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Abstract:

The use of large-sized, highly transparent polycrystalline strontium fluorapatite (S-FAP)

ceramics could be a breakthrough in the high-power laser field due to its excellent laser

gain properties. However, its hexagonal crystal structure makes it difficult to obtain laser

quality in polycrystalline ceramics owing to birefringence. In this study, fully densified

transparent Nd- and Yb-doped S-FAP ceramics with an average grain size of ~100 nm

can successfully be fabricated via liquid-phase nano-powder synthesis followed by spark

plasma sintering, thereby achieving laser oscillation of the Nd:S-FAP ceramics for the

first time. Furthermore, we elucidated the discrepancy in the emission properties between

single-crystal and ceramics with randomly oriented crystal grains. We believe that these

findings can provide important insights into the design and development for efficient non-

cubic ceramic laser systems.
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Ytterbium doped strontium fluorapatite (S-FAP: Srio(POs)sF2) single crystal has a

larger stimulated emission-cross section than the typical yttrium-aluminum-garnet

(YAQG) laser material; hence, it is well known as high-average-power (i.e. high-pulse-

energy and high-repetition-rate) laser host material. Particularly, a laser output of 60 J

and 10 Hz was achieved with Yb:S-FAP single crystal in the early 2000s [1,2]. Recently,

transparent Yb:YAG ceramics with high optical quality, which is comparable to those of

single crystals, have been considered as representative high average power laser materials

for 1 kW-class laser output [3,4]. Such high average power lasers with high pulse energy

have potential applications in a wide range of fields, including laser processing, high-

intensity laser physics, and medical applications.

The advantages of transparent ceramic technology for high-power laser output include

the enlargeable size dimension to >10 cm class, ease of bonding with an absorber to the

side for suppressing amplified spontaneous emission or parasitic lasing occurring in the

radial direction, optical uniformity, and high mechanical strength. The output of laser

sources may be further increased by incorporating these advantages in S-FAP. However,

grain boundary scattering resulting from birefringence significantly degrades the optical

transmittance of non-cubic polycrystalline ceramics, such as hexagonal S-FAP. Therefore,

obtaining high optical quality in non-cubic polycrystalline ceramics is difficult. The grain



boundary scattering of non-cubic ceramics, y, can be calculated using the following

equation [5]:

22 (1)
where d is the average size of the grain constituting the ceramics, 4n is the average
refractive index difference occurring at the grain boundaries, and A is the wavelength of
light. Non-cubic transparent ceramics can be fabricated by controlling the orientation of
crystal grains to reduce An. In fact, laser oscillation in non-cubic ceramics such as Nd-
and Yb-doped calcium fluorapatite (FAP: Caio(PO4)cF2) was realized by controlling the
crystal grain orientation using a magnetic field [6-8].

Transparent non-cubic ceramics can also be achieved by decreasing grain size d such
that it is sufficiently smaller than the wavelength of light A. This approach has been
widely investigated, particularly for fabricating transparent alumina [5,9-11]. Residual
pores are another main scattering source in ceramics regardless of the crystal structure of
the host material; their removal generally requires high-temperature and long-term
thermal treatment. In such cases, the sizes of the crystal grains tend to be in the order of
several micrometers, which are larger than the wavelength of light. To achieve both full

densification and nano-sized crystal grains for the realization of non-cubic transparent



ceramics, advanced ceramic fabrication technologies, including ideal nano-powder

synthesis or precise sintering techniques are essential.

In a previous study, we reported laser oscillation in fine-grained non-cubic ceramics

using Nd:FAP without controlling the crystal orientation [12]. Moreover, we fabricated

Yb-doped FAP laser ceramics with nano-sized crystal grains of ~90 nm [13]. Although

Nd- [14-16], Yb- [17-19], and Er-doped [20] transparent S-FAP ceramics have been

widely reported, laser oscillation in S-FAP ceramics has not yet been achieved, to the best

of our knowledge. As the emission cross-section of S-FAP is higher than that of FAP with

Yb doping, a demonstration of lasing in S-FAP ceramics can enhance the potential as

laser materials. Moreover, the fluorescence properties of randomly oriented ceramics in

comparison with those of single crystals are rarely discussed.

In this study, transparent S-FAP ceramics doped with rare-earth elements (RE = Nd

and Yb) were fabricated to realize laser oscillation. A fine powder was synthesized via

liquid-phase synthesis, and spark plasma sintering (SPS) was performed to ensure full

densification of the nano-sized crystal grains. The stimulated emission cross-section, an

essential laser design parameter, was evaluated in terms of the fluorescence spectrum and

lifetime and compared with the reported values for S-FAP single crystals. Furthermore,

the laser oscillation of Nd:S-FAP ceramics was confirmed.



For the material preparation, strontium hydroxide hydrate, phosphoric acid, and RE
(Nd** or Yb*") chloride hydrate were used to synthesize the initial S-FAP powders
through a wet chemical route. The doping concentration of the RE was 1 at.%. Firstly,
these materials were dissolved in deionized water separately. After stirring the solution,
phosphoric acid aqueous solution was added dropwise to the strontium hydroxide
aqueous solution over a period of approximately 1 h to synthesize a strontium
hydroxyapatite (Sri10(PO4)s(OH)2) precursor. The rare earth chloride aqueous solution was
typically mixed with the above resultant solution within the dropping process.
Subsequently, the obtained precursor was dried and mixed with trifluoroacetamide,
deionized water, and ethanol for fluorination. After drying again, it was heated to 600 °C
for Nd:S-FAP and 800 °C for Yb:S-FAP. The obtained powder was sieved, followed by
sintering using an SPS machine (LABOX-315, Sinter Land, Japan). A graphite mold
having 10 mm inner diameter was used, and the powder was sintered in a vacuum under
uniaxial pressing. The sintering temperature was monitored using a thermocouple. The
sintering temperatures for Nd:S-FAP and Yb:S-FAP were 900 °C and 950 °C,
respectively. The heating rate, holding time, and applied pressure were 5 °C/min, 20 min,
and 80 MPa, respectively. After sintering, both ceramic surfaces were optically polished

for characterization.



In the microstructure observation of the ceramics, thermal etching was performed at
800 °C for 2 h. The average grain size was evaluated from field-emission scanning
electron microscopy (JSM-6701F, JEOL, Japan) images with at least 200 grains,
assuming that the crystal grains were spherical [5]. The in-line transmitted spectra of the
ceramics were measured using a visible-infrared spectrometer (UV-3600Plus, Shimadzu,
Japan). The loss coefficient &A), which is the sum of absorption and scattering
coefficients, was estimated from the measured transmittance 7(), the actual thickness of
the ceramics L, and refractive index dispersion n(A) of S-FAP [1] as
T(2) = (1-R)*exp(—XA)L) and R(A) = (1-n(1))*/(1+n(L))>. The in-line transmittance at 1
mm thickness was calculated for comparison.

The fluorescence spectrum and temporal time decay were measured using laser diodes
(LDs) operating at 805 (for Nd:S-FAP) and 905 nm (for Yb:S-FAP). The fluorescence
spectra were recorded using an optical spectrum analyzer (Q8383, Advantest, Japan). The
fluorescence lifetime was calculated from a time-dependent fluorescence decay curve
obtained using a photodetector.

The lasing properties of the Nd:S-FAP ceramics were examined using an
experimental setup similar to that described in our previous studies [12,13]. A laser cavity,

~1 mm in length, was set using a flat dichroic mirror in conjunction with an output



coupler exhibiting a 95% reflectivity. A Nd:S-FAP ceramics sample with a thickness of

0.6 mm was used in the test. The pump source was a continuous-wave (CW) 60 W fiber-

coupled LD; the core diameter of the fiber was 100 um. Two coupling lenses of same

focal length were used to focus the pump beam on the ceramic sample. The pump source

operated under quasi-CW mode, with a pulse duration of 1 ms and repetition rate of 10

Hz, to mitigate potential thermal issues in the ceramics. A thermopile power meter (3A,

Ophir Optronics, Israel) was utilized to measure the laser output, whereas an optical

spectrum analyzer measured the corresponding spectrum.

Fig. 1(a) shows the X-ray diffraction patterns of the Nd:S-FAP and Yb:S-FAP

powders and the sintered ceramics. The Nd:S-FAP and Yb:S-FAP powders were

calcinated at 600 and 800 °C, respectively. The positions and intensities of the peaks in

the diffraction patterns of both the powders were consistent with the standard values of

S-FAP, indicating a single phase and no detectable other phases. The crystallite sizes of

the powders were evaluated to be in the range of 17-30 nm for Nd:S-FAP and 25-35 nm

for Yb:S-FAP powders. Moreover, the peak positions of the ceramics were similar to

those of the powders. However, the relative intensities of the peaks in the diffraction

patterns of the ceramics were slightly different with those of the powder. For example,

the intensity of the (002) peak was lower, whereas the intensity of the (300) peak was



higher than that of the powder. This can be attributed to the pressurization effect of the

powder, as discussed in previous studies [21-23]. The Lotgering-factor, which indicates

the degree of crystal orientation [24], was roughly evaluated by comparing the XRD peak

intensities of the ceramics with the standard values (JCPDS No. 50-1744), and the values

for (h00) were 0.08 and 0.05 for Nd and Yb:S-FAP ceramics, respectively.

Fig. 1 (b) — (e) show the FE-SEM images of the powder and ceramics. The primary

particles in (b) and (d) were nearly spherical or elliptical, and their sizes were <100 nm.

The discrepancy in the sizes of Nd and Yb:S-FAP is ascribed to the differences in the

calcination temperatures. As shown in Figs. 1(c) and (e), significantly large residual pores

or secondary phases were not observed in the microstructure of the ceramics, and fine

crystal grains were observed. Although a small amount of nano-sized closed pores is also

discernible, as indicated by the arrow in Fig. 1(e), any optical scattering stemming from

them can be considered negligible due to the pore size (~10 nm), which is significantly

smaller than the lasing wavelength (~ 1 um). The calculated average grain sizes of Nd

and Yb:S-FAP were 95 and 112 nm, respectively; these values are equivalent to those of

the FAP laser ceramics reported in previous studies [12,13]. Thus, these results indicate

that nano-sized transparent S-FAP ceramics were successfully fabricated.
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Figure 1: (a) X-ray diffraction patterns of the powders and ceramics for Nd:S-FAP and Yb:S-FAP.
FE-SEM images of the (b) Nd:S-FAP powder, (c) Nd:S-FAP ceramics, (d) Yb:S-FAP powder, and (¢)

Yb:S-FAP ceramics. The Nd:S-FAP powder and ceramics were calcinated at 600 °C and sintered at

900 °C, whereas the Yb:S-FAP powder and ceramics were calcinated at 800 °C and sintered at 950 °C.

Figs. 2(a) and (b) show the in-line transmitted spectra of the Nd and Yb:S-FAP
ceramics, respectively. The insets show the photographs of each sample, and they
exhibited high transparency. For Nd:S-FAP, the in-line transmittance at the predicted
laser wavelength of 1060 nm was 85.6%, and the corresponding loss coefficient
calculated from the theoretical transmittance was 0.42 cm™. In addition, at 1328 nm,
which is another emitting wavelength of Nd:S-FAP as described below, the in-line

transmittance and loss coefficient were 86.6% and 0.30 cm!, respectively. The scattering
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coefficient at longer wavelengths can be decreased because the scattering due to grain
boundaries depends on the wavelength of light, as shown in Eq. (1). Thus, we can also
expect efficient laser operation of Nd:S-FAP ceramics in the 1300 nm wavelength range.

For the Yb:S-FAP ceramics, the transmittance and loss coefficients at a wavelength
of 1047 nm were 85.5% and 0.43 cm™!, respectively. These values were almost the same
values with those for Nd:S-FAP at 1060 nm, despite re-absorption loss in Yb-doped
materials at the emitting wavelength at room temperature. The fabrication processes of
Nd:S-FAP and Yb:S-FAP ceramics differ primarily in terms of the heat treatment
conditions; thus, a higher optical quality may be obtained by optimizing the calcination
and sintering temperatures.

Figs. 2(c) and (d) show the loss coefficient, which is the sum of absorption and
scattering coefficients, of the Nd:S-FAP and Yb:S-FAP ceramics, respectively. For Nd:S-
FAP, strong absorption peaks were observed at 793, 805, 855, and 882 nm, which
correspond well with those of the Nd:S-FAP single crystals [25]. These results confirm
that the Nd*>* ion can be substituted with the Sr site in the S-FAP structure. For Yb:S-FAP,
strong absorption peaks at 900, 977, and 985 nm were observed (Fig. 2(d)); however,
typical Yb:S-FAP single crystals show strong peaks at only 900 and 985 nm [26]. The

anomalous absorption peak and the absorption band at 977and 925-1000 nm could be

11



ascribed to the Yb*" ions incorporation at a secondary site (Sru) in the crystal lattice, as
detailed in a previous study [1]. The anomalous peak might also be attributed to the
precipitation of an extremely small amounts of other phases, such as Yb>O3 or Yb-doped
tri-strontium phosphate (Sr3(PO4)2) that were not detected by XRD measurements. These
interferences are factors that prevent efficient excitation; therefore, they must be reduced
to obtain sufficient emission from Yb:S-FAP for laser oscillation. To this end, several

approaches are being investigated.
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Figure 2: In-line transmitted spectra of the (a) Nd:S-FAP and (b) Yb:S-FAP ceramics. The
insets show the photographs of the ceramics. Corresponding loss coefficient of the (¢) Nd and (d)

Yb:S-FAP ceramics.

Figs. 3(a) and (b) show the fluorescence decay curves of Nd:S-FAP and Yb:S-FAP,
respectively. The curve for the Nd:S-FAP ceramics fitted well with a double exponential

function: 7(t) = A4, exp(—t/1,)+ A, exp(-t/7,). The average lifetime of the Nd:S-FAP

ceramics was calculated using the following relation [27]:

13



T =(A1T12 +A2T22)/(A1T1 +A4,7,) 2
The lifetime of Yb:S-FAP was fitted with a single exponential curve: ()= Aexp(—t/7).
The calculated lifetimes of Nd and Yb:S-FAP were 229 us and 1.0 ms, respectively. The
fluorescence properties of Nd:S-FAP and Yb:S-FAP are summarized in Table 1 and 2,
respectively; the values reported for the single crystals are also shown for comparison.
The differences between the lifetimes of single crystals and ceramics were not significant.

The stimulated emission cross-sections of the S-FAP ceramics were evaluated using
the well-known Fiichtbauer—Ladenburg (FL) equation [31]. Figs. 3(c) and (d) show the
stimulated emission cross-section o. of the Nd:S-FAP and Yb:S-FAP ceramics,
respectively. The wavelengths of the emission peaks of the Nd:S-FAP and Yb:S-FAP
ceramics were similar to those of the single crystals. The Nd:S-FAP ceramics exhibited
emission peaks at 1059 and 1328 nm with emission cross-section of 2.0 x 10" and 7.3 x
102° cm?, respectively. Also, the Yb:S-FAP ceramics exhibited emission peaks at 985
and 1047 nm with emission cross-section of 7.1 x 102 and 3.6 x 10"2° cm?, respectively.

A comparison of the emission cross-section indicates that the highest c. values of the
ceramics were smaller than those of single crystals. This is attributed to the anisotropic
characteristics of non-cubic crystals. As shown in Table 2, the ce values of Yb:S-FAP

single crystal at 1047 nm for both the P (E // ¢) and S (E L ¢) polarization were different,

14



and the values for P polarization were higher. In contrast, the ceramics are composed of
randomly oriented multiple crystal grains, the ce value of the ceramics is between the
values of each polarization for a single crystal. Assuming that the average emission cross-
section of the ceramics is given by

o, =(c(P)+20(5))/3, (3)
the calculated G,y values for the Yb:S-FAP were 8.3 x 102° and 3.5 x 102° cm? at 985
and 1047 nm, which are in reasonably agreement with the experimental results. As shown
in Fig. 1, the orientation of the grains in the ceramics studied in this work is not
completely random; hence, detailed analyses are necessary. Nevertheless, we believe that
this finding is important for the design and development of next-generation non-cubic

ceramics as efficient laser materials.
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Figure 3: Fluorescence time decay of the (a) Nd:S-FAP and (b) Yb:S-FAP ceramics. Emission

spectra of the (¢) Nd:S-FAP and (d) Yb:S-FAP ceramics.
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Table 1. Fluorescence properties of the Nd:S-FAP single crystal and ceramics. Here, 4 denotes the

wavelength of light, o is the emission cross-section, and ris the lifetime.

. Ge T
Host material A (nm) % 1045 (cm?) (us) Refs.

Nd:S-FAP 1059 54
o 190 [28]
single crystal
1328 23
:S-FAP
,Nd 5 1059 6.4 290 [29]
single crystal
1059 2.0
:S-FAP
Nd:S . 1328 0.7 229 This work
Ceramics
Table 2. Fluorescence properties of the Yb:S-FAP single crystal and ceramics.
Host material A (nm) o ’ Refs
x102 (cm?)  (ms) )
:S-FAP
.Yb > 1047 6.0 (E// c) 1.14 [1]
single crystal
49 (E
Yb:S-FAP 7 10 ((Ei/ C))
:5- c
. 1.26 [26]
single crystal 7.3 (E/ c)
1047
1.6 (ELc)
:S-FAP
,Yb 5 985 10 (ELc) 1.14 [30]
single crystal
:5- 985 7.1
Yb:5 FAP 1.0 This work
Ceramics 1047 3.6

The laser output characteristics of the Nd:S-FAP ceramics are shown in Fig. 4. The
inset shows the lasing spectrum oscillating at 1058 nm. The slope efficiency was 6.3%
with respect to the absorbed pump power. As well in the previous study [12], higher
output power and efficiency can be expected by introducing a cooling system, depositing

an anti-reflection coating, and utilizing a more suitable cavity configuration.

17



To the best of our knowledge, this is the first study on laser oscillation in S-FAP

ceramics. Although laser oscillation has not been observed in the Yb:S-FAP ceramics in

this study, it can possibly be realized by using an ideal pump source. The major reason is

that the wavelength of the pump LD used for the lasing test was 905 nm under QCW

operation and did not match well with the absorption peak of Yb:S-FAP as shown in Fig.

2(d). In addition, as the maximum output peak power of the LD was 30 W, a more

powerful pump source was available. Moreover, we intend to optimize the fabrication

process of Yb:S-FAP to increase the absorption at a wavelength of 900 nm by reduction

the anomalous absorption. We believe that the application scope of non-cubic ceramics

as laser materials can be further expanded by improving the optical quality, increasing

the size, and controlling the orientation of the crystals.

18
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