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The upconversion luminescence of Er®t /Yb3" ions is researched in a novel transparent oxyfluoride borosil-
icate glass and glass ceramics under 980-nm excitation. Fluoride nanocrystals Bas YF7 are successfully
precipitated in glass matrix, which is affirmed by the X-ray diffraction results. Compared with the par-
ent glasses, significant enhancement of upconversion luminescence is observed in the Er** /Yb3*" codoped
transparent glass-ceramics, which may be due to the variation of coordination environment around Er3*
and Yb3T ions after crystallization. The possible upconversion mechanism is also discussed.
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Oxyfluoride glasses and glass ceramics are one of the
most attractive hosts for rare earth doping, which not
only provide a low phonon energy environment for active
rare-earth ions but also possess good mechanical and
chemical stability in a material® =4, Auzel et al. firstly
reported an oxyfluoride glass ceramicl’!, and Wang et
al. successfully fabricated Er3* /Yb3* codoped transpar-
ent oxyfluoride glass ceramics(®. These glass ceramics
exhibited efficient infrared (IR) to visible upconversion
under 980-nm excitation. In order to develop highly ef-
ficient upconversion glass ceramics, the key factor is to
search for the appropriate fluoride nano-crystalline host
for rare-earth ionsl”). BayYF; was firstly prepared by
Rao et all®¥ and its structural analogy BasYCl; doped
with erbium ions exhibited highly efficient upconver-
sion luminescencel® | so it was expected that Er**-doped
BasYF7 may be a favorable upconversion material. Fur-
thermore, there are few reports on the upconversion
luminescence of rare earth ions in oxyfluoride borosili-
cate glasses ceramics!'%). In this letter, an Er3*/Yb3+
codoped oxyfluoride borosilicate glass ceramics contain-
ing Bao YF7 nanocrystals is successfully prepared and its
upconversion luminescence is investigated.

The parent glass was prepared with the composition in
molar ratio of 55S5i02-15B503-18NasO-10BaF2-5.5YF3-
0.1ErF3-0.4YbF3. The mixed materials were melted in
an alumina crucible at 1350 °C for about 40 min. Then
the glass was quenched into a preheated brass mold.
The quenched sample was annealed at 450°C for 2h
and cooled slowly to release the thermal stress associ-
ated with these glasses during the quenching process.
The differential thermal analysis (DTA) result of the
oxyfluoride borosilicate glass shows that the transition
temperature is 490 °C, and a weak crystallization peak
occurs at 690 °C. Therefore, crystallization conditions of
560, 580, 600, and 620 °C for 2 h were selected to form
transparent glass ceramics, and the samples were named
as GC560, GC580, GC600, and GC620, respectively.

X-ray diffraction (XRD) measurements were performed
in an X'TRA diffractometer with Cu-Ka radiation
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at 4-deg./min scanning rate. Transmittance spectra
were obtained with an ultraviolet/visible/near-infrared
(UV/VIS/NIR) 3150 spectrophotometer. Upconversion
luminescence spectra of Er>t ions were measured with
a Jobin-Yvon Frolog 3 fluorescence spectrophotometer
under the excitation of a 980-nm laser diode (LD). All
measurements were taken at room temperature.

The XRD patterns of Er®*/Yb3*+ codoped parent glass
and glass ceramics are shown in Fig. 1. The parent
glass is completely amorphous with no obvious diffrac-
tion peaks. After heat treatment, XRD patterns show
intense diffraction Feaks, which are easily assigned to
the BasYF7 crystal 8], With the increase of heat treat-
ment temperature, the diffraction peaks become sharper,
which indicates the increase of crystalline phase. From
the peak width of XRD pattern, the crystal size of
BasYF7 crystals in the glass matrix can be estimated
by using Scherrer’s equation: D=K\/fcos 6, where D
is the crystal size at the vertical direction of (hkl), X is
the wavelength of X-ray, € is the angle of diffraction, 3
is the corrected full-width at half-maximum (FWHM) of
the diffraction peak, and the constant K is determined
by (8 and the instrument. The calculated mean sizes of
the BagYF7 crystals are about 12, 18, 25, and 35 nm for
GC560, GC580, GC600, and GC620, respectively.

Figure 2 displays the transmittance spectra of the
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Fig. 1. XRD patterns of the parent glass and glass ceramics.
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Er3T/Yb3" codoped parent glass and glass ceramics.
Compared with the very transparent samples of par-
ent glass and GC-560, the transparency of GC-580 and
GC-600 decreases. However, the glass ceramics still re-
main high transparency, where the transmittance of glass
ceramic around 450 nm is above 70%. When the heat
treatment temperature reaches 620°C, the transmittance
of GC-620 drops rapidly and the sample becomes slightly
opaque.

The upconversion luminescence spectra of Er3* ions
sensitized by Yb3T ions under 980-nm LD excitation
(200-mW) in the parent glass and glass ceramics are
shown in Fig. 3. The emission bands can be assigned
to *Hyyjp —* I15/2 (520 nm), S35 —*I15/5(540 nm),
and 4F9/2 —4 I5/o (655 nm) transitions, respectively.
Compared with the parent glass, significant enhance-
ment of upconversion luminescence is observed in the
Er3T/Yb3* codoped transparent glass ceramics. Espe-
cially, the upconversion emission intensity at 540 nm
increases by a factor of 200 after heat treatment for
GC600. It is well known that the intensity of upconver-
sion luminescence is very sensitive to the multiphonon
relaxation rate of the rare-earth ions, which strongly
depends on the phonon energy of the ion matrix. Usu-
ally, the lower the phonon energy of host is, the smaller
the multiphonon relaxation probability is. The max-
imum phonon energy in silicate oxide glass is about
1100 cm~! and that in borate oxide glass is about 1400
cm™!, respectively. However, the maximum phonon
energy of BaF, is 346 cm~ 'Y and that of YFj3 is
533 cm 2l which are significantly lower than those
in the parent glasses. Therefore, the maximum phonon
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Fig. 2. Transmittance spectra of the Er®* /ng’Jr codoped par-
ent glass and glass ceramics.
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Fig. 3. Upconversion spectra of Er®' ions in the glass and
glass ceramics under 980-nm excitation.

energy of BagYF7 nanocrystals is much lower than that
of the parent glass. Thus, the variation of coordination
environment around Er®t and Yb3* ions after crystal-
lization may result in the significant enhancement of
upconversion luminescence intensity in the glass ceram-
ics.

In the upconversion processes, there is the following
relation between the upconversion emission intensity Ilop,
and the IR excitation intensity lex: lem & (Iex)™, where
n is the number of IR photons absorbed per visible pho-
ton emitted. Therefore, a plot of log(lem) versus log(lex)
should yield a straight line with the slope n, as shown
in Fig. 4 for the sample GC600. The slopes of 520-,
540-, and 655-nm emissions are 1.97, 1.77, and 1.86, re-
spectively. These results indicate that the green and red
emission mechanism can be described as a two-photon
mechanism.

The possible upconversion mechanism of Er?*/Yb3*
ions is proposed, as depicted in Fig. 5. Firstly,
the “Ij1 /5 level of Er** ions is directly excited with
980-nm light by means of ground state absorption
(GSA) and/or by energy transfer (ET) process from
2F5/2 level of Yb3+ 2F5/2(Yb3+) —|—4I15/2(Er3+) —
2F7/2(Yb3+) +4 111/2 (EI‘3+). Since bOth EI'3+ and
YDb3T ions are incorporated into the crystalline phase
and Yb?t has a much larger absorption cross-section
than Er3t in the 980-nm region, the ET process
is dominant for the excitation of 4Ij; s2 level.  Sec-
ondly, the excitation processes based on the long-lived
4T 2 level occur as follows: excited state absorption
(ESA), *I1/2(Er®")+ a photon —*Fy,5(Er®t); ET,
2F52(YDPT) 4101 )2 (Er®) =2 Fr o (YD?H) +4 Fy jp(Er®T)
and Tyy/9(Er®t) +4 1y o (Er®T) —  Ap5,5(Er®t) +
*F;/2(Er3t). The populated *F;/; level of Er®t jons
then decays non-radiatively to the next lower energy
states 2H11/2 and 453/2, and the latter transmit to the
ground state and produce the 520- and 540-nm green
emissions, respectively. The red emission at 655 nm
is originated from the 4F9/2 —>4115/2 transition. There
exist two main possible pumping mechanisms for the
655-nm red emission. The first possible mechanism is
that the 4S5 /2 state of Er?* ions decays non-radiatively
to the lower energy state 4Fy /2 through a multiphonon
relaxation process. In another possible mechanism, the
population of 4F9/2 is based on the processes as fol-
lows: ET from Yb3+, 2F5/2(Yb3+) +4Il3/2(EI‘3+) —
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Fig. 4. Log-log plot of upconversion emission intensity (a.u.)
as a function of excitation power (mW) for the sample GC600.
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Fig. 5. Simple energy level diagram of Er** and Yb®*" ions
and possible upconversion mechanism.

2F o (YD) 44 Fy 5 (Er®t); ET between Er*t ions,
0 +4 1110 —* L15)2 +* Fy)o; ESA, *I15,54 a photon
—>4F9/2. The 4I13/2 level is populated owing to the non-
radiative relaxation from the upper *I;; s2 level. The
populated 4F, 2 excited state transmits to the ground
state and gives the 655-nm red luminescence.

In conclusion, the novel transparent Er®*/Yb3*
codoped oxyfluoride borosilicate glass ceramics contain-
ing BasYF7 crystals have been prepared. Intense up-
conversion luminescence of Er*t was observed in the
glass ceramics. The transition mechanism of the green
and red emissions can be ascribed to a two-photon ab-
sorption process. Due to their high transparency and
strong upconversion luminescence, the novel Er®* /Yb3+
codoped oxyfluoride borosilicate glass ceramics may be a
promising candidate host matrix for the compact solid-
state short-wavelength lasers.
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