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ARTICLE INFO ABSTRACT

Keywords: Oxyfluoride glass-ceramics containing SrFynanocrystals have been prepared by a CO, laser treatment on the
SrF, glass prepared by high temperature melt quenching. The optimized scan speed and laser power produced na-
Nanocrystals nocrystals with sizes of ~10 nm. Energy dispersive spectroscopy mapping analysis showed that Dy>* and Yb®*
CO;, laser ions are highly populated inside the SrF, nanocrystals. We also report a substantially enhanced down-converted
]3]}; visible emission from the 4F9/2 state of Dy3+ ions, including some violet emissions from the higher energy
Upconversion states under 365 nm excitation in the glass-ceramics, as compared to the as-made glass. Moreover, 980 nm laser

diode excitation produced strong green and red emissions from the *I;5,, state and blue and yellow emissions

from the *F , state. A model has been proposed to interpret the upconversion emissions through the multistep-
excitation of Dy>* ions and energy transfers from, efficient sensitizers, Yb®* ions to Dy>™" ions.

1. Introduction

Rare-earth ion doped glass-ceramics may become potentially useful
for optoelectronic applications. Glass-ceramics offer the ease of melt
processing like conventional glasses, but rare earth ion segregation to
crystalline regions results in spectral and laser properties similar to
those of single crystals and ceramics [1]. Oxyfluoride glass-ceramics
have attracted much attention due to their combined advantages of
oxide glasses and fluoride glasses [2,3] and their maintenance of good
chemical and thermal stabilities [4]. Thus, numerous studies on oxy-
fluoride glass-ceramics containing fluoride nanocrystals doped with
rare-earth ions have been reported thus far [3,5-8]. Fluoride nano-
crystals have much less phonon energy (~360cm™!) [9], yielding a
large quantum efficiency.

Most oxyfluoride glass-ceramics are fabricated using controlled heat
treatments in an electric furnace in order to form nanocrystals in the
interior of glass [10]. Recently, the laser annealing of glass has been
reported as an alternative method for glass-ceramics formation with the
advantage of spatially selected structural modification and crystal-
lization inside glass with ultraviolet, visible, near-infra-red, and mid-
infrared lasers [5,11-13]. Laser-heated glass-ceramics formation with
an infrared laser hold some potential for optical device applications of
oxyfluoride glasses with fluoride nanocrystals, because the infrared
laser can treat selective regions upon the surface of the glass.
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The infrared-to-visible up-conversion behavior of the glass-ceramics
codoped with (Yb, Er) [14], (Yb, Tm) [15], (Yb, Ho) [16], or (Yb, Eu)
[17] prepared by furnace treatment has been recently reported for
display and solar-cell applications [18]. However, only a few studies on
glass-ceramics co-doped with (Yb, Dy) have been reported thus far [19],
and the blue-violet emissions still need further investigation before
their origin can be clarified. Dy>* ion exhibits intense blue and yellow
colors as well as white light emission, and Yb®™ ions are widely used in
infrared-to-visible upconversion applications [20]. In this work, CO,
laser-induced crystallization technique has been used to a multi-com-
ponent SiO,-Al,03-SrFo-LiF oxyfluoride glass doped with rare-earth
ions prepared by the melt-quenching process [15]. We report the pre-
cipitation of spatially selective glass-ceramics containing SrF, nano-
crystals doped with Dy** and Yb®™ ions, as well as the enhancements
of down-conversion and upconversion emissions of Dy>™ ions. The
optimized conditions were achieved for emission enhancement by
controlling the power and scan speed of the laser beam.

2. Experimental

The nominal composition of precursor glass (as-melted) used in this
study was 40Si0,-12A1,053-23SrF,-24LiF-0.5Yb,03-0.5Dy,03 (mol.%).
The raw materials used for preparation were fine grained powders from
high purity (3N) commercial chemicals. The starting batches were
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thoroughly mixed and melted at 1450 °C for 1 h in a covered platinum
crucible under normal atmosphere. The melt was then cast into an iron
mold prior to being annealed at 530 °C for 10 h, in order to release inner
stress. Finally, the glass was cut and polished into the glass samples
with a thickness of 1 mm. For thermal treatment to induce SrF, nano-
crystals, we used a CO, laser employing various powers ranging from
0.9 to 1.3 W and scan speeds ranging from 0.1 to 0.3 mm/s.

The samples studied here are glass-ceramics prepared by the laser
treatments of 1.3W_0.3mm/s, 1.3 W_0.2mm/s, 1.3W_0.1 mm/s, or
0.9W_0.3 mm/s, denoted by G1, G2, G3, and G4, respectively. The laser
beam was focused on the surface of the glass. The selective area had a
~100 um diameter. We employed micro-x-ray diffraction (u-XRD, D/
MAX RAPID-S) analysis for the irradiated regions in order to examine
the formation of SrF, crystals. Furthermore, in order to clarify the size
and crystallization of nanocrystals, we performed transmission electron
microscopy (TEM, Titan G2 60-300) and EDS (Energy Dispersive
Spectroscopy) analysis for the laser-treated surface. Photoluminescence
and upconversion emission spectra for Dy3+ ions under 365 nm LED
and 980 nm LD excitations were measured respectively for both uni-
rradiated and irradiated glass area in order to confirm whether the ions
are doped inside the nanocrystals.

3. Results and discussion

Micro- x-ray diffraction patterns of the glasses exposed to CO, laser
with 0.3 mm/s scan speed and 1.3 W and 0.9 W powers (GC1 and GC4)
are shown in Fig. 1, indicating the diffraction pattern of SrF; crystalline
phase [21]. The XRD peaks were observed only in the CO, laser exposed
area. The sharp and relatively intense peaks of the exposed area of glass
can easily be assigned to the diffractions from the (111), (200), (220),
(311), (222), (400), (331), and (420) planes of spinel SrF, phase
(JCPDS No. 06-0262). This implies that the treated volume of the glass
by CO, laser irradiation was changed into glass-ceramic. Although the
x-ray beam has a slightly smaller size than the laser beam of ~100 um
on the surface and penetrates through the sample, the laser thermal
treatment is only effective on the surface because of the low thermal
conductivity of glass.

The average size of the nanocrystals has been calculated using the
Scherrer formula [22] for XRD data of the lattice plane (hkl), using the
full width at half maximum B, diffraction angle 0, and x-ray wavelength
)\'7
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Fig. 1. XRD patterns of SrF, nanocrystals precipitated in glass by CO, laser
irradiation with the power of 1.3 and 0.9 W (GC1 and GC4) and the same scan
speed of 0.3 mm/s.
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The sizes of nanocrystals obtained with GC1 and GC4 are estimated
at 15 and 13 nm, respectively. This implies that the laser thermal en-
ergy increases the sizes of the nanocrystals. The increase of XRD peaks
indicates the increased density of nanocrystals in the glass. This implies
that with increase in laser exposure time nucleation continues and the
volume concentration of crystalline SrF, increases. In the TEM image of
Fig. 2(a), the round-shaped nanocrystal with a size of ~300nm can
observed, with the background corresponding to the glassy phase. It is
not a single domain, but seems to consist of many nanocrystals. In order
to confirm the crystalline phases, high-resolution transmission electron
microscopy (HRTEM) was employed. The HRTEM image in Fig. 2(b),
which was collected by focusing an electron beam on the dark domain
of Fig. 2(a), shows a well-defined lattice structure of the SrF, crystal
with random orientation. The average size of nanocrystals is about
8nm, which is smaller than the estimated value obtained from the
Scherrer equation. A large temperature gradient in the laser-treated
region originates from the inhomogeneous thermal distribution due to
the use of the Gaussian laser beam. It produces various sizes of nano-
crystals depending on the position [23]. Thus, the CO, laser irradiation
energy was not sufficient to grow large nanoparticles of a single do-
main. Thus, we suggest that the larger crystallite size in Fig. 2(a) is due
to the aggregation of nanocrystals.

The spatial distributions of Sr, F, Dy, and Yb ions are verified by
EDS, as shown in Fig. 2(c)-(f), respectively. Fig. 2(c) and (d) show a
large portion of Sr and F ions in the crystal displayed in Fig. 2(a), re-
vealing the formation of SrF, crystal. It has been reported that the real
fluorine concentration is somewhat lower than the nominal one, owing
to the volatility of fluoride components at high temperature and the
escape of fluorine from the melt [24]. Thus, a relatively low con-
centration of fluorine ions is expected as compared their initial doping
concentration. Dy and Yb ions are located in the SrF, crystal domain as
well as on the surface of the crystallites. The absorption spectrum of the
glass in Fig. 3 shows the absorption peaks of Dy>* and Yb®*ions, im-
plying that both ions have the absorption at 980 nm.

The emission spectra in Fig. 4 are obtained under 365 nm excitation
reaching the 6ps,, state of Dy3+ion. Laser heating could help to po-
pulate the °P,, state. The dominant blue (482nm) and yellow
(574 nm) bands are attributed to the transitions from the excited state
of *Fy,, to the lower states of ®H;s/, and ®Hy 3,5, respectively. Beyond
that, we also observed weak emissions at 409, 418, 430, 445, 456, 660,
and 725nm, which correspond to 6P7/2—6H13 /2 6P5/2—6H11 /25 “G1q ,
2="His/z, *lizo-Hizo, “lis/2>-®Hissz, *Fo,2-°Hiise, and *Fg,o-°Hos
transitions from the glass-ceramics. Most of these violet emissions have
not been reported under ultraviolet excitation for Dy>* and Yb** co-
doped glass or phosphors [25,26] because of the nonradiative relaxa-
tion from the ®Ps/, and °P;,, excited state to the “Fy,, state. This is
further evidence for the emissions from nanocrystals doped with Dy*™*
ions. The relatively strong blue and yellow emission intensities in-
creased with laser exposure in the glass-ceramics (from GC1 to GC3).
The GC3 shows more than 17 times enhancement of the overall visible
emissions as compared to those from the untreated glass. The increase
in emission intensities with laser exposure is evidence for the formation
of Dy>*-doped SrF, nanocrystals which causes lowering of nonradiative
relaxation of rare-earth ions incorporated into SrF, nanocrystals with
very low phonon energy [9]. In addition, energy transfer can effectively
occur among the neighboring Dy>* ions inside SrF, nanocrystals be-
cause of the shorter distance between doped ions. The blue emission of
the “Fy,,—°Hys/, transition is mainly magnetically allowed and in-
sensitive to the crystal field around the ions, whereas the yellow
emission of “Fq /2—6H13 /- transition is a forced electric dipole transition
and allowed only at low symmetries with no inversion center. Dy*>* ion
can be incorporated in the interior of SrF, nanocrystals because the
radius of DySJr ion is smaller than that of SrF,. However, its site
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Fig. 2. (a) TEM micrograph of crystallites, (b) HRTEM image of crystalline area, and (c-f) EDS element maps of Sr, F, Dy, and Yb ions in the area of (a) in the GC3

precipitated by CO, laser irradiation.

Fig. 3. Absorption spectrum of the as-made glass.

symmetry regarding the crystal field may not have inversion symmetry
due to a charge compensator which is needed for charge balance, as is
the case in CaF, [27]. Furthermore, some Dy3+ ions can be populated
on the surface of SrF, nanocrystals, resulting in low site symmetry.
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Fig. 4. Down-conversion emission spectra of Dy>* obtained under 365nm
excitation of glass and glass-ceramics. The emissions of A, B, C, D, and E in-
dicate the transitions of °P,,,~°Hy 3,2, °Ps,2-Hi1 2, *G11,2-"His 2, “l13/2-CHis/
2, and *I;5,,-°Hy s, respectively.

Thus, the yellow emission is stronger than the blue emission. The en-
ergy level diagram in Fig. 5 shows the possible transitions for the
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Fig. 5. The energy level diagram to explain the possible transitions for the
observed emissions under 365 nm excitation.

Fig. 6. Upconversion emission spectra of Dy>* obtained under 980 nm ex-
citation of glass and glass-ceramics.

observed emissions under 365 nm excitation.

Upconversion emission spectra of the glass-ceramics obtained under
the excitation of the 2F,, state of Yb®™ at 980 nm are shown in Fig. 6.
The GC3 produced much stronger visible upconversion emission from
the surface, as compared to the as-made glass. The strong upconversion
emission from the limited surface region is further evidence for the
effective nanocrystal formation. Through the incorporation of Dy>*
and Yb®* ions into the SrF, crystal phases, the energy transfers can also
effectively occur among the neighboring Dy®>*-Yb>* ions, because of
the shorter distance between doped ions inside nanocrystals. It is well
known that the incorporation of Yb®™ ions into rare-earth ion doped
optical materials is beneficial for infrared-to-visible upconversion
emission because Yb®* ions have a strong and broad absorption band
around 980 nm. The feature of the upconversion emission spectra is
much different from that of the down-conversion spectra in Fig. 4. First,
the strongest emission at 542nm corresponds to the *Iy5,,—°Hjs/s
transition. The other emissions of the *I5,,~°Hys/> and *I;5/5-°Hy1 /2
transitions also appear at 456 and 610nm. As shown in Fig. 7, the
980 nm excitation populates both the *Hs (Dy>*) and ?Fs, (Yb®*) le-
vels, although the ®Hs has a very weak absorption at 980 nm. The
electrons reached to the ®H,3,, level by nonradiative relaxation from
the ®Hs can absorb both the 980 nm pump photons and the transferred
energy from the ?Fs,, level of Yb®* ion, reaching the °F;,, level of
Dy** ion. Another absorption process from the °F; to the Gy 2, fol-
lowed by weak emissions of the *Gy1/2 — ®Hys/o, ®His/o and ®Hiy /o

Applied Surface Science 478 (2019) 412-416

Fig. 7. Energy level diagram of Dy>* and Yb®*ions explaining the main energy
transfer processes of Dy>*-Yb®* jons and excited state absorptions in Dy>* ions
under 980 nm excitation (ESA: excited state absorption; ET: energy transfer; dot
lines: nonradiative relaxations).

transitions. The rapid relaxation from the Gy, to *I;5,, level is fol-
lowed by several emissions from the *I;5,, level, showing the relatively
strong emission of the 4115/2—6H13 /o transition. Much of the enhanced
emission is due to the crystal environment of Dy>* ions. The non-
radiative relaxation from the *I;5,, to “Fy,, level enables the well-
known blue and yellow emissions of the “Fq,,—®H;s,2 and “Fg,»—°His 2
transitions. However, the yellow emission (574 nm) appears to be
weaker than the blue emission (483 nm), which differs from the down-
conversion in Fig. 4. We must consider the cooperative upconversion
emission at 490 nm [28] to explain the difference. The virtual state of
Yb®* ions reached by two-step excitation via Yb>*-Yb®* energy
transfer produces 490 nm emission, which is transferred to Dy*™ ions
and overlapped with the blue emission from the *Fy,, level. This implies
that the Dy>" site still has non-inversion symmetry.

The band-width of the strongest emission at 542 nm is about 6 nm,
which is one-third of the band-width of the yellow or blue band in the
down-conversion emission in Fig. 4. The narrower band-width implies
that the excited-state absorption and energy transfer are effective only
for some subgroups matching the excitation of 980 nm among in-
homogeneously distributed sites of Dy>* and Yb** ions. The main
energy transfer channels between Yb®>* and Dy>* ions and two excited
state absorptions in Dy*™ ions are suggested for the blue, green, yellow,
and red emissions as displayed in Fig. 7.

4. Conclusions

Dy**/Yb®* co-doped glass ceramic containing SrF, nanocrystals
has been prepared by the CO, laser surface treatment of 40SiO,-
12A1,05-23SrF,»-24LiF-0.5Yb,03-0.5Dy,03 glass. In this glass ceramic,
SrF, nanocrystals are embedded in the glass matrix and Dy®*/Yb®*
ions are incorporated into the SrF, nanocrystalline phase. The Dy>*
ions in SrF, nanocrystals exhibit much enhanced emission intensity,
including new emission bands in the 400-460 nm range along with
well-known blue and yellow emissions from the “Fg,, level under
365nm excitation. The upconversion visible emission also showed
stronger intensity than the precursor glass under 980 nm excitation,
including 430-460 nm blue emission and strong green emission from
the *I;5,» level. The substantial enhancement of the emission in glass-
ceramics indicates the proper incorporation of Dy>* and Yb®* ions into
a nanocrystalline environment. Detailed upconversion mechanisms for
the observed emissions are suggested based on the observed emissions.
The results may be applied to the patterned white-light imaging tech-
nology on the Dy®>*-Yb®* co-doped thin glass.
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