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ABSTRACT

CaF2:Ln
3? (Ln = Ce, Tb, Eu) phosphors with highly uniform shapes have been

successfully synthesized by a simple hydrothermal method directly. The as-

prepared samples were characterized by X-ray diffraction (XRD), scanning

electron microscopy (SEM), photoluminescence (PL) and lifetime. The results

indicated that the pH values, organic additive and reaction time have a signif-

icant effect on the morphology and dimensions of CaF2 microcrystals and the

possible formation mechanism was also proposed. Furthermore, the energy

transfer from Ce3? to Tb3? and from Tb3? to Eu3? and from Ce3? to Tb3? to

Eu3? was observed and the corresponding mechanisms were discussed in

detail. The CaF2:Ln
3? phosphors may have potential optical applications in

near-UV and violet LEDs.

Introduction

In general, the chemical composition, size, phase,

surface chemistry, shape and dimensionality of

inorganic micro-/nanostructure of phosphors have

great influence on their chemical and physical prop-

erties [1]. Therefore, more and more chemists pay

attention to the reasonable control of these factors,

which allowed us not only to own peculiar properties

of the materials, but also to modify their chemical

and physical properties as needed [2]. The phosphors

with perfect luminescent performance require the

dimensions of phosphors that should be in the range

1–3 lm with ideal spherical particles [3, 4] because of

their unique properties (e.g., high packing densities,

high surface-to-volume ratio and low scattering of

light) and widespread applications in white light-

emitting diodes (WLEDs), field emission displays

(FEDs) and cathode ray tubes (CRTs) [5–7]. So far, the

spherical phosphors can be obtained by many syn-

thetic methods including spray pyrolysis, sol–gel
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process, urea homogeneous precipitation [8, 9].

However, these methods have many disadvantages

such as low yield, large crystallites long reaction time

and high environment loads [5, 10]. Compared with

the methods mentioned above, the hydrothermal

method provides a relatively green chemical alter-

native to preparation of various nano-/micromateri-

als. Meanwhile, the method has a number of other

merits such as simplicity, safety, convenience and

controllable size/phase/morphology of the products

[11].

Inorganic fluoride materials have attracted a great

deal of interest for their potential applications in

labels, optics, components of gate dielectrics and

insulators [12, 13] owing to their merits such as high

resistivity, low-energy phonons, electron-acceptor

behavior, high iconicity and anionic conductivity,

compared with other oxide or sulfide materials

[14–17]. Among the various fluorides, calcium fluo-

ride (CaF2) has attracted more and more attention

because of its wide band gap (Eg = 12.1 eV), low

refractive index and optically transparent over a wide

wavelength range from mid-infrared to vacuum

ultraviolet [18, 19]. So, it is widely used in UV-

transparent optical lenses, UV lithography, biocom-

patible luminescent markers and surface condition-

ing of glass [13, 19, 20]. Moreover, CaF2 is an

attractive host for phosphors activated with rare-

earth ions (RE3?), which display unique up-/down-

conversion luminescence properties arising from

their 4f electron configuration [21]. Various CaF2 with

different structures including films, nanocrystals,

nanowires, nanocubes, nanoparticles and 3D flower-

like nanostructures have been successfully fabricated

by multiple methods [12, 14, 21–25].

In present, the shortage of line-emitting red phos-

phors (above 600 nm) [26] which can improve ren-

dering index inwhite light package [27] in LEDs is still

a big problem. Owing to Eu3?-activated phosphors

with excellent red color purity of 5D0 ?
7FJ transitions,

they are supposed to red-emitting phosphors with

high efficiency. However, the low oscillator strength

and narrow line width of Eu3? 4f ? 4f absorption

transitions lead to a weak absorption in the near-UV

and blue region [28]. Thus, it is necessary to find sen-

sitizers with strong and broad excitation bands in the

typical emission wavelength of GaN-based LEDs

(350–450 nm) for Eu3? luminescence. Taking into

account of metal–metal charge transfer (MMCT)

quenching [29], direct sensitization of Eu3?

luminescence with Ce3? is unlikely. As mentioned in

the previous literature [30], the Ce3??Tb3??Eu3?

energy-transfer (ET) scheme can produce Eu3? red

phosphors,which are regarded as potential candidates

for down-converting phosphors in the field of near-UV

and violet LEDs because of their strong absorption

bands in the near-UV and violet spectral regions. The

luminescent properties of Er3?/Tm3?/Yb3?-doped

CaF2 [25], Ce
3?/Tb3?-codopedCaF2 [31, 32] andTb3?/

Eu3?-codoped CaF2 [33] have also been studied.

Energy transfer between the doped luminescent ions

in the solid materials has great influence on enhancing

luminescent emission and excitation efficiency [34]. To

the best of our knowledge, the energy transfer of

Ce3??Tb3??Eu3? in CaF2materials by hydrothermal

method has little been reported in the previous litera-

ture [12, 14, 21–25, 31–34].

Herein, it is very useful for practical applications

that self-assembled CaF2:Ce
3?/Tb3?/Eu3? micro-

spheres composed of nanoparticles not only possess

the desirable properties of nanocrystals but also have

the quite stable form of microspheres and solve the

problem of nanomaterial agglomeration. Various

morphologies of CaF2 phosphors can be achieved by

simple tuning several critical parameters including

pH, organic additive and reaction time. Meanwhile,

the growth mechanism for the microspheres has been

proposed. Moreover, we also investigate the energy-

transfer process of Ce3??Tb3?, Tb3??Eu3? and

Ce3??Tb3??Eu3? in CaF2 phosphors in detail. The

transfer efficiency is 90.5% (Ce3??Tb3?) and 89.5%

(Ce3??Tb3??Eu3?), respectively. In addition, the ET

process is systematically discussed based on the decay

times of Ce3? and Tb3?. The results indicate that the

energy transfer of Ce3??Tb3??Eu3? in CaF2 suc-

cessfully makes it as potential down-converting

phosphor candidates for near-UVandviolet LEDs [35].

Experimental section

Preparation

All chemicals were purchased from Aladdin and

used directly without further purification. The Eu2O3

(99.99%), Tb4O7 (99.99%), CeO2 (99.99%) were dis-

solved in hot diluted HNO3 solution under constant

stirring followed by evaporation of excessive HNO3

to form Ln(NO3)3 (Ln = Ce, Tb, Eu) solutions

(0.1 mol/L); however, in the process of dissolving
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CeO2 in hot diluted HNO3 solution, the H2O2 solu-

tion was continuously added to the above solution. A

typical procedure was described as follows: Firstly,

2 mmol of Ca(NO3)2�4H2O was added to 25 mL dis-

tilled water at room temperature, followed by the

addition of 4 mmol of sodium citrate to form an

optically transparent solution. Then, 15 mL of aque-

ous solution containing 4 mmol of NaBF4 was added

to the mixture under vigorous stirring. After that,

HNO3 was dropwise introduced to the vigorous

stirred solution to keep pH = 6.5. Sequentially, the

mixture was agitated for another 30 min and trans-

ferred into a 50-mL autoclave, heated at 180 �C for

24 h and cooled naturally to room temperature.

Finally, the precipitates were washed, centrifuged for

several times with distilled water and absolute etha-

nol in turn, then dried at 60 �C for 8 h and crushed in

an agate mortar to obtain samples which was deno-

ted as S1. Additionally, rare-earth nitrate solutions of

0.1 mol/L (Ce, Tb, Eu) were added into the solution

to form CaF2:Ln
3? (Ln = Ce, Tb, Eu). The typical

synthetic samples with experimental parameters are

listed in Table S1 (Supporting Information).

Characterizations

All measurements were taken at room temperature.

X-ray power diffraction (XRD) measurements were

taken on a Purkinje General Instrument MSALXD3

using Cu Ka radiation (k = 0.15406 nm). The mor-

phology analysis was carried out on a field emission

scanning electron microscopy (FESEM, Hitachi,

S-4800). The PL excitation and emission spectra were

detected by an F-7000 spectrophotometer (Hitachi,

Japan) equipped with a 150-W xenon lamp as exci-

tation source. The luminescence decays were mea-

sured on a FLSP920 fluorescence spectrophotometer.

Results and discussion

Phase and morphology

Effects of pH values

The composition and phase purity of the products

which were prepared using Cit3- as organic additive

and synthesized with hydrothermal treatment at

180 �C for 24 h under various pH conditions were

first investigated by XRD. The XRD patterns of the

samples and the standard data of CaF2 (JCPDS No.

35-0816) are shown in Fig. 1. We can see that all the

diffraction peaks of the obtained products coincide

well with the standard data of CaF2 (JCPDS 35-0816),

which can be attributable to pure cubic phase. The

sharp diffraction peaks indicate that these four sam-

ples are well crystallized at a relatively low

hydrothermal treatment temperature (180 �C). It can
be seen that the XRD peaks of the four samples show

slight shift with respect to those of CaF2 in the JCPDS

card. This may be caused by the minor alteration of

the cell parameters of CaF2 crystals grown under

different conditions or the instrument errors.

The representative low-magnification SEM images

of CaF2 prepared by using Cit3- as organic additive

at different pH values are exhibited in Fig. 2. The size

of CaF2 microcrystals is critically dependent on the

pH value during the hydrothermal process. It is clear

that all the CaF2 microcrystals prepared at different

pH values are spherical in shape. At pH = 5, the

uneven CaF2 microspheres (S2) with size of 410 nm–

1.7 lm in diameter are observed from Fig. 2a. When

the pH value of the initial solution is 8, the general

image of CaF2 microspheres (S3) is shown in Fig. 2c.

The diameter of the particles is from 330 nm to

1.4 lm. Upon a further increase of the pH value up to

9, the CaF2 microspheres (S4) have a mean diameter

from 380 nm to 1.9 lm (Fig. 2d). When the experi-

ment is performed at pH = 6.5 adjusted with HNO3

solution and other experimental conditions remain

unchanged, it clearly indicates that the products (S1)

Figure 1 The XRD patterns of the as-prepared CaF2 products

using Cit3- as an organic additive for 24 h at 180 �C with different

pH values of a 6.5, b 5 and c 8, d 9.
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are composed of remarkable uniformity and

monodisperse microspheres (Fig. 2b) with uniform

size of 1 lm in diameter. The surface of microspheres

is not smooth and contains many dense nanoparti-

cles. From the above analysis, it can be concluded

that the size of microspheres decreases generally with

the increase of pH value. The reason for that can be

ascribed to the different interactions of Cit3- with

CaF2-specific crystal planes under different pH [36]

which leads to different crystal growth rates during

the complicated hydrothermal process [37]. It was

reported that the pH value of the precursor solution

could effectively affect the balance between the

chemical potential and the rate of ionic migration in

the precursor solution, and affect the morphology

and size of the products [38]. For CaF2 microspheres,

a low pH value results in a fast crystal growth and

leads to a large crystal size (Fig. 2a). On the contrary,

a high pH value is beneficial to a fast nucleation and

thus the generation of a large number of crystal

nuclei, resulting in crystals with a small size (Fig. 2d).

Effects of additives

As shown in Fig. 3, the samples of CaF2 prepared

under various organic additive conditions were first

examined by XRD. All the diffraction peaks corre-

spond to the JCPDS No. 35-0816 of pure cubic phase

of CaF2. The strong and sharp diffraction peaks of the

samples indicate that as-prepared nanocrystals are

well crystallized. However, the diffraction peaks of

products without organic additive (Fig. 3a) are much

sharper than those of products using organic additive

(Figs. 3b–d and 1a). The similarity of XRD patterns

indicates the negligible influence of the used organic

additive on phase of cubic CaF2.

The direct impact of organic additive on mor-

phologies of CaF2 can be observed in their SEM

Figure 2 SEM images of

CaF2 samples obtained with

Cit3- as an organic additive at

different pH values a 5, b 6.5,

c 8 and d 9.

Figure 3 XRD patterns of CaF2 products prepared under the

identical conditions except using different organic additive: CA

(b), SDBS (c), CTAB (d) and the absence of organic additive (a).
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images (Fig. 4). In the absence of organic additive, it

is found that the morphology of the as-prepared CaF2
consists of highly dispersed cubes with edge length

of 3 lm (Fig. 4a, b). When 0.8416 g CA is added,

uniform spheres with average size of 2 lm in diam-

eter are observed from Fig. 4c. The high-magnifica-

tion SEM image (Fig. 4d) of the CaF2 microspheres

provides detailed structural information on the

spheres. The peripheral surface of individual spheres

is not smooth and contains many dense nanoparti-

cles. In order to investigate the effect of organic

additives further, other organic additives, SDBS and

CTAB, are used to synthesize CaF2 by an identical

procedure. When SDBS is used as organic additive,

the CaF2 cube with the concave in the middle of the

surface is formed (Fig. 4e) and its size is 700 nm

Figure 4 SEM images of

CaF2 samples obtained at

pH = 6.5 (180 �C, 24 h)

using different organic

additives, a, b without

additive, c, d CA, e, f SDBS

and g, h CTAB.
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(Fig. 4f). While the other experimental conditions are

identical and CTAB acts as organic additive, the

crystal shapes of the samples are quite different. As

shown in Fig. 4g, h the sample is of a similar shape.

The truncated irregular octahedron can be observed,

and a large number of heterogeneous dispersed

polyhedron with the edge length about 400 nm–

3.8 lm are formed. These results indicate that the

morphologies of the CaF2 microstructures are sensi-

tive to organic additives. The reasons may be as fol-

lows: On the one hand, the differences of the

chelating constants of various organic additives with

Ca2? lead to the different nucleation rates of CaF2; on

the other hand, various organic additives selectively

adsorb on the specific crystal facets of CaF2 particles

which result in the different growth rates of different

facets, and then form the different morphologies and

sizes.

Effects of reaction time

For the better understanding of the growth mech-

anism of CaF2 microspheres, time-dependent

experiments were carried out (pH = 6.5) by using

Cit3- as organic additive at 180 �C for 2, 4, 8 and

24 h, respectively (Fig. 5). The SEM images clearly

show a typical process of the microspherical

structure which is obtained by the self-assembly of

the primary nanoparticles to form the final prod-

ucts. After hydrothermal treatment of 2 h, the

sample obtained is primary particle which consists

of random nanoparticles (Fig. 5a). At a reaction

time of 4 h, the products consist of spherical-like

particles with a mean diameter of 800 nm (Fig. 5b).

It proves that the particle aggregates by the growth

of crystal nucleus on different direction (random

aggregation) to form spherical crystals. Figure 4c is

the image of the sample with reaction time of 8 h;

microspheres with an average size of 1.2 lm are

formed and become bigger due to isotropic growth

at the expense of nanoparticles. Finally, after

hydrothermal treatment of 24 h (Fig. 5d), the

spherical crystals have become more uniform after

further growth and recrystallization.

The possible formation mechanism
for the CaF2 microspheres

Based on the above experimental results, the proba-

ble reaction process for the formation of CaF2
microspheres using Cit3- as organic additive at

pH = 6.5 may be summarized as Eqs. (1)–(3):

Ca2þ þ Cit3� ! Ca2þ � Cit3� ð1Þ

Figure 5 SEM images of the

as-prepared CaF2 samples with

Cit3- as organic additive at

180 �C for different reaction

times: a 2 h, b 4 h, c 8 h and

d 24 h.
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BF�4 þ 3H2O ! 3HF þ F� þH3BO3 ð2Þ

Ca2þ � Cit3� þ 2F� ! CaF2 þ Cit3� ð3Þ

As is well known, the formation of a particle

includes the initial production, subsequent growth

and final stabilization of nuclei; the morphology and

size of particles are mainly determined by the

nucleation rate [33]. The detailed formation process

of the CaF2 microspheres can be summarized as fol-

lows: In the early stage of the reaction, Ca2? and Cit3-

formed Ca2?–Cit3- as the intermediate which not

only affect the morphology of the product but also

afford a reactant source for an interfacial reaction.

With the addition of NaBF4, Ca
2? could be released

into the solution because the bond Ca2?–Cit3- could

be destroyed by anions BO3
3- and BF4

-; then the F-

ions deposited onto the surface of the intermediate

and reacted with the Ca2? to generate CaF2 nuclei

under hydrothermal treatment. As a result, the CaF2
nuclei were formed by surface deposition and a

subsequent crystal growth process; further, the

nonuniform particles were obtained due to particles

growing quickly after nucleation. As the reaction

continued, the CaF2 nuclei aggregated each other to

form CaF2 particles with the consumption of inter-

mediate gradually. Finally, the CaF2 particle size was

uniform and the adjacent particles could connect

with each other to form the CaF2 microspheres with

enough ripening time due to the higher surface

energy. The formation mechanism of the CaF2
spheres depends on a series of chemical and struc-

tural transformations. During the process, Cit3- plays

a key role in controlling the morphology of the final

CaF2 products.

Luminescence properties and energy
transfer

The self-assembled CaF2 microspheres are beneficial

to obtain the ideal luminescent properties, because

the narrow size distribution and good dispersivity of

spherical CaF2: Ln
3? phosphors lead to high bright-

ness, high resolution, low scattering and high pack-

ing densities of light [33].

Figure 6 demonstrates the photoluminescence

excitation (PLE) and emission (PL) spectra of Ce3? and

Tb3? single-doped and Ce3?/Tb3? co-doped CaF2
phosphors. As shown in Fig. 6a, when monitored at

359 nm, the CaF2:2%Ce3? sample exhibits a broad and

strong band with a maximum at 304 nm and a weaker

band at 251 nm which are assigned to the electron

transition from the 4f energy level to different 5d

sublevels of the Ce3?. The PL spectrum has an asym-

metric blue broadband ranging from 320 to 600 nm

with a peak at 359 nm which is assigned to the f–d

absorption of theCe3? ions. The broad and asymmetric

emission bands of CaF2:2%Ce3? can be attributed to

the transitions of theCe3? ions occupying twoCa2? ion

sites in the host structure. As shown in Fig. 6b, the PLE

spectrum monitored at 544 nm for CaF2:4%Tb3?

sample presents a strong band at 215 nm and a weak

band at 259 nmwhich correspond to the spin-allowed

(DS = 0) and spin-forbidden (DS = 1) components of

the 4f8–4f75d transition [39], respectively. On excita-

tion into the 4f8–4f75d transition at 215 nm, the PL

spectrum consists of emission lines at 494 nm

(5D4 ?
7F6) in the blue region and 544 nm (5D4 ?

7F5)

in the green region, as well as 590 nm (5D4 ?
7F4) and

626 nm (5D4 ?
7F3) in the red region. The intensity of

Figure 6 PLE and PL spectra

of CaF2: 2%Ce3? (a), 4%Tb3?

(b) and 2%Ce3?/4%Tb3? (c).
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5D4 ?
7F5 transition peaks at 544 nm is much higher

than that of the other emission lines on account of a

magnetic dipole-allowed transition. In order to

enhance the absorption intensity in theNUV region for

the Tb3? emission, Ce3? ions can be codoped as sen-

sitizers to transfer energy to the Tb3? ions. As given in

Fig. 6c, the PLE and PL spectra of the CaF2:2% Ce3?/

4%Tb3? phosphors are investigated. Using 544 nm

(Tb3?: 5D4 ?
7F5 transition) as monitoring wave-

length, we can get PLE spectra which contain a weak

band at 215 nm, a moderate band at 251 nm and a

strong broadbandwith amaximum at 304 nm.We can

easily know that the peak at 215 nm assigns to the 4f8–

4f75d transitions of Tb3? ions and the bands at 251 nm

and 304 nm belong to 5d–4f transitions of Ce3? ions by

contrast with the PLE spectra of CaF2:2%Ce3? and

CaF2:4%Tb3? samples (Fig. 6a, b). The presence of the

excitation bands of Ce3? in the excitation spectrum

monitored with Tb3? emission indicates that energy

transfer occurs from Ce3? to Tb3? in CaF2:2%Ce3?/

4%Tb3?. Moreover, when excited at 304-nm wave-

length from the characteristic absorption peak of Ce3?,

the PL spectra of CaF2:2%Ce3?/4%Tb3? phosphor

exhibit not only the weak emission peak in the blue

region from the electric-dipole-allowed 4f–5d transi-

tions of Ce3?, but also the strong emission of Tb3?

(5D4 ?
7FJ(J = 6, 5, 4, 3) at 494, 544, 590 and 626 nm),

which also provides another evidence for the energy

transfer from Ce3? to Tb3? in CaF2:2%Ce3?/4%Tb3?

microspheres.

The PL spectra for CaF2:2%Ce3?/y%Tb3?

(y = 0.01–6) samples are shown in Fig. 7. Under

excitation at 304 nm, each of the emission spectrum

for CaF2:2%Ce3?/y%Tb3? samples consists of an

emission band of Ce3? ions and several emission

peaks of Tb3? ions. At the same time, with the

increase in the Tb3? concentration (0.01 B y B 4), the

intensity of blue emission at 359 nm decreased

monotonously, while the emission intensity of Tb3?

increased and reached the maximum at y = 4 and

then generally decreases due to Tb3? concentration

quenching. The shape of corresponding PL spectra

remains unchanged when y = 6, which suggests that

the possible energy-transfer process can exist

between Ce3? and Tb3?. The distance between sen-

sitizer Ce3? and activator Tb3? becomes closer with

increase of Tb3? ions content, which is beneficial for

efficient energy transfer from Ce3? to Tb3? ions.

When Tb3? content is beyond the critical concentra-

tion (y = 4), the emission intensity of Tb3? decreases

because of Tb3?-Tb3? internal concentration

quenching.

Figure 8a shows the PLE and PL spectrum of

CaF2:4%Tb3?. In the excitation spectrum under

monitoring of Tb3? at 544 nm, the PLE spectrum is

composed of a strong band at 215 nm and a weak

Figure 7 PL spectra of

CaF2:2%Ce3?/y%Tb3?

phosphors (kex = 304 nm).

Figure 8 PLE and PL spectra of CaF2: 4%Tb3? (a), 10%Eu3?

(b) and 4%Tb3?/10%Eu3? (c).
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band at 259 nm attributed to the Tb3? of 4f8–4f75d

transition. The PL spectrum obtained under the

excitation at 215 nm shows characteristic sharp

emission lines of Tb3? f ? f transitions at 494, 544,

590 and 626 nm which are corresponding to the
5D4 ?

7FJ(J = 6, 5, 4, 3) transitions. The PLE and PL

spectra of CaF2:10%Eu3? are shown in Fig. 8b. By

monitoring the dominant emission of Eu3? at 593 nm

(5D0 ?
7F1 transition), the sharp peaks in the range of

200-450 nm are ascribed to the typical intraconfigu-

rational f–f transitions of Eu3? ions. They are the
7F0 ?

5H6 transition at 318 nm, the 7F0 ?
5D4 tran-

sition at 361 nm, the 7F0 ?
5L6 transition at 393 nm,

respectively. Under 393-nm excitation, the sharp

emission peaks at 593 and 617 nm are observed in PL

spectrum, which attributed to Eu3? 5D0 ?
7FJ(J = 1, 2)

transitions. It is observed that the magnetic dipole
5D0 ?

7F1 transition at 593 nm is stronger than the

electric dipole 5D0 ?
7F2 transition at 617 nm, which

indicate the Eu3? localized in symmetric environ-

ment. When doping 10%Eu3? in CaF2:4%Tb3?, the

sample shows a red–orange emission under UV

excitation. The doped Eu3? affects the matrix’s

luminescent properties significantly in the present

case. The PLE and PL spectra of the sample are

shown in Fig. 8c. In the excitation spectrum of

CaF2:4%Tb3?/10%Eu3? under monitoring of Eu3? at

619 nm, the main appearance is similar to that in

Fig. 8a except from a few weak transition lines of

Eu3? appearing at 318 nm (7F0 ?
5H6), 361 nm

(7F0 ?
5D4) and 393 nm (7F0 ?

5L6), respectively.

Under 215-nm excitation (4f8 ? 4f7 5d transition of

Tb3?), the PL spectrum is consisted of not only the

emission of Tb3? (5D4 ?
7F6 at 494 nm, 5D4 ?

7F5 at

544 nm), but also the emission of Eu3? (5D0 ?
7F1 at

593 nm, 5D0 ?
7F2 at 617 nm). The existence of Tb3?

f ? d transition lines in the excitation spectrum by

monitoring the emission of Eu3? (5D0 ?
7F1, 593 nm)

and the presence of the intense emission lines of Eu3?

by exciting into Tb3? (215 nm) both clearly suggest

efficient energy transfer from Tb3? to Eu3? in

CaF2:4%Tb3?/10%Eu3?.

As discussed by Blasse [35, 40], Tb3? can act as an

energy-transfer chain to bridge Ce3??Eu3? energy

transfer and block the corresponding metal–metal

charge transfer (MMCT) process. Figure 9c demon-

strates the PLE and PL spectra of CaF2:2%Ce3?/

4%Tb3?/10%Eu3?. Under Ce3? excitation band at

304 nm, the synthesized samples exhibit the Eu3? 5

D0 ?
7F2 red emission peaks at 593 nm together with

the emission of Tb3? (5D4 ?
7F6 at 494 nm, 5D4 ?

7F5
at 544 nm), while the Ce3? emission suffers obvious

quenching. As shown in Fig. 9c, the CaF2:2%Ce3?/

4%Tb3?/10%Eu3? possesses an excitation spectrum

which is similar to that of CaF2:2%Ce3?/4%Tb3?. By

monitoring the dominant emission at 593 nm (Eu3?:
5D0 ?

7F2), the PLE spectrum consists of Ce3? f ? d

and Tb3? f ? d excitation bands. These results give a

direct evidence of Eu3? sensitized by Ce3??Tb3??
Eu3? energy transfer.

Figure 10 The calculated

energy-transfer efficiencies for

Ce3? ? Tb3? in

CaF2:2%Ce3?/y%Tb3?

(a) and Tb3?? Eu3? in

CaF2:2%Ce3?/4%Tb3?/

z%Eu3? (b).

Figure 9 PLE and PL spectra of CaF2: 2%Ce3? (a), 2%Ce3?/

4%Tb3? (b), 2%Ce3?/4%Tb3?/10%Eu3? (c).
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To better understand the energy-transfer process,

the energy-transfer efficiency (gET) from sensitizer

ions to activator ions can be calculated by the fol-

lowing formula [41]:

gET ¼ 1� I=I0 ð4Þ

where gET is the energy-transfer efficiency and I

and I0 are the emission intensities of the sensitizer

in the presence and the absence of an activator,

respectively. As shown in Fig. 10, by monitored at

304 nm of CaF2: 2% Ce3?/y%Tb3? phosphor and

CaF2: 2% Ce3?/4%Tb3?/z% Eu3? phosphor, we can

obtain the peak value of corresponding emission

band at 359 nm (Ce3? emission) and 544 nm (Tb3?

emission) which can be regarded as ‘‘I’’ for calcu-

lating Ce3??Tb3? energy-transfer efficiency and

Tb3??Eu3? energy-transfer efficiency, respectively.

As shown in Fig. 10a, the energy-transfer efficien-

cies from Ce3? to Tb3? in CaF2: 2% Ce3?/y% Tb3?

can be found to increase gradually with concen-

tration of Tb3? from 0 to 6 and the corresponding

value of gET is calculated to be 0, 4.6, 27, 61.4, 73.3,

84.2, 90.5%, which provide additional evidence of

the energy transfer between Ce3? and Tb3? [3].

Figure 10b shows the gET for further Tb3??Eu3?

energy transfer which is a relative function of the

Eu3? concentration. It was found that the gET
increases from 0 to 89.5% with the increase of Eu3?

content in CaF2:2% Ce3?/4%Tb3?/z% Eu3? phos-

phors. When z = 15, the maximum value of gET is

calculated to be 89.5%. The obtained results prove

that the energy-transfer process from Tb3? to Eu3?

is very efficient. From above, we can draw a con-

clusion that Tb3?-doped content is an critical factor

for blocking the MMCT process between Ce3? and

Eu3? and realizing an efficient Tb3??Eu3? energy

transfer [42].

In order to further study the tunable PL properties

and energy-transfer process, the decay time of

CaF2:2%Ce3?/y%Tb3?/z%Eu3? phosphors was also

investigated to obtain information on the Ce3??Tb3?

and Tb3??Eu3? energy transfer. The decay curves of

Ce3? in CaF2:2% Ce3?, y%Tb3?(y = 0 and 4), Tb3? in

CaF2:4%Tb3?, z%Eu3?(z = 0 and 10) and Tb3? in

CaF2:2%Ce3?, 4%Tb3?, z%Eu3? (z = 0 and 10) phos-

phors are demonstrated in Fig. 11. As is known to all,

when the radiative energy-transfer processes play a

major role in specific materials, the acceptor makes

no difference on the decay time of a donor. Never-

theless, when the nonradiative energy-transfer

processes have a principal position, the concentration

of acceptor has a great impact on the decay time of a

donor. The decay time of the donor decreases

Figure 11 The decay curves of Ce3? in CaF2:2% Ce3?/4%Tb3?

(a), Tb3? in CaF2:4%Tb3?/10%Eu3? (b) and Tb3? emission in

CaF2: 2%Ce3?/4%Tb3?/10%Eu3? (c) phosphors.

5866 J Mater Sci (2017) 52:5857–5870



gradually with the increasing concentration of

acceptor [40, 41].

The decay curves and lifetime of Ce3? in CaF2:2%

Ce3?, y%Tb3? (y = 0, 4) are exhibited in Fig. 11a. It

can be seen that the decay curves are well fitted with

the following double exponential equation:

I ¼ A1 exp �t= s1ð Þ þ A2 exp �t= s2ð Þ ð5Þ

Here I is the luminescence intensity; A1 and A2 are

two constants which are related with the initial

intensity; t is time; s1 and s2 are the lifetimes for the

exponential components. The average lifetime (s*)
can be calculated using the following equation:

s� ¼ A1s
2
1 þ A2s

2
2

� �
= A1s1 þ A2s2ð Þ ð6Þ

When only Ce3? ions doped in CaF2 phosphor, the

lifetime of the Ce3? is 1600 ns. However, the lifetime

of Ce3? decreases (1300 ns) with the introduction of

Tb3? which proves the energy transfer from Ce3? to

Tb3? through nonradiative process.

The decay curves of Tb3? in the CaF2:4%Tb3?,

z%Eu3? (Fig. 11b) and CaF2:2%Ce3?,4%Tb3?,

z%Eu3?(Fig. 11c) well fit a typical single exponential

function as:

It ¼ I0 exp �t=sð Þ ð7Þ

The lifetime of Tb3? in CaF2: 4%Tb3? was compared

with that in CaF2:4%Tb3?, 10%Eu3?, as shown in

Fig. 11b. The lifetime of Tb3? was shortened from

6.37 ls to 1.69 ls. This result indicates that the

shortened decay time of Tb3? emission with

increasing Eu3? ions is attributed to the energy

transfer from Tb3? to Eu3? in CaF2:4%Tb3?, z%Eu3?

phosphor. The energy transfer of Ce3??Tb3??Eu3?

through nonradiative process can be further proved

from the fact that the lifetime of Tb3? (5.68 ls)
declines with the introduction of Eu3? (1.78 ls). With

higher Eu3? concentration, it is hard to get the life-

time of Ce3? because of too weak signal of Ce3?

emission.

The proposed energy level model for the ET pro-

cesses of Ce3? ? Tb3? ? Eu3? in the CaF2 host is

demonstrated in Fig. 12. Firstly, Ce3? ions can be

effectively excited from the ground state (2F5/2) to the

excited states (5d energy levels) by UV irradiation.

Later on, Ce3? ions either get back to the lowest

vibrational level of the excited state giving out the

excess energy to their surroundings or return to the

ground states (2F7/2 and 2F5/2) spontaneously by a

radiative process. The phosphor emits blue light or

transfer their excitation energy to 5D3 level of Tb3?

ions, followed by nonradiative relaxation to 5D4 level

(5D3 ?
7F6 =

5D4 ?
7F0) due to the same energy dif-

ference between 5D3 ?
5D4 and 7F0 ?

7F6 in Tb3?

ions [41]. Then, as a result of the electrons moving

Figure 12 Energy level

model for the ET processes of

Ce3? ? Tb3? ? Eu3? in

CaF2 host.
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from the 5D4 excited state to the 7FJ(J = 3, 4, 5, 6) ground

state, green light is obtained. Meanwhile, the excita-

tion energy on 5D4 level of Tb3? transfers to higher

excited energy level of Eu3? (4f6) through cross-re-

laxation and then relaxes to the 5D0 level of Eu
3? and

gives out red emission due to 5D0 ?
7FJ(J = 0, 1, 2)

transitions [42].

Conclusion

The CaF2:Ce
3?, Tb3?, Eu3? phosphors with homoge-

neous, monodispersed and well-defined morphology

were synthesized by a simple hydrothermal method.

The pH, organic additive and reaction time have

significant influences on the phase and shape of the

obtained products. The energy transfer of Ce3??
Tb3??Eu3? through nonradiative process has been

investigated in CaF2, which exhibits strong and broad

excitation band in NUV region. The Ce3? ions act as a

good sensitizer and transfer most part of their energy

to the activator ions. The efficient color-tunable

emission can be generated from blue to green to red

with increase of Tb3? and Eu3? in the CaF2:Ce
3?

phosphors. The results also indicate that CaF2:Ce
3?,

Tb3?, Eu3? phosphors will have promising applica-

tions in field of near-UV and violet LEDs.
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