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In this paper, we report on the annealing temperature dependence of the upconversion (UC)
phosphor of TiO,-ZnO doped with Yb*" and Tm3*. We prepared samples using metal-organic
decomposition (MOD) solutions and Tm,O; powder, which were analyzed in terms of their
photoluminescence (PL) spectra and crystal structures. The PL spectra showed a blue UC
phosphor band at a wavelength of 476 nm. The emission intensity was greatest after annealing at
850 °C. By analyzing the crystal structures using an X-ray diffractometer (XRD), it was found
that there was a large amount of RE,Ti,0; in the samples annealed at 900 °C and above.

1. Introduction

Upconversion (UC) luminescent materials have been attracting significant attention recently
owing to their potential use in a variety of fields.!=* When excited by light of a particular
wavelength, ordinary luminescent materials discharge light with a wavelength longer than that
of the incident light. This difference in energy is referred to as the Stokes shift and is attributed
to the thermal energy generated within the material. On the other hand, UC is a phenomenon in
which light with a wavelength shorter than the excitation wavelength is emitted; this phenomenon
is also referred to as anti-Stokes emission. Rare-earth ions with long excited-state lifetimes are
generally used as luminescent centers for UC. Infrared or near-infrared light is used as the
excitation light for generating the visible light with UC.

Studies are currently being conducted on halides and metal oxides as host materials for UC.
Halides have been intensively studied, particularly fluorides.>-%) However, the disadvantage of
using these materials is their susceptibility to damage by exposure to air as they are affected by
moisture. For this reason, attempts have been made to disperse crystal particles in glass or to
crystallize them in glass. On the other hand, materials with good luminous efficiency are being
sought among metal oxide host materials due to their high stability upon air exposure. However,
their luminous efficiency is inferior to that of fluorides.

The physico-chemical properties of materials based on titanium dioxides have been reported
in various studies.(’"!") The fabrication and application of Zn,TiO, are attracting attention owing
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to its inverse spinel structure and high thermal stability.(!?) In particular, oxides composed of
ZnO and TiO, are being studied for applications such as gas sensors,!?) photocatalysts,(!?)
chemical sorbing,(!?) and downconversion.”) Luitel et al. fabricated a UC phosphor by using
ZnO-TiO, and reported its superior emission intensity to that of ZnO-TiO,.(1%)

Focusing on the potential of ZnO-TiO, as a host material for UC, we fabricated a UC
phosphor by doping ZnO-TiO, with Yb*" and Er®*, then evaluated its characteristics.(!®) A
drawback of this phosphor was that multiple emission spectra appeared when ZnO-TiO, was
doped with Yb*" and Er?*, implying that this material cannot be used as one of the three primary
light colors. Thus, the UC phosphor was prepared by doping ZnO-TiO, with Yb*" and Tm3",
then its characteristics were evaluated. Strong emission of blue light could potentially be
achieved around a wavelength of 480 nm by doping ZnO-TiO, with Yb*" and Tm3*.(7:18)

In 2018, Kobwittaya et al. reported a phosphor in which ZnO-TiO, was doped with Yb3" and
Tm3* by a powder—solution mixing method.(!®) However, they did not realize the blue color near
480 nm. In contrast, this paper is the world’s first report of blue light emission realized with a
Zn0O-Ti0O, host material.

UC phosphors are typically fabricated by sputtering,2? sintering,?" or the sol-gel method.??
In this study, we fabricated a UC phosphor by using metal-organic decomposition (MOD) to
simplify the fabrication process.23-2%)

2. Materials and Methods
2.1 Fabrication of UC

We fabricated a UC phosphor using only MOD solutions by following the method shown in
Fig. 1(a). The MOD solutions (TiO,, ZnO, Yb,03, and TmO; s), supplied by Kojundo Chemical

Mixing of the MOD solutions Mixing of the MOD solutions
(Zn0, TiO,, Yb,05, TmO; ¢). (ZnO, Ti0,, Yb,0;) and the
Powder (Tm,03).
¥
4% Solution coating by dropping ‘ 4% Solution coating by dropping ‘
‘ Drying at 100°C for 10 min ‘ ‘ Drying at 100°C for 10 min ‘

‘ Sintering for 4 hours ‘ ‘ Sintering for 4 hours ‘
| |
‘ Generation of UC phosphor ‘ ‘ Generation of UC phosphor ‘
@ (b)

Fig. 1. (Color online) Flowchart of UC phosphor synthesis process: (a) UC phosphor fabricated using only MOD
solutions (b) and UC phosphor fabricated using MOD solutions with Tm,0O5 powder.
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Laboratory, were used as the sources of Ti, Zn, Yb, and Tm. The MOD solutions were mixed so
that the molar ratio of the elements was Ti:Zn:Yb:Tm = 1:1:0.06:0.04. 0.05 ml of the mixed MOD
solution was applied to a Si substrate (100), which was then dried at 100 °C for 10 min. This
operation was repeated five times. Then, the sample was heated for 4 h at 850 °C.

We also fabricated UC phosphor specimens using MOD solutions and Tm,0O; powder by
following the method shown in Fig. 1(b). The MOD solutions (TiO,, ZnO, and Yb,05), supplied
by Kojundo, were used as the sources of Ti, Zn, and Yb. Tm,0O; powder, supplied by Kojundo,
was used as the source of Tm. The MOD solutions and Tm,O; powder were mixed so that the
molar ratio of the elements was Ti:Zn:Y b:Tm = 1:1:0.06:0.04. 0.05 ml of the mixed MOD solution
was applied to a Si substrate (100), which was then dried at 100 °C for 10 min. This operation
was repeated five times. Then, the sample was heated for 4 h at 850 °C.

The photoluminescence (PL) spectra were measured using a near-infrared laser (200 mW)
with a wavelength of 980 nm as the excitation light. The sample was irradiated with the near-
infrared laser at an angle of 45°, and the generated light was observed from directly above using
an Ocean Optics spectrometer.(1®) The spectroscopic measurement range was from 350 to 1050
nm. A calibration was performed by obtaining the dark-line spectrum before the measurement.

2.2 Annealing temperature dependence of UC phosphor fabricated using MOD solutions
and Tm,0; powder

We fabricated UC phosphor specimens using MOD solutions and Tm,O; powder by
following the method shown in Fig. 1(b). The MOD solutions (TiO,, ZnO, and Yb,03), supplied
by Kojundo, were used as the sources of Ti, Zn, and Yb. Tm,O; powder, supplied by Kojundo,
was used as the source of Tm. The MOD solutions and Tm,0; powder were mixed so that the
molar ratio of the elements was Ti:Zn:Y b:Tm = 1:1:0.06:0.04. 0.05 ml of the mixed MOD solution
was applied to a Si substrate (100), which was then dried at 100 °C for 10 min. This operation
was repeated five times. Then, the sample was heated for 4 h at a temperature of 700, 750, 800,
850, 900, 950, 1000, or 1050 °C. PL spectra of the samples were obtained using a PL spectrometer
similarly to in Sect. 2.1, and compounds were identified using an X-ray diffractometer (XRD).

3. Results and Discussion
3.1 Dependence of fabrication process on structural and optical properties

The PL spectrum of the UC phosphor fabricated using only MOD solutions is shown in
Fig. 2. From the spectrum, it was clarified that the UC phosphor could not be produced only
using the MOD solutions. For comparison, the PL spectrum of the sample fabricated using
Tm,O; powder that was annealed at 850 °C is also shown. Peaks were observed at 476 nm
('G, — 3Hg) and 649 nm (!G, — 3F,).

XRD pattern of the UC phosphor fabricated using only MOD solutions is shown in Fig. 3. For
comparison, the XRD pattern of the sample fabricated using Tm,O; powder that was annealed at
850 °C is also shown. The horizontal axis of Fig. 3(a) shows the range of 26 = 20—60°. Standard
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Fig. 2. PL spectra of UC phosphor fabricated using only MOD solutions and UC phosphor fabricated using MOD
solutions and Tm,O; powder.
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Fig. 3. (Color online) XRD patterns of UC phosphor fabricated using only MOD solutions and UC phosphor
fabricated using MOD solutions and Tm,O5 powder: (a) 20 = 20—-60° and (b) 26 = 30—40°.

patterns of the Powder Diffraction File (PDF) of Zn,TiO, (00-025-1164) and ZnTiO5 (00-039-
0190) are shown at the bottom of Fig. 3(a). From the results, it can be seen that the samples are
mostly composed of Zn,TiO,4 or ZnTiO5. Because the Zn and Ti contents are large compared
with those of the rare-earth elements (Yb, Tm), it is considered that Zn,TiO, or ZnTiO; exists in
the two samples.
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The horizontal axis of Fig. 3(b) shows the range of 26 = 30—40°, and the PDF patterns of
Tm,Ti,05 (00-023-0590) and Yb,Ti,O; (01-074-9560) are included at the bottom of Fig. 3(b).
The peak positions of Tm,Ti,0; and Yb,Ti,O; are close to each other, making it difficult to
identify whether the measured peaks are Tm,Ti,O; or Yb,Ti,O,. Therefore, in this paper,
RE,Ti,0O5 is used as a generic term for Tm,Ti,O; and Yb,Ti,O,. From Fig. 3(b), it can be seen
that RE,Ti,05 is crystallized in the sample fabricated using only MOD solutions. The peak at
30.9° in Fig. 3(b) is the main peak of RE,Ti,0O; (2 2 2). It is considered that in the sample
fabricated using only MOD solutions, the constituent elements are efficiently diffused and
RE,Ti,O is crystallized at 850 °C. On the other hand, for the sample fabricated also using
Tm,0; powder, it is considered that the Tm element was not efficiently diffused because Tm,0O5
powder was used.

3.2 Annealing temperature dependence of UC phosphor fabricated using MOD solutions
and Tm,0; powder

The PL spectra of the UC phosphor fabricated also using Tm,0O5 are shown in Fig. 4. The
emission intensity increases with the annealing temperature from 700 to 850 °C. An emission
peak is observed at 476 nm (blue light, corresponding to !G, — 3Hy), and another smaller peak is
observed at 649 nm (corresponding to 'G, — 3F,). The emission intensity is clearly reduced
when the annealing temperature is further increased to 900 °C. At 950 °C and above, almost no
emission is observed.

The XRD patterns of the TiO,-ZnO UC phosphor doped with Yb** and Tm3" and annealed at
700-1050 °C are shown in Fig. 5. The horizontal axis of Fig. 5(a) shows the range of 26 = 20—
60°. Standard patterns of the PDF of Zn,TiO, (00-025-1164) and ZnTiO5 (00-039-0190) are
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Fig. 4. (Color online) PL spectra of TiO,-ZnO doped with Yb>" and Tm3* and annealed at 700-1050 °C.
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Fig. 5. (Color online) XRD patterns of TiO,-ZnO UC phosphor doped with Yb** and Tm>" and annealed at
7001050 °C: (a) 20 = 20—60°, (b) 26 = 34.5-36.5°, and (c) 26 = 30-32°.

shown at the bottom of Fig. 5(a). The horizontal axis of Fig. 5(b) shows the range of
20 = 34.5-36.5° with PDF patterns of Zn,TiO,4 (00-025-1164) and ZnTiO; (00-039-0190) at the
bottom. The horizontal axis of Fig. 5(c) shows the range of 26 = 30-32° with PDF patterns of
Tm,Ti,0, (00-023-0590) and Yb,Ti,0; (01-074-9560) at the bottom.

From the results in Fig. 5(a), it can be seen that the samples are mainly composed of Zn,TiO,
or ZnTiO;. Because the Zn and Ti contents are large compared with those of the rare-earth
elements (Yb, Tm), it is considered that Zn,TiO4 or ZnTiO; exists in the samples. Figure 5(b)
shows the major peaks of Zn,TiO, and ZnTiO;, from which it can be seen that Zn,TiO4 and
ZnTiO; coexist in the samples annealed from 700 to 950 °C but Zn,TiO, is contained in the
samples annealed at 1000 °C and above. From the results shown in Fig. 4, a decrease in PL
intensity occurs at 900 °C and above. In addition, the integrated intensity of Zn,TiO,4, which is
considered to be the host material, has no correlation with the PL spectra. Figure 5(c) shows the
major peak of RE,Ti,O; (2 2 2). It can be seen that the RE,Ti,05 content begins to increase at
900 °C and above. From the PL spectra in Fig. 4, the emission intensity decreased from an
annealing temperature of 900 °C. There is an inverse correlation between the PL intensity and
the amount of RE,Ti,O; precipitation. Figure 6 shows equilibrium diagrams between TiO, and
ZnO [Fig. 6(a)],*% TiO, and TmO; [Fig. 6(b)],>” and TiO, and Yb,O; [Fig. 6(c)].*®

In this study, since samples were prepared with a molar ratio of Zn:Ti = 1:1, we focus on
intermediate molar contents in Fig. 6(a). The figure shows that ZnTiO; disappears above 945 °C.
According to Fig. 5(b), Zn,TiO, accounts for most of the samples annealed at 950 °C and above,
which is consistent with Fig. 6(a).

In this study, TiO, is more abundant in the samples than Tm,0O5 or Yb,03, so we focus on the
TiO,-rich side in Figs. 6(b) and 6(c). There is no phase diagram in the temperature range below
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and (c) TiO, and Yb,0;?® (C = cubic solid solution based on Yb,0s; F = Yb,TiOs [fluorite structure]; P = Yb,Ti, 0,
[pyrochlore structure]; R = TiO, [rutile]).
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1000 °C. Therefore, Fig. 5(c) is the world’s first datum that found the temperature at which
RE,Ti,O; appears.

The annealing temperature dependences of the RE,Ti,O5 (2 2 2) XRD peak intensity and PL
emission intensity are shown in Fig. 7. The horizontal axis shows the annealing temperature and
the vertical axis shows the PL emission intensity and XRD intensity. Since the peak of RE,Ti,O,
(2 2 2) is not observed at 700, 750, 800, and 850 °C, the plotted values are background values. On
the other hand, the PL emission intensity of 485 nm increases from 700 to 850 °C. Therefore, it
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is considered that the luminescence intensity is increased because the crystallization of the
substance emitting light is promoted, and large amounts of Yb*" and Tm3" are dissolved in the
host material. The cause of the decrease in emission intensity from 900 to 1050 °C is thought to
be related to the increase in the RE,Ti,O, content, because RE,Ti,O; peaks appear at 900 °C
and above and the emission intensity also begins to decrease at 900 °C. In the UC of blue
emission, an electron that transitions from 2F, to 2Fs/, of Yb?" is transferred to the 'G, band of
Tm3*, and when it returns to the ground state of Hg, an electromagnetic wave of 485 nm is
emitted.('® It is considered that the emission intensity decreases at 900 °C or higher because of
the increase in the contents of Yb*" and Tm>*, which do not contribute to the emission intensity,
due to the increase in the RE,Ti,0; content. Therefore, when preparing ZnO-TiO, UC phosphor
doped with Tm3* and Yb*" using MOD solutions and Tm,O; powder, it is necessary to find
suitable conditions before increasing the RE,Ti,O, content.

4. Conclusions

A blue phosphor for UC was fabricated using MOD solutions (ZnO, TiO,, Yb,05) and Tm,0O5
powder. The MOD solutions and the powder were applied to a Si (1 0 0) substrate, which was
then annealed at temperatures ranging from 700 to 1050 °C. A near-infrared laser with an output
of 200 mW at the 980 nm wavelength was then used to measure the PL spectra and an XRD was
used to analyze the compounds. The PL measurements revealed that the emission intensity
increased with increasing annealing temperature from 700 to 850 °C. The emission intensity
clearly decreased at annealing temperatures of 900 °C and above. In the XRD patterns, peaks of
RE,Ti,O; were detected in the samples annealed at 900 °C and above. The emission intensity
decreased at 900 °C or above, and this phenomenon is considered to be related to the increase in
the RE,Ti,0O5 content.
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