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Yb3*:CaF, transparent ceramics are promising laser gain media with outstanding performance. However, low
transmittance in the visible range is the main challenge that restricts the application of Yb®*:CaF, ceramics in
the laser system. In this paper, a new scheme to eliminate the residual pores in the Yb®*:CaF, transparent
ceramics based on doping of NaF as a sintering aid is proposed. Microstructural characterization indicated that
NaF could inhibit the grain growth and increase the transmittance in the visible range significantly. The cor-
responding transmittance was measured to be 85% at the wavelength of 400 nm. The spectra results showed that

co-doped with Na* ions could break the clusters of Yb*>* ions and modulate the spectroscopy properties of Yb>*:
CaF,, lattice efficiently. This paper proved that doping with NaF is an efficient strategy to improve the trans-
mittance and fluorescence quantum efficiency of Yb®*:CaF, transparent ceramics.

1. Introduction

Yb>* doped materials with high quantum efficiency have been in-
vestigated widely in the last decades for the following reasons : (1)
Yb3* ions have a simple energy level, effects such as excited state ab-
sorption, cross-relaxation, up-conversion and concentrations quenching
are absent from Yb®™ ions [1]. (2) Yb®* ions as the active ions have
strong absorption and emission cross sections, particularly the strong
absorption around 980 nm, which is very well suited for pumping by
high-power InGaAs diodes for high power [2,3]and ultra-fast femtose-
cond lasers system [4]. In the past years, many Yb®* doped materials for
the laser system have been reported, but most of them have been fo-
cused on oxide materials, such as Y3Als0;5 (YAG) [5,6], Y3ScoAl3015
(YSAG) [71,Y205 [8], LusOs [9], Sco05 [10] and LusAlsO;5 (LUAG)
[11], only a few works have been carried out on Yb®* doped fluorides,
e.g. YLF[12], KYF[13], SrF,[14,15] and so on.

Compared to the oxides, fluorides have several advantages, such as
broad transmission region (0.2-9 um), lower refractive-index-limiting
and nonlinear effect, low phonon energy, which prevents the impact of
multi-phonon relaxation in electronic levels of impurity ions and in-
troduced high amounts of active ions easily. Among the fluoride-based
materials, CaF, has high thermal conductivity (10 W/mK), moisture
resistance and cubic structure. The cubic structure makes it possible for
fabrication CaF, polycrystalline transparent ceramics because non-
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cubic materials usually have multiple indices of refraction. Therefore,
the birefringence effects in the randomly oriented grains of the aniso-
tropic materials lead to the opaque [16-18].

Recently, Yb®": CaF, transparent ceramics have attracted great at-
tention because of their intrinsic characterizations: such as low fabri-
cation cost, high concentration and uniform dispersion of activated
ions. In 2009, Yb®™": CaF, transparent ceramics were obtained by a hot-
pressed (HP) method, but the optical quality was not high [19]. Then,
the first laser generation was demonstrated in 3 at.% Yb: CaF, ceramics
in 2013[20]. Although excellent laser performance has been obtained
for Yb®*: CaF,[21,22] and Yb®*: CaF,-LaF5[23] transparent ceramics
recently, scattering coefficient at short wavelength is still high at pre-
sent that restricts the laser output power. How to improve the trans-
mittance in the visible range is the main challenge at present. Con-
sidering the successful fabrication of YAG laser ceramics with the
sintering aid of the SiO,[24-26], it was obvious interest to examine the
effect of sintering aids on the fabrication of Yb®>*: CaF, transparent
ceramics.

The melting point of CaF, (1423°C) is lower than that of YAG
(1950°C), it is more suitable to consider the sintering aids with low
melting point such as NaF (993 °C). In addition, it is easy to form cluster
structure when trivalent Yb®* doped in CaF, host even in low doping
concentrations [27], which degrade the luminescent properties and
quantum efficiency. Na*t substitutes Ca®*, so the pair Yb>*/Na™ is
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Fig. 1. (a) TEM image and (b) the size distribution of Yb>* dope CaF, nanoparticles.

charge balanced for the substituted Ca®>*/Ca®" pair. Formation of in-
terstitial F~ should be prevented by the charge compensation [28,29].
Besides, the laser pumping threshold power of Yb*>* doped CaF, single
crystal is relatively high due to operating in a quasi-three-level energy
laser system. Yb®*-Na* co-doped CaF, single crystal could operate in a
relatively low threshold pump power and achieve highly efficient self-
Q-switching performance [30]. But whether NaF has the same me-
chanism and effect in Yb®": CaF, transparent ceramics should be re-
quired further investigation.

In this paper, 5 at.% Yb®*-doped and Yb®*, Na™ co-doped CaF,
transparent ceramic with different weight of NaF (0.5 wt.%, 1 wt.%, 5
wt.% and 10 wt.%) have been prepared by hot-pressed (HP) method for
the first time. The purpose of this paper was to investigate the influence
of Na™ on the transparency, microstructure and spectral properties of
Yb3": CaF, transparent ceramics.

2. Experimental
2.1. Ceramics preparation

5 at.% Yb®*: CaF, powders were synthesized by co-precipitation
method according to our previous report [31]. The process of particles
synthesis can be described as follows: aqueous solutions of Ca
(NO3)24H,0 (99.0%, Sinopharm), Yb(NO3)35H-0 (99.99%, Alfa
Aesar), KF-2H,0 (99.0%, Sinopharm), and NaF (99.9%, Sinopharm)
served as the starting compounds. First, 30.23 g Ca(NOs), and 26.55 g
KF were dissolved in 64 ml deionized water in beaker, respective. Then
1.845 g Yb(NO3); was poured-in Ca(NO3), aqueous solution, the mix-
ture was stirred magnetically until it was homogeneous. Second, the KF
solution was dropped wise to the solution of Ca(NO3),4H,0 and Yb
(NO3)3'5H,0 under magnetic stirring and stirred a few minutes until
the reaction process completed. The precipitation was centrifuged to
separate from the water, and then washed by deionized water few
times. The precipitation was put into the dry oven and maintained at 80
°C for 24 h. After cooling to room temperature, the white solid was
repeatedly ground for 30 min.

In order to introduce the Na™ to the CaF, lattice, NaF was added to
Yb3*: CaF, powders in an agate mortar containing 20 ml ethanol ac-
cording to the stoichiometric ratio. Milled 30 min to make mixing
uniformity and then put it in a dry oven for 12 h in 80 °C. Yb**: CaF,
powders doped with different concentrations of 0, 0.5, 1, 5 and 10 wt.%
(calculated on the 5 at.% Yb®*: CaF, powder mass) were prepared
following the same process. 2.3 g Yb®™: CaF,/NaF mixed powders were
loaded into a 16-mm-diameter graphite mold and sintered by the hot-
pressed method. The heating rate was 15 °C/min from room tempera-
ture to 800 °C and the vacuum was maintained during the whole sin-
tering process. The ultimate sample was 16 mm in diameter and 2 mm
in thickness. Finally, both surfaces of the samples were polished using

diamond slurries.

2.2. Characterization

Particle size and morphology were investigated by transmission
electron microscope (JEOL JEM 2100 F, Japan). The thermoanalysis of
Yb3*: CaF, powders was measured on a thermal analyzer (STA449C/3/
G, Netzsch) (10k/min, N,). The phase of the samples was identified by
the X-ray diffraction(Japan, Rigaku, D/Max-RB). The surface mor-
phology (grain boundary and pores) of the sintered ceramics was ob-
tained in U8010 FSEM. The transmission and absorption spectra were
measured on the UV-3600 (Shimadzu). The luminescent spectrum and
the fluorescence decay curves were performed on a FLS1000 spectro-
fluorometer (Edinburgh). All the samples were polished into 0.5 mm to
decreased the reabsorption effect when measured the emission spectral
and the lifetime. The slit width of the excitation and emission sides of
FLS1000 spectrofluorometer were settled at the same condition to
compare the effect of NaF on the spectra properties of Yb®*: CaF,
ceramics.

3. Results and discussion

The particle morphology and size distribution of 5 at.% Yb®*: CaF,
nanoparticles was shown in Fig. 1. The figure indicated that the syn-
thesized 5 at.% Yb®*: CaF, nanoparticles exhibited the spherical-like
morphology. Using the Image-Pro Plus 6.0 software, the average par-
ticle size of the Yb®*: CaF, powders from Gaussian fitting of the his-
togram (see Fig. 1 (b)) was found to be about 29 = 1 nm.

Fig. 2 shows the differential scanning calorimetry and thermo-
gravimetric analysis (DSC-TG) curves of 5 at.% Yb3*: CaF, powders
synthesized by co-precipitation in distilled water. The measuring

Fig. 2. DSC-TG curves of 5 at.% Yb®*: CaF, powders.
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Fig. 3. X-ray diffraction of Yb®>*: CaF, transparent ceramics co-doped with
different concentration Na™ ions.

temperature ranged from 45 °C to 1000 °C with a heating rate of 10 °C/
min. The TG curve indicates two major drops between 20 °C-580 °C and
580 °C-800 °C that the total weight loss was about 2.83%. Because the
powder was synthesis by the wet-chemical route, abundant adsorbed
ions would absorb in the nano-particles surface. The residual adsorbed
ions such as OH™ and NO3; ™~ ions decomposed when the powders were
heated. So, the change of weight can be ascribed to the loss of the re-
sidual adsorbed ions. There was one exothermic peak appeared at 286
°C in the DSC curve, which was corresponding to the decomposition of
OH™ and NO;3~ ions. Three endothermic peaks around 86.6 °C, 618 °C
and 790.3 °C were observed, the peak at the temperature of 86.6 °C was
attributed to the evaporation of free water absorbed from the particles
and the peak at 618 °C was due to the removal of organic materials. The
endothermic peaks at 790.3 °C might be the ultimate point of densifi-
cation.

The XRD patterns of different concentration of Na™ ions co-doped
Yb®*: CaF, transparent ceramics sintered at 800 °C combined with data
from JCPDS card # 65-0535 for CaF, are shown in Fig. 3. It can be
clearly seen that all the peaks can be indexed in the CaF, cubic phase of
the fluorite-type structure (space group: Fm3m). The phase and struc-
ture of the ceramics did not change even the Na™ ions concentration
reached to 10 wt.%. No other phases referred to Na* or Yb®* ions were
detected in all the XRD patterns, suggesting that Na* and Yb®* ions
successfully incorporated into the CaF, structure and occupied the sites
of Ca®* ions. Calculated from the XRD data, the lattice parameters of
5at.% Yb®": CaF, ceramics with different concentrations of 0, 0.5, 1, 5
and 10 wt.% were about 5.4851, 5.4781, 5.4616, 5.4605 and 5.4544 A,
respectively. It could be clearly seen that the lattice constant decreased
with the increasing of NaF content, a possible explanation is that the
discrepancy of ionic radii between Na*(0.102 A), Yb>*(0.868 A) and
Ca®* (0.100 A), resulting in a shrinkage of the unit cell volume when
Yb3*-Na* replace Ca®*- Ca®* ions pairs.

All the samples were polished to 2 mm thickness for the optical
properties test. Fig. 4 shows the in-line transmittance and photo of
Yb®*: CaF, transparent ceramics with different concentration of NaF
sintered at 800 °C for 2 h. It could be seen that the all the sintered Yb>*:
CaF, ceramics were highly transparent and the words on the printed
paper could be clearly seen. For the sample without NaF doping, the
transmittance at the wavelength of 1200 nm and 400 nm were about
84% and 70%, respectively. The poor surface roughness of the Yb3*:
CaF, ceramics was responded for the low transmittance that laser-level
polishing process would be introduced in the further work. Due to the
residual nano-size pores in the ceramics, the transmittance of the 5 at.
% Yb®*: CaF, with 0, 0.5 and 1 wt.% NaF decrease with the decreasing
of wavelength according to the Rayleigh’ equation [32]- However, the
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Fig. 4. In-line transmittance of the 5 at. % Yb®*: CaF, transparent ceramics
with different concentration of NaF. The inset shows the photo of the obtained
samples.

transmittance in the short-wavelength hardly decreased when the NaF
concentration was increased to 5 wt.%. The transmittance in the wa-
velength of 1200 nm and 400 nm were 85% and 83%, respectively.
However, when NaF concentration further increased to 10 wt.%, the
measured transmittance rarely increased anymore compared with the 5
wt.% doped sample. Considering the transmittance results, it could be
inferred that doped with NaF could increase the transmittance in the
visible range significantly under the same sintering process and the
optimal addition of NaF in Yb®*: CaF, transparent ceramics might be
about 5 wt.%.

To find out the reason of the increased transmittance at 400 nm, the
FSEM microstructure of ceramics is shown in Fig. 5. Both the undoped
and NaF doped samples presented a full dense microstructure and no
pores or other phases were detected. The average grain size was cal-
culated by the linear intercept method [33]. It could be clearly seen that
the average grain size of 5 wt.% NaF doped Yb®": CaF, sample is
smaller than the sample without NaF doping. The average grain size of
the undoped and 5 wt.% NaF doped Yb®*: CaF, sample is about
445 + 8 nm and 120 = 3 nm, respectively. The grain growth of the NaF
doped Yb®*: CaF, sample is quite limited compared with the initial
particle size of the Yb®*: CaF, nanopowders (about 29 nm). The grain
size of the NaF doped Yb®": CaF, sample is even smaller than the grain
size of ceramics fabricated by SPS method [34]. From the dislocation
theory, the grain boundary is the obstacle of dislocation movement.
Small grain size could provide more grain boundaries to prevent the
dislocation and improve the mechanical properties of ceramics ac-
cording to the Hall-Petch equation. It is gratifying that Yb®™: CaF,
transparent ceramics fabricated by HP method presented small grain
size, which is beneficial to the mechanical properties’ improvement and
thus can achieve higher power laser output under the same optical
quality.

The function of NaF additive is shown in two aspects: First, doping
with NaF in CaF, powders reduces the migration rate and provide
sufficient time for the pore removal, so that the sample could be sin-
tered at a relatively uniform densification rate. At the same time, NaF
inhibited the grain boundaries moving and grain growth. The small
grains mean more boundaries, which provide more channels for pores
elimination and enhanced the transmittance value of short wavelength.

The room temperature absorption spectra of the 5 at.% Yb>*: CaF,
transparent ceramics without NaF doping and different contents of NaF
doped in the wavelength range of 800-1100 nm are shown in Fig. 6.
There were two absorption peaks located at 926 nm and 973 nm, cor-
responding to the transition between ground level %F, , to the excited
level %F5,, of Yb®* ion. It is clearly seen that absorption intensity de-
creased with the increase of NaF content because the transition
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Fig. 5. FSEM images of (a) undoped and (b) NaF doped Yb3*: CaF, samples.

Fig. 6. Absorption spectra of Yb>*: CaF, ceramics.

oscillator strength of Yb-Na ion pairs formed in the high concentration
of NaF doped Yb®*: CaF, sample, which is lower than that Yb-F ion
pair. As a consequence, the absorption intensity decreased after doped
with NaF in the Yb®*: CaF, samples. When the power of pump source is
constant, clearly the decreased absorption intensity is unfavorable for
absorbing the pump energy. This means that higher concentration of
active ions or larger size of the samples are needed to achieve the
corresponding absorption efficiency.

Fig. 7 shows the emission spectra of undoped and different contents

Fig. 7. Emission spectra of Yb®>*: CaF, ceramics under 896 nm excitation.

of NaF doped 5 at.% Yb>*: CaF, transparent ceramics under the ex-
citation of 896 nm recorded at room temperature. It can be observed
that the strongest emission peak of the undoped Yb®*: CaF, sample
located at 978 nm, which was the characteristic zero phonon emission
of Yb®™ ions. After codoped with 0.5 wt.% NaF, the emission spectrum
is different from the undoped-NaF sample that the strong emission
changed to the laser emission peak of 1028 nm and the emission in-
tensity at 1028 nm was increased gradually. Besides, the emission peak
of NaF doped Yb®*: CaF, samples at 1028 nm presented a very broad
bandwidth, which was promising beneficial to realize tunable laser and
ultra-short laser pulses. This result was also reported by L. B. Su et al.
[28] in Yb, Na: CaF, single crystal that followed the same trend. Tri-
valent Yb®* ions easily form cluster structure in CaF, even in low
doping concentrations, the clusters were the dominated structure in 5
at. % Yb: CaF, sample. Therefore, the low emission intensity at 1028
nm was caused by the fluorescence quenching due to cooperative lu-
minescence between Yb-Yb ion pairs. After doped with NaF, Na™ ions
replaced the Ca®* ion in the nearest neighbor of Yb®* ions and the
formed Yb-Na ions pairs prevent the Yb® ™" ions form the Yb-Yb clusters.
The eventual result is that the emission intensity at 1028 nm was en-
hanced gradually with the increasing doping concentration of NaF. In
addition, when doped with 1 wt.% NaF, the intensity of emission peak
at 966 nm was increased and the emission peak at 976 nm disappeared,
especially at high doping concentration. In fact, the appearance of this
emission peak is a signature of forming an isolated cubic (Oy) lumi-
nescent center in the CaF, [35]. It also proved that introduced NaF
could break the cluster structure of Yb®* ion in CaF, host.

Fig. 8 shows the decay curves of the emission at 1028 nm for 5 at.%
Yb®*: CaF, transparent ceramics with different content of NaF. The
decay time curves for all the ceramics were fitted with a single-ex-
ponential function.

I()=A+Bet

Where A and B are fitting constants, t is the decay time and 7 is the
lifetime. The lifetimes were estimated to be 3.75 ms, 3.84 ms, 4.28 ms,
6.43 ms and 8.15 ms for 0, 0.5 wt.%, 1 wt.%, 5 wt.% and 10 wt.%
doped Yb®*: CaF, ceramics, respectively. Significantly, the lifetime
increased with the increasing of Y>* ions concentration, which was in
good accordance with the result of the luminesce intensity. The in-
creased lifetime was due to the higher quantum efficiency that bene-
fited from breaking the cluster structure of Yb®™ ions. The lifetime of
8.15 ms of 10 wt.% doped Yb®*: CaF, ceramics is close to the value of
0.1 at.% Yb®™: CaF, single crystal [27], which is believed to be no
cluster structure in such low Yb®* doping concentration. Fluorescence
lifetime represents the energy storage capacity, longer lifetime would
help to obtain populationinversion easier and achieve higher power
laser output.

From the result of the absorption spectra, it can be clearly seen that
doping with NaF reduces the absorption intensity of the Yb3": CaF,
samples, but increased the emission intensity and fluorescence lifetime.



W. Li, et al.

Journal of the European Ceramic Society xxx (XXXX) XXX—XXX

Fig. 8. Decay curves of Yb*>*: CaF, ceramics under 896 nm excitation.

The influence of NaF doping on the laser performance of the ceramics
needs further investigation, this part of work is in progress and will be
discussed in a forthcoming paper.

4. Conclusions

This paper discussed the effect of NaF on the transparency, micro-
structure and spectra properties of Yb®>*: CaF, transparent ceramics
fabricated by HP method. The presence of NaF plays two roles in Yb>*:
CaF, ceramics: first, as sintering aids, NaF inhibited the grain growth
and increased the transmittance in the visible wavelength significantly.
The transmittance of the LiF doped samples reached to 83% and 85% at
the wavelength of 400 nm and 1200 nm, respectively. Second, doped
with NaF prevented Yb®* ions forming cluster structure in Yb®*: CaF,
ceramics. The emission intensity of 1028 nm and the luminescence
lifetime increased with the increase of NaF doping concentration.
Therefore, this paper suggested that doping with NaF is an effective
method to improve the transmittance in the short-wavelength and
fluorescence quantum efficiency of Yb®*: CaF, transparent ceramics.
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