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Modulation of activator distribution by phase-
separation of glass for efficient and tunable
upconversion luminescence

Yi Long, Jianfeng Li, Zaijin Fang @ * and Bai-Ou Guan*

Amorphous glass is a significant luminescence matrix for various applications, such as fiber lasers, lighting
and 3D data storage. However, the efficiency of luminescence, especially upconversion (UC) luminescence,
in glass is usually low. The UC emission of transition metal ions is hardly observed in amorphous glass. Here,
a strategy is proposed to modulate the distribution of activators based on phase-separated glass for
achieving high-efficiency UC luminescence. It is demonstrated that high-efficiency UC luminescence of
Yb3*—Yb®* pairs and Mn?*-Yb®* dimers are observed in the amorphous glass due to the excellent
confinement of phase-separated networks to activators. The UC emission intensity of the phase-
separated glass is even higher than that of all-fluoride glass. Furthermore, KZnFz and KYbzF; crystals are
controllably precipitated from the glass matrix regulated by phase-separated networks. This perfectly
confines activators in crystal environments, greatly enhances the UC luminescence and controllably
tailors the luminescence color. This glass possesses large potential for promising application in tunable
fiber lasers, multicolor displays and multiphoton excitation-based 3D optical data storage. Most
importantly, the modulation strategy based on phase-separated networks paves a new way for
manufacturing a wide range of optical gain materials featuring efficient and wavelength-tunable

rsc.li/rsc-advances luminescence.

Introduction

Luminescent materials are of fundamental importance for
various applications, such as lasers, lighting, optical commu-
nication, optical data storage, and spectroscopy.' In the past
decades, activator-doped luminescent materials have garnered
increasing interest due to their multiple emission wavelengths
and high luminescence efficiency.*® In this case, the lumines-
cent properties of activators deeply depend on the surrounding
coordination environments of the material matrix.*” Amor-
phous glass is a significant matrix for luminescence in wide
wavelength ranges.® The open structure of glass allows high
doping concentration of activators and the amorphous feature
of glass offers high optical transmittance. More importantly, the
easy technique and gradual softening property of glass provide
significant opportunities for the fabrication of bulk samples
and profiled optical devices (e.g., cambered lens or optical
fibers, etc.) those are not available by crystal materials. Addi-
tionally, the nanocrystals can also be controllably precipitated
in glass matrix due to the thermodynamically metastable
features, which further diversifies the functions of glass mate-
rials.® These features make activator doped glass an appealing
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matrix for optical applications in fiber lasers, lighting and 3D
data storages, etc.'*> However, the luminescence efficiency of
rare earth ions in glass matrix is usually lower as compared to
crystal material. Especially, the upconversion (UC) lumines-
cence efficiency in glass matrix is generally low due to the high
probability of non-radiative transition of the intermediate levels
caused by the high phonon energy. Moreover, the UC lumi-
nescence of transition metal ions can hardly be observed in
glass at room temperature. The bottleneck in UC efficiency of
glass has greatly hindered the developments of optical devices,
for example, the maximum output power of fiber lasers based
on UC luminescence is below 3.0 W up to now due to the low
luminescence efficiency.*

Previously, the traditional strategy for achieving high-
efficiency UC luminescence is to incorporate the activators
into glass networks featuring extremely low phonon energy, for
example, fluoride, chalcogenide and halide glass networks,
etc."*® However, the requirements for high luminescence effi-
ciency and excellent stability against crystallization of glasses
are always contradictory. The poor stabilities of the glasses with
low phonon energy have limited their applications in high-
power laser systems. Actually, UC luminescence is a two or
multi-photon process. The UC luminescence efficiency is gov-
erned by the ionic distance of activators.” The formation of ion
pairs or dimers is possible to dramatically enhance the UC
luminescence.'®* Accordingly, the distribution of activators in
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glass network is a vital factor for modulating the UC
luminescence.

Here, a novel strategy based on phase-separated network was
proposed to modulate the distribution of active ions for greatly
enhancing UC luminescence efficiency in glass. The rare earth
ions as well as transition metal ions are both expected to be
confined in the fluorine-rich networks featuring low phonon
energy. The distributions of active ions are modulated by the
separated fluoride networks and thus regulate the UC lumi-
nescence of glass. Moreover, the phase-separated glass
possesses large potential for the precipitation of functional
crystals, which further enhances and tunes the UC lumines-
cence of activators. As a proof of concept, Yb>" and Mn>* ions
are selected as activators to demonstrate the enhancements of
UC luminescence for rare earth and transition metal ions in
glass. The photoluminescence properties in combination of
glass structures are carefully investigated to prove the confine-
ment effect of the glass networks to activators, the controllable
precipitation of functional crystals in glass and the advantages
of this new strategy as an effective means to enhance the UC
luminescence of glass for achieving efficient and tunable
emissions.

Experimental

In this work, the prepared glasses (PGs) with nominal compo-
sition of x Si0,-(100 — x)/2 ZnF,-(100 — x)/2 KF (x = 50, 60 and
70%) were chose as host glasses because these are representa-
tive and stable candidates for phase-separated network struc-
tures.”® These samples will be referred to as 50Si-PG, 60Si-PG
and 70Si-PG glass, respectively. For Mn®>" and Yb*' ions
doping, MnF, and YbF; were selected as dopant source, the
corresponding concentration was set from 0.1 to 0.5 and
0.3 mol%, respectively. All the glasses were fabricated by using
a melt-quenching technique. A 30 g reagent grade stoichio-
metric mixture of SiO, (99.99%), ZnF, (99.99%), KF (99.99%),
YDbF; (99.9999%) and MnF, (99.99%) was mixed thoroughly and
melted in a platinum-rhodium crucible in high temperature
ranging from 1400 to 1550 °C. The glass melts were poured onto
a cold brass mould and pressed with another brass plate to
moulding glass samples. For obtaining glass ceramic (GC)
samples, the PGs were heat treated at 540 °C according to the
differential scanning calorimeter (DSC) results in our previous
work.”* The all-fluoride, silicate, germanate, tellurite glasses
and GC containing NaYF, crystals are also prepared according
to the previous literatures.”*¢

The amorphous state and crystal phases in the glasses were
identified by X-ray diffraction (XRD) on a D8 advance X-ray
diffractometer (Bruker, Switzerland) with Cu/Ka (A = 0.1541
nm) radiation. The emission spectra were measured by using an
Edinburgh FLS980 fluorescence spectrometer (Edinburgh
Instruments, UK). A 450 W xenon lamp was used as the exci-
tation sources. The upconversion (UC) emission spectra and
lifetime curves of glasses were recorded using the same spec-
trometer. Semiconductor lasers diode (LD), operating at
980 nm, were used as the excitation sources for UC spectra. All
the measurements were performed at room temperature.
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Results and discussion

For demonstrating the efficient UC luminescence in glass
networks, the emission spectra of 0.3Yb*>" doped PGs were
measured and shown in Fig. 1. Excited by using a 980 nm laser
diode, blue emission peaks around 480 nm are all observed in
the spectra of 0.3Yb>" doped PGs as shown in Fig. 1(a). The
double-logarithmic plots of the excitation power dependency on
the 480 nm emission intensities, presented in Fig. 1(b), reveal
that the blue emissions around 480 nm in these glasses are all
two-photon processes and attributed to the UC luminescence of
Yb**-Yb** pairs.?” Moreover, it is also found from Fig. 1(a) that
the UC emission intensity of 70Si-PG is about 10 times higher
than that of 50Si-PG and the UC emission intensity of Yb**-Yb*"
pairs in PG increases dramatically when the concentration of
SiO, is increased from 50 to 70%. These results indicate that the
reasonable increase of SiO, in the glass networks is beneficial
for the UC luminescence of Yb*>*~Yb®" pairs. By comparison to
silicate glass, the 0.3Yb*>* doped 70Si-PG possesses much higher
UC emission intensity as shown in Fig. 1(c) due to the intro-
duction of fluoride components in glass networks. Tradition-
ally, all-fluoride glass (ZrF,-BaF,-LaF;-AlF;-NaF) is a desired
candidate for efficient UC luminescence due to the extremely
low phonon energy.>® However, the UC emission intensity of the
0.3Yb*" doped all-fluoride glass is also much lower than that of
70Si-PG as shown in Fig. 1(c). Moreover, it is also found from
Fig. 1(c) that the UC emission intensity of the amorphous 70Si-
PG is even higher than that of 0.3Yb*" doped GC containing
NaYF, crystals, which is a common candidate for high-efficiency
UC luminescence.”® The amorphous state of the 70Si-PG and the
crystalline phase of the GC are proved by Fig. 1(d). Despite the
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Fig. 1 (a) UC emission spectra of 0.3Yb>* doped PGs containing
different concentrations of SiO,. (b) Double-logarithmic plots of the
excitation power dependency on the 480 nm emission intensity of
0.3Yb>* doped PGs. (c) UC emission spectra of 0.3Yb>* doped 70Si-PG
and other common glasses and GC. (d) XRD patterns of 0.3Yb** doped
70Si-PG and GC containing NaYF4 crystals.
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0.3Yb>" is not the optimal doping level for the all glasses, the
much more intense UC emission of 0.3Yb>" doped 70Si-PG
proves it is an excellent amorphous matrix for high-efficiency
UC luminescence of Yb*'-Yb** pairs.

Similarly, excited by using a 980 nm laser diode, yellow
broadband emissions centered at 580 nm are all observed in the
three spectra of 0.3Mn”>"-0.3Yb*" codoped PGs as shown in
Fig. 2(a). All these emissions are proved to a two-photon process
(Fig. 2(b)), indicating that the broadband emissions are attrib-
uted to the UC luminescence of Mn>"~Yb®* pairs as similar to
the previous investigation.”® In the previous investigations, the
UC emissions of Mn**-Yb*" pairs were usually observed in
halide crystals at low temperature due to the low probabilities of
non-radiative transitions. For some specific crystals, such as
MgGa,0,, Ca0 and GAMgB;04,,2*-** the UC emissions of Mn**~
Yb** pairs were observed at room temperature when the acti-
vators were confined in crystal environments with short ionic
distances. To the best of our knowledge, there is no report about
the UC luminescence of Mn**-Yb*" pairs in amorphous glass
matrix. As shown in Fig. 2(c), no obvious emission band is
observed in the spectra of the traditional glasses, such as sili-
cate, germanate, fluorosilicate and tellurite glasses. Despite the
all-fluoride glass possesses low phonon energy, the UC emission
band of Mn>*~Yb?*" pairs is also not observed in the spectrum as
presented in Fig. 2(c). These results indicate that the UC lumi-
nescence of Mn>*-Yb*" pairs is not only governed by the phonon
energy of matrix. The XRD pattern, shown in Fig. 2(d), reveals
that no crystal has precipitated in the Mn**~Yb>" coped PG. The
PGs pave a new way for manufacturing amorphous optical
materials featuring broadband UC luminescence and provide
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Fig. 2 (a) UC emission spectra of 0.3Yb>*-0.3Mn?* codoped PGs
containing different concentrations of SiO,. (b) Double-logarithmic
plots of the excitation power dependency on the 580 nm emission
intensity of 0.3Mn?*—0.3Yb>" doped glasses. (c) UC emission spectra
of 0.3Yb**~0.3Mn?* codoped 70Si-PG and other common glasses. (d)
XRD pattern of 0.3Yb>"—0.3Mn?* codoped 70Si-PG.
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opportunities for the promising application in multicolor
lighting and tunable fiber lasers.

It is also found from Fig. 2(a) that the UC emission intensity
of Mn**-Yb*" pairs increases monotonously when the concen-
tration of SiO, in glass is reasonably increased from 50% to
70%. This result implies that the incorporation of SiO, into the
glass networks is beneficial for the broadband UC luminescence
of Mn**-Yb®" pairs. Generally, the incorporation of SiO, into
glass fastens the framework but weakens the UC emission due
to the high phonon energy of Si-O bonds. However, in this
work, the 70Si-PG possesses strong framework as well as the
most efficient UC luminescence of Yb**-Yb** and Mn**-Yb**
pairs, which provides a powerful solution to conquer the
conventional contradiction between stability and luminescence
efficiency in glass. Therefore, the network structures as well as
the UC emission efficiency of the PGs can be simultaneously
regulated by the concentration of SiO,.

As proved by our previous work,” the ternary glasses with
composition of x Si0,-(100 — x)/2 ZnF,-(100 — x)/2 KF (x = 50, 60
and 70 mol%) were excellent matrices for phase-separated
network structures. It was proved that the glass structures
were separated to silicon-rich and fluorine-rich phases at
nanoscale. The glass networks experienced from an inter-
penetrating phase-separation to droplet phase-separation
networks when the concentration of SiO, increased from 50 to
70 mol%. The silicon-rich regions were mainly filled with Si and
O elements and the glass framework was constructed by [SiO,]
units. While F as well as Zn elements distributed in the fluorine-
rich regions and constructed the separated fluoride networks.
According to ligand field theory, the Si-O networks are orga-
nized by [SiO,] units with strong and compact structure,* which
is difficult for the accommodation of activators possessing large
ionic radius. Whereas, the F~ ions are likely aggregated around
alkaline earth ions to maintain electrical neutrality and orga-
nize loose networks with 6 or more coordinated units.*
Therefore, the fluorine-rich networks are more suitable for the
accommodation of Yb*" and Mn>" ions and the activators in the
PGs prefer to distribute in the separated fluoride networks.
Comparing to interpenetrating phase-separation network,
droplet phase-separation network exhibits more compact
structure. The activators of 70Si-PG are confined in the sepa-
rated and more compact fluoride networks, which possess
extremely low phonon energy and are beneficial for the forma-
tion of ion pairs and thus greatly enhances the UC
luminescence.

The fluoride and other common glasses usually contain
network dispersant ions (La*" or Al’**) in compositions, exhib-
iting open and homogeneous network structures.*® These
glasses possess low confinement effects to activators when the
active ions are evenly distributed in the networks. This makes
against the formation of ion pair and leads to the low UC
luminescence efficiency. Yb®" can be confined in the crystal
environments in the GC via the precipitation of NaYF, crystals.
Nevertheless, a part of activators can incorporate into the crystal
environments but a large number of active ions remain in the
open glass phase due to the mismatch between Yb** and the
substituted ion (Y**) in the GC. The confinement ability of the
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NaYF, GC to activators is weaker than that of the phase-
separated glass networks. As a result, the UC luminescence in
NaYF, GC is still weaker than that in the phase-separated glass.
Accordingly, we conclude that the excellent confinement of the
phase-separated networks to activators in compact and low
phonon energy environments are responsible for the most
efficient UC luminescence of Yb**-Yb** as well as Mn**-Yb**
pairs in the 70Si-GCs.

Previously, there have two explanations for the mechanism
of the UC luminescence of Mn*'-Yb*" pairs. One is energy
transfer UC mechanism. Firstly, the UC process of Yb**-Yb**
pairs emits blue light. Then, the blue light is absorbed by Mn**
ions and the energy is transferred to broadband emission
around 580 nm.* The luminescence center of the energy
transfer UC process is Mn** ions. The other mechanism is based
on the novel luminescence centers of Mn**-Yb** dimers.* In
some specific matrices, Mn*>*-Yb*" dimer is formed when the
ionic distance is short (~10 A). As shown in Fig. 3(f), the ground,
intermediate and excited energy levels of Mn>*-Yb** dimer are
presented by |*Fy/5, ®Ag (S)), |*Fs/2, ®Asg (S)) and |*Fy5, *Tig (G)),
respectively. The ground state absorption of 980 nm laser
contributes to the photon pumping to the intermediate level.
The further excited state absorption of 980 nm photons fol-
lowed by the non-radiative transition pump the electrons to the
excited state. The transition of |*F,, *T14 (G)) = [*Fy5, *Asg (S))
leads to the broadband UC emission around 580 nm.

For illuminating the detailed mechanism of the UC process
in these glasses, the luminescent properties of Mn**-Yb**
codoped PGs are carefully investigated. Since the main UC
emission peak of Yb*'-Yb®" pairs is located at 480 nm, the
emission spectra of Mn>" in the PGs were measured under the
excitation of 480 nm light to compare with the UC emission
spectra excited by a 980 nm laser diode. As shown in Fig. 3(a),
excited by 480 nm light, the broadband emissions of Mn>" ions
centered at 610 nm are observed in the spectra of PGs, which are
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Fig. 3 (a) Emission spectra of 0.3Yb®>*~0.3Mn?* codoped PGs excited
by 480 nm light. Emission decay curves of 0.3Yb>*-0.3Mn?* codoped
PGs excited by (b) 480 nm light and (c) 980 nm laser diode. Emission
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different from the UC emission spectra presented in Fig. 2(a).
Moreover, the lifetime monitored at 610 nm emission and
excited by 480 nm light, shown in Fig. 3(b), is 8.7, 6.9 and 6.3 ms
in 50, 60 and 70Si-PGs, respectively. Whereas, the lifetime
monitored at 580 nm emission and excited by 980 nm laser, as
shown in Fig. 3(c), is 1.1, 1.2 and 1.6 ms in 50, 60 and 70Si-PGs,
respectively. The emission lifetime of Mn>" is much longer than
that of Mn*>*~Yb>" pairs indicates that the UC emissions around
580 nm in PGs are not excited by 480 nm light transferred from
Yb**-Yb?" pairs. Furthermore, the emission intensity increases
monotonously when Mn>" concentration is increased from 0.1
to 0.5% excited by 480 nm light as presented in Fig. 3(d).
However, the UC emission intensity, shown in Fig. 3(e),
increases first and reaches a maximum at 0.3% Mn?', then
decreases when the concentration of Mn>" is further increased
to 0.5%. This difference in emission intensity dependency on
the Mn>" concentration also indicates that the luminescence
centers of the UC emission and the Stokes emission excited by
480 nm light are different. The broadband UC luminesce
around 580 nm in the PGs is not an energy transfer UC process
but attributed to the UC luminescence of Mn**~Yb** dimers as
demonstrated in Fig. 3(f).

Furthermore, the UC luminescent properties of the 0.3Mn>"-
0.3Yb>" codoped GCs based on the phase-separated glasses
were measured and shown in Fig. 4(a)-(d). The UC emission of
Yb**-Yb*" pairs is not observed in the spectra of Mn>**-Yb**
codoped PGs. However, the UC emissions of Yb**-Yb*" pairs
around 480 nm are observed in the spectra of GCs. The slight
emission peaks of Yb**~Yb®" pairs are observed in the spectra of
0.3Mn*"-0.3Yb*>" codoped 50Si-GCs as shown in Fig. 4(a).
Whereas, the emission of Mn*'-Yb*" dimers around 580 nm in
50Si samples enhances greatly by the heat treatments and the
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intensity at 580 nm increases about 30 times when the sample
was heat treated at 540 °C for 10 hours. Moreover, as shown in
Fig. 4(b), the lifetime of the UC emission of Mn**-Yb** dimers
in 50Si GCs increases from 1.1 to 10.2 and 15.6 ms when the
glass was heat treated for 5 and 10 h, respectively. For 60Si-GCs,
the UC emission of Yb*"-Yb®" pairs are observed obviously and
the emission intensities at 480 nm are much higher as
compared to PG. Meanwhile, the UC emission intensity of
Mn?*"-Yb** dimers increases first under the heat treatment for 5
hours, then the emission at 580 nm decreases as the heat
treatment time prolongs to 10 hours (Fig. 4(c)). For 70Si
samples, the emission intensity at 580 nm decreases while the
emission intensity at 480 nm increases monotonously by the
heat treatments at 540 °C (Fig. 4(d)). The emission color of 70Si
sample turns from yellow to white and blue after the heat
treatments as shown in the inset of Fig. 4(d). These results
indicate that the UC emission intensities are enhanced and the
luminescence colors of the samples are tunable via the heat
treatments.

For revealing the enhanced and tunable mechanisms of the
UC luminescence, the XRD patterns of 0.3Mn>*"-0.3Yb** codo-
ped GCs heat treated at 540 °C for 10 hours are shown in Fig. 5.
It is found that the diffraction peaks at 31.1, 44.7, 55.5 and 64.8°
are observed in the XRD patterns, which match well with the
JCPDS cards of KZnF; crystal (no. 89-4110), suggesting that
KZnF; crystal has precipitated in GC samples under the heat
treatment. Moreover, the diffraction peaks of KYb3F;, crystals
(no. 74-2204) at 27.1, 31.4, 44.9 and 53.1° are also observed in
the XRD patterns, proving the precipitation of KYb;F;, crystals
in GCs. Interestingly, it is also found from the XRD patterns that
KZnF; crystals prefer to precipitate in low-silicon glass,
whereas, more KYb;F;, crystals are precipitated in high-silicon
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Fig.5 XRD patterns of 0.3Yb*"—0.3Mn>" codoped GCs heat treated at

540 °C for 10 h and standard JCPDF cards of no. 89-4110 KZnFz and
74-2204 KYbsFyg crystals.
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glass. Thus, the crystallization of the glass is regulated by the
SiO, concentration. According to the molecular dynamics
simulations reported in our previous work,*” the PGs exhibit
different phase-separated structures. For low-silicon sample,
more ZnF, and KF are introduced into glass and distributed in
the fluorine-rich regions, which leads to the low viscosity of
local networks and low crystallization barrier for KZnF; crystals.
More KZnF; crystals are precipitated in the 50Si-GC. For high-
silicon sample, the glass networks exhibit high viscosity,
KZnF; crystals are more difficult to precipitate. Yb®*, possessing
large ionic radius and large potential, is a nucleating agent and
center for crystallization. In the 70Si-PG, Yb*" ions are confined
in separated fluoride networks with more compact structures
and the ionic distance of Yb®" ions is shorter as compared to
50Si-PG. As a result, KYb;F,, crystals are easier to precipitate
around Yb*" in 70Si-PG due to the induced effect of nucleating
agent under the heat treatments. Accordingly, the crystalliza-
tions of PGs are really regulated by the phase-separated glass
networks.

KZnF; crystal belongs to a typical cubic perovskite structure
with a Pm3m space group. This structure consists of a corner-
sharing ZnF, octahedral 3D network, in which the Zn>" ions
are located at the center of the octahedron.* Mn** exhibits high
octahedral site preference energy, similar ionic radius (R: Zn>*
= 0.074 nm, R: Mn”>* = 0.067 nm) and the same valence to Zn>",
it will be likely to enter KZnF; crystals by substitution for Zn>".
Besides, a small number of Yb®" can enter the structure of
KZnF; crystals by the substitution of K" as reported by E. Song.*
The enhancements of UC emission intensity and lifetime of
Mn**-Yb** dimers in 50Si-GCs (Fig. 4(a) and (b)) are ascribed to
the incorporation of Mn** and Yb*' into a large number of
KZnF; crystals featuring lower phonon energy.

For the 60Si-GCs, a certain amount of KZnF; and KYb;F;q
crystals are both precipitated in the glass under the heat treat-
ment for 5 hour. The UC emission around 480 nm is enhanced
as compared to PG when Yb*" ions are confined in KYb,F,
crystals and Yb**-Yb** pairs are formed in crystal structures.
The UC emission around 580 nm is also enhanced because of
the incorporation of activators into KZnF; crystals. By the
further heat treatment to 10 hours, more KYb;F,, crystals are
precipitated from the glass matrix, more Yb®" ions enter
KYb;Fy, crystals and deviate from Mn** ions, leading to the
further formation of Yb**-Yb®* pairs and the dissolution of
Mn?'-Yb*" dimers. As a result, the UC emission of Yb*'-Yb**
pairs around 480 nm is further enhanced while the emission of
Mn**-Yb*" dimers around 580 nm is weakened. For the 70Si-
GCs, a small number of KZnF; crystals but a large number of
KYb;F;, crystals are precipitated from glass matrix, leading to
the dramatically decrease of Mn>*-Yb®" emission but the
monotonously increase of Yb**~Yb®" emission under the heat
treatments. Therefore, the crystallization governed by the
phase-separated networks in the glasses controllably regulates
the distribution of activators and tunes the UC luminescence
color of sample in wide wavelength ranges. The tunable UC
luminescence in GCs depended on the selective confinement of
activator in different crystals provides promising development
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for the application in 3D optical data storage and 3D laser
display.

Conclusions

In this work, phase-separated glasses were designed to regulate
the distribution of activators and modulate the UC lumines-
cence. It was shown that the UC luminescence intensity of Yb**-
Yb*" pairs in the phase-separated glass was much higher than in
all-fluoride glass and even higher than in GC containing NaYF,
crystals. Moreover, efficient broadband UC luminescence of
Mn>*-Yb** dimers was also observed in the amorphous glass at
room temperature, which was not achieved in other common
glasses. Furthermore, KZnF; and KYb;F;, nanocrystals were
controllably precipitated from the glass and regulated by the
phase-separated networks. Yb** and Mn>" ions were proved to
be selectively confined in different crystals in the glass and thus
the UC luminescence color was tuned from yellow to white and
blue. This glass provides significant opportunities for the
confinement of activators in compact and low phonon energy
environments, which are beneficial for the formation of ion
pairs or dimers and thus for achieving high-efficiency UC
luminescence of rare earth ions as well as transition metal ions.
The strategy based on the phase-separated glass networks paves
a new way to fabricate optical gain materials for the applications
in UC fiber lasers, multicolor lighting and fine optical infor-
mation storages.
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