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In this study, LaF;~LaOF:Yb**/Tb*" was synthesized by a solid-state reaction method, and
the effects of varying molar ratios on the crystal structure and optical properties of the resulting
material were analyzed. Crystal structure analysis using X-ray diffraction revealed that the
synthesized samples were composed of LaOF and LaF;. The photoluminescence (PL) spectra
showed peaks at 486 (°Dy;—'F), 541 (°D,—'Fs), 583 (°D;—'F,), and 620 nm (°D4—’F;). The
analysis of the pump-power dependence of the PL intensity revealed that the emission was a
two-photon process, because the slopes obtained at wavelengths of 486 and 541 nm were
approximately equivalent to 2. These research findings contribute to the further development of
Tb**-doped phosphors for temperature-sensing applications.

1. Introduction

Upconversion (UC) technology, which is used to convert near-infrared (NIR) electromagnetic
waves into visible light, has recently attracted considerable attention.() UC gained widespread
recognition in 1966 when Auzel reported the occurrence of energy transfer between two rare-
earth ions.-3 UC phosphors have been applied in bioimaging,>) photocatalysis,®”) fingerprint
analysis,® and temperature sensing.>!9 Notably, in 2024, Li et al. demonstrated the particle-
size-dependent energy transfer effect of lanthanides, which enhanced the UC quantum yield to
13.0% + 1.3%.(1

NaYF, is a commonly used host material for UC phosphors.1%13) To improve the
luminescence efficiency of UC phosphors, nonradiative losses must be minimized; therefore,
low-phonon-energy fluorides are generally used as host materials.(1? In this study, a LaF;~LaOF
composite was used as the host material. Because the ionic radii and valences of La3" are similar
to those of rare-earth elements, doping with these elements does not induce significant crystal
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lattice distortion.(*15) Upon heating, a portion of LaF; undergoes oxidation, forming the LaF;—
LaOF composite. Our research group has demonstrated that the formation of LaF;—LaOF
composites enhances the photoluminescence (PL) intensity more effectively than the complete
transformation of LaF; to LaOF.0® Furthermore, the LaF;—LaOF composite demonstrated
chemical stability, and the fluorescence intensity ratio of its UC luminescence was reproducible
across a range of temperatures.(!”)

Common dopant combinations for UC phosphors include Yb—Er, Yb—Ho, and Yb-Tm.*?
The Yb—Tb combination was used in this study. The luminescence of Yb—Tb originates from
cooperative energy transfer, typically associated with relatively low luminescence efficiency,
which is a major disadvantage. Nevertheless, Tb>" has spectral characteristics different from
those of Er’**, Ho**, and Tm3', rendering it useful for achieving luminescence at specific
emission wavelengths. The luminescence of Tb*" arises from electronic transitions within its 4f
orbitals, typically characterized by a green emission with a sharp spectral profile. Furthermore,
research into the use of Tb*" as a phosphor material for LEDs is ongoing.(!®)

In this study, LaF;~LaOF:Yb*"/Tb*" is synthesized by a solid-state reaction method, and the
effects of varying molar ratios on the crystal structure and optical properties of the synthesized
material are analyzed. In this study, we aim to elucidate the luminescence mechanism of LaF;—
LaOF:Yb**/Tb*". Although the Yb** and Tb’" doping of LaF; has been reported,(!*?? the
luminescence properties of the LaF;—LaOF composite doped with these UC phosphors via the
solid-state reaction method have not yet been explored. Furthermore, Tb*"-doped
downconversion phosphors can serve as temperature sensors.?!) In this study, we analyze the
optical properties of LaF;—LaOF:Yb**/Tb*" with the aim of utilizing them for temperature-
sensing applications.

2. Experimental Conditions

Samples were synthesized by a solid-state reaction method. LaF; (99.9%), Yb,0O5 (99.9%),
and Tb,05 (99.9%) powders were obtained from Kojundo Chemical Lab. Co., Ltd. and mixed at
a La:Yb:Tb molar ratio of 1:x;y (x = 0.02—0.10 and y = 0.08-0.12). The mixed powder was
subsequently pressed into a cylinder measuring 15 mm in diameter and 3 mm in height. The
formed samples were placed in alumina crucibles and fired in an electric furnace. During firing,
the temperature inside the electric furnace was increased from room temperature to 1150 °C
over a period of 2 h and was subsequently maintained at 1150 °C for 1 h. Thereafter, the samples
were spontaneously cooled from 1150 °C to room temperature.

The synthesized materials were evaluated in terms of reflectance, crystal structure, elemental
mapping, PL characteristics, and the pump-power dependence of PL intensity. For the reflectance
measurements, a halogen light source (HL-2000-LL; Ocean Insight), a diffuse reflectance
standard (WS-1; Ocean Insight), and a standard reflectance measurement probe (R400-7-VIS-
NIR; Ocean Insight) were used. Light from the standard reflectance measurement probe was
directed at the sample at an angle of 45°, and a portion of diffuse reflection was measured. The
crystal structure was analyzed via X-ray diffraction (XRD; Ultima IV, Rigaku Holdings
Corporation). For the elemental mapping analysis, the milled samples were embedded in resin,
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and the cross sections of the samples were prepared using a cross-section polisher. Subsequently,
the cross-sectional geometry and elemental mapping of the samples were analyzed. Furthermore,
a multibeam system (JIB-4601F; JEOL) equipped with a scanning electron microscope (SEM)
and energy dispersive X-ray spectroscopy (EDS) equipment (X-MAX, Oxford) was used for
sample characterization. An NIR laser featuring a wavelength of 980 nm and power of 200 mW
was used as the excitation light source for PL analysis. In the analysis of the pump-power
dependence of the PL intensity, neutral density (ND) filters were used to control the power of the
excitation source. ND filters with transmittances of 78.5, 56.2, and 40.8% at 980 nm were
positioned in front of the excitation laser source (200 mW), yielding excitation powers of 157,
112, and 82 mW, respectively. The reflectance, PL, and pump-power dependence analyses were
all conducted using the OCEAN SR spectrometer (Ocean Insight).

3. Results and Discussion

The reflection spectrum of LaF3—LaOF:Yb3+/ Tb3", with a La:Yb:Tb molar ratio of 1:0.06:0.10,
is plotted in Fig. 1. A decrease in the reflectance is observed at approximately 950 nm. This
absorption peak at approximately 950 nm is considered to originate from the Yb>* transition
from 2F, to 2Fs,.%? Furthermore, the reflectance at approximately 950 nm decreases with
increasing Yb*" doping concentration. The energy band diagram of Tb*>* depicts an absorption
peak at 486 nm; however, no clear absorption peak is observed in Fig. 1.
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Fig. 1. Reflection spectrum of LaF;~LaOF:Yb3*/Tb*" with a La:Yb:Tb molar ratio of 1:0.06:0.10.
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The results of the crystal structure analysis are presented in Fig. 2. Figures 2(a) and 2(b)
depict the XRD patterns of LaF;~LaOF:Yb*"/Tb*" possessing a La:Yb:Tb molar ratio of 1:x:0.10
(x = 0.02-0.10) and the dependence of the LaF; and LaOF volumes on the Yb** concentration,
respectively. Figures 2(c) and 2(d) illustrate the XRD patterns of LaF;—LaOF:Yb3"/Tb3*
possessing a La:Yb:Tb molar ratio of 1:0.06:y (y = 0.08—0.12) and the dependence of the LaF;
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Fig. 2. (Color online) Results of crystal structure analysis. (a) XRD patterns of LaF;~LaOF:Yb>"/Tb>" possessing
a La:Yb:Tb molar ratio of 1:x:0.10 (x = 0.02—0.10) and (b) dependence of volume on Yb** concentration. (c) XRD
patterns of LaF;—LaOF:Yb*>"/Tb?" possessing a La:Yb:Tb molar ratio of 1:0.06:y (y = 0.08-0.12) and (d) dependence
of volume on Tb?" concentration.



Sensors and Materials, Vol. 37, No. 8 (2025) 3423

and LaOF volumes on the Tb3" concentration, respectively. The lattice constants and volumes
were calculated by the least squares method using the PDXL2 software from Rigaku Holdings
Corporation. The XRD patterns of LaOF (01-089-5168) and LaF; (01-082-0684) obtained from
the Inorganic Crystal Structure Database (ICSD) are presented in the lower parts of Figs. 2(a)
and 2(c), which confirm that all the synthesized samples are composed of LaOF and LaFj.
Figure 2(b) reveals that the LaOF and LaF; volumes are 95.1-98.2 and 325.5-227.4 A3,
respectively. As presented in Fig. 2(d), the LaOF and LaF; volumes are 96.5-97.3 and 325.9—
327.1 A3, respectively.

The lattice constants of LaOF in LaF;~LaOF:Yb*"/Tb?" possessing a La:Y'b:Tb molar ratio of
1:0.06:0.10 are a = 4.089 A, ¢ = 5.820 A, and ¥ = 97.3 A3. The LaOF volume (01-089-5168)
obtained from ICSD is 97.673 A3. Therefore, the volume of the synthesized sample is 0.3% less
than that recorded in ICSD. The lattice constants of LaFs in the LaF;~LaOF:Yb**/Tb*" sample
possessing a La:Yb:Tb molar ratio of 1:0.06:0.10 are a = 7.174 A, ¢ = 7.337 A, and V' = 327.1 A3,
The LaF; volume (01-082-0684) listed in ICSD is 331.144 A3. Therefore, the volume of the
synthesized sample is 1.2% less than that recorded in ICSD. The ionic radii of Yb**, Tb**, and
La3*, all of which have coordination number = 8, are 0.985, 1.040, and 1.160 A, respectively.??)
The substitution of Yb** or Tb** for La’" may have reduced the volumes of LaOF and LaF;
synthesized in this study compared with those provided in ICSD.

The SEM and EDS analysis results obtained for LaF;-LaOF:Yb’"/Tb**, with a La:Yb:Tb
molar ratio of 1:0.06:0.10, are presented in Fig. 3. Figure 3(a) depicts the cross-sectional SEM
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Fig. 3.  (Color online) Morphological and elemental analysis results for LaFs—LaOF:Yb*"/Tb** with a La:Yb:Tb
molar ratio of 1:0.06:0.10. (a) Cross-sectional SEM image and (b)—(f) EDS elemental maps of Yb, Tb, La, F, and O.
Scale bar = 10 um.
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image of the sample. The gaps are likely attributed to the partial combination of the particles
(LaF;, Yb,y0;5, and Tb,03) used in the synthesis of LaF;~LaOF:Yb**/Tb**. Furthermore,
Figs. 3(b)-3(f) illustrate the EDS elemental mapping of Yb, Tb, La, F, and O, respectively. A thin
carbon layer was deposited onto the sample prior to SEM observation; however, its elemental
map is not shown. As observed in Figs. 3(d)-3(f), La and F are present throughout the sample.
Moreover, regions without [solid line in Fig. 3(f)] and with [dotted line in Fig. 3(f)] abundant O
are observed. The crystal structure analysis results in Fig. 2 reveal that the sample is composed
of LaF; and LaOF; therefore, the regions depicted by the solid and dotted lines in Fig. 3(f) are
considered to be composed of LaF; and LaOF, respectively. Because the Yb-rich regions overlap
with the O-rich regions, Yb is assumed to be mainly doped into LaOF.

The PL analysis results are presented in Fig. 4. The PL spectrum of LaF;-LaOF:Yb*"/Tb**
possessing a La:Y b:Tb molar ratio of 1:0.06:0.10 depicted in Fig. 4(a) demonstrates peaks at 486
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Fig. 4. (Color online) PL analysis results. (a) PL spectrum of LaF;~LaOF:Yb3"/Tb3* possessing a La:Yb:Tb molar
ratio of 1:0.06:0.10. (b) and (c) Yb>" concentration dependence of the PL intensity of LaF;~LaOF:Yb>"/Tb*" having a
La:Yb:Tb molar ratio of 1:x:0.10 (x = 0.02—0.10) and the ratio of the PL intensities at the wavelengths of 541 and
548 nm, respectively. (d) and (¢) Tb>" concentration dependence of the PL intensity of LaF3—LaOF:Yb>"/Tb3*
possessing a La:Yb:Tb molar ratio of 1:0.06:y (y = 0.08—0.12) and the ratio of the PL intensities at the wavelengths of
541 and 548 nm, respectively.
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Fig. 4. (Color online) (Continued) PL analysis results. (a) PL spectrum of LaF;-LaOF:Yb¥"/Tb*" possessing a
La:Yb:Tb molar ratio of 1:0.06:0.10. (b) and (c) Yb>" concentration dependence of the PL intensity of LaF;—
LaOF:Yb*"/Tb?" having a La:Yb:Tb molar ratio of 1:x:0.10 (x = 0.02—-0.10) and the ratio of the PL intensities at the
wavelengths of 541 and 548 nm, respectively. (d) and (¢) Tb3+ concentration dependence of the PL intensity of
LaF;-LaOF:Yb*"/Tb*" possessing a La:Yb:Tb molar ratio of 1:0.06:y (y = 0.08-0.12) and the ratio of the PL
intensities at the wavelengths of 541 and 548 nm, respectively.

(°D4—"Fy), 541 (D,—'F5), 583 ("D,—’F,), and 620 nm (°D,—’F3). In particular, the peak at 541
nm is dominant. Figures 4(b) and 4(c) illustrate the dependence of the PL intensity of
LaF;-LaOF:Yb*"/Tb*" possessing a La:Yb:Tb molar ratio of 1:x:0.10 (x = 0.02—0.10) on the Yb**
concentration and the ratio of the PL intensities at the wavelengths of 541 and 548 nm,
respectively. As observed in Fig. 4(b), the PL intensity of the peak at 541 nm increases for the
sample with Yb = 0.06—0.08. The PL intensities of the other peaks are low, rendering the
comparisons difficult. As depicted in Fig. 4(c), the ratio of the PL intensities at the wavelengths
of 541 and 548 nm is 0.47—0.52. The split peaks at 541 and 548 nm are attributed to the Stark
splitting of the 7F5 level.>¥

Figures 4(d) and 4(e) depict the dependence of the PL intensity of LaF;~LaOF:Yb>"/Tb**
possessing a La:Yb:Tb molar ratio of 1:0.06:y (y = 0.08—0.12) on the Tb*>* concentration and the
ratio of the PL intensities at the wavelengths of 541 and 548 nm, respectively. As plotted in
Fig. 4(d), the PL intensity increases for the sample featuring Tb = 0.10. The PL intensities of the
other peaks are low, rendering the comparisons difficult. Figure 4(e) demonstrates that the ratio
of the PL intensities at 541 nm and 548 nm is 0.47—-0.48.

Figure 5 shows the pump-power dependence of the PL intensity, which is expressed by the
following equation.

I o P" @

Here, Iy is the PL intensity, P is the pump power of the excitation source, and # is the number of
NIR photons.?%)

Figure 5(a) shows the pump-power dependence of the PL intensity of LaF;~LaOF:Yb>*/Tb**
possessing a La:Yb:Tb molar ratio of 1:0.06:0.10. Figure 5(b) shows the dependence of the slope
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Fig. 5. (Color online) Pump-power dependence of PL intensity. (a) Pump-power dependence of the PL intensity of
LaF;-LaOF:Yb>"/Tb?" possessing a La:Yb:Tb molar ratio of 1:0.06:0.10. (b) Yb*" concentration dependence of the
slope of LaF;~LaOF:Yb**/Tb>" possessing a La:Yb:Tb molar ratio of 1:x:0.10 (x = 0.02-0.10). (c) Tb** concentration
dependence of the slope of LaF;~LaOF:Yb*"/Tb3" possessing a La:Y b:Tb molar ratio of 1:0.06:y (y = 0.08-0.12).

of LaF;-LaOF:Yb*"/Tb*>" possessing a La:Yb:Tb molar ratio of 1:x:0.10 (x = 0.02-0.10) on the
Yb** concentration. Figure 5(c) shows the dependence of the slope of LaF;—LaOF:Yb*"/Tb*"
possessing a molar ratio of La:Yb:Tb = 1:0.06:y (y = 0.08—0.12) on the Tb*>* concentration. From
Fig. 5(a), the slopes of the log—log plots of PL intensity (/;;-) versus pump power (P) at 486 nm
and 541 nm are 2.07 and 1.83, respectively. Because the slope at each wavelength is
approximately equivalent to 2, the emission is a two-photon process. From Fig. 5(b), the slopes at
the wavelengths of 486 and 541 nm are 1.79-2.07 and 1.83-2.04, respectively. Figure 5(c) shows
that the slopes at the wavelengths of 486 and 541 nm are 1.85-2.20 and 1.67-2.04, respectively.
Figure 6 shows the energy band diagrams for Yb*" and Tb>". Yb>" ions are excited from the
2F,, level to the Fs/, level via stimulation from the light source. The Yb** ions in the ?Fs), level
are subsequently excited to the D, level and undergo cross-relaxation, transferring energy to
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Fig. 6. (Color online) Energy band diagrams for Yb*" and Tb*".(26)

Tb*" ions. The Tb*" ions in the °D, level relax to lower energy levels and emit visible light
featuring the wavelengths of 486, 541, 583, and 620 nm.(2%)

Because the sample synthesized in this study is a composite of LaF; and LaOF, the extent of
the contribution of each host material to luminescence is difficult to determine. The elemental
mapping results in Fig. 3 indicate that LaOF:Yb**/Tb3" is luminescent because of the presence of
Yb and Tb in the LaOF regions. Conversely, in the LaF; regions, Tb is present, whereas the Yb
concentration is negligible. Therefore, LaF5Tb’" may receive energy from the neighboring
LaOF:Yb*"/Tb*" and emit light.

All emission peaks observed in the PL characteristics shown in Fig. 4 originate from the D,
level. To calculate the relative sensitivity by the fluorescence intensity ratio method, previous
studies suggest that emission peaks from both the D5 and D, levels should be observed.(?!
Electrons must first acquire energy in the D, level before transitioning to the *Ds level.?”) To
enhance energy transfer efficiency, we plan to incorporate Zn>* to improve luminescence
efficiency in future studies.(2®)

4. Conclusions

LaF;-LaOF:Yb*"/Tb*" was synthesized by a solid-state reaction method, and the effects of
varying molar ratios on the crystal structure and optical properties were analyzed. Reflectance
analysis revealed an absorption peak of Yb** (*F;,—?Fs),) at a wavelength of approximately
950 nm. Crystal structure analysis via XRD demonstrated that all the synthesized samples were
composed of LaOF and LaF;. Particle analysis via SEM and EDS revealed that some particles
were enriched with O, whereas the others were not. PL spectra comprised peaks at
486 (°D4—'Fy), 541 (°D4—'Fs), 583 (D4—'F,), and 620 nm (°D,—’F5), and the peak at 541 nm
was particularly dominant. The analysis of the pump-power dependence of the PL intensity
demonstrated that the emission was a two-photon process, given that the slopes at the
wavelengths of 486 and 541 nm were approximately equivalent to 2.
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