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ABSTRACT: In situ glass crystallization is an effective
strategy to integrate lanthanide-doped upconversion nano-
crystals into amorphous glass, leading to new hybrid materials
and offering an unexploited way to study light—particle
interactions. However, the precipitation of Sc**-based nano-
crystals from glass is rarely reported and the incorporation of
lanthanide activators into the Sc**-based crystalline lattice is

nanostructured glass ceramig
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formidably difficult owing to their large radius mismatch. Herein, it is demonstrated that lanthanide dopants with smaller ionic
radii can act as nucleating agents to promote the nucleation/growth of KSc,F, nanocrystals in oxyfluoride aluminosilicate glass.
A series of structural and spectroscopic characterizations indicate that Ln-dopant-induced K/Sc/Ln/F amorphous phase
separation from glass is an essential prerequisite for the precipitation of KSc,F, and the partition of Ln dopants into the KSc,F,
lattice by substituting Sc>* ions. Importantly, modifying the Ln-to-Sc ratio in glass enables to control competitive crystallization
of KSc,F, and Ln-based (KYb,F,, KLu,F,, and KYF,) nanocrystals and produce dual-phase fluoride-embedded nanocomposites
with distinct crystal fields. Consequently, tunable multicolor upconversion luminescence can be achieved through diversified
regulatory approaches, such as adjustment of the dual-phase ratio, selective separation of Ln® dopants, and alteration of
incident pumping laser. As a proof-of-concept experiment, the application of dual-phase glass as a color converter in 980 nm

laser-driven upconverting lighting is demonstrated.
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1. INTRODUCTION

Lanthanide (Ln**)-doped upconversion (UC) luminescent
materials, enabling to convert low-energy incident laser into
high-energy photons via a multiphoton absorption process,
have been extensively explored to apply in optoelectronic
fields,"* and especially, Ln-doped UC nanocrystals (UCNCs)
have received considerable attention for their promising
applications in bioimaging, anticounterfeiting, therapy, and
display.”~"" Generally, UC efficiency and spectral profile are
highly correlated to hosts where Ln** activators reside. Among
various host materials, rare earth (RE) fluorides have been
widely employed because of their intrinsically low phonon
energy, relatively high chemical stability, and easy incorpo-
ration of Ln** dopants."*~"” For instance, hexagonal /-NaREF,
(RE =Y, Gd, Lu) doped with Er’* or Tm*, commonly
combined with Yb*" as a sensitizer, have been regarded as one
of the most efficient green or blue UC materials."*™*° To
achieve multicolor and high-efficient UC luminescence, layer-
by-layer core—shell nanostructures have been deliberately
designed to spatially separate Ln** dopants in different layers
and effectively eliminate the deleterious cross relaxations
among different Ln*> activators.”'
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In addition to optoelectronic applications of UCNCs in
nanoscale, there is a growing necessity to integrate them with a
bulk photonic platform to manipulate their excellent optical
properties and offer a previously unexploited way to investigate
light—NCs interactions in photonic devices. Glass is a desirable
bulk medium to disperse UCNC:s for its facile synthesis, high
transparency, high stability, and the ability to be shaped into
various shapes. Recently, direct incorporation of the
presynthesized UCNCs into a low-melting glass to produce a
hybrid photonic material via cosintering has been reported.””**
Unfortunately, this strategy merely enables to introduce
UCNCs with large size (several hundreds of nanometers)
into glass to avoid their decomposition by high-temperature
melting and dope low-content UCNC:s to prevent adverse light
scattering and high optical loss. As an alternative, in situ glass
crystallization has been widely adopted to integrate Ln-
containing UCNCs in glass (the so-called nanostructured
glass ceramic, NGC), which highly relies on elaborate design of
the glass network and appropriate control of nucleation/
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Figure 1. XRD patterns of the as-prepared products: (a) Yb-doped PG and NGCs obtained by heating PG at different temperatures, (b) NGCs

doped with different Yb**

concentrations. Enlarged XRD patterns of (b) show that diffraction peaks shift toward lower angles with the increase of

Yb** content. (c) Schematic illustration of the crystal structure and crystallographic data of orthorhombic KSc,F,, where the doping of Ln*" ions

will substitute Sc*

ones. (d) Lattice expansion degree for unit cell parameters (a,

b, ¢) of KSc,F, NCs versus Yb** doping content.

growth (or precipitation) of fluoride NCs from the glass
matrix.”**> In this method, a critical point is to achieve the
growth of a specific fluoride phase and more importantly
facilitate the diffusion of Ln** dopants from glass into the
precipitated crystalline lattice through heating glass above the
glass transition temperature. So far, several Ln-doped RE
fluoride UCNC (such as NaYF,)-embedded NGCs have been
fabricated and exhibited outstanding optical performance.**™**
Notably, different to the cases of wet-chemical synthesis, the
growth of core/shell UCNCs in amorphous glasses is hard
owing to the limited growth space for precipitations in glass
network interstitial sites as well as the impeding role of the
solid glass network in ionic diffusion. As an alternative,
simultaneous precipitation of multiphase nanoparticles in the
glasses may be an effective solution to enable spatial separation
of doping activators. Indeed, simultaneous crystallization of
fluoride (LaF;, YF;, and GdF;) and oxide (Ga,0;, ZnALO,)
NCs in glasses has been achieved and Ln*' dopants and
transition metal ions (Ni**, Cr’*) can be separately partitioned
into fluoride and oxide crystals, respectively.’” ™

Up to now, there is no report concerning the precipitation of
distinct dual-phase fluorides and the controlling of Ln*" dopant
distribution in glass. Generally, the precipitated fluorides in
glass should enable the incorporation of Ln** dopants, which
limits the crystallized fluorides to be rare earth fluorides (such
as LaF;, LiYbF,, NaLaF,, and KLu,F,)**"*? and alkaline earth
fluorides (such as CaF,, SrF,, and BaF,).* Unfortunately,
simultaneous crystallization of rare earth fluorides and alkaline
earth fluorides is formidably difficult in glasses. Instead, it was
usually reported that the precipitation phases were alkaline
earth and rare earth compounds such as Ba,LaF, and
SrYb,F,.” %"
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Scandium with electron configuration of
15725%2p®3s?3p®3d'4s® is located at the top of group IIIB in
the periodic table and is historically classified as an RE
element. Notably, the distinct electron configuration and small
ionic radius of Sc** relative to traditional RE ions may lead to
different UC emitting behaviors in Ln-doped scandium-based
fluorides. For example, Yb/Er-doped Na,ScF;,,, UCNCs have
been recently reported to yield much higher red-to-green UC
ratio than that in Yb/Er/f-NaYF,** Recently, we have
successfully realized the precipitation of Na;ScFs NCs from
glass.”> Unfortunately, Ln>* dopants in this glass system prefer
to self-crystallization rather than partition into the Na;ScFg
crystalline lattice,*’ probably owing to large ionic radius
mismatch (13—34%) between Sc** and Ln>" (Table S1). This
result indicates the possibility of coprecipitation of dual-phase
Sc-based and RE-based fluorides in the same glass matrix. One
of the key steps is to enable selective incorporation of specific
Ln*" dopants in these two kinds of fluoride crystals to control
dopant distribution. In this work, we report the controllable
crystallization of KSc,F, NCs from aluminosilicate glass for the
first time, where Ln** dopants (such as Er, Tm, and Yb) with
small ionic radii can selectively separate from the glass matrix
into the KSc,F, crystalline lattice. Importantly, modifying the
Ln-to-Sc ratio in glass enables to control competitive
crystallization of KSc,F;, and RE-based (KYb,F, KLu,F,
KYF,) nanocrystals and elaborately tune multicolor upconver-
sion luminescence of Ln** dopants for its distinct dual-phase
crystal-field environments. To the best of our knowledge, this
is the first report on the fabrication of Ln**-doped Sc-based
fluoride NC-contained NGCs via in situ glass crystallization
and the related UC optical properties have not been reported
to date.
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Figure 2. (a) XRD patterns of NGCs containing Ln** dopants (Ln = La—Lu). (b) Crystallized volume percentage of KSc,F, NCs versus Ln**
dopants. (c) STEM image of a typical Yb-doped NGC and the related elemental mapping of (d) Si, (e) O, (f) K, (g) Sc, (h) Yb, and (i) F.

2. EXPERIMENTAL SECTION

2.1. Fabrication of Nanostructured Glass Ceramics (NGCs).
The NGCs were prepared by high-temperature melt-quenching and
subsequent heat treatment. High-purity raw materials of about 14 g
were thoroughly mixed and melted in a covered alumina crucible
inside a muffle furnace at 1500 °C for 30 min in an air atmosphere to
produce a homogeneous melting. Then, the melt was poured into a
300 °C brass copper mold to produce precursor glass (PG). Finally,
the obtained glasses were crystallized by heat treatment at 650—850
°C for 2 h to induce fluoride crystallization in the glass matrix to
achieve NGCs.

2.2. Structural Characterizations. X-ray diffraction (XRD)
analysis was carried out to identify the precipitated phases in glass
using a powder diffractometer (MiniFlex600 RIGAKU) with Cu Ka
radiation (4 = 0.154 nm) operating at 40 kV. The crystallization
percentage was determined based on the ratio of the integrated area of
the crystalline diffraction peaks to the total XRD pattern. Fourier
transform infrared (FTIR) spectra were measured via a PerkinElmer
IR spectrometer using the KBr pellet technique. Raman spectra were
determined by a LabRam HR Raman spectrometer operated with a
532 nm laser as the excitation source. Microstructure observations of
NGCs were carried out on a JEOL JEM-2010 TEM operating at 200
kV accelerating voltage. Scanning transmission electron microscopy
(STEM) images were taken on a FEI aberration-corrected Titan
Cubed S-Twin transmission electron microscope operating in a high-
angle annular dark-field (HAADF) mode. *Si, *Sc, "°F, and Al
magic angle spinning (MAS) nuclear magnetic resonance (NMR)
spectra were performed using a Bruker Instruments ADVANCE III
HD 400.

2.3. Optical Characterizations. Photoluminescence (PL), UC
emission spectra, and time-resolved spectra were recorded on an
Edinburgh Instruments FSS spectrofluorometer equipped with 150 W
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xenon lamps, 60 W pulse xenon lamps, and a 980 nm diode laser as
the excitation sources. UC decay lifetimes were determined via
equation 7 = / I(t) dt/I,, where I(t) is the time-related luminescence
intensity and I, is the peak intensity. Temperature-dependent UC
spectra were measured on an Edinburgh Instruments FLS980
spectrofluoremeter equipped with a Linkam THMS600 temper-
ature-controlling stage. The optoelectronic parameters for the GC-
based UC solid-state lighting, including luminous flux, radiant flux,
color rendering index (CRI), correlated color temperature (CCT),
luminous efficiency (LE), energy efficiency, and Commission
Internationale de L’Eclairage (CIE) color coordinates, were measured
in a transmissive configuration by a sphere spectroradiometer system
consisting of a high-power 980 laser source (MDL-III-980-3W, CNI,
China), an integrating sphere (30 cm in diameter, Labsphere Inc.),
and a charge-coupled device spectrometer (CDS2100, Labsphere
Inc.).

3. RESULTS AND DISCUSSION

3.1. Precipitation of Single-Phase KSc,F; NCs in
Glass. An appropriate design of glass composition and
network structure is an essential prerequisite for in situ
nucleation/growth of specific fluoride NCs among glass.
Herein, Yb-doped precursor glass (PG) of SiO,—Al,O;—
K,CO;—KF—ScF;—YbF; was prepared by a melt-quenching
method. Typical amorphous humps are observed in the XRD
pattern of PG, and distinct diffraction peaks assigned to
orthorhombic KSc,F; phase (JCPDS no. 39-0784) appear after
glass crystallization at 700—800 °C for 2 h (Figure la). In
contrast, without Yb** dopants, the diffraction peaks are totally
different from those of the KSc,F, phase (Figure S1),
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Figure 3. UC emission spectra (4, = 980 nm) of Yb/Ln-doped PG and the corresponding NGC samples: (a) Ln = Er, (b) Ln = Ho, and (c) Ln =
Tm. Insets are the corresponding UC luminescence photographs of PGs and NGCs under irradiation of 980 nm laser. Temperature-dependent
(77—293 K) UC emission spectra of (d) Yb/Er-doped PG and (e) NGC. (f) Time-resolved UC spectra of PG and NGC by monitoring Er’* green

and red emission spectra.

indicating Yb3+—doping—induced nucleation/growth of KSc,F,
crystals in this glass system. To better unravel the role of Yb**
dopants, XRD patterns of a series of NGCs doped with various
Yb®" contents are shown in Figure 1b. Notably, the
precipitation of the KSc,F, phase in glass can occur only
after the Yb®>" doping content reaches a critical value (2 mol
%). In addition, the diffraction peaks gradually shift toward
lower angles with the increase of Yb*" content owing to the
substitution of Sc** ions by larger Yb** ones. There is one
scandium site, one potassium site, and three bridging fluorine
sites in the crystal structure of orthorhombic KSc,F, (Figure
1c). The edge- and corner-linked continuous chains of ScF,
pentagonal bipyramids form sheets in the ab plane, which are
further linked apically into a three-dimensional structure.**
Compared to the values without Yb** doping, the evaluated
unit cell parameters (a, b, ¢) for Yb**-doped samples indeed
indicate the lattice expansion, as shown in Figure 1d.
Therefore, it is concluded that Yb** dopants act as nucleating
agents to promote the nucleation/growth of the KSc,F, phase
in glass, which enables its partition into the KSc,F; crystalline
lattice by substituting Sc** site.

In a further experiment, the family of Ln** from La** to Lu*,
including Y**, was each introduced into glass with a doping
content of 2 mol %, as shown in Figure 2a. The Ln>* ionic
radius gradually decreases from La** (r = 1.19 A) to Lu®** (r =
1.00 A) owing to the effect of lanthanide contraction (Table
S1). Interestingly, not any crystallized phase in glass is detected
when the ionic radii of Ln** dopants (Ln = La, Ce, Pr, Nd, Sm,
Eu, Gd, Tb, and Dy) are large and the orthorhombic KSc,F;
NCs can be precipitated from the glass matrix only for specific
Ln* (Ln = Ho, Y, Er, Tm, Yb, and Lu) dopants with smaller
ionic radii. Notably, the crystallized fraction of KSc,F, NCs in
glass gradually enhances with the decrease of Ln*' radius
(Figure 2b), which means that the smaller the size of Ln*"
dopants, the easier the nucleation/growth of KSc,F, NCs in
glass. The HAADF—STEM image (Figure 2c) distinctly
discerns the contrast for KSc,F, (bright) and aluminosilicate

glass matrix (dark) due to the large difference of atomic
number between K/Sc (Z = 19/21) and Al/Si (Z = 14/13).
TEM and high-resolution TEM (HRTEM) micrographs
further indicate that KSc,F; NCs with high crystallinity and
well-resolved lattice fringes homogeneously distribute inside
the glass matrix (Figure S2). Elemental mappings show the
segregation of K, Sc, and F elements in the Si/O glass matrix
(Figure 2d—i). Importantly, the distribution of Yb element is
totally the same as that of Sc one (Figure 2gh), certainly
verifying the incorporation of Yb dopants into KSc,F, NCs.

3.2. Selective Separation of Ln3**-Emitting Centers in
KSc,F, Lattice. UC emission spectra of Yb/Ln (Ln = Er, Ho,
or Tm)-doped PGs and NGCs were recorded to unveil the
location of Ln** dopants in the nanocomposites, as shown in
Figure 3a—c. Characteristic Er** violet (*Hy/, — “I;5,,), green
(2H11/2;483/2 - 4115/2)7 and red (41:9/2 - 4I15/2)i Ho™" green
(3S,,°F4 = °I;), red (°F5 — °I,), and near-infrared (°I, — °I,);
and Tm®* ultraviolet ('D, — *Hy), blue ('G, — *Hy, 'D, —
3F,), and red (°F,,; — 3Hg) UC emission spectra are observed
for both PG and NGC samples. The related energy transfer
multiphoton UC processes are illustrated in Figure S3.
Notably, the UC intensities of NGCs are about 100 times
higher than those of PGs and obvious intensified UC
luminescence for NGCs are observed (insets of Figure 3a—
c), indicating the alteration of Ln®" ligand fields after glass
crystallization. The UC quantum vyields for the Yb/Er-, Yb/
Ho-, and Yb/Tm-doped KSc,F, NGCs are determined to be
0.39, 0.044, and 0.017%, respectively.

Taking Er*" dopants as a typical structural probe, temper-
ature-dependent Er** UC emission spectra were further
measured to trace the variation of a Er** local environment
after glass crystallization. Both green and red UC emission
spectra of Er'* show typical glasslike inhomogeneous broad-
ening for PG even after the recording temprature cools down
to 77 K (Figure 3d), and they become narrow and Stark-
splitting for NGC (Figure 3e). All of these results can be
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(h) crystallized Ln-doped KSc,F; crystal.

attributed to the incorporation of Ln** (Ln = Er, Ho, or Tm)
dopants into the KSc,F, crystalline lattice with low phonon
energy, leading to the production of crystallike UC
luminescence and reduction of nonradiative relaxation of
Ln*". Evidently, time-resolved UC spectra by monitoring Er**
*S5/2 *Fyy (Figure 3f); Ho’" °S,,°F, (Figure S4a); and Tm®"
'G, (Figure S4b) emitting states verify remarkably elongated
Er’*, Ho*, and Tm’" UC decay lifetimes after glass
crystallization.

As a comparison, no obvious change is found in photo-
luminescence (PL) spectra and decay curves of other Ln** (Ln
= Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy)-doped PG and NGC
samples (Figures S5 and S6), indicating that these Ln’*
dopants are difficult to enter in the KSc,F, lattice by
substituting Sc** ions. This is reasonable by considering the
large radius mismatch (18—33.7%, Table S1) between Ln**
(Ln = Dy—Ce, 1.05-1.19 A) and Sc** (0.89 A), being
consistent with XRD results (Figure 2a). All of these results
confirm that Ln*" dopants with smaller ionic radii (Ln = Ho, Y,
Er, Tm, Yb, Lu) can selectively separate from the glass matrix
into the KSc,F, crystalline lattice after glass crystallization
(heat treatment). Consequently, it is believed that the present
KSc,F,; NC-embedded glass is a suitable UC host since Yb
sensitizers and Ho-, Er-, and Tm-emitting centers can be well

incorporated into the low-phonon-energy KSc,F, crystalline
lattice.

3.3. Glass Network Structure and Dual-Phase
Coprecipitation. A series of structural characterizations
were carried out to get information about the glass network
structure. Fourier transform infrared (FTIR) spectra (Figure
4a) show antisymmetric stretching vibrations of Si—O—Si and
Si—O—Al bonds (1000—1200 cm™'), symmetric stretching
modes with intertetrahedral vibrations of Si—O—Si and Al—
O—Al units (~780 cm™), and bending vibrational modes of
Si—0—Si and Si—O—Al bonds (~450 cm™),* indicating that
the glass network consists of [SiO,] and [AlO,] tetrahedra.
Raman spectra of PG and NGC (Figure 4b) can be divided
into two separated regions, high-frequency vibrational bands
(400—1200 cm™") of [SiO,] and [AlO,] groups”” and two
narrow low-frequency vibrational peaks (300—400 cm™) of
orthorhombic KSc,F, NCs. Additionally, an extra Raman peak
(~720 cm™") assigned to [AlOg] octahedral vibration appears
after glass crystallization, indicating that the glass network
structure tends to be broken and overall crystallized. *’Al and
*8Si nuclear magnetic resonance (NMR) spectra for both PG
and NGC (Figure 4c,d) exhibit the same resonance bands at
51 and —103 ppm assigned to AP’* and Si*" in [AlO,] and
[SiO,], respectively, being well consistent with the results of
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FTIR and Raman spectra. Only one resonance band at 4 ppm
is detected in the 455¢ MAS—NMR spectrum of PG, while an
extra resonance band of Sc®" at 48 ppm appears for NGC
(Figure 4e), which is assigned to Sc in the KSc,F; crystal.
Three intense resonance F signals for both PG and NGC are
observed in the '"F MAS—NMR spectra (Figure 4f). The
resonance at —148 ppm is assigned to fluorine in AlI-F—K
groups, and the signal intensity significantly reduces after glass
crystallization due to the release of F~ ions from these groups
to involve in KSc,F, nucleation/growth. The detected F
resonance bands at —73 and —183 ppm in NGC are attributed
to different bridging fluorine sites in the KSc,F, crystal.** For
PG, similar F resonance signals at —57 and —179 ppm with a
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slight blue shift relative to those of NGC are observed,
indicating that K/Sc/F-rich amorphous nanodomains may
have already formed in glass.

As schematically illustrated in Figure 4g, the network
structure of the present oxyfluoride glasses consists of [SiO,]
groups interlinked with [AlO,] tetrahedra through bridging
oxygen atoms. F~ anions will substitute partial O*~ ones to
enter the glass network followed by the formation of
[AlO,_,F.] units, and K, Sc**, and Ln3* cations act as
network modifiers to balance the negative charges of either
nonbridging oxygen ions or tetrahedral structure units. In glass,
cation field strength, defined as Z/R?, where Z is the ionic
charge and R is the ionic radius) of modifiers increases along
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the series K < Ln*" and La*" < Ce** <....< Yb** < Lu** <
Sc**.* Accordingly, the detachment of modifiers from glass
network follows the order of K* > Ln*" > Sc*'. Therefore, we
propose that the K/Ln/F-rich amorphous clusters first separate
from glass during melt-quenching and then act as nucleating
centers to promote the formation of K/Sc/Ln/F nanodomains
(Figure 4g). In fact, molecular dynamics simulations have
previously predicted the presence of Na/Ln/F amorphous
segregation in the oxyfluoride aluminosilicate glasses.””"’
When the ionic radius of Ln** (Ln = Ho—Lu, Y) is small,
the nanodomain can accommodate enough Sc** ions to induce
their nucleation/growth and precipitate the K(Sc/Ln),F,
crystalline phase from glass via heat treatment (Figure 4h).
Indeed, we observed that the precipitation of orthorhombic
KYb,F, or KLu,F, from glass preceded that of orthorhombic
KSc,F; when the Ln-to-Sc (Ln = Yb, Lu) ratio in glass was
increased up to 3:4 (Figures Sa and S7a). Interestingly, with
elevation of crystallization temperature, KLn,F, (Ln = Yb, Lu)
NCs first nucleate and grow up and are gradually transformed
into KSc,F;, NCs. To verify the growth of KSc,F, at the
expense of KLn,F; a control experiment by reheating the
NGC sample (obtained via crystallization at 650 °C) to 800
°C for 2 h was performed (Figures Sb and S7b). As expected,
the nascent KLn,F, NCs are almost consumed and converted
into KSc,F, ones, indicating that Yb*" and Lu’** in KLn,F, NCs
can be gradually replaced by Sc** with the increase of heating
temperature because of their similar crystal structures (Figure
S8). HAADF—STEM micrographs and elemental mappings
verify the concurrence of Sc and Ln (Ln = Yb, Lu) signals in
both KLn,F, and KSc,F;, NCs for the dual-phase fluoride-
embedded NGCs (Figure S9 and S10). As shown in Figure
S11, characteristic Er** UC emission signals originating from
Er’* in KSc,F, NCs gradually occur, while those attributed to
Er’* in KLn,F, NCs disappear, certainly confirming the
existence of phase transformation from KLn,F, to KSc,F, via
Sc-to-Ln cation exchange in glass during heat treatment.
Interestingly, for the Sc—Y system, hexagonal KYF, NCs were
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precipitated first but will not be consumed by subsequent
growth of orthorhombic KSc,F; NCs with the increase of
crystallization temperature (Figure Sc,d), probably owing to
their distinct crystal structures (Figure S12). Evidently,
inhomogeneous distribution of Sc and Y signals is clearly
discerned in elemental mapping images (Figure Se),
confirming the coexistence of KYF, and KSc,F, particles in
the glass matrix. No obvious Sc** signal is found in the KYF,
NCs, verifying that the Sc-to-Y cation exchange in glass is hard
to happen for the different crystal structures between
hexagonal KYF, and orthorhombic KSc,F,. However, all of
the KSc,F, NCs contain Y** ions, further confirming the
necessity of Ln-dopant-induced KSc,F, crystallization.

3.4. Tuning UC Luminescence in Dual-Phase NGCs.
Benefiting from selective Ln-dopant-induced (Ln = Ho, Y, Er,
Tm, Yb, Lu) KSc,F, crystallization, it is possible to produce
dual-phase Sc-based and Ln-based fluoride NCs in glass via
competitive crystallization. Herein, Sc—Yb, Sc—Lu, and Sc—=Y
glass systems were designed and prepared with different Sc-to-
Ln ratios, as tabulated in Table S2. After heat treatment at 750
°C for 2 h, KSc,F-KYb,F,, KSc,F,-KLu,F,, and KSc,F,-KYF,
dual-phase embedded NGCs with variable crystal phase ratios
can be obtained by simply modifying Yb-to-Sc, Lu-to-Sc, and
Y-to-Sc ratios, respectively (Figure 6a—c, Table S2). With the
increase of Ln* content in glass, XRD peaks of orthorhombic
KSc,F, phase gradually shift toward low diffraction angles due
to the incorporation of more Ln®** ions into the KSc,F. lattice,
and extra diffraction peaks assigned to orthorhombic KYb,F,,
orthorhombic KLu,F,, and hexagonal KYF, phases become
intensified, attributing to the increased crystallization fraction
of Ln-based fluorides relative to that of KSc,F; one. For
comparison, Sc—Gd glass system with the Sc-to-Gd ratio of 4:3
was prepared and glass crystallization can only produce a cubic
KGd,F ), phase instead of the Sc-based and Gd-based dual-
phase (Figure S13) since Gd dopants with large ionic radii
cannot act as nucleating agents to promote KSc,F,
precipitation.
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excitation: (c) 980 nm laser and (d) 808 nm laser.

In this case, we demonstrate that UC emissive color can be
finely tuned via competitive nanocrystallization of Sc-based
and Ln-based dual-phase fluorides in glass. Taking Er’* as an
emitting activator and Yb®" as a sensitizer, the KSc,F,, KYb,F,,
KLu,F, and KYF, single-phase NC-embedded NGC samples
show remarkably distinct red-to-green (R/G) UC emission
ratios of 3.96, 5.18, 0.79, and 0.47, respectively (Figure S14). A
rapid rise in the R/G ratios for Yb/Er:KYF,, Yb/Er:KLu,F.,
and Yb/Er:KSc,F, is attributed to the difference in the ionic
radii of Y** (1.04 A), Lu** (1.00 A), and Sc** (0.89 A), which
results in a gradual decrease of Y—Y, Lu—Lu, and Sc—Sc
distances in fluoride lattices. Consequently, Er’* and Yb**
dopants in the KSc,F, lattice by substituting Sc** ions create
closer Yb—Er cation pairs than in the KLu,F, and KYF,
lattices, leading to high R/G ratio for the Yb/Er:KSc,F,
NGC. The highest R/G ratio for the Er:KYb,F, NGC is due
to 100% Yb*" content in the crystal host. The corresponding
UC emission spectra indicate an obvious enhancement of the
R/G ratio from 3.96 to 10.34 for the Sc—Yb system (Figure 6d
and S15), a remarkable decrease of the R/G ratio from 3.96 to
1.07 for the Sc—Lu system (Figures 6e and S15), and the R/G
ratio of 0.41 for the Sc—Y system (Figures 6f and S15). The
tunability of multicolor UC luminescence for the designed
dual-phase NGCs is clearly demonstrated by the change of
luminescent photographs (Figure 6g—i) and color coordinates
in the Commission International de I’Eclairage (CIE) 1931
chromaticity diagram (Figure S16, Table S3). As far as we
know, this is the first report of multicolor UC tuning via
controlling dual-phase crystallization in glass.

On the other hand, tuning UC luminescence can also be
achieved via selective separation of Ln*" in dual-phase NGCs.
As mentioned above, no obvious different change is observed
in the Eu** PL spectra for the Eu’*-doped PG and KSc,F,
NGC (Figure 7a) since Eu** ions do not incorporate into the
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KSc,F, lattice but stay in the glass matrix after crystallization.
However, Eu** emissive bands become Stark-splitting, decay
lifetime is elongated (Figure S17), and emission spectra
originating from higher °D,, excited states appear in the
KSc,F,/KYF, dual-phase NGCs. Additionally, the integrated
intensity ratio between electric dipolar D, — ’F, and
magnetic dipolar D, — ’F, transitions gradually decreases
from 1.52 to 0.85 with the increase in amount of KYF, crystals
in NGCs (Figure 7a). All of these results indicate the partition
of Eu’* into the KYF, crystalline lattice rather than the KSc,F,
lattice in the dual-phase NGCs. Consequently, Yb/Ho/Ce
tridoped KSc,F,/KYF, dual-phase NGCs (Figure S18a) were
prepared, where Yb/Ho can stay in both KSc,F, and KYF, but
Ce dopants only locate inside KYF,. As demonstrated in Figure
7b, introducing Ce®* cannot result in any change of UC color
for KSc,F, single-phase NGC but significantly modify UC
color from green to red in the dual-phase NGCs. Herein, the
obtained dual phases in glass are Yb/Ho:KSc,F, and Yb/Ho/
Ce:KYF,, in which the former produces green UC
luminescence and the latter yields red UC luminescence due
to the effective cross relaxation between Ce and Ho in KYF,
(Figure $19).*** The combination of dual-phase UC
emissions can result in a tunable green/red UC ratio with
variation of Ce doping content. Furthermore, we can achieve
incident laser (980 and 808 nm)-dependent UC luminescence
by tridoping Nd/Yb/Er in KSc,F,/KLu,F, dual-phase NGCs
(Figures S18b and 7c,d), where Yb/Er ions partition in both
KSc,F, and KLu,F,, while Nd ions selectively incorporate in
KLu,F, NCs (Figure S20). Upon 980 nm laser excitation
(corresponding to Yb*': *F,, — °F;,, absorption transition),
red UC emission is dominant, indicating that only Er** in
KSc,F; is effectively pumped. This is reasonable since Er UC
luminescence in Nd/Yb/Er:KLu,F, NCs will be significantly
quenched owing to the detrimental cross relaxation (CR)
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Figure 8. (a) UC emission spectra of Yb/Er/Tm tridoped KSc,F,/KLu,F; dual-phase NGCs. (b) Schematic illustration of the measurement
system for NIR-laser-driven UC lighting in the transmissive configuration and a dual-phase NGC-based UC lighting device under operation (driven
by NIR laser; from top to bottom, laser power density increases). Dependence of (c) luminous flux, (d) radiant flux, (e) LE, and (f) energy
efficiency of Yb/Er/Tm (8/0.2/x mol %, x = 0.0, 0.1, 0.2) tridoped NGC-based UC lighting devices on laser power density. (g) Color coordinates
and (h) CCT/CRI values versus laser power density for the constructed NIR-laser-driven UC lighting devices.

between Nd** and Er’* (Figure $21).°° Upon 808 nm laser
excitation (corresponding to Nd**: *I,,, — *F;/, absorption
transition), only Er’* in the KLu,F, host can be effectively
excited because of the incorporation of Nd** sensitizers in
KLu,F, NCs and the efficient successive energy transfer from
Nd** to Er** activators with assistance of Yb*" bridge centers
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(Figure S21). Notably, the UC emission intensity upon 808
nm laser excitation is far lower than that under 980 nm laser
excitation in the present NGCs since Nd < Er CR will
significantly depopulate Er** emitting states.”

3.5. Laser-Driven UC Lighting. Laser lighting, currently
made of blue laser and downconversion phosphors, is regarded
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as next promising illumination to replace light-emitting diode
lighting.”' However, the irradiation of high-power blue laser
will inevitably induce remarkable thermal shock and raise the
critical requirement of phosphors and device structures.
Recently, we reported that the construction of NIR laser-
driven UC solid-state lighting using robust NGCs as a color
converter enabled to lessen the thermal attack for the first
time.”” Unfortunately, a stacking structure of Yb/Tm-doped
and Yb/Er-doped NGCs is demanded to produce desirable
white light. Benefiting from the combined emission spectra
from dual-phase NCs in glass, white light UC luminescence
can be easily achieved when Yb/Er/Tm are tridoped into the
present KSc,F,/KLu,F, dual-phase NGCs. As shown in Figure
8a, almost equivalent blue, green, and red (BGR) tricolor UC
emission spectra can be obtained in Yb/Er/Tm (8/0.2/0.1 mol
%) tridoped KSc,F,/KLu,F, dual-phase NGCs with the Sc-to-
Lu ratio of 16:6 upon excitation by a 980 nm laser diode (LD).
All of these emissions bands can be assigned to Tm*"/'D, —
3F, (450 nm), Tm**/'G, — *H; (480 nm), Er**/*H,,,, —
1,5/, (525 nm), Er**/*S,,, = *I;5, (550 nm), and Er**/*F, ),
- 4115/2 (650 nm) transitions (Figure S22).

Herein, as a proof-of-concept experiment, we demonstrated
the promising application of the as-prepared dual-phase NGCs
as a color converter in NIR laser-driven UC solid-state lighting.
The optoelectronic parameters for NGC-based UC lighting
under 980 nm laser excitation were systematically evaluated in
a transmissive configuration by employing a sphere spectror-
adiometer system (Figure 8b). The constructed NIR laser-
driven UC lighting device produces bright white light, and the
brightness significantly enhances with the elevation of incident
laser power. The corresponding laser power-dependent UC
emission spectra (Figure S23) indicate the improved blue,
green, and red tricolor emission spectra. Consequently, both
luminous flux and radiant flux of the devices increase with the
elevation of laser power density (Figure 8c,d) and the maximal
luminous efficiency (LE) and energy efficiency reach about 0.5
Lm/W and 0.9% at a laser power density above 150 W/cm?,
respectively (Figure 8e,f). These optoelectronic parameters for
the Yb/Er/Tm (8/0.2/x mol %, x = 0.0S, 0.1, 0.2) tridoped
dual-phase NGC-based devices are highly dependent on Tm?*
concentration, and the optimal Tm>" doping content is 0.1 mol
%. As demonstrated in the CIE diagram (Figure 8g), the
devices produce green-yellow, white, and cyan luminescence
for the 0.05, 0.1, and 0.2 mol % Tm>' doping samples,
respectively. Generally, Tm*" blue UC luminescence is three-
('G,) and four-photon ('D,) absorption processes, while Er**
green/red emission spectra are a two-photon process.2’19
Therefore, the Tm®" UC intensity shows a more significant
increase than the Er** UC intensity with the increase of laser
power density, leading to the slight shifting of color
coordinates (Figure 8g) and the increase of correlated color
temperature (CCT) from 6900 to 8500 (Figure 8h).
Fortunately, the produced lighting from the device fabricated
by Yb/Er/Tm (8/0.2/0.1) mol % tridoped NGC falls within
the white light region and the corresponding color rendering
index (CRI) is about 70 with a gradual increase of laser power

density (Figure 8h).

4. CONCLUSIONS

In summary, this study offers a facile route to realize the
nucleation/growth of KSc,F; NCs in aluminosilicate glass
through Ln** doping. Small-size Ln*" dopants (Ln = Ho—Luy,

Y) act as nucleating agents to promote KSc,F; precipitation
from the glass matrix, enabling them easily enter the KSc,F,
host by replacing Sc** ions. Importantly, Sc-based and Ln-
based dual-phase fluoride NCs can be simultaneously crystal-
lized in glass via simply modifying the Ln-to-Sc (Ln = Yb, Lu,
Y) ratio. Selective separation of Ln** dopants in dual-phase
NGCs enables them to produce finely tunable UC colors with
a multichannel access, including changing the dual-phase
ratios, Ln3+-emitting centers, and laser excitation wavelengths.
Finally, NIR laser-driven UC solid-state lighting with an
optimal luminous efliciency of 0.5 lm/W and an energy
efficiency of 0.9% is constructed by coupling Yb/Er/Tm-doped
dual-phase NGC with 980 nm LD. This work exploits a new
way to promote the precipitation of specific crystals in the glass
matrix and provides an important advancement in exploring
innovative high-performance UC emissive glass ceramic
composites.
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