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Transparent Tm3*/Er3t/Yb3* co-doped oxyfluorogermanate glass ceramics containing BaF, nanocrystals are pre-
pared. Under excitation of a 980-nm laser diode (LD), compared with the glass before heat treatment, the Tm>*/Er3+/Yb3+
co-doped oxyfluorogermanate glass ceramics can emit intense blue, green and red up-conversion luminescence and Stark-
split peaks; X-ray diffraction (XRD) and transmission electron microscope (TEM) results show that BaF, nanocrystals
with an average diameter of 20 nm are precipitated from the glass matrix. Stark splitting of the up-conversion luminescence
peaks in the glass ceramics indicates that Tm3*, Er3* and (or) Yb>* ions are incorporated into the BaF, nanocrystals. The
up-conversion luminescence intensities of Tm3*, Er3* and the splitting degree of luminescence peaks in the glass ceramics
increase significantly with the increase of heat treat temperature and heat treat time extension. In addition, the possible
energy transfer process between rare earth ions and the up-conversion luminescence mechanism are also proposed.
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1. Introduction

The up-conversion (UC) luminescence, until now, has
been extensively investigated by using rare earth ions-doped
glasses, due to their potential applications in fields such as
solar cell, three-dimensional display, optical communication,
solid-state laser, microscopic imaging, anti-counterfeit tech-
nology, sensors, etc.[1701 As is well known, the UC efficiency
depends largely on the host material for RE ions since host
glass with low phonon energy can reduce the multiphonon
relaxation and thus achieves strong UC luminescence.!”8]
Furthermore, to meet the requirements of practical applica-
tions, the chemical stability and mechanical intensity of host
material should be high enough. Recently, RE ions-doped
oxyfluoride glass ceramics containing fluoride crystals have

[9-13] Such materials com-

attracted a great deal of attention.
bine the low phonon energy environment of fluoride crys-
tals with the high chemical and mechanical stability of oxide
glasses. In these glass ceramics, RE ions are preferentially
incorporated into crystalline phases with phonon energy be-
low 500 cm~!,[13! thus enabling the realization of strong UC
luminescence. Wang and Ohwaki!'#! confirmed that the UC

luminescence efficiency of the transparent fluoroaluminosili-
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cate glass ceramic containing YbF3 and ErF3 was about ten
times stronger than that of an equally YbF3 and ErFz-doped
fluoride glass. This high efficiency of UC was attributed to
Er’*-enriched Pb,Cd; ,F, crystallites. Meng et al.!">! have
reported on Er’*/Yb3*co-doped oxyfluoride glass and glass
ceramics. It has been confirmed that RE ions enter into the
nanoparticles using Judd—Ofelt theory and DTA analysis. Qiao
et al.""18] have substituted alkaline-earth fluorides for poi-
sonous agents such as CdF, and PbF, and have produced a
series of Er’t-doped transparent glass ceramics containing
alkaline-earth fluoride nanocrystals. The results showed that
the Er’* and Yb** co-doped glass ceramics had higher lu-
minescence efficiency than the precursor glass, too. So far,
transparent oxyfluoride glass ceramics have been developed
as ideal RE ions-doped hosts used for UC devices.

As far as oxyfluoride glass ceramics are concerned, the
oxyfluorogermanate glass ceramic is one of the most promis-
ing hosts for RE ions because of its superior mechanical and
thermal stability properties, lower phonon energy and high
transparency in a wide wavelength range. Many research re-
sults concerning such a material have been reported.!!%-23! In
addition, BaF, is an important optical raw material with high
solubilities of both sensitizer and activator RE ions and has
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been used successfully as the crystal laser host.[>*l Consid-
ering the advantages of the above two aspects, it can be ex-
pected that the RE ions-doped oxyfluorogermanate glass ce-
ramics containing BaF, nanocrystals would show excellent
photoluminescence properties. But as far as we know, there
have been few studies on the spectroscopic properties and
mechanism of RE ions-doped oxyfluorogermanate glass ce-
ramics containing BaF, nanocrystals. In this article, the trans-
parent Tm3*/Er¥*/Yb3* co-doped GeO,—AlF3—BaF,-GdF;
(GABG) glass ceramics containing BaF, nanocrystals are in-
vestigated. The formation of BaF, nanocrystals in the glass
ceramics is confirmed. The micro-morphology of nanocrystal
is observed. Intense blue, green and red UC luminescence and
Stark splitting of the Tm** and Er’* UC luminescence peaks
are observed, under the excitation of 980-nm LD. The depen-
dence of up-conversion fluorescence intensity on excitation
power in oxyfluorogermanate glass ceramics is investigated.
The UC luminescence mechanism of the Tm3* and Er** ions
in the oxyfluorogermanate glass ceramic is discussed.

2. Experiment

The glass samples were prepared with the raw mate-
rial of a purity of 99.99% and composition ratio in mol% of
60GeO,-10AIF3-25BaF;-1.93GdF3-3YbF3-0.02ErF3-0.05TmF;
by the conventional melting-quenching technique. For each
batch, about 5 g of starting materials was thoroughly mixed
in an agate mortar and then melted in a covered platinum cru-
cible at 1300 °C for 30 min in a globar furnace under an Ar
gas atmosphere. The glass melts were cast quickly into stain-
less steel plate which had been pre-heated and kept at around
280 °C. The obtained glass samples were annealed at the
glass-transition temperature determined by differential ther-
mal analysis (DTA) with the 10-K-min~! heating rate under
an air atmosphere. To obtain the glass ceramic samples, the
glasses were reheated respectively at 595, 600, 605, 610 °C
for 3 h and at 595 °C for 3,4, 5,6, 7 h.

DTA measurement was carried out in a DTG-60AH dif-
ferential thermal analyzer in a temperature range from room
temperature to 900 °C in order to confirm the glass transi-
tion temperature (1) and the crystallization peak temperature
(T). X-ray diffraction (XRD) measurements were performed
in a DSADVANCE diffractometer with Cu-K, radiation at

0.1°-min—!

scanning rate, 40-kV tube voltage and 40-mA tube
current. The micro-morphology of nanocrystals was observed
by a Philips EM420 transmission electron microscope (TEM)
with an accelerating voltage of 120 kV. The UC emission
spectra in a wavelength range from 390 nm to 760 nm were
recorded with a HITACHI F-7000 Fluorescence spectropho-
tometer under 980-nm excitation with various powers. Opti-

cal transmittance spectra were recorded in a wavelength range

from 300 nm to 2000 nm by a HITACHI U-4100 spectropho-
tometer. Specimens with the size of 4.0 mmx4.0 mmx 1.2 mm
with optically flat surfaces were used in the measurements. All
the measurements were taken beginning from room tempera-
ture.

3. Results and discussion

Figure 1 shows the DTA curve of Tm**/Er*T/Yb*T co-
doped GABG glass. As seen from this figure, the glass transi-
tion takes place at around 585 °C and an obvious crystallized
peak appears at 665 °C, centers at 677 °C and ends at 695 °C.
In addition, it is found that the glass sample becomes opaque
when it is heated over 610 °C. Therefore, to obtain transparent
glass ceramics, the heat treatment temperature is selected to be
in the range of 595 °C-610 °C.
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Fig. 1. The DTA curve of the 60GeO,-10A1,03-25BaF,-
1.93GdF3-3YbF3-0.02ErF5-0.05TmF;5 glass.

By XRD and TEM, the structures of Tm3*/Er’*/Yb>*
co-doped GABG glass ceramics were analyzed. Figure 2
shows the XRD patterns of the precursor glass and glass ce-
ramics obtained by heat treatment at 595 °C and 605 °C for
3 h, respectively. The precursor glass sample presents a broad
diffraction curve characteristic of the amorphous state, while
in the patterns of glass ceramics, four intense diffraction peaks
are clearly observed, indicating that microcrystallites are suc-
cessfully precipitated during thermal treatment. The diffrac-
tion pattern of the crystalline element is typical of a face-
centered-cubic (fcc); these diffraction peaks around 26 = 25°,
29°, 41°, and 49° can be assigned respectively to the (111),
(200), (220) and (311) planes of the BaF; cubic phase. In ad-
dition, BaF, is also confirmed to be of the crystalline phase
in our glass ceramics by energy dispersive X-ray spectroscopy
(EDS) data obtained from TEM. As seen from the figure, with
the increasing of heat treatment temperature, the diffraction
peaks intensify obviously, suggesting that the mean size and
crystalline fraction of glass ceramics are increased. An aver-
age crystal diameter is calculated from XRD patterns by using
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the Debye—Scherrer equation?*! expressed by

094 x57.3

ﬁl/QCOSO ’ (1)

Dhy =
where Dyy is the crystal radius, A is the X-ray wavelength,
Bij> is the full-width at half-maximum (FWHM) of the
diffraction peak, O is the diffraction angle, 57.3 is a factor
used to convert 8/, in degree into 1/, in radian. The ob-
tained mean crystal sizes are about 18.9 nm and 19.4 nm for
the glass ceramics prepared by heat treatment at 595 °C and
605 °C, respectively. On the other hand, the calculated values
of lattice parameter (a) 0.5968 nm and 0.6036 nm on the XRD
patterns of glass ceramics are less than the standard PDF value
0.6196 nm [PDF# 85-1341], indicating that the BaF, crys-
tal lattice shrank after crystallization of the precursor glasses.
This result could be ascribed to the incorporation of Tm3*,
Er** and (or) Yb3* ions into the precipitated BaF, crystallite
phase, because Ba>* sites could be substituted by rare earth

ions and their radius is smaller than that of BaZ* ions.[20]
i
—
—
A
= S A BaF,
N o I
A A3
A
o
O ¢
605 °C
b 595 °C
a
iy . . w glass
1 1 | 1 '} Il. l i 1
20 40 60 80 100

20/(°)

Fig. 2. XRD patterns of the Tm>+/Er>*/Yb>t co-doped GABG glass
(curve a) and glass ceramics heated at 595 °C (curve b) and 605 °C
(curve c¢) for 3 h.

The TEM image and the selected area electron diffraction
(SAED) for the glass ceramic with heat treatment at 595 °C for
3 h are presented in Fig. 3. The TEM observations reveal that
nearly spherical BaF, crystallites with a narrow particle-size
distribution are homogeneously distributed among the glassy
matrix. It has been known that such structural characteristics
are important to determine the optical property of the glass
ceramics.[?”] The average diameter of the crystals precipitated
is about 20 nm. From the SAED pattern, it follows that Laue
diffraction spots with an obvious regular hexagon property
are observed, confirming that the crystals are cubic-structured.
These results are in good agreement with XRD data.

The transmittance spectra of Tm>*/Er>*/Yb>* co-doped
GABG glass and glass ceramics heat-treated at 595 °C and
605 °C for 3 h in a spectral range from 300 nm to 2000 nm
are exhibited in Fig. 4. The absorption bands corresponding to

transitions from the ground to excited states for Tm3t, Er3t
and Yb3" ions, respectively, are indicated. Due to the influ-
ence of the band gap energy of a glass matrix, the absorption
bands at wavelengths shorter than 350 nm could not be dis-
tinguished. The glass ceramics keep the transparency of pre-
cursor glass due to the sizes of precipitated nanocrystals be-
ing much smaller than the VIS-NIR wavelength. Furthermore,
the absorbance intensity increases with the increasing of heat
treatment temperature, suggesting that the enrichment concen-
tration of rare earth ions in the grains increases. It is worth not-
ing that the absorption around 980 nm increases up to 300%
after crystallization, which is conducible to the pumping of
glass ceramic by a common high-power laser diode (LD).

Fig. 3. TEM micrograph of the Tm3*/Er**/Yb** co-doped GABG
glass ceramic heated at 595 °C for 3 h, with the inset showing the rele-
vant selected area electron diffraction pattern.
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Fig. 4. Transmittance spectra of the Tm3*+/Er3*/Yb>*+ co-doped GABG
glass and glass ceramics.

Figure 5 shows the heat treatment temperature depen-
dence of UC emission intensity in Tm3*/Er>*/Yb3* co-doped
GABG precursor glass and glass ceramics with 3-h heat treat-
ment under 980-nm excitation. It can be seen from the fig-
ure that the blue (477 nm), green (523 and 541 nm) and
red (652 nm) emissions, which are identified as originating
from 'G4 —*He (Tm"), (*Hy; 12, *S3/2) =*1;5/2 (Er*"), and
4F, 2 =45 2 (Er*") transitions, respectively, are simultane-
ously observed. Furthermore, it is found that the UC lumi-
nescence intensity of precursor glass is obviously weaker than
those of glass ceramics. The inset shows that the variations of
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541-nm and 652-nm emission intensity with the heat treatment
temperature. As can be seen in the inset, the heat treatment de-
pendence of *S; 2 —%5 2 (Er*") transition is different from
that of the “Fy /2 —%5 2 (Er’") transition. According to the
Dexter theory, the dipole—dipole energy transfer (ET) rate is
proportional to 1/R®, where R is the distance between the en-
ergy donor and the energy acceptor, suggesting that the ET rate
depends on the distance between two rare earth ions. There-
fore, the efficiency of ET UC quadratic power law depends
on Er¥t concentration. As seen from the inset, the UC emis-
sion intensity of the *Fq 2 =45 /2 transition is linearly varied
with the heat treatment temperature, whereas the emission in-
tensity of the S, /2 -5 /2 transition increases in proportion
to the square of the heat treatment temperature. This result
indicates that the mechanism for green UC luminescence can
be ascribed to the ET process and red UC luminescence may
relate to excited state absorption (ESA);®! the mechanism for
the possible ET process is discussed in Fig. 8. At the same
time, this result confirms the supposition that Tm3*, Er¥T and
Yb3* ions are incorporated into BaF, nanocrystals after crys-
tallization, which leads to the increase of local Er*t concen-

tration.
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Fig. 5. (color online) Dependences of UC luminescence on heat treat-
ment temperature for Tm3+/Er3*/Yb*t co-doped GABG glass and
glass ceramics treated at temperatures of 595, 600, 605 and 610 °C for
3 h under 980-nm excitation. The inset shows that the changes of 541-
nm and 652-nm emission intensity with heat treatment temperature.

Figure 6 shows the heat treatment time dependence of
UC emission intensity in Tm>*/Er’*/Yb*>* co-doped GABG
glass ceramics treated at 595 °C under 980-nm excitation. It is
seen from this figure that with the prolonging of heat treatment
time, the UC luminescence intensities of Tm3t and Er** ions
gradually increase. As can be seen from Figs. 5 and 6, with
the increasing of heat treatment temperature or heat treatment
time, the UC luminescence intensity increases rapidly, which
implies that heat treatment undoubtedly contributes to the UC
luminescence of Tm3*/Er**/Yb3* co-doped GABG glass ce-
ramics. In addition, it is found that the Stark-splits of UC

emission bands in glass ceramics become increasingly obvi-
ous, indicating that the enrichment concentration of rare earth
ions in the grains increases with the increase of heat treatment
time. It has been known that the UC luminescence of rare earth
ions is usually baffled by the multi-phonon relaxation, which
depends primarily on the energy gap between two successive
levels and the phonon energy of the host. Generally, the lower
the phonon energy of the host, the smaller the multi-phonon
relaxation probability is.?®?° The maximum phonon energy
of BaF, (~ 346 cm~'B%) is much lower than that of oxide
(the energy of Ge—O vibration is ~ 870 cm™'[3!l), There-
fore, the precipitation of BaF, nanocrystals in glass ceramic
and the entrance of Tm>*, Er** or (and) Yb>" into BaF; crys-
talline phase make the phonon energy decrease and the inter-
dopant distances substantially shorten, which has an important
effect on the ET rate between ions:!) the energy conversion
rate from Yb*t to Tm3*, Er3t increases and the multi-phonon
relaxation probability decreases in the glass ceramic. All of
these result in intense UC luminescence.

Intensity/arb. units

700

Fig. 6. (color online) Dependences of UC luminescence on heat treat-
ment time for Tm3*+/Er>*/Yb>* co-doped GABG glass ceramics treated
at 595 °C under 980-nm excitation.

In the frequency UC process, the UC emission intensity
Iyc increases in proportion to the n-th power of the pumping
power P, that is, Iyc o< P", where n denotes the number of
infrared (IR) photons absorbed per UC photon emitted.??! A
plot yields a straight line with slope n. Figure 7 shows log—log
plots for the 477-nm, 523-nm, 541-nm, and 652-nm emissions
in Tm3*/Er¥*/Yb3*co-doped GABG glass ceramic treated at
595 °C for 3 h. Values of 1.81, 1.78, 1.48, and 1.54 are ob-
tained for the values of n corresponding to 477-nm, 523-nm,
541-nm, and 652-nm emission bands, respectively. The 477-
nm, 523-nm, 541-nm, and 652-nm emissions bands exhibit
approximately the law of quadratic power against excitation
power, indicating that the mechanism for emissions of 477,
523,541, and 652 nm is a typical two-photon process. In other
words, two IR pump photons are needed in each of the blue,
green and red UC emission.
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Fig. 7. Double-logarithmic plots of the dependence of UC fluorescence
intensity on excitation power for Tm**/Er3*/Yb3*co-doped GABG
glass ceramic treated at 595 °C for 3 h under 980-nm LD excitation.

The Tm** and Er** UC luminescence mechanisms in
Tm3*/Er3*/Yb3* co-doped glasses, glass ceramics and UC
inverse opal have been proposed in a previous report.[>33-331
Based on the above results, the possible UC luminescence
mechanisms for the blue, green and red emissions in the
Tm3*+/Er** /YD’ * co-doped GABG glass ceramic under 980-
nm excitation are proposed, as depicted in Fig. 8. For Tm3*
ions, a three-photon process for blue UC emission of Tm3+
was reported in Tm>T/Er’*/Yb** co-doped GABG glass.D!
As far as we know, the two-photon blue UC emissions were
observed only in the Yb—Er—Tm triply doped Y,Ti,O7 UC in-
verse opal under a 980-nm excitation!*>! and the Nd-Tm co-
doped materials under a 793-nm excitation, *%37] respectively.
It is interesting that the two-photon process for Tm>* blue UC
emission is obtained in the Tm3*/Er’*/Yb** co-doped GABG
glass ceramic under a 980-nm excitation. The probable blue
excitation process for the !G4 — >Hg transition of Tm>* can
be explained as follows: first, Yb** is excited by 980-nm ra-
diation, which corresponds to the Yb3*:?F; /2= 2F; /2 tran-
sition. Subsequently, the energies of one Yb3* ion transfer
to one Tm>* ion, resulting in the Tm3>*:3Hs — 3Hs exci-
tation. The electrons in the excited state *Hs relax nonra-
diatively to the next 3F, level, then the electrons at the 3Fy4
level can be excited to the ' G4 level by ET through the route
(Er**:*Fy/y — *1j552) = (Tm**°F4 — 'Gy). The radiative
transitions from the 'Gy to *Hg could give a UC luminescence
around 477 nm. The probable green (523 nm and 541 nm) and
red (652 nm) excitation processes for the *Hy, 52— ;s /25
832 = *1ys2. and *Fg ), — *l;5, transitions of Er’*, re-
spectively, can be explained as follows: in the first step, the
Er’t 41, /2 level is directly excited with 980-nm light by
ground state absorption (GSA) and/or by ET process from the
*Fs), level of Yb*":2Fs ), (YD*) + *Lj5)0 (Br'") — 2Fy),
(Yb*") + %I}y ), (Br*"). The second step involves excitation
processes based on the long-lived *I;, /2 level as follows: ET
from Fs/, (Yo" )+*11 2 (BrY) = 2Fy0 (YD) 4+

(Er*"). The populated Er**  *F; ), level then relaxes rapidly
and nonradiatively to the next lower levels *Hy; , and *S3
resulting from the small energy gap between them. The above
processes then produce the two 2H; 12— 4115/2 and 4S3/2 —
;s /2 green emissions centered at 523 nm and 541 nm, respec-
tively. The red emission entered at 652 nm originates from the
4F, /2 = s /2 transition. The population of “Fy /2 1s based
on the processes as follows: first, as indicated above, the Er’t
Iy, /2 level is excited. Subsequently, the i /2 level is pop-
ulated, owing to the nonradiative relaxation from the upper
Iy, /2 level. The second step involves the excitation process
as follows: ESA *I;3, (Er’™) + a photon— *Fy 5 (Er*T). Fi-
nally, there is the energy release process: the Er’t:*F, /2 =
;s /2 radioactive transition takes place, giving a UC lumines-
cence around 652 nm.
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Fig. 8. Energy levels of Tm3*, Er3*, and Yb** and possible transition
pathways in Tm3*/Er>*/Yb>* co-doped GABG glass ceramics.

4. Conclusions

The Tm3*t/Er3+/Yb3+
ceramics are synthesized in the compositions of
60GeO;-10A1,03-25BaF,-1.93GdF3. XRD patterns and EDS
data reveal that the crystalline products precipitated in glass

co-doped oxyfluoride glass

ceramics are BaF, crystalline materials. The glass ceramics
present high transparency due to the sizes of the precipitated
nanocrystals being small enough. The obvious Stark-split
peaks are observed in the UC luminescence spectra of the
glass ceramics, indicating that Tm3*, Er3* and (or) Yb*>* have
been incorporated into the BaF, crystal lattices. In addition, it
is confirmed that: the heat treatment process plays an impor-
tant role in increasing the UC luminescence intensity, all of
the four emissions in this work are due to typical two-photon
processes, the mechanism for red UC luminescence can be
ascribed to the ESA process and the mechanism for green UC
luminescence may relate to the ET process. These results con-
firm that the formation of BaF, nanocrystals promotes the UC
luminescence of rare earth ions. Our study results indicate that
the transparent oxyfluorogermanate glass ceramics containing
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BaF, nanocrystals have a broad application prospect in the

optical instrument field.
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