mol% Dy3+/0.8 mol% Sm3+ co-doped
Na5Y9F32 single crystal is higher than that of Tb3+/Eu3+

co-doped GC containing KY3F10 (13%),[29] Dy3+/Eu3+ co-
doped LiLuF4 single crystal (11%),[30] and Ce3+/Tb3+ co-
doped Li3Sc2(PO4)3 (9%).[31] The present Tm3+/Tb3+/Eu3+

co-doped Na5Y9F32 single crystal shows relatively high inter-
nal quantum efficiency.
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Fig. 7. The absorption and emission spectra collected by an integrat-
ing sphere to calculate the quantum yield of sample G. The inset is the
enlarged part, which is marked with a dashed blue line.

When white light sources are developed and applied in
real life, many other parameters need to be considered. Ther-
mal stability is also a crucial parameter, which can heavily
affect the function of white LED devices.[32] Generally speak-
ing, the optical materials are subjected to a thermal quench-
ing, which means that the emission intensity will continue to
weaken when elevating the working temperature. Hence, it is
essential to study the temperature-dependent behaviors of the
obtained crystals.

Figure 8(a) displays the temperature-dependent emission
spectra of the sample G within the range of 300 K–450 K. It is
clearly observed that the emission intensity decreases with the
rise of the temperature. As described in Fig. 8(b), the normal-
ized emission intensity of the sample G at 450 K retains about
64% of the initial intensity at 300 K. The value is superior to
that of the Y2SiO5 phosphor: Ce3+/Tb3+/Eu3+ (∼ 21%);[33]

the oxide glasses: Bi3+/Eu3+ (∼ 46%).[34] Indicating that the
Na5Y9F32 crystal has excellent stability as a matrix carrier.
This probably relates to phonon interaction in the host matrix.
The result implies that the Na5Y9F32 single crystal possesses
good thermal stability within the range of 300 K–450 K. Si-
multaneously, the activation energy (∆E) is also calculated by
the following formula:[35,36]

IT = I0 [(1+Aexp(∆E/KT )]−1 , (5)

where I0 is the initial intensity at 300 K, IT represents the
intensity at temperature T , A presents a constant and K is
8.617× 10−5 eV. ∆E is equivalent to 0.271 eV from the fit-
ting slope in Fig. 9(b). The value is higher than that of
K3La(PO4)2 phosphors: Tm3+/Tb3+/Eu3+ (0.2 eV).[37] All
evidence hints that the Na5Y9F32 single crystal triply doped
with Tm3+/Tb3+/Eu3+ possesses good thermal stability.
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Fig. 8. (a) Temperature-dependent emission spectra of the sample G under 362 nm light excitation. (b) Normalized integrated emission intensity in a
temperature range from 300 K to 450 K. (c) The plot of ln(I0/IT −1) against 1/(KT ) for crystal G.

4. Conclusion
Our experiment demonstrated that Tm3+, Tb3+ and Eu3+

ions could be effectively incorporated together into Na5Y9F32

single crystals. The color of the obtained samples was shifted
from blue to white by adjusting the content of Eu3+ under
362 nm excitation. The existence of the energy transfers of
Tm3+ → Eu3+ (ET1) and Tb3+ → Eu3+ (ET2) was fully
proved by their emission spectra, fluorescence lifetimes and
the energy transfer efficiencies of ET1 and ET2 were estimated
as 52.3% and 61.7%, respectively. Importantly, an ideal cool
white emission was obtained from sample G with CIE coordi-
nate (0.2995, 0.3298).

Moreover, the emission intensity of the obtained sample
could still maintain ∼ 62% high at 450 K with an activation
energy (0.271 eV). The QY of the sample was counted as
∼ 15.16%. All these findings hint that Na5Y9F32 crystal triply
doped with Tm3+, Tb3+ and Eu3+ has a good future in w-LED
applications.
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