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Hydrothermal synthesis and up-conversion luminescence of
Ho3+/Yb3+ co-doped CaF2
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CaF2:Ho3+/Yb3+ nano-particles with intense green up-conversion (UC) luminescence are successfully synthesized
via a facile hydrothermal approach by using NH4F as the fluoride source and Na2EDTA as a chelating reagent. Powder X-
ray diffraction (XRD), transmission electron microscopy (TEM), field emission scanning electron microscopy (FE-SEM),
and UC emission spectra are used to characterize the structures, shapes, and luminescent properties of the samples. The
effects from fluoride sources and chelating reagents on the formations of CaF2 nano-particles are investigated, and the for-
mation process is also deduced. Under the excitation of a 980-nm laser diode, the samples each show a green up-conversion
emission centered at 540 nm corresponding to the 5S2/5F4→5I8 transitions of Ho3+. Moreover, the UC mechanisms of
Ho3+/Yb3+ co-doped CaF2 nano-particles are also discussed.
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1. Introduction

In recent years, numerous efforts have been devoted to
the investigation of rare-earth (RE) ions-doped up-conversion
(UC) nano-particles (NPs) for their potential applications in
displays,[1,2] optoelectronics,[3] biology and medicine,[4,5] and
short wavelength lasers.[6] In particular, biological applica-
tions have aroused more research interest because UCNPs of-
fer many advantages in comparison with the conventional or-
ganic dyes and semiconductor quantum dots down-conversion
fluorescent materials, including high photostability, minimal
photodamage to living organisms, deep light-penetration in
tissues and long lifetimes of the involved RE energy levels.[7,8]

Moreover, the UCNPs-based UC luminescence imaging is
free of background auto-fluorescence, allowing high detection
sensitivity.[9] Among the various RE-doped UCNPs, inorganic
fluorides are the commonest hosts and have been investigated
extensively due to their low energy phonons and efficient UC
emissions.[10] For UC phosphors, because the phonon can give
rise to nonradiative decay to suppress UC luminescence, it is
necessary to choose a host with a much lower phonon energy
in order to overcome the nonradiative decay and increase the
UC efficiency. Up to now, NaYF4 with its hexagonal struc-
ture and low phonon energy (360 cm−1) is still regarded as
the most efficient UC host.[11,12] Unfortunately, applications

of NaYF4 are restricted due to their inferior stabilities. As a
member of fluorides, CaF2 provides more excellent stability,
a much wider transmission range, and lower phonon energy
(328 cm−1).[13–15] Therefore, CaF2-based UC phosphor is ex-
pected to have a higher UC luminescence efficiency.

Rare earth ions-doped CaF2 UC nano-particles with
different shapes and sizes have been investigated exten-
sively, such as green emitting monodisperse CaF2:Yb3+/Er3+

nanocrystals.[16] However, there has been little reported in-
formation about Yb3+Ho3+co-doped CaF2 to date. Regard-
ing Ho3+ ions, as another popular activator candidate for UC,
several UC mechanisms have been proposed for Ho3+-doped
materials because the energy-levels of Ho3+ allow multiple
excited state absorption (ESA) and/or energy transfer (ET)
transitions from 5I7, 5I6, and 5I5 levels to 5S2/5F4 and even
higher energy levels, which could activate an emission with
a wide spectrum.[17] According to the previously published
literature, the UC luminescence property is usually affected
by the host structure, morphologies, and sizes of phosphor
particles.[18,19] In order to improve the UC efficiency, it is im-
portant to control the sizes and morphologies of phosphor par-
ticles. In the present paper, we pay attention to the effects of
reaction conditions including the chelating reagents and the
fluoride sources on the morphology, particle size and UC lu-
minescence of Yb3+/Ho3+ co-doped CaF2. In addition, the
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effects of Ho3+ and Yb3+ concentrations on the photolumi-
nescence of CaF2:Ho3+/Yb3+ are investigated. The growth
mechanism of CaF2:Ho3+/Yb3+ nano-particles and UC mech-
anism are also discussed in detail.

2. Experiment
2.1. Synthesis

Ho3+ and Yb3+ co-doped CaF2 nano-particles were pre-
pared by the hydrothermal method. Stoichiometric quan-
tities of raw materials, analytical grade Ca(NO3)2·4H2O,
HNO3, C10H14N2Na2O8·2H2O (Na2EDTA), citric acid
(C6H8O7·H2O), NH4F, NaBF4, and high purity (99.99%)
Ho2O3 and Yb2O3 were weighted. All chemical reagents
were used directly without further purification. In a typical
procedure, Ho(NO3)3 and Yb(NO3)3 solution was first pre-
pared by dissolving corresponding oxides in a small amount of
HNO3 and then diluting with distilled water. Following that,
Ca(NO3)2·4H2O chelating agent Na2EDTA or citric acid each
with a certain amount was dissolved in the above aqueous so-
lution under vigorous stirring for 0.5 h to obtain solution A.
Second, the fluoride sources NH4F or NaBF4 were added into
the above obtained solution A to form a translucent ivory so-
lution. Next, the ivory solution was transferred into a 50-mL
Teflon-lined autoclave. The autoclave was sealed and main-
tained at 160 ◦C for 24 h, then cooled down to room tem-
perature naturally. The emulsion mixture product was cen-
trifuged at 8000 rpm for 30 min, which caused sedimentation
of the nano-particles and allowed the removal of the mother
liquor. The precipitates were then washed and centrifuged sev-
eral times with distilled water and absolute ethanol in turn,
then dried at 60 ◦C for 6 h and crushed in an agate mortar to
obtain samples.

2.2. Characterization

The powder X-ray diffraction (XRD) measurements were
carried out in the range of 20◦ ≤ 2θ ≤ 60◦ using a Rigaku–

Dmax 3C powder diffractometer with Cu–Kα (λ = 1.5406 Å)
radiation. The morphologies of the samples were examined by
an FEI TF-20 transmission electron microscope (TEM) at an
accelerating voltage of 200 kV and a field-emission scanning
electron microscope (FESEM) (FE-SEM: JEOL JSM-6700F).
The UC luminescence properties of the samples were exam-
ined by a Hitachi F-7000 fluorescence spectrophotometer with
an external power-controllable 980-nm continuous semicon-
ductor laser diode as the excitation source. All of the mea-
surements were performed at room temperature.

3. Results and discussion
3.1. Structure and morphology

The phase compositions and crystal structures of the
samples are identified by X-ray powder diffraction analy-
sis. Figure 1 shows the results of the structure analysis and
the TEM morphology of samples prepared with NH4F and
Na2EDTA. Figures 1(a)–1(c) show the XRD patterns of phos-
phors CaF2:0.5-mol%Ho3+/5-mol%Yb3+ prepared with dif-
ferent fluoride sources and different chelating reagents by the
hydrothermal method at 160 ◦C for 24 h. All detectable
diffraction peaks are in agreement with those of the standard
cubic CaF2 (JCPDS card No. 89-4794) with lattice constant
a = 5.462 Å, and no peaks from the impurity phase are de-
tected. In the range of our experiments, the XRD patterns of all
samples are similar, which indicates that doping of rare earth
ions Ho3+ and Yb3+ does not cause any significant changes
in the host structure. Here, we propose that Ho3+ and Yb3+

ions are expected to occupy the Ca2+ sites in the CaF2 host,
which will result in a decrease of the lattice parameter of the
sample because the ionic radius of Ca2+ (1.12 Å for CN = 8)
is larger than those of Ho3+ (1.015 Å for CN = 8) and Yb3+

(0.985 Å for CN = 8).[20] The calculated lattice parameter for
a is 5.436 Å, which matches well with our deduction.
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Fig. 1. (color online) XRD patterns of CaF2:0.5-mol%Ho3+/5-mol%Yb3+ samples prepared with different fluoride sources and different chelating reagents:
(a) NH4F and Na2EDTA; (b) NaBF4 and Na2EDTA; (c) NaBF4 and citric acid; and (d) TEM image of nano-particles prepared with NH4F and Na2EDTA.
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Figure 1(d) shows the TEM image of UC nano-particles
prepared with NH4F and Na2EDTA, in which we can ob-
serve cubic nano-particles with diameters ranging from 20 nm
to 50 nm. According to the corresponding XRD pattern
(Fig. 1(a)), the average size of nano-particles (D) could also
be evaluated by using the Debye–Scherrer formula,[21] Dhkl =

Kλ/(β cosθ), in which λ is the X-ray wavelength (1.5406 Å),
β is the full width at half-maximum, θ is the diffraction angle,
K is a constant (0.89), and Dhkl is the size along the (h k l)
direction. Here, we use diffraction data at (111) 28.2◦, (220)
46.9◦, and (311) 55.7◦ to calculate the average particle size,
which gives an estimated average size of 23.7 nm and is in
good agreement with the result of TEM.

In our system, the morphologies and particle sizes of
CaF2 particles are adjusted by changing the chelating reagent
and the fluoride source. It is worth pointing out that the con-
centration of the doping ions (Ho3+/Yb3+) in the CaF2 host
does not change the phase structure nor morphology nor size
of the CaF2 product in our system. The morphologies of
samples were investigated by scanning electron microscopy
(SEM). Figures 2(a)–2(c) show the SEM images of the sam-
ples prepared using different fluoride sources and chelating
reagents. Figure 2(a) shows the morphology of CaF2 parti-
cles in the presence of Na2EDTA and NH4F. It is found that
uniform CaF2 nano-particles with slight agglomeration are ob-
tained. Obviously, the cubic nano-particles are side by side
with each other. As is well known, the formation about a par-
ticle includes the initial production, subsequent growth, and fi-
nal stabilization of nuclei, and the morphology and size of par-

ticles are mainly determined by the nucleation rate.[22,23] At
first, in an aqueous solution, the Ca2+ chelate compounds are
formed and the free Ca2+ ions concentration would decrease in
solution. Then, with the increase of the reaction time and tem-
perature, chelation of the Ca2+ chelate complexes would be
weakened and Ca2+ ions would be released gradually. There-
fore, the nucleation and growth of CaF2 would undergo a long
process, which would be conducive to the forming of uniform
crystals. The probable reaction processes for forming CaF2 in
this condition can be summarized as follows:

C10H14N2Na2O8→ 2Na++EDTA2−, (1)

Ca2++EDTA2−→ Ca−EDTA(complex), (2)

Ca−EDTA+2F−→ CaF2 +EDTA2−. (3)

Except for the effect of Na2EDTA, the fluoride source
NH4F also plays a key role in the controlled synthesis of CaF2.
For comparison with Fig. 2(a), the SEM image of the CaF2

prepared with NaBF4 serving as the F− source in the pres-
ence of Na2EDTA with the same parameters is displayed in
Fig. 2(b), in which the irregular particles with diameters rang-
ing from 50 nm to 150 nm are formed under this condition.
When NaBF4 serves as the fluoride supplier, the resulting mor-
phology is quite different from using NH4F as the fluoride
source. NaBF4 is slowly hydrolyzed to produce Na+ cations,
BO3−

3 and F− anions as shown in the following equation:

BF−4 +3H2O→ 3HF+F−+H3BO3. (4)
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Fig. 2. (color online) SEM images of CaF2:0.5-mol%Ho3+/5-mol%Yb3+ samples prepared with different fluoride sources and different chelating reagents:
(a) NH4F and Na2EDTA; (b) NaBF4 and Na2EDTA; (c) NaBF4 and citric acid; and (d) schematic illustration of the formation and shape evolution of CaF2:
Ho3+/Yb3+ particles.
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It is noted that the added NaBF4 has obvious effects on
the morphology and particle size. Thus we can speculate that
NH4F and NaBF4 are the key factors influencing the mor-
phologies of the products, and the cations NH+

4 , Na+, and
the anions BO3−

3 , BF−4 in the reaction system have a guiding
effect on the morphologies and particle sizes of CaF2 parti-
cles. Wang et al.[24,25] suggested that the cations coming from
the different fluoride sources XF (X = K+, H+, NH+

4 , Na+,
Rb+, and Cs+) are selectively adsorbed on the different crys-
tals facets of nano-particles, resulting in the formation of var-
ious shapes. Filankembo et al.[26] suggested that the anions
Cl− and Br− in the added salts are also selectively adsorbed on
the different crystal faces of particles to control the morpholo-
gies of the products. It is reasonable to assume a similar case
for the effects of the cations NH+

4 , Na+, and the anions BO3−
3 ,

BF−4 on the morphologies. At the early stages of the reactions,
due to the strong interactions between NH+

4 /Na+ cations and
F− anions, these two cations can be selectively adsorbed on
specific facets of the initial CaF2 particles and change their
surface energies. The growth rate of CaF2 crystal is proba-
bly different, owing to the absorption ions NH+

4 and Na+ with
different radii, which leads to different particle sizes. Further-
more, the cubic CaF2 seed has an isotropic unit cell structure,
which generally induces the isotropic growth of particles and
therefore, the NH+

4 and Na+ can affect the growth rate in all di-
rections, respectively. Meanwhile, the anions BO3−

3 and BF−4
can destroy chemical bond Ca–EDTA. It can accelerate the re-
lease of Ca2+ into the solution from the Ca2+ chelate com-
plexes. As a result, the non-uniform particles are obtained
(as shown in Fig. 2(b)) due to particles growing quickly af-
ter nucleation. Figure 2(c) displays the SEM image of CaF2

particles in the presence of citric acid (CA) and NaBF4 as the
fluoride source while other conditions are unchanged. It can
be observed that the uniform and cubic CaF2 nano-particles,
whose average size is about 100 nm, are obtained. Under this
experimental condition, chelating ligands will firstly mobilize
calcium ions at the first step to generate Ca–CA complexes,
according to Eqs. (5) and (6). For the formation of CaF2, we
propose the following possible reaction pathways:

Ca2++(Hcit)2−→ Ca(Hcit) (complex), (5)

Ca2++2(H2cit)−→ Ca(H2cit)2 (complex), (6)

BF−4 +3H2O→ 3HF+F−+H3BO3, (7)

Ca(Hcit)+Ca(H2cit)2 +4F−→ 2CaF2 +(Hcit)2−

+ 2(H2cit)−. (8)

With the increase of reaction time and temperature, Ca2+

ions are released from the complexes mentioned above. Then
the F− anions in the solution react with the free Ca2+ to gen-
erate CaF2 nuclei according to Eqs. (7) and (8). With the reac-
tion time ticking by, these nuclei gradually grow into big par-
ticles. Comparing the two chelating reagents (Na2EDTA and

CA) in the present work, a large chelate constant (lg β ) will
benefit the stabilization of the complex. The chelate constant
is larger for EDTA (lg β = 18–19) than that of citrate acid (lg β

= 8–9).[27] So the Ca–CA complex is far less stable than the
Ca–EDTA complex. On increasing the reaction temperature
to a certain value, large quantities of Ca2+ ions are released
from Ca–CA complexes, the nucleation and growth of CaF2

will undergo a short process. But at the same time, the citrate
ions dissociated from the Ca–CA complexes are then selec-
tively adsorbed on the surfaces of growing particles, which
significantly inhibits their growth.[28,29] Particularly, (Hcit)2−

and (H2cit)− can inhibit the growth of CaF2, when the particle
size reaches a certain value. Therefore, the CaF2 particle size
is uniform and the adjacent particles can connect with each
other. It is possible that the growth by regular aggregation of
these stabilized particles proceeds more rapidly than the coars-
ening of the individual particles. Once being aggregated, these
particles are probably held together by electrostatic interaction
or van der Waals forces, side by side, to form the larger cubic
particles and the rod-like particles. Herein, a schematic dia-
gram of the process is demonstrated in Fig. 2(d).

3.2. Up-conversion photoluminescence and mechanism

As is well known, the CaF2 is an efficient host lattice for
the UC process due to its lower phonon energy.[16] Figure 3
displays the UC spectra of samples obtained under different
synthesis conditions. It is clearly observed that the UC spec-
tra of samples exhibit two distinct emission bands peaking at
540 nm and 644 nm, respectively, under the excitation of a
980-nm semiconductor laser. The former intense green emis-
sion could be assigned to the transitions of 5S2/5F4→5I8 from
Ho3+; the latter weak red emission should be attributed to the
5F5→5I8 transitions of Ho3+. By comparison with UC spectra
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Fig. 3. (color online) UC luminescence spectra of CaF2:0.5-
mol%Ho3+/5-mol%Yb3+ samples prepared with different conditions:
(curve a) NH4F and Na2EDTA; (curve b) NaBF4 and Na2EDTA; (curve
c) NaBF4 and citric acid (C6H8O7·H2O). The insets show the photo-
graph of the green light excited at 980 nm and the amplified red emis-
sions in the range 620 nm–680 nm.
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of three samples, the UC intensity of the sample prepared with
NH4F and Na2EDTA is the strongest, and the sample prepared
with NaBF4 and Na2EDTA shows the weakest emission. This
result is in agreement with that in Ref. [16], and it is vitally im-
portant for enhancing the UC luminescence of the CaF2 parti-
cles with a smaller size. The inset in Fig. 3 shows the amplified
red emissions, which show a similar change trend to the green
emission band. The sample emits a green light to the naked
eye under the excitation of a 980 nm near infrared (NIR) laser
diode, and the photograph is shown in the inset of Fig. 3.

The concentration of the dopant has a great effect on the
UC luminescence intensity of phosphor, thus a series of sam-
ples with different Ho3+ or Yb3+ concentrations is prepared to
determine the optimal compositions of Ho3+/Yb3+ co-doped
CaF2, and their room temperature UC luminescent spectra are
shown in Fig. 4. Figure 4(a) shows the UC emission spectra
of CaF2: x-mol% Ho3+, y-mol% Yb3+ with Ho3+ concen-
trations ranging from x = 0.3 mol% to 1.0 mol%, with the
Yb3+ content fixed at 5 mol%, and in Fig. 4(b), with the Ho3+

concentration fixed at 0.5 mol% and Yb3+ concentrations y =
2, 5, 10, and 15 under the excitation of a 980 nm laser. All UC

spectra are similar to those in Fig. 3 and consist of a strong
green emission peaking near 540 nm and a weak red emission
peaking around 644 nm, which contribute to the intra 4f–4f
transitions of Ho3+. As seen in Fig. 4, it is observed that the
UC integrated intensities of green and red emissions (mea-
sured as the area under the emission band) become stronger
with the increase of Ho3+ (activator) or Yb3+ (sensitizer) con-
tent value, and weaker after having reached a maximum at
0.5 mol% for Ho3+ or 10 mol% for Yb3+ due to the concen-
tration quenching effect. The concentration quenching effect
could be explained by the energy transfer between the nearest
dopant ions (activator → activator or sensitizer → activator).
From the inset of Fig. 4(a), it is quite clear that the emission in-
tensity increases at the beginning and then decreases due to the
concentration quenching effect after having reached the maxi-
mum at the Ho3+ concentration x = 0.5 mol%. The concentra-
tion quenching effect caused by the migration of excitation en-
ergy from one activator to another lasts until a quenching site
is reached and the energy is lost nonradiatively. The concen-
tration quenching effect will not occur at low concentration,
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because the distance between identical Ho3+ ions is so large
that the energy migration is hampered.[30] With the increase of
the Ho3+ concentration, the average distance between Ho3+

ions becomes shorter and the energy transfer becomes con-
venient. As shown in the inset of Fig. 4(b), the UC lumi-
nescence intensity becomes stronger with the increase of the
Yb3+ concentration and reaches a maximum at 10 mol% in the
range of 2 mol%–15 mol% with an invariable Ho3+ concen-
tration (0.5 mol%). It is generally accepted that an efficient
energy transfer takes place from Yb3+ to adjacent Ho3+. In
the meantime, the back energy transfer from Ho3+ to Yb3+

also exists. At low concentration, it is the dominant energy
transfer from Yb3+ to Ho3+. With the increase of the Yb3+

content value, the distance between dopant ions will decrease,
which promotes back energy transfer and leads to the decrease
of UC emission intensity.[31] Therefore, the optimal composi-
tion of the UC phosphors is CaF2:0.5%Ho3+/10%Yb3+ with
the strongest emission.

Figure 5(a) shows the up-conversion spectra of CaF2:0.5-
mol%Ho3+/10-mol%Yb3+ samples prepared with NH4F and
Na2EDTA each as a function of the pump power under 980-
nm NIR excitation. It is found that the UC intensities of sam-
ples increase with the pumping power increasing. Generally,
the relationship between UC emission intensity (I) and pump
power (P) is approximately expressed as follows: I ∝ Pn,
where n is the number of excitation photons absorbed by RE
ions at ground states and then transited to the excited states.[32]

The power dependence of the up-conversion signal for the
product is analyzed using the double logarithmic and the re-
sults are depicted in the inset of Fig. 5(a). Here, the photolu-
minescence intensity I integrated areas of UC spectra ranging
from 500 nm–600 nm for green emission and 600 nm–700 nm
for red emission are shown. As is well known, the slopes
of these curves (n) give the numbers of photons involved in

the excitation process for different UC bands. Values of 1.97
and 1.88 are obtained for n corresponding to the 540-nm and
644-nm emission bands, respectively, which indicates that the
green and red excited states are predominantly populated by a
two-photon absorption process.

Based on the above results and energy matching for pairs
of transitions, a possible up-conversion mechanism including
energy transfer (ET) in Ho3+/Yb3+ co-doped CaF2 nano-
particles with an excitation of 980-nm is proposed as illumi-
nated in Fig. 5(b). Firstly, the Yb3+ is excited from the ground
state 2F7/2 level to the excited state 2F5/2 level under 980-nm
pumping, and transfers its energy to Ho3+ from the 2F5/2 level
of Yb3+. Thus, Ho3+ is raised from the 5I8 ground state to
the 5I6 excited state. This is a phonon-assisted energy transfer
process because of the energy mismatch between the 2F5/2

level of Yb3+ and the 5I6 level of Ho3+ (energy gap ∆E is
1549 cm−1).[33] Usually, the phonon-assisted energy transfer
process should accompany the compensation for the energy
difference. Secondly, 5S2/5F4 levels of Ho3+ can be popu-
lated via excited state absorption (ESA) of 5I6 or ET from
the Yb3+. Finally, the excited Ho3+ ions radiatively relax
from the 5S2/5F4 levels to the ground state, producing strong
green emission at about 540 nm. The red emission centered at
644 nm originates from the 5F5→5I8 transition of Ho3+, and
the 5F5 level can be populated through three possible path-
ways. One pathway is a non-radiative relaxation from 5S2/5F4

levels to the 5F5 level. Another route is due to the nonradia-
tive decay of intermediate excited state 5I6 to the 5I7 level,
from which the populations can be promoted to the higher
5F5 level by ESA or ET from the neighboring Yb3+. More-
over, cross relaxation (CR) can also contribute to the popu-
lating of the emitting level 5F5:Ho3+(5S2/5F4) + Ho3+(5I7)

→ Ho3+(5F5) + Ho3+(5I6).[34] From Fig. 5(a) it follows
that the green emission intensity is much more intense than
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Fig. 5. (color online) (a) Power-dependent UC spectra of CaF2:0.5-mol%Ho3+/10-mol%Yb3+ nano-particles prepared with NH4F and Na2EDTA, and (b)
schemes of Ho3+, Yb3+ ions and energy transfers proposed for UC emission in the sample with 980-nm NIR excitation. Inset shows dependences of the
green and red UC on pumping power.
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the red emission intensity, which clearly demonstrates that the
populations in the 5I6 level, excited to the 5S2/5F4 levels, are
far more than those decaying nonradiatively to the 5I7 level
and the rate of the populations in the 5S2/5F4 levels nonradia-
tively relaxing to the 5F5 level is lower. Lower phonon energy
of CaF2 should respond to this occurrence.

4. Conclusions
In this paper, UC phosphors CaF2:Ho3+/Yb3+are suc-

cessfully synthesized by a facile hydrothermal approach
through using different fluoride sources NH4F or NaBF4 and
different chelating reagents Na2EDTA or citric acid. Re-
sults indicate that cubic phase CaF2:Ho3+/Yb3+ UC phos-
phors could be obtained and that both the fluoride source and
the chelating reagent play key roles in controlling the mor-
phologies and sizes of the particles. Under the excitation of a
980-nm laser, CaF2:Ho3+/Yb3+ nano-particles show a bright
green light and its UC spectra include an intense green emis-
sion peaking at 540 nm and a weak red emission peaking at
644 nm from the transitions 5S2/5F4 →5I8 and 5F5 →5I8 of
Ho3+, respectively. The optimal composition of the present
UC phosphors is CaF2:0.5-mol%Ho3+/10-mol%Yb3+. More-
over, the growth mechanism and the UC mechanism of the
present phosphors are also proposed. The present UC phos-
phor CaF2:0.5-mol%Ho3+/10-mol%Yb3+ could be a promis-
ing candidate for applications in biomedicine.
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