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Abstract: Transparent ytterbium doped calcium fluoride ceramics (Yb:CaF,) were successfully fabricated by vacuum
sintering and hot pressing post-treatment from coprecipitated powders. In-line transmittance of 5at% Yb:CaF, trans-
parent ceramics fabricated by pre-sintering at 600 C for 1 h and hot pressing post-treatment at 700 C for 2 h, reaches
92.0% at the wavelength of 1200 nm. Microstructure, spectroscopic characteristics and laser performance of the ceramics
were measured and discussed. The sample shows a homogeneous microstructure with average grain size of 360 nm. Fur-

thermore, the absorption cross section at 977 nm and the emission cross section at the 1030 nm of the ceramics are

calculated to 0.39x10° cm”and 0.26x10° cm’, respectively. Finally, the laser behavior was tested, finding a maxi-
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mum output power of 0.9 W while the highest slope efficiency was 23.6%.
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In recent years, solid state lasers have been widely
used in many fields, such as inertial confinement fusion,
medical science and manufacturing. The gain medium is
an important part of the laser system. The common mate-
rials used as gain media include glass, transparent ce-
ramics and single crystals. Polycrystalline transparent
ceramics have attracted considerable attention over the
last few years. Compared with traditional optical glass,
transparent ceramics show obvious superiorities on me-
chanical and thermal property. Generally transparent
ceramics exhibit advantages over single crystals in many
aspects, such as lower cost in preparation, higher homo-
geneity of the dopant and larger size!'™. Many kinds of
transparent ceramics have been studied and great achi-
evements have already been acquired, such as YAGP™?),

(10-151 "and fluorides"*'®). In the case of fluo-

sesquioxides
ride ceramics, the current progress of the researches and
development fall behind oxide ceramic materials, al-
though the first laser ceramics, Dy:CaF,, were fabricated
by Hatch, ez al in 19641,

Fluoride crystalline hosts, such as CaF, and its Sr and
Ba based isomorphs (i.e. SrF, and BaF,) possess excel-

lent property such as broad range of transmittance, lower
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phonon energy and low refraction index than garnets and
sesquioxides; in these hosts Yb®" features a very broad
absorption and emission bands (useful for the generation
and amplification of ultrashort laser pulses) and long
fluorescence lifetime that ensures efficient energy stor-
age for the laser operation®*?'!. In addition, Yb:CaF,
has a negative thermo-optical coefficient which is suit-
able for the high output power in lasers due to mitiga-
tion of the thermal lens effect’****). Due to these char-
acteristics, crystalline CaF, is a widely used host for
efficient Yb doped® ***"! and Nd doped materials for
laser applications®®!.

The success of crystalline CaF, as laser host has
stimulated the development of ceramics with the same
composition for laser applications, in particular with
Yb** doping!!® 2122

A large number of scientific literatures have been pub-
lished on Yb:CaF, transparent ceramics and some pro-

gresses have been made. Basiev, et all'” *3"

success-
fully fabricated Yb:CaF, laser ceramics with high optical
quality by the hot forming method and reported the laser
operation. But this hot forming method needs corre-

sponding single crystal as the starting material and
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therefore it does not have the general advantages of ce-
ramics preparation, such as short sintering time and low
fabrication cost. Mortier, et all'® *'3 has investigated
the fabrication of Yb:CaF, transparent ceramics by sin-
tering under vacuum atmosphere combined with the hot
pressing method and the reported laser oscillation. Li, ef

B34 prepared Yb:CaF, by vacuum hot pressing and

al
spark plasma sintering respectively. In 2015, Aballea, et
al** reported the fabrication of Yb:CaF, transparent
ceramics by sintering at moderate temperature in air and
without any pressure assistance; moreover they demon-
strated the laser operation of nano-powder based
Yb:CaF, ceramics. In 2017, Kitajima, et al®" studied Yb,
La:CaF, transparent ceramics sintered by hot isostatic
pressing (HIP) method. They reported the laser operation
of the Yb*'- doped CaF,-LaF, ceramics with a maximum
output power of 4.36 W and a maximum slope efficiency
0f 69.5%.

In this study we report on the fabrication, spectro-
scopic investigation and laser behavior of a 5at%
Yb:CaF, transparent ceramic obtained by vacuum sinter-
ing and hot pressing post-treatment. The nano-powders
were synthesized by the co-precipitation method. Then
the FT-IR spectrum, phase composition and morphology
of these powders were measured. The microstructure and
in-line transmittance of the samples were investigated.
Meanwhile, the fundamental spectroscopic characteris-
tics of 5at% Yb:CaF, transparent ceramics were system-
atically studied. Finally, we test the laser characteristic of
the sample finding encouraging results.

1 Experimental

5at% Yb:CaF, nano-scale powders were synthesized
by the co-precipitation method. Commercially available
chemical reagent included hydrated calcium nitrate
(99.90%, Sinopharm Chemical Reagent Co., Ltd., Shang-
hai, China), hydrated potassium fluoride (99.90%, Sino-
pharm Chemical Reagent Co., Ltd., Shanghai, China),
Ytterbium oxide (99.99%, Alfa Aesar, USA). Ca(NO;),
solution and KF solution were prepared by dissolving
hydrated calcium nitrate and hydrated potassium fluoride
in deionized water, respectively. The Yb(NOs;); solution
was obtained by dissolving Yb,0O3 powders in nitric acid
at 80 ‘C. Then the solutions were filtered to remove the
undissolved particles and impurities with 0.3 pm aperture
size filter paper. The solution of potassium fluoride was
added to the mixed solution of calcium nitrate and yt-
trium nitrate using a peristaltic pump under magnetic
stirring. Next, the obtained solution was aged for 12 h at
room temperature. The suspension was washed and cen-
trifuged with deionized water for several times. Subse-

quently, the washed suspension was dried at 70 'C for
48 h in an oven, and the dried powders were sieved
through a 74-pm screen. Finally, 5at% Yb:CaF, nano-
powders were obtained.

The synthesized nano-powders were dry-pressed in a
34 mm diameter die at 20 MPa, followed by cold
isostatic pressing (CIP) at 250 MPa. The green body was
sintered under vacuum at 600 ‘C for 1 h. Then, the pre-
sintered sample was hot pressed at 700 ‘C with 30 MPa pre-
ssure under vacuum. The obtained Yb:CaF, ceramic sample
was polished into 1.5 mm for the further characterizations.

The phase of the powders was determined by X-ray
diffraction (XRD, Model D/max2200 PC, Rigaku, Japan)
in the range of 26 between 10° and 80° using nickel-
filtered Cu-Ka radiation. Fourier transform infrared
spectroscopy (FT-IR) was performed on an infrared
spectrometer (FT-IR, Bruker VERTEX 70 spectropho-
tometer, Ettlingen, Germany) using the standard KBr
method in the range of 4000400 cm'. The specific sur-
face area (Sgpr) of the powders was performed by Nor-
cross ASAP 2010 Micromeritics with N, as the absorp-
tion gas at 77 K. The morphologies of powders and mi-
crostructures of the fracture surfaces of ceramics were
observed by a scanning electron microscope (FESEM,
SU8220, Hitachi, Japan). The absorption intensity and
in-line transmittance of the transparent ceramics were
measured by a UV-VIS-NIR spectrophotometer (Model
Cray-5000, Varian, CA, USA). The emission spectrum
excited by a 915 nm laser beam was measured by a low
temperature absorption spectrometer (FLS980, Edin-
burgh Instruments, Edinburgh, UK) at room temperature.
The decay curve of the ceramics was measured using a
pulsed Ti:Sapphire laser at 900 nm for excitation, using
the so-called pinhole method for the correction of the
radiation trapping effects"*>?. The laser emission of
5at% Yb:CaF, transparent ceramics was tested in an end
pumped cavity, using a fiber coupled diode laser as
pumping source.

2 Results and discussion

Fig. 1 shows the FT-IR spectrum of 5at% Yb:CaF,
powders. The wide absorption band around 3420 cm ™' is
related to the stretching vibrations of OH group. The
band around 1644 cm' corresponds to H-O—H bending
mode. Nevertheless, the hygroscopic property of matrix
material KBr must be taken into consideration when an-
alyzing the information provided by OH and H-O-H
vibration band during the measurements, which affects
the test results. The absorption peak at 2364 cm ' is
caused by the adsorption of CO, in the air and provides
no information as a consequence. The absorption peak at
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1383 cm ™' is due to NO5~ elongation mode. An effective
washing process can decrease absorbed nitrate content
and impurity ions like K* ions in the powders. The re-
sidual nitrates and absorbed water in the powders are
decomposed during pre-sintering process.

Fig. 2 shows the XRD pattern of 5at% Yb:CaF, pow-
ders. It can be seen that all diffraction peaks of the pow-
ders are well matched with those of the cubic CaF, phase
(PDF# 35-0816) and no secondary phase can be detected.
Meanwhile, all the peaks of the powders shift to a lower
angle, which reveals that the lattice parameter increases.
This occurs because Yb*" enters into the CaF, structure
by substituting for a Ca’" and creating an extra F~ for
charge compensation; as a consequence, the charge re-
pulsion between F~ ions increases the lattice parameter.
The grain size (Dxrp) of the powders can be calculated
by the Scherrer equation:

0.894
Dxwo = p-cosd M
where £ is the full width at half-maximum (FWHM) of a
diffraction peak at Bragg angle § and 4 is the wavelength
of CuKa radiation used in the measurements. The calcu-
lated average grain size of S5at% Yb:CaF, powders is
32 nm.

Fig. 3(a) shows the SEM micrograph of 5at% Yb:CaF,
powders. It appears that the powders are well-distributed
and slightly agglomerated. The shape of the small particles
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Fig. 1 FT-IR spectrum of 5at% Yb:CaF, powders
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Fig. 2 XRD pattern of 5at% Yb:CaF, powders

Fig. 3 SEM micrographs of 5at% Yb:CaF, powders (a) and
the fracture surface of 5at% Yb:CaF, ceramics (b)

is close to cubic. The average particle size (Dggr) 1S
45 nm, which is calculated from the following formula
Dggr = L (2)
P SpET
where (p=3.473 g/cm’) is the theoretical density of the
powders calculated from their lattice parameters. Sggr is
the specific surface area determined by BET measure-
ment. Meanwhile, it can be found that the size of 5at%
Yb:CaF, powders calculated by BET method is larger
than the value calculated by the Scherrer equation, indi-
cating the existence of weak agglomerates, which can be
observed from SEM micrograph of the powders.

Fig. 3(b) shows the SEM micrograph of the fracture
surface of 5at% Yb:CaF, transparent ceramics fabricated
by vacuum pre-sintering at 600 ‘C for 1 h and hot press-
ing at 700 C for 2 h. It reveals that the ceramics have an
homogeneous structure and the average grain size is
about 360 nm. The fracture mode is mainly trans-
granular. Moreover, it can be observed that some residual
pores exist at the grain boundaries. It is known that these
residual pores cause scattering loss in the transparent
ceramics, which can decrease their optical quality. The
work in future will focus on the complete elimination of
the residual pores by HIP post-treatment.

The in-line transmittance and the photograph of 5at%
Yb:CaF, transparent ceramics are shown in Fig. 4. As it
can be seen in the inset of Fig. 5, the size of ceramics is
16 mmx6.8 mm while the thickness is 1.5 mm. At a vis-
ual inspection, ceramics have good transparency and the
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Fig. 4 The in-line transmittance and the photograph of 5at%
Yb:CaF, transparent ceramics
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Fig. 5 Absorption coefficient and emission spectra of 5at%
Yb:CaF, transparent ceramics at room temperature

letters on the underlying paper can be clearly recognized.

According to Krell*”!, without scattering or absorption
losses, the theoretical maximum of transmission is 100%
minus reflection on both surfaces of a window. At normal
incidence, the reflection R, on one surface is governed by

the refractive index n as:

n-1)°
R =y— 3
! {n+l} )
And the total reflection loss (including multiple reflec-
tion) is:

2R
R, = 1 4
>T1+R @
Thus, the theoretical limit is:
2n
Ty =(1-Ry)=— (%)
n°+1

It is well known that the refractive index of CaF, sin-
gle crystal decreases as the wavelength increases. At
1200 nm, the un-doped CaF, single crystal has a refrac-
tive index of 1.4277*". Based on the above equation, the
theoretical transmittance of CaF, single crystal is 93.97%
at 1200 nm. The transmittance of 5at% Yb:CaF, trans-
parent ceramics we have prepared reaches 92.0%, which
is very close to the theoretical value. However, at the
wavelength of 400 nm, the transmittance is 74.3%. The
transmittance in visible range decreases rapidly, which
can be attributed to the residual nanoscale pores in the

ceramics.

The room temperature absorption coefficient and
emission spectrum of 5at% Yb:CaF, transparent ceramics
are shown in Fig. 5. The pump source used to excite the
sample to measure the emission spectrum is a fiber-
coupled laser diode (LD) with center wavelength at 915 nm.
It can be seen that the spectrum has broad absorption
band. There are two main strong absorption peaks at 925
and 977 nm, corresponding to the transition from the
ground state 2F,), to the excited state “Fs, of Yb>" ions.
The absorption coefficient is calculated by the following

equations:
2
1-
(R
_ ph2 (~ab)
T = (A-R)ye ™" 7)
1— R2c(2ab)

Where T is the transmittance of the ceramics, o and b are
the absorption coefficient and the thickness of the sample,
respectively. At 977 nm, the absorption coefficient is
4.8 cm ™', which is suitable for pumping by high powder
InGaAs laser diodes. The emission spectrum has a broad
emission band, ranging from 960 nm to 1040 nm. The
main emission peaks that can be seen are near 977, 1010,
1030 nm, which can be attributed to Fs;,—>F;, transi-
tion of Yb*" ions.

Fig. 6 (a) shows the absorption cross section spectrum
of 5at% Yb:CaF, transparent ceramics at room temperature.

(@)

N
>

(=
w
T

S
&}
T

e
-
T

0 1 1 1 1 1 N
875 900 925 950 975 1000 1025 1050
Wavelength / nm

o
n

0.4

0.3

0.2

0.1

Emission cross section / (X107, cm?)  Absorption cross section / (x1072, cm?)

0 1 1 1 1 1 1 1 1
940 960 980 1000 1020 1040 1060 1080 1100
Wavelength / nm

Fig. 6 Absorption cross section spectrum (a) and emission
cross section spectrum (b) of 5at% Yb:CaF, transparent ceram-
ics at room temperature



128

WEI Jia-Bei, et al: Fabrication and Property of Yb:CaF, Laser Ceramics from Co-precipitated Nanopowders 1345

The absorption cross section o,,s can be calculated by the
following formula:
a

Oabs = N (8)
Where a is the absorption coefficient calculated above; N
is the number of the doping ions per unit volume. The
absorption cross section at 977 nm is calculated to
0.39x10* cm’.,

The Fuchtbauer-Ladenburg equation was used to cal-
culate the emission cross section, with the expression of
the Eq. (9).

A0 I(A)

O (A) = :
8mn’cry [AI(A)dA

(€]

Where c is light speed: 3.0x10°® m/s; A is wavelength; n is
the refractive index; 7., is upper level radiation lifetime:
2.4 ms™; (1) is fluorescence intensity at a certain
wavelength in the fluorescence spectrum. The emission
cross section spectrum of 5at% Yb:CaF, transparent ce-
ramics is showed in Fig. 6(b). The value of the emission
cross section at the 1030 nm is 0.26 x10%° cm®.

The gain cross section of 5at% Yb:CaF, transparent

ceramics was calculated by the formula:

Oy = fOem () = (1= )04 (1) (10)
Where f is particle inversion number. The gain cross
section with different f are reported in Fig. 7. It can be
observed that the gain cross-section curves show wide
and flat shapes, which are very helpful to realize broad-
band tuning and ultra-short pulse laser output.

For the measurement of the upper laser level lifetime,
the sample was excited using a pulsed Ti:Sapphire laser
emitting at 900 nm with a pulse duration of about 100 ns
FWHM. To correct for radiation trapping effects, the
fluorescence was excited and detected through a small
pinhole placed in contact with the surface of the sample,
following the method outlined in Ref. [38-39]. Several
pinholes with diameters from 1.1 mm to 200 pm were
used, and the lifetime of the detected fluorescence was

0.4
— p=027
03} —B=03
$=0.5
02} £=0.7
—— p=0.9

0.1

0

Gain cross section / (x10%, cm?)

2 1 1 1 1 1 1 1
940 960 980 1000 1020 1040 1060 1080 1100
Wavelength / nm

Fig. 7 The calculated gain cross section of 5at% Yb:CaF,
ceramics

calculated by fitting the temporal decay with a single
exponential function (Eq. (11)).

I(t) = 1,e"™"? (11)
Where [ and /; are the fluorescence intensities at the time
tand 0.

The actual lifetime was calculated as the extrapolation
to null pinhole diameter of the decay times obtained with
the different pinholes®*?". The resulting value of the
upper level lifetime was 1.95 ms.

Fig. 8 shows the room temperature fluorescence decay
curve of 5at% YDb:CaF, transparent ceramics obtained
with a pinhole with 200 pum diameter. The small devi-
ation from a pure single exponential decay is due to ra-
diation trapping effects*”).

Finally, we tested the laser emission property of the
sample. It was tested using the laser cavity layout shown
in Fig. 9. The cavity is end pumped. The sample used in
the experiments had a thickness of 1.5 mm and it was
welded by a sheet of indium on a copper heat-sink and
cooled by water at 19 °C. The sample was pumped by a
fiber-coupled laser-diode which emits at 929.4 nm with a
Gaussian pump intensity distribution in the region of the
focal plane (i.e. waist radius around 65 pum at 1/¢?,
measured with a CCD camera), numerical aperture of the
pump beam 0.22. The other elements of the cavity are
EM: End-Mirror, dichroic (high transmission for the
pump wavelength, high reflection for the laser wave-
length); FM: Folding-Mirror (spherical, ROC 100 mm);
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Fig. 8 The fluorescence decay curve of 5at% Yb:CaF, tran-
sparent ceramics at room temperature. The time constant 7 of
the fitting curve is 1.974 ms
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OC: Flat Output Coupler mirror; M1 and M2: Power
Meters, DM: Dichroic Mirror. The distance between EM
and FM was 60 mm, while the distance between FM and
OC was 270 mm.

The sample was pumped in Quasi-CW mode (QCW),
with rectangular pump pulses at 10 Hz of repetition rate
with a Duty Factor of DF=20%, in order to limit the
thermal load into the sample. As the samples had differ-
ent thickness and thus different absorption, the maximum
incident pump power was adjusted to have about the
same pump absorption for both samples. The sample
absorbed about 14% of the incident pump, under lasing
conditions. The maximum absorbed pump power was
about 5 W for the sample (peak value during the pump on
period), corresponding to about 38 W of incident pump
power for the sample (peak values under the pump on
period).

Several OC mirrors were used, with different values of
transmission (from 7,.=2% to T,:=12%), to find the op-
timal output coupling transmission.

The lasing wavelength was measured by means of a
grating spectrometer equipped with a multichannel de-
tector head, with a resolution of about 0.4 nm.

The graph of Fig. 10 shows the output power as a
function of the absorbed pump power for the sample un-
der test. The actual value of the absorbed pump power
was assessed under lasing conditions, by means of the
auxiliary power meter M2 shown in Fig. 9. The reported
values of the pump and of the output power correspond
to the value during the “on” period of the pump. For the
sample, and in all the output coupling conditions the free
running lasing wavelength is about 1028.5 nm. In QCW
pumping conditions the maximum output power is 0.9 W,
corresponding to an optical to optical efficiency #o=
17.6%, obtained with a value of 7,=7.2%. The maxi-
mum value of the slope efficiency is 75=23.6% obtained
with To=12.4%. The main parameters of the laser emis-
sion are reported in Table 1.

1.0
—a—T,=22%
| ——T,=5.9%
= 08 T.=7.2%
= T.=12.4%
03) 0.6
1)
a,
2 041
)
o
02r
00 1 2 3 4 5 6

Absorbed pump power / W

Fig. 10 Laser output power vs. incident pump power for dif-
ferent values of the output coupler mirror transmission 7.

Table 1 Main laser emission parameters with slope
efficiency being calculated with respect to the
absorbed pump power

Output coupler  Maximum Slope Optical
transmission/%  power/W efficiency/% efficiency/%
22 0.429 9.6 8.4
5.9 0.845 18.2 15.6
7.2 0.886 21.2 17.6
124 0.874 23.6 19.1

3 Conclusion

In this work, 5at% Yb:CaF, transparent ceramics were
successfully fabricated by vacuum sintering at 600 “C for
1 h and hot pressing post-treatment at 700 ‘C for 2 h
from powders synthesized by the co-precipitation method.
An effective washing process is necessary to remove
some impurity ions in the powders. The used powders
are pure cubic phase without secondary phase. The grain
size of the powders is calculated to be 32 nm and the
powders are agglomerated slightly. 5at% Yb:CaF, trans-
parent ceramics have the homogeneous microstructure
and the average grain size is about 360 nm. The in-line
transmittance of the sample with the thickness of 1.5 mm
reaches 92.0% at the wavelength of 1200 nm, which is
close to the theoretical value. Furthermore, 5at%
Yb:CaF, transparent ceramics have broad absorption and
emission band. The strongest absorption and emission
peaks are both at 977 nm. Meanwhile, the absorption
cross section at 977 nm and the emission cross section
at the 1030 nm of the ceramics are 0.39x10* and
0.26x107%° cmz, respectively. The lifetime of the 5Fs)
level of the Yb*" is 1.95 ms. In the laser experiment, the
maximum slope efficiency of 23.6% and the maximum
output power of 0.9 W under QCW pump conditions
were obtained from the ceramics.
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