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Abstract: Polycrystalline Ce**-doped fluorapatite (Ce:FAP) transparent ceramics with fine
microstructures were fabricated through liquid-phase synthesis for the initial powder and spark
plasma sintering (SPS) for full densification. These ceramics were confirmed to have a single-
phase crystal structure, and the average grain sizes were determined to be 139 and 135 nm for
the 1 and 2 at.% Ce-doping concentrations, respectively. Their emission spectra revealed that
the fabricated ceramics convert UV light to visible light emission due to the 5d—4f electronic
transition of Ce**. These ceramics are expected to be useful in photonic applications.
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1. Introduction

Cerium (Ce)-doped materials are widely used as phosphors in the visible wavelength range for
various applications such as white LED [1,2], bio-imaging [3,4], and scintillators [5-7]. Ce3+
is considered as a highly suitable activator because its parity-allowed 5d-4f electron transition
generates a wide spectrum of colors in the visible wavelength range with high absorption
coefficient. However, the emission wavelength strongly depends on the host material, and many
researchers are investigating the fabrication of efficient Ce-doped phosphor materials.

Fluorapatite (Ca;o(PO4)sF2: FAP) is a fascinating host material because it exhibits excellent
fluorescence properties, making it a valuable choice for laser applications [8]. Furthermore, since
FAP is a prominent biomaterial, Ce-doped FAP phosphors are expected to be promising options
for bio-photonic applications. In comparison to hydroxyapatite (HAP), FAP exhibits superior
luminescence efficiency owing to the luminescence quenching characteristics of the OH™ group
present in HAP [9]. Recent research efforts have been focused on exploring fluorapatite doped
with rare earth (RE) ions such as Eu3*, Sm>*, Dy**, and Pr?* etc. to investigate their luminescent
properties [10,11].

In 2006, the emission properties of Ce:FAP powder under UV and X-ray irradiation were
reported [12]. The emission spectra were recorded at a wavelength of approximately 400 nm.
A similar investigation on Ce:FAP nanorods under UV excitation was conducted in 2010 [13].
The rapid decay curves observed in these studies suggest the possibility of using Ce:FAP as a
scintillator material. However, to the best of our knowledge, transparent Ce:FAP materials have
not yet been reported.

Typically, FAP has a hexagonal crystal structure and is not adequately transparent in polycrys-
talline ceramics because of grain boundary scattering due to birefringence. In such non-cubic
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ceramics, grain boundary scattering can be described as follows [14]:

3n2dAn?
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where A is wavelength of light, d is the average grain size, and An represents average difference in
the refractive indices at grain boundaries. One way to realize transparent ceramics for non-cubic
materials is to reduce the average grain size d. We previously reported Nd:FAP, Yb:FAP, and
Nd:S-FAP by controlling the grain size of the ceramics to approximately 100 nm and demonstrated
their laser oscillation [15—17]. Therefore, it is expected to realize transparent Ce:FAP bulk
ceramics using a process similar to that used in our previous studies.

The purpose of this study is to fabricate transparent Ce:FAP ceramics with fine microstructure for
visible-light emission phosphors and to measure their emission properties, including fluorescence
time decay. Ce:FAP transparent ceramics were fabricated using liquid-phase synthesis to
obtain fine initial powders. Densification of the ceramics was accomplished through spark
plasma sintering (SPS), which allows precise control of the sintering behavior and grain size.
Additionally, their emissions in the visible wavelength region were observed under UV light
excitation. Finally, we conducted lifetime measurements to evaluate their practical applicability,
especially as scintillators, owing to the short fluorescence decay time observed in the previously
reported Ce:FAP nano powder [13].

2. Experimental method

A schematic of the ceramic preparation process is shown in Fig. 1. A liquid-phase synthesis
was used to prepare the Ce:FAP initial powder. First, Ce-doped hydroxyapatite (Ce:HAP)
precursor was synthesized using Ce(NO3)3.6H>0 (99.99%, Sigma-Aldrich), Ca(OH), (99.9%,
Kanto Chemical), and H3POj4 (85%, Kishida Chemical) as the raw materials. The Ce doping
concentrations used were 1 and 2 at.%. Subsequently, an appropriate amount of trifluoroacetamide
(CF3CONH)b) (98%, Tokyo Chemical) was added to the Ce:HAP precursor, and the mixture was
then heated to 600 °C in an electric furnace to obtain the Ce:FAP powder. The resulting powder
was sieved through a screen.

A spark plasma sintering machine (LABOX-315, Sinter Land, Japan) was used to sinter the
Ce:FAP powder. Initially, the powder was inserted and uniaxially pressed into a 10 mm graphite
mold using a graphite punch on each side. Two circular carbon sheets were sandwiched between
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Fig. 1. Schematic diagram of fabricating of Ce:FAP ceramics.
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the Ce:FAP powder and the punches. The electrically conductive die and punches were heated at
5 °C/min heating rate under vacuum; uniaxial pressure of 80 MPa was applied to ensure that the
particles get compacted during sintering. A thermocouple was used to measure the temperature
of the mold; sintering temperature and holding time were maintained at 950 °C and 20 minutes,
respectively. Upon completion of sintering, the ceramic surfaces were mirror polished to remove
surface roughness for characterization.

The phase structure of the Ce:FAP powder and the sintered ceramics were investigated using
X-ray diffraction (XRD; Ultima IV, Rigaku, Japan). The microstructural characterization of the
transparent Ce:FAP ceramics was performed using field-emission scanning electron microscopy
(FE-SEM; JSM-6701F, JEOL, Japan). The average grain size d was calculated from the
microstructural images by analyzing the sizes with more than 500 grains, and each grain was
assumed to be spherical in shape.

An UV/VIS/NIR spectrometer (UV-3600Plus, Shimadzu, Japan) was used to analyze the
optical in-line transmittance spectra T’; 5-mm optical aperture was used for the measurements.
The total loss coeflicient of the ceramics ¢, including scattering and absorption coefficient, was
calculated using the following equation:

T = (1 — R)*exp(—61) 2

where 7 is the thickness of the samples and R represents the Fresnel loss of FAP, which is written
as R = (1-n)?/(1 + n)? and calculated using refractive index dispersion n()) [18].

The photoluminescence excitation (PLE) and photoluminescence (PL) spectra, including the
luminescence decay curves, were recorded using a spectrometer (FLS1000, Edinburg Instruments,
UK) equipped with a xenon arc steady-state / flash lamp as the excitation source.

3. Results and discussion
3.1. Crystal structure and microstructure

Figure 2 shows the XRD patterns of the 1 and 2 at.% Ce:FAP powder and ceramic samples,
respectively. The XRD diffraction peaks of the synthesized powder and fabricated ceramics were
compared with the standard data in JCPDS file No. 15-0876. All the diffraction peaks of both the
powders and ceramics were indexed to the pure hexagonal apatite phase of calcium fluorapatite.
The peaks of the powder and ceramics are in the same position matching well with the standard
card confirming the single phase of both as-prepared powder and ceramics.

However, slight discrepancies could be observed in the peak intensities of the sintered ceramics.
For example, the relative peak intensities of the (002) and (112) peaks for the ceramics were
smaller, whereas those of the (210) and (300) peaks were larger than those of the powder. This
phenomenon was described by Watanabe et al. [19] as well as observed in our previous study
[20]. During SPS, the uniaxial pressure is believed to align the c-axis of the crystal grains
perpendicular to the direction of the pressure, thereby promoting anisotropic grain growth, which
is reflected in the XRD pattern as changes in peak intensities (Fig. 2).

The micrographs displayed in Fig. 3(a)—(d) show FE-SEM images of both powder and ceramics.
The particles of both powders were either nearly spherical or elliptical in shape at 600°C
calcination temperature. The microstructural images revealed that the fabricated ceramics
exhibited a dense and uniform microstructure. The average grain size d was calculated using the
average cross-sectional area per grain as S, = (1/6) nd® [14,21]. The estimated average grain
sizes d of these ceramics were 139 and 135 nm, respectively, which are lower than the wavelength
of visible light (380-780 nm).

3.2. Optical properties

The in-line transmittance spectra of Ce:FAP ceramics are shown in Fig. 4. The thickness of the 1
and 2 at.% Ce:FAP ceramics were 1.5 and 1.6 mm, respectively, but the in-line transmittance
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Fig. 2. XRD patterns of 1 and 2 at.% Ce:FAP powders and ceramics.

Fig. 3. FE-SEM images of (a) 1 at.% Ce:FAP powder, (b) 1 at.% Ce:FAP ceramics, (c) 2
at.% Ce:FAP powder, and (d) 2 at.% Ce:FAP ceramics. The Ce-FAP powders calcinated
at 600 °C while the ceramics sintered at 950 °C temperature. The residual pores in the
ceramics are indicated by red circles.
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was calculated for the 1 mm-thick ceramic from Eq. (2) to compare with our previous study
[20]. The dashed black line represents the theoretical FAP transmittance calculated using the
refractive-index dispersion n(A). The red line represents the in-line transmittance spectrum of the
un-doped FAP ceramics sintered at 1000 °C measured using a thermopile obtained from Ref.
[20], whose grain size is comparable with that of the Ce:FAP ceramics.
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Fig. 4. In-line transmittance of (a) 1 at.% and (b) 2 at.% Ce:FAP transparent ceramics.

The Ce:FAP ceramics exhibited high transparency in the near-infrared and visible wavelength
regions; however, it showed absorption bands owing to the presence of Ce** ions [22]. Figure 4
shows the in-line transmittance (> 37%) across the visible spectrum; the sudden decrease at
approximately 330 nm is ascribed to Ce>* ion absorption. At a wavelength of 500 nm, the in-line
transmittance for the 1 and 2 at.% Ce:FAP ceramics are 67.5% and 64.4%, and the total loss
coefficients are §; =2.7cm™! and 8, =3.2cm™!, respectively. The scattering coefficients due
to grain boundaries were roughly determined using evaluated average grain size d and Eq. (1),
resulting in y; =0.91cm™" and y,=0.89 cm™' at the same wavelength. The grain-boundary
scattering loss is lower for the 2 at.% ceramics owing to the smaller grain size. The discrepancy
observed in the total loss coefficient could stem from Ce>* absorption and the lower number of
remaining pores identified in the FE-SEM image as shown in Fig. 3.

At 1000 nm wavelength, the in-line transmittances for 1 and 2 at.% Ce:FAP ceramics are
85.8% and 84.7%, respectively, which are close to theoretical transmittance. A low-temperature
hot-isostatic-pressing (HIP) treatment may be effective to eliminate residual pores and further
increase the transmittance [23].

3.3.  Fluorescent properties

The Ce3* ion possessing a 4f! site can function as an effective emission center due to the parity
and spin-allowed 4f-5d transitions. The PLE/PL of the 1 and 2 at.% Ce:FAP ceramics, including
their decay curves, are shown in Fig. 5. The excitation spectra in Fig. 5(a) consist of a broad
wavelength range of 240—400 nm, obtained by monitoring the emission at 413 nm. The strongest
band was detected with a maximum peak at 310 nm accompanied by a less intense shoulder band
at 292 nm. The excitation peaks represent the transitions from the ground state 2F’ /2 and 2Fp, 2
of Ce3* to the excited 5d states [24,25].

In Fig. 5(a), the ceramic emission spectra encompass the 350—700 nm range with an intense
emission centered at 413 nm under 310 nm excitation wavelength. The emission is induced by the
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Fig. 5. PLE and PL spectra of (a) 1 and 2 at.% Ce:FAP ceramics (hex = 310 nm, Aemy =413 nm)
and (b) temporal decay curve of 1 and 2 at.% Ce:FAP ceramic samples. Inset images in
Fig. 5(a) correspond to luminescence of the ceramics under UV light excitation (370 nm)
observed in the dark.

inter-configurational 5d—4f transition from the excited 5d state to the ground state of Ce>* ions
[26]. The inset images correspond to the luminescence of the ceramics under UV light excitation
(370 nm) observed in the dark. The images confirm the emission of light from both ceramics.

The Ce?* ions exhibited a broad emission spectrum, indicating emission via multiple transitions.
FAP hosts contain two calcium cations referred to as Ca* (I) and Ca2* (II). Gaft ez al. revealed that
Ce3* ions could replace both the Ca?* (I) and Ca?* (II) sites [27], and Yang et al. demonstrated
the presence of an excitation band at approximately 296 nm [28]. The PL properties of Ce3*-doped
FAP at various concentrations have been extensively discussed by Zeng et al. [12]. In addition,
they indicated that Ce3* ions occupy Ca?* (II) and Ca?* (I) sites at 292 and 313 nm excitation
wavelengths, respectively. This result suggests that the Ce3* ions are primarily located at the
Ca’* (I) sites in our ceramic samples because only the 310 nm peak is visible in the excitation
spectrum shown in Fig. 5(a).

The luminescence decay curves of the 1 and 2 at.% Ce:FAP ceramics were obtained at
wavelength of 430 nm under laser excitation at 375 nm (Fig. 5(b)). These curves were fitted
to a double exponential function as I(f) = Ajexp(-t/T1)+Azexp(-t/77). The average lifetimes of
the 1 and 2 at.% Ce:FAP ceramics were determined to be 58 and 51 ns, respectively, using the
following equation [29]:

T= (A7) + A7) /(A1T1 + Ara) (3)

The short lifetime of the 1 at.% and 2 at.% Ce:FAP ceramic can be attributed to the allowed
character of the Ce3* ion 5d—4f transition. Additionally, an increased Ce doping concentration
decreased the ceramic’s lifetime. Such behavior is consistent with previous studies on Ce-doped
apatite [30].

To investigate the feasibility of using this material as a scintillator, we will try to measure
its fluorescence properties under X-ray irradiation in the future. Although no significant
difference has been observed between the fluorescence properties for the 1 and 2 at.% Ce
concentrations in this study, detailed concentration-dependent analyses will also be conducted
at higher concentrations to gain further insights into the Ce-occupied sites and fluorescent
mechanisms.
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4. Conclusion

We successfully fabricated 1 and 2 at.% Ce:FAP transparent ceramics via liquid-phase synthesis
and spark plasma sintering. The low SPS temperature of 950 °C effectively suppressed grain
growth and grain boundary scattering, and the corresponding treated ceramics exhibited an
optical transparency > 64% at a wavelength of 500 nm. The excitation spectrum of Ce-doped
FAP exhibited a broad peak centered at approximately 310 nm, whereas the emission spectrum
displayed a broad band covering the entire blue emission spectrum. Overall, the Ce:FAP
transparent ceramics exhibit a high transparency at visible wavelengths, and owing to their
emission properties and relatively short lifetimes, these materials has the possibility to utilize in
photonic applications.
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