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K(Y14Yby);F1y (x=0-1) solid-solution nanocrystals embedded
glass ceramics were fabricated via glass self-crystallization.
Using Eu®* as structural probe, the partition of lanthanide
activators into K(Y,,Yb,);F;, lattice was evidenced. As a

quenching, where Ln®* dopants were demonstrated to incorporate
into crystalline lattice. As a result, tunable upconversion
luminescence can be easily realized in Er’": K(Y,..Yby);F o NCs
embedded GC by simply modifying Y**/Yb*" ratio.

10 consequence, color-tunable upconversion luminescence from

green to red was easily realized by modifying Yb*" content in

Table 1 Nominal and actual composition (mol%) of GC3

3 ! Element Nominal Actual

the Er’"-doped nano-glass-ceramics. Si 19.29 2101
Al 6.44 6.89
Currently, there is a great interest in optical materials doped K 10.61 9.02
with lanthanide (Ln*") activators for efficient frequency Y 0.96 0.87
. . .. . Lo Yb 0.96 0.83

upconversion (UC) from infrared to visible radiation. This is 0 5113 5327
because a visible source pumped by a near-infrared (NIR) laser is F 10.61 811

useful for high-capacity data storage, sensor, all-solid compact
laser, three-dimensional display, photovoltaic device as well as
biomedical image "®). It is well known that Ln** UC performance

The material was prepared with the following composition (in

mol%): 60Si0,-10A1,03-9K,0-15KF-(6-m)YF5-mYbF; (m=0, 1,

2 is closely related to the host matrices and their crystal structures. 553, 6). The 0.1 mol% Ln*"-doping was realized by adding

G

Among various host materials, transparent oxyfluoride glass
ceramics (GCs) might be an ideal choice, which combine the
favorable properties from both fluoride crystal and oxide glass
matrix, i.e., low phonon energy and high mechanical, chemical
stabilities”. Such nanostructured composite is achieved by
controlled crystallization of the precursor glass with appropriate
chemical composition, and the key factor for the efficient

appropriate amount of EuF; or ErF;. The chemicals were mixed
thoroughly and melted in a covered platinum crucible at 1600 °C
for 30 min in the ambient atmosphere. The melt was then poured
into a 300 °C pre-heated copper mold and cooled down naturally

o to room temperature to form GC through self-crystallization

(denoted as GCO, GC1, GC3 and GC6 for m=0, 1, 3 and 6
respectively). As a comparison, the specially designed amorphous

luminescence is the partition of the optically active Ln** ions into
the precipitated fluoride nanocrystals (NCs). 6YDbF; was also prepared. This glass will not crystallize during
0 So far, several studies on fluoride nanophases, such as PbF,, (s melt-quenching.
YF3, Can, NaYF4, BaYF5, LleF4, NaGdF4 and KYb2F7
embedded GCs have been reported ¥'°). In these systems, the JWWMMW
entering of the Ln*" dopants into host is mainly realized by M»Mwm
diffusion of Ln*" ions from glass matrix to the precipitated i
crystals, which are highly affected by the diffusion activation

MW h %G r:cs
energy and diffusion coefficient of Ln** in glass. At relatively B TR T L % ’55 W

\

. . . . . 26 (degree) - AN
lov;/+<:'rystalllza'1t10n temper'atl.'lre, the IOW d¥ffus10n coefﬁCIe'nt of Figure 1 (a-d) XRD patterns of self-crystallization GCs; bars represent
Ln™ in glass impedes their incorporation into crystals, while at cubic KYbsFjo crystal data (JCPDS No. 27-0462). (d) TEM image and
high crystallization temperature the rapid growth of NCs

SAED pattern of GC6 (60Si0,-10A1,05-9K,0-15KF-6YbF3); (e)
obviously degrades the transparency of GCs, which are harmful 7 HRTEM micrograph of an individual NC in GC6, inset shows the
to their optical performance. In this letter, by appropriately corresponding fast Fourier transform pattern.
designing oxyfluoride glass composition, cubic K(Y;,Yby):Fo
solid-solution NCs embedded GCs were successfully fabricated
for the first time. Different to the cases previously reported, GCs
ss were directly formed via self-crystallization during melt-

glass with the composition of 60SiO,-15A1,03-9K,0-10KF-

Intensity (a.u.)

3

&

4

S

As tabulated in Table 1, X-ray photoelectron spectroscopy (XPS)
measured actual composition of GC3 sample (in mol%), together
75 with its nominal composition (60SiO,-10A1,05-9K,0-15KF-
3YF;-3YDbF3), is provided. Noticeably, compared with the
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nominal ones, the actual contents of K, Y, Yb and F elements are
more or less reduced, which is due to the thermal evaporation of
the fluoride raw materials during high temperature melting.
Fortunately, the Y/Yb ratio keeps almost unchanged after melting.
s X-ray diffraction (XRD) pattern of GC6 (Figure la) shows
intense diffraction peaks assigned to cubic KYbsF, crystals
(JCPDS No. 27-0462). With gradual increase of Y** content into
the glass, similar XRD patterns for GC3 and GC1 and (Figure 1b-
1c) are observed. When Yb** ions are totally replaced by Y*" ones
10 in the GCO sample, pure cubic phase KY;Fy (JCPDS No. 15-
5135)*2! s detected. These results confirm the formation of
cubic K(Y,Yb,);F o (x=0-1) solid-solution NCs in the glass
matrix. The mean size of the crystals was calculated to be about
25 nm by the Scherrer formula. Transmission electron
1s microscopy (TEM) image of GC6 sample (Figure le)
demonstrates that nanoparticles sized 20-30 nm are distributed
homogeneously among the glass matrix with their selected area
electron diffraction (SAED) rings well indexed to the cubic
KYbsF,o. The detailed lattice structure of an individual NC in
20 GC6 is revealed by the high-resolution TEM (HRTEM)
micrograph shown in Figure 1f. Similar results can be found for
GCO0, GC1 and GC3 samples (no shown here).
(a) amorphous glass D SF
| — (b) self-crystallization GC o

Intensity (a.u.)
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Wavelength (nm)
Figure 2 Excitation (A»=611 nm) and emission (A,=393 nm) spectra of
25 the Eu’" doped amorphous glass (a) and GC6 sample (b); inset shows the
decay curves of the Eu** °Dj state for the glass and GC6 samples.

Room temperature excitation and emission spectra of the self-
crystallization KYbsF;y GC6 sample doped with Eu®" as

30 structural probe are presented in Figure 2. As a comparison, the
excitation/emission spectra of Eu®* doped amorphous glass with
the designed composition of 60SiO,-15A1,03-9K,0-10KF-6YbF;
were also provided. For the amorphous glass, the excitation
spectrum for the 611 nm emission of Eu**:>Dy—’F, transition
35 consists of several characteristic Eu®" excitation peaks of the
transitions from the 'F, ground state to the indexed excited states
and the broad excitation band at 238 nm corresponding to the O*-
Eu®" charge transfer (CT). Interestingly, the CT band in the glass
ceramic sample is much weaker than that of the amorphous glass.

40 The disappearance of this O*-Eu** CT band in the glass ceramics
is attributed to the incorporation of Eu*" into K(Y,,Yb,):F}o
fluoride crystal where the nearest coordination ions for Eu®* are
F not O*.The emission spectra for the glass and glass ceramic
under 393 nm excitation exhibit the bands of the transitions from
45 the excited °Dylevel to the lower 'F;levels of Eu>". The emission
bands of the glass are inhomogeneouly broadened, while those of
the glass ceramic become remarkably structured in a way similar

to the case of the Eu** doped crystal 2. The “Stark splits” of
the emission bands are more obvious in the glass ceramics than
s0 those in the glass due to the incorporation of Eu*" into crystalline
phase environment. Impressively, the luminescence originated
from the 5D1,2,3 levels appears in the glass ceramic. All these
results confirm the existence of Eu’" ions in low-phonon-energy
crystalline environment, i.e., partitioned into KY;F, lattice,
ss which is further verified by the much longer decay time of the
glass ceramic than that of the precursor glass, as shown in the
inset of Figure 2. The intensity ratio of SDy—"F, and *Dy—F,
transitions is determined by the symmetry of the crystal sites in
which Eu®* ions are located. From the emission spectra, the ratio
60 1s evaluated to be 1.76 and 0.88 for the glass and glass ceramic
respectively. The intensity of the magnetic dipolar *Dy—’F,
transition does not depend on the ligand field of Eu’", while the
electric dipolar *Dy—F, transition is known to be forbidden in
the centrosymmetric environment 124 Therefore, the decrease of
os the ratio value after self-crystallization is related to the increase in
the symmetry of the ligand field for Eu*" incorporated in KYbsF,,
host by substituting Yb*".
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70 Figure 3 UC emission spectra of Er**-doped GCs: (a) GCO0, (b) GCl, (c)
GC3 and (d) GC6; inset is the corresponding UC luminescent photograph.
(e) the dependence of red/green ratio on the Yb*" content, inset show the

impact of Yb** content on the integrated UC intensity of the sample.

(o

s UC emission spectra of the Er’’-doped GCs containing K(Y.
Yb,)3F o solid-solution NCs are presented in Figure 3a-3d.
Under 980 nm NIR laser excitation, all the spectra exhibit both
green (~545 nm) and red (~650 nm) emission bands originated
from 2H11/2, 4S3/2—>4115/2 and 4F9/2—>4115/2 transitions of EI‘34r
so respectively. Impressively, the red to green emission ratio
enhances gradually with increase of Yb®* content in the solid-
solution NCs (Figure 3e), resulting in the color tunable
luminescence from green to yellow and finally to red in the
present GC samples. In addition, it is found the integrated UC
ss emission intensity gradually enhances with increase of Yb**
content from 0 to 1 mol%, and then monotonously decreases
when further increasing Yb®" content, as revealed in the inset of
Figure 3e. The intensity of Er’* doped GC1 with the optimal Yb**
content (1 mol%) is about 450 times higher than that of GCO
9 sample without the adding of Yb*". The dependence of the UC
emission intensities on the pump power is presented in Figure 4a-
4d by the log-log plots. The slopes of the linear fitting are close to
2 for both the Er3+: 2H11/2, 4S3/2—>4115/2 and 4F9/2—>4115/2 transitions
in all the four samples, indicating that two pumping photons are
os required to populate the 2H,10,%S3, and *Fo), emitting states,
respectively.
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Figure 4 Log-log plots UC intensity versus NIR excitation power for
21“111/2, 4S3/2—>4115/2 and 4F9/2—>4115/2 transitions of EI}‘ in GCs: (a) GCO, (b)
GCl, (c) GC3 and (d) GC6; (e) energy level diagrams of Er'” and Yb*',
showing possible UC mechanisms in the present samples.

Based on the energy-level diagrams of Er’* and Yb*', the
color-tunable UC mechanisms in the present glass ceramics are
proposed, as illustrated in Figure 4e. For GCO sample without the
addition of Yb*', the electrons in the Er'": *I;s, state are
promoted to *I;;, one through ground state absorption (GSA,
process 1) under 980 nm laser excitation, then further to F.,, via
excited state absorption or energy transfer UC (ESA/ETU,
process 2) 251 Afterwards, the *Ss/*Hyi,, and *Fo, states are
populated by multi-phonon relaxation from “F5, one, from which
green and red photons yield respectively. Since the energy gap
between *S;,/*H,, and *Fo), is larger than that between *F,, and
4S3,/*H, 12, non-radiative relaxation probability from *Ss,/*H,,
to *Fyy, is lower than that from *F;5, to *Ss,/*H, 2, resulting in the
dominant green luminescence in GCO sample. For samples with
the introduction of Yb**, once the sensitizers (Yb** ions) are
populated through ground state absorption (GSA) under NIR
excitation, the successive two-step energy transfers (ETs) from
Yb*" to Er*" will populate *I,;,, and *F, intermediate states of
Er** (process 3 and process 4). Since the segregation of Ln*" ions
in the NCs remarkably decreases the Yb*'-Er’* and Er*'-Er**
distances, energy transfers from Yb*" to Er’" is highly efficient,
which results in great population of Er*" “1,,, and “F;, states.
Subsequently, cross-relaxation (CR) of *F;, + ‘T, — *Fop +
“Fo), between Er’* ions (process 5) 2% as depicted in Figure 4e,
becomes significant and dominant for realizing the population of
Er**: *Fy), excited state from which red emission yields. In this
case, the more addition of Yb*" ions in the host, the more
efficiency of CR process, which will help to concentrate more
and more NIR excitation photons in the Er’": *Fy, state and result
in gradual increase of red/green UC emission ratio. Notably, the
gradual decrease of UC emission intensity with high Yb®" content
in the samples should be due to the depletion of excitation energy
in UC NCs via long-distance energy migration that takes
excitation energy to lattice or surface defects by non-radiative
relaxation (process 6).

Conclusions

In summary, the Eu®>" and Er*" doped transparent GCs containing
cubic K(Y,Yb,)sF;y solid-solution NCs were successfully
prepared. Different to the cases previously reported, GCs were
already formed via self-crystallization during melt-quenching.
The obviously Stark splitting emission, the low forced electric
dipole *Dy—’F, transition, and the long decay lifetime of Eu**
evidenced the segregation of lanthanide activators into K(Y.
Yb,);Fo. For the Er*" doped GCs, multi-colors such as green,
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yellow and red UC emissions were achieved by modifying Yb**
content in the Er3+-d0ped K(Y1Yb,);Fp NCs embedded GCs
under 980 nm laser excitation, ascribing to the low phonon
energy environment of lanthanide activators enriched in NCs and
the efficient Yb**-Er*" and Er**-Er*" inter-ionic interactions.
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