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Dy3+/Eu3+ co-doped cubic lattice NaYF4 single crystal with high quality in the size of ~Φ1.0 cm×10.0 cm was grown 

by an improved Bridgman method using potassium fluoride (KF) as assistant flux. X-ray diffraction (XRD), absorp-

tion spectra, excitation spectra and emission spectra are measured to investigate the phase and luminescent properties 

of the crystal. The effects of excitation wavelength and concentrations of Dy3+ and Eu3+ ions on the luminescent char-

acteristics are analyzed. The NaYF4 single crystal with the doping molar concentrations of 1.205% Dy3+ and 0.366% 

Eu3+ exhibits an excellent white light emission with chromaticity coordinates of x=0.321, y=0.332. It indicates that the 

Dy3+/Eu3+ co-doped cubic lattice NaYF4 single crystal can be a potential luminescent material for the ultraviolet (UV) 

light excited white light emitting diode (w-LED).  
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Transparent rare earth ion doped glasses[1] and single 

crystals[2,3] have recently become interesting as the sin-

gle-phased full-color emitting solid state materials[4,5] for 

generating a white-light emission due to their unique 

properties, such as high resistance, low light scattering 

and low power consumption. However, there are few 

reports on rare earth ion doped single crystals for white 

light emitting diode (w-LED) due to the high cost of 

equipment and the technical difficulty in crystal growth[5]. 

More recently, Tm3+/Dy3+, Tb3+/Sm3+ co-doped LiYF4 

single crystals were grown and the white light emissions 

were obtained in our laboratory[4]. It is known that the 

phonon energy of NaYF4 (~360 cm-1)[6] is much lower 

than that of LiYF4 (~ 650 cm-1)[7]. Generally, the quan-

tum efficiency of rare earth ion is increased as the de-

crease of the phonon energy of host. Therefore, NaYF4 is 

much promising and is of particular interest to be a host 

for rare earth ions. However, NaYF4 single crystal is 

extremely hard to grow due to the complex phase equi-

librium in NaF-YF3 system. Up to now, there is no report 

about Dy3+/Eu3+ co-doped NaYF4 single crystal for 

w-LED application.  

In this paper, the Dy3+ and Eu3+co-doped cubic lattice 

NaYF4 single crystal with big size was grown success-

fully from NaF-YF3 system by an improved Bridgman 

method using potassium fluoride (KF) as assistant flux, 

and the technical growing parameters are optimized. The 

NaYF4 in state of single crystal can overcome the draw-

backs of strong light scattering, low transmission and 

low chemical stability of that in state of nano-crystal[8,9]. 

The capability of generating white light is demonstrated 

from the combination of simultaneous emissions of 

blue (Dy3+:4F9/2→
6H15/2), yellow (Dy3+:4F9/2→

6H13/2), 

orange (Eu3+:5D0→
7F1) and red (Eu3+: 5D0→

7F2) light 

waves[1,4,10,11] under the excitation of ultraviolet (UV) 

light.  

From the phase diagram of NaY-YF3 system[12], the 

cubic lattice NaYF4 single crystal is difficult to be ob-

tained from the melt of NaY-YF3 directly due to the 

complex phase equilibrium. KF was found to be a critical 

assistant flux to grow cubic lattice NaYF4 single crystal 

from the melt of NaY-YF3 system. NaF, YF3, DyF3, EuF3 

and KF powders with high purity of 99.99% were used 

as raw materials with molar compositions of 

30NaF-18KF-52YF3, 30NaF-18KF-51YF3-1DyF3 and 

30NaF-18KF-51YF3-0.8DyF3-0.2EuF3 for undoped, sin-
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gly- and co-doped crystal samples, respectively. The 

weighed mixture of those materials was ground for about 

1 h in a mortar. The moisture and some oxygen impuri-

ties in the fluoride powders could be removed com-

pletely using the high temperature hydrofluorination 

method by which the powders were sintered under air of 

anhydrous HF at 750 °C for 8 h. The seed with a-axis 

was put in the bottom of seed well, and the sintered 

polycrystalline powders were filled in platinum crucibles 

with size of Φ10 mm×120 mm. The temperature gradient 

cross solid-liquid interface was 70–90 °C/cm. The 

growth process was carried out by lowering the crucible 

at a rate of ~0.6 mm/h. The detailed process is similar to 

the growth process of LiYF4 single crystal reported in 

Ref.[13]. The single crystal was cut into pieces and well 

polished to ~2.0 mm thickness for optical measurement. 

The Dy3+ or Eu3+ doping concentrations in cubic lat-

tice NaYF4 single crystals were measured by the induc-

tive coupled plasma (ICP) atomic emission spectroscopy 

(PerkinElmer Inc., Optima 3000). The cubic lattice 

NaYF4 single crystal co-doped with Dy3+/Eu3+ ions 

(1.193%/0.211%) (designated DE0) was grown as the 

lower part in the initial stage, and that co-doped with 

Dy3+/Eu3+ ions (1.205%/0.366%) (designated DE1) was 

grown as the upper part in the final stage. The cubic lat-

tice NaYF4 single crystal doped with Dy3+ ions (1.60%) 

(designated D0) was also grown for comparison. The 

X-ray diffraction (XRD) measurements for identifying 

the phase composition of the crystal were performed on 

an XD-98X diffractometer (XD-3, Beijing). The Cary 

5000 UV/VIS/NIR spectrophotometer (Agilent Co., 

America) recorded the absorption spectra from 240 nm 

to 600 nm. The optical properties of the samples were 

characterized by excitation spectra and photolumines-

cence spectra measured by an F-4500 spectrophotometer 

(Hitachi high-technologies Co., Tokyo Japan). All the 

measurements were carried out at room temperature. 

Fig.1 presents the phase diagram of the condensed 

NaF-YF3 system. It can be seen from Fig.1 that the 

shadow region is composed of three phases of cubic lat-

tice NaYF4, NaY1.8F6.4 and liquid. Due to the 

co-existence of multiple solid phases, it becomes ex-

tremely difficult to grow the cubic lattice NaYF4 single 

crystal from melt of NaF-YF3 system in shadow region 

and other phase regions directly. The fluoride salt KF, 

which has similar chemical characteristics to NaF, can be 

considered to be a proper flux to help the growth of cubic 

lattice NaYF4. The introduction of KF changes the phase 

equilibrium between NaF and YF3 completely and de-

creases the melting point of cubic lattice NaYF4, which 

results in the crystallization of cubic lattice NaYF4 only 

from the mixture when it is cooled. The raw materials 

with proper chemical molar compositions of 30% 

NaF-18% KF-52% YF3 were determined after a lot of 

growing experiments. 

 

Fig.1 The phase diagram of the condensed NaF-YF3 

system in which cubic lattice NaYF4, hexagonal NaYF4, 

NaY1.8F6.4, ordered NaY1.8F6.4 are labeled as A, B, C 

and D, respectively 
 

Fig.2 displays the XRD patterns of the Dy3+/Eu3+ 

co-doped single crystals located at upper, middle and 

lower parts, as well as the reference card (JCPD # 

77-2042) of cubic lattice NaYF4, which are labeled as (a), 

(b), (c) and (d), respectively. Fig.2(e) shows the boule of 

the obtained transparent cubic lattice NaYF4 single crys-

tal. To better understand the phase composition of the 

obtained single crystal, the corresponding lattice plane 

indexes are marked in Fig.2(d). It can be easily found 

that the positions of diffraction peaks for middle and 

lower parts all well correspond to those of standard cubic 

lattice NaYF4 (JCPD # 77-2042), while the upper part 

shows that the dominant cubic lattice NaYF4 phases and 

a little other phases mainly consist of hexagonal NaYF4, 

KYF4, etc. It proves that the addition of flux KF does not 

have a large impact on the main cubic lattice NaYF4 

phase of transparent crystal structure. In this experiment, 

the crystal is co-doped with Dy3+/Eu3+ ions. Thus, the 

XRD patterns also suggest that the current doping level 

does not cause any meaningful effect on cubic lattice 

NaYF4 single crystal structure. As is well known, the 

cubic lattice NaYF4 single crystal has fluorite structure 

(CaF2), in which Na+ and Y3+ ions are randomly distrib-

uted in the cation sites where are situated in cubic center, 

and according to the XRD pattern data, its lattice pa-

rameters can be calculated as aL=bL=cL=0.564 0 nm, 

aM=bM=cM=0.567 2 nm and aU=bU=cU=0.584 0 nm for 

lower, middle, and upper parts of crystal, respectively. 

Fig.3 exhibits the absorption spectra of the samples 

DE0, D0 and undoped cubic lattice NaYF4 single crystal 

ranging from 240 nm to 600 nm. It is evident that the 

undoped cubic lattice NaYF4 single crystal has no visible 

absorption peak, while the absorption spectrum of D0 

crystal shows the unique absorption peaks located at 

about 325 nm, 348 nm, 364 nm, 387 nm and 452 nm, 

which are ascribed to Dy3+ transitions from the 6H15/2 

ground state to higher states (6P3/2, 
4M17/2), (

6P7/2, 
4I11/2), 

(6P5/2, 
4P3/2), (

4I13/2,
4F7/2) and 4I15/2, respectively. Compar-

ing the absorption spectrum of DE0 with that of D0, 
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there are some slight differences in not only the absorp-

tion peak intensity but also additional peaks centered at 

about 318 nm and 394 nm ascribed to Eu3+ transitions 

from 7F0 to higher states of 5H4, 
5L6. Meantime, the ab-

sorption spectrum of DE0 also implies that cubic lattice 

NaYF4 single crystals co-doped with Dy3+/Eu3+ can be 

excited efficiently by UV light or blue light. 

 

   
(a)                            (b) 

   
(c)                            (d) 

 
(e) 

Fig.2 The XRD patterns of Dy
3+

/Eu
3+

 co-doped single 

crystal located at (a) upper, (b) middle and (c) lower 

parts, as well as (d) the reference card (JCPD # 

77-2042) of cubic lattice NaYF4; (e) The boule of  the 

obtained crystal 

 

 

Fig.3 Absorption spectra of samples DE0, D0 and 

undoped cubic lattice NaYF4 single crystal 

 

Fig.4 displays the emission spectra of the samples D0 

and DE0 under the 387 nm excitation. The emission 

spectra of both D0 and DE0 show a stronger blue emis-

sion band centered at ~479 nm corresponding to the 

magnetic dipole transition (Dy3+:4F9/2→
6H15/2), a yellow 

emission band centered at ~571 nm ascribed to the elec-

tric dipole transition (Dy3+:4F9/2→
6H13/2), and a weaker 

red emission band centered at ~659 nm due to the 

Dy3+:4F9/2→
6H11/2 transition. It can be noted that two 

additional emission peaks centered at ~590 nm, which 

have partly overlapped with Dy3+ characteristic band at 

~571 nm and ~612 nm ascribed to the Eu3+ ions transi-

tion (5D0→
7FJ) (J=1, 2), appear in the Dy3+/Eu3+ 

co-doped sample DE0. The above results imply that the 

Dy3+/Eu3+ co-doped cubic lattice NaYF4 single crystals 

can emit blue, yellow and red light simultaneously under 

the UV excitation, which also can obtain a better white 

light emission for w-LED application. 

 

 

Fig.4 The emission spectra of the samples D0 and 

DE0 under 387 nm excitation 

 

In order to obtain an optimal excitation wavelength, 

the excitation spectra of DE0 crystal are measured and 

displayed in Fig.5. The excitation spectra ranging from 

300 nm to 400 nm are monitored by emissions at 479 nm, 

571 nm and 612 nm, respectively. It can be seen from 

Fig.5 that the excitation spectrum monitored at 479 nm is 

very similar to that at 571 nm. Peaks centered at 324 nm 

(Dy3+:6H15/2→
4M17/2, 

6P3/2), 348 nm (Dy3+:6H15/2→
6P7/2, 

4I11/2), 364 nm (Dy3+:6H15/2→
6P5/2, 

4P3/2) and 387 nm 

(Dy3+: 6H15/2→
4I13/2, 

4F7/2) are observed, respectively, and 

the luminescence intensities monitored by blue light 

emission at 479 nm are stronger than those monitored by 

yellow light at 571 nm when Dy3+/Eu3+ co-doped crystal 

is excited by light ranging from 300 nm to 400 nm. 

However, there is only one visible peak located at 

394 nm ascribed to 7F0→
5L6 of Eu3+ referring to the 

spectrum monitored at 612 nm. As shown in Fig.5, the 

excitation wavelengths at 324 nm, 348 nm, 364 nm, 

387 nm and 394 nm are selected as excitation wave-

lengths to achieve the optimized white light. 

Figs.6 and 7 display the emission spectra of DE0 and 

DE1 samples under the excitation of 324 nm, 348 nm, 

364 nm, 387 nm and 394 nm, respectively, which show 

the similar emission characteristics. When samples ex-

cited by various wavelengths, the emission spectra of 

cubic lattice NaYF4 single crystal co-doped with Dy3+/ 

Eu3+ show a stronger blue emission, a moderate yellow 

emission and a weaker red emission, respectively. It be-

comes possible to obtain a better white light emission as 

a result of simultaneous blue, yellow and red light emit-

ted from above samples under excitation of UV light.  
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Fig.5 The excitation spectra of DE0 crystal monitored 

at 479 nm, 571 nm and 612 nm 
 

 

Fig.6 The emission spectra of DE0 sample under the 

excitation of 324 nm, 348 nm, 364 nm, 387 nm and 

394 nm, respectively 
 

 

Fig.7 The emission spectra of DE1 crystal under the 

excitation of 324 nm, 348 nm, 364 nm, 387 nm and 

394 nm, respectively 
 

To analyze the real luminescence colors of the samples 

DE0 and DE1 under the excitation of 324 nm, 348 nm, 

364 nm, 387 nm and 394 nm, the Commission Interna-

tionale de l'Eclairage (CIE) 1931 (x, y) chromaticity co-

ordinates for those, which are necessary to be marked in 

the standard CIE chromaticity coordinate diagram, can 

be calculated according to the emission spectra by[14] 
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where λ is the wavelength of the equivalent monochro-

matic light. P(λ) is spectral power distribution, and its 

data are shown in Figs.6 and 7. x
—

(λ), y
—

(λ) and z
—

(λ) are 

the three color matching functions. 

The correlated color temperature (Tc) is a key techni-

cal factor for evaluating warmer or cooler color appear-

ance of a luminescence material. And it can be calculated 

by software of Chromaticity Coordinates To Color Tem-

perature Conversion. We also know that the quantum 

efficiency is an important parameter for assessing the 

applicability of an optical material. But the quantum ef-

ficiency for our single crystal with full color emissions is 

hard to estimate from the traditional methods reported in 

Ref.[15]. In the introduction of this paper, it refers to the 

lower phonon energy (~360 cm-1) of NaYF4 single crys-

tal, so we can believe that the internal quantum efficien-

cies for the emitting levels of Dy3+ and Eu3+ can be 

higher when the doping concentrations of rare earth ions 

are not too high. Therefore, the higher quantum efficien-

cies for Dy3+ and Eu3+ can be achieved by adjusting their 

doping concentrations. 

The CIE 1931 (x, y) chromaticity coordinates and the 

correlated color temperatures for samples DE0 and DE1 

under the excitation of 324 nm, 348 nm, 364 nm, 387 nm 

and 394 nm are calculated, listed and labeled in Figs.8 

and 9. It is evident that the emissions of samples DE0 

and DE1 under the excitation of UV wavelengths all fall 

into the white light region. To further assess the lumi-

nescence performance of the light source, the color ren-

dering index (Ra), and the color quality scale (Qa) are 

introduced, and the detailed procedures for the calcula-

tions of Ra and Qa are available in Refs.[16] and [17]. 

The brief calculations for these are provided as  

( )
8

1

a

100 4.6

,
8

i

i

E

R
=

− Δ
=
∑

                     (3) 

[ ]{ }
a rms

10ln exp (100 3.1 Δ ) /10 1 ,Q E= − × +       (4)
 

where ΔEi is the difference in color appearance for each 

sample illuminated by the test source and the reference 

illuminant which can be computed in CIE W*U*V* uni-

form color space, and ΔErms is the root mean square (rms) 

of the 15 color differences for each sample illuminated 

by the test source and the reference illuminant. Note that 

Qa can be calculated by Eq.(4) when the correlated color 

temperature of the test light source is above 3 500 K. 

Those parameters of DE0 and DE1 crystals under the 
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394 nm excitation are calculated as Ra0=76, Qa0=76 and 

Ra1= 78, Qa1=76. From Figs.8 and 9 we can also find that 

the emission of crystals under the 394 nm excitation is 

much closer to the standard equal energy white light il-

lumination (x=0.333, y=0.333). It indicates that 

Dy3+/Eu3+ co-doped NaYF4 single crystal can achieve a 

good white light emission when it is combined with 

commercial near UV chips (390 nm±5 nm). Although the 

white light emission can be achieved, more effort should 

be paid to decrease the color temperature and increase 

the color rendering index or the color quality scale of 

cubic lattice NaYF4 single crystals co-doped with 

Dy3+/Eu3+ ions, which is relegated to further works. 

 

 

Fig.8 CIE chromaticity coordinates for DE0 sample 

under various excitation wavelengths 

 

 

Fig.9 CIE chromaticity coordinates for DE1 sample 

under various excitation wavelengths 

 

As a whole, the KF is found to be a very favorable as-

sistant flux to grow cubic lattice NaYF4 single crystal in 

NaY-YF3 system, and the Dy3+/Eu3+ co-doped cubic lat-

tice NaYF4 single crystal can be synthesized by a modi-

fied Bridgman method. Strong blue emission at ~479 nm, 

moderate yellow emission at ~571 nm and weak red 

emission at ~612 nm can be obtained simultaneously 

under excitation of UV light. A white light emission 

from the combination of the above three light waves with 

chromaticity coordinates of x=0.321, y=0.332, correlated 

color temperature of Tc=6 043 K, color rendering index 

of Ra=78 and color quality scale of Qa=76 can be ob- 

tained from Dy3+/Eu3+ co-doped cubic lattice NaYF4 sin-

gle crystal with doping molar concentrations of 

1.205%/0.366% when excited by 394 nm light. Due to 

the chemical stability, high luminous efficiency and 

unique white light-emitting of Dy3+/Eu3+ co-doped cubic 

lattice NaYF4 single crystal, it can be a potential candi-

date for white LED application. 
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