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ABSTRACT: Yb**/Er**/Cr** triply doped transparent bulk glass ceramic H“ . X_ .
containing orthorhombic YF; and cubic Ga,0; nanocrystals was fabricated 53/2 4W E /“TZ
by a melt-quenching route to explore its possible application in optical . I A
thermometry with high spatial and temperature resolution. It was y o2
experimentally observed that Yb**/Er’* ions incorporated into the
precipitated YF; nanophase, while Cr’* ions partitioned into the %5
crystallized Ga,O; nanophase after glass crystallization. Importantly, such
spatial isolation strategy efficiently suppressed adverse energy transfer
among different active ions. As a consequence, intense green anti-Stokes
luminescence originated from Er’*: *Hj;,,*S;, — *I;5/, transitions, and 21:7/«
deep-red Stokes luminescence transitions assigned to Cr’": E — ‘A, b
radiation were simultaneously realized. Impressively, the intermediate Y3 Ga,0;

crystal-field environment for Cr** in Ga,O; made it possible for lifetime-

based temperature sensing owing to the competition of radiation transitions from the thermally coupled Cr** *E and *T, excited
states. In the meantime, the low-phonon-energy environment for Er’** in YF; was beneficial for upconversion fluorescence
intensity ratio-based temperature sensing via thermal population between the *H,,/, state and *S;), state. The Boltzmann
distribution theory and the two-level kinetic model were adopted to interpret these temperature-dependent luminescence of Er**
and Cr", respectively, which gave the highest temperature sensitivities of 0.25% K" at 514 K for Er’* and 0.59% K" at 386 K for
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B INTRODUCTION

Temperature is a fundamental physical quantity which is
essential in both industrial and scientific fields. Generally,
traditional contact temperature sensors require direct heat
transfer and subsequent thermal equilibrium between the
measured object and the sensor. This usually needs a long time
during the measurement and may change the actual temperature
of sample, especially when the size of the sample is small or
comparable to that of the sensor head. Therefore, it is quite
meaningful to measure temperature with high spatial and
temperature resolution. Recently, some efforts have been focused
on the study of the temperature-dependent rare earth (RE) ions
doped anti-Stokes (or upconversion, UC) emission or transition-
metal (TM) ions doped Stokes emission material owing to their
significant potential application in noncontact temperature
sensors. ¢ Generally, optical parameters, such as the fluo-
rescence intensity, the peak wavelength, the emission bandwidth,
the fluorescence intensity ratio (FIR), as well as the fluorescence
lifetime, can be adopted to detect temperature.” "> Unfortu-
nately, the fluorescence intensity, the peak wavelength, and the
emission bandwidth are strongly affected by the external factor,
such as light source, atmosphere, and pressure. In contrast, FIR-
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based temperature sensors exhibit a high measurement accuracy
and reliability because FIR is independent of spectral losses and
fluctuations in the excitation density. Besides, fluorescence-
lifetime-based temperature sensors have advantages of intrinsic
immunity to electromagnetic interference and calibration-free
measurement, and find promising applications in harsh environ-
ments, such as building fire detection, corrosive surrounding, and
microwave induction heating, where traditional temperature
sensors are not feasible.'>"*

Notably, trivalent TM ions (such as Cr**) doped luminescent
materials are particularly favored for fluorescence-lifetime-based
temperature sensing owing to the great variety in the
temperature-dependent lifetime.”™'® Generally, Cr** with 3d°
electron configuration exhibits a broad emission band (650—
1600 nm) ascribed to the *T, — *A, transition, or a narrow
emission band (~700 nm) due to the ’E — *A, radiation, which
strongly depends on the crystal-field environment of the host
lattices. In the intermediate or high strength crystal field, such as
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Table 1. Chemical Compositions for the Studied Samples

chemical composition in mol %

sample Sio, Al O, YF, Ga,0, NaF LiF

GC-A 40 20 13.9 9.9 7 8
GC-B 40 20 9.9 15 15
GC-C 44 28 15.9 11

YbE,
1

ErF, Cr,0; crystallization condition crystallization phase
0.1 0.1 720 °C/2h Ga,0, + YF,
0.1 650 °C/2 h Ga, 04
0.1 670°C/2h YF,

in ruby and alexandrite,'”?° 2E is the lowest excited state, and the
transition of E — *A, is doubly forbidden by parity and spin,
which shows a long decay lifetime, while in a low strength crystal
field, *T, is the lowest excited state and the transition of *T, —
*A, is spin-allowed, which results in a short decay lifetime. As a
consequence, significant variety in temperature-dependent
lifetime can be expected, and a useful level control is made
possible by modifying the crystal-field strength via the variation
of the host material. On the other hand, trivalent RE ion (such as
Yb3*/Ert) doped UC materials are advantageous for FIR-based
thermometric applications due to the obvious temperature-
dependent emissions that originated from the two thermally
coupled Er’* Hy,, and *S;, emitting states.>”*"** In order to
advance their direct applications in highly sensitive temperature
sensing, it is quite valuable to explore optical materials with
multifunctionality, for example, exhibiting both temperature-
dependent UC FIR and temperature-dependent decay lifetime.
However, as far as we know, there is no report concerning the
achievement of both temperature-dependent UC FIR of Er’* and
temperature-dependent decay lifetime of Cr** in a sole host so
far. In fact, adverse energy transfers (ETs) between RE and TM
usually occur ascribing to their energy level matching when they
are codoped into the same host, which subsequently leads to the
luminescent quenching for both activators.”” > Therefore,
seeking special hosts to realize dual-modal temperature-depend-
ent luminescence of both RE and TM remains a formidable
challenge, but is highly desirable.

Currently, most of the reported optical materials for FIR or
lifetime based thermometric applications are powders and single
crystals. However, the scattering of the powder phosphors is
serious; the fabrication of monocrystal is extremely time-
consuming and complex, and some crystals may not be readily
grown as bulk materials owing to the occurrence of phase
transformation.”® As an alternative, transparent glass ceramic
(GC) composites have gained wide attention over recent
years.”’ > GCs can be fabricated via the simple preparation
process of the common glass, which is beneficial to large-scale
production, high transparency, a wide range of accessible
chemical compositions and fabrication of complex shapes.
Importantly, the partition of the active centers into the
precipitated crystalline phase by controlling glass crystallization
is one of the key factors for the efficient luminescence of GC.

Herein, RE (Yb*/Er**) and TM (Cr**) codoped alumi-
nosilicate glass with special designed chemical composition of
Si0,—AlL,0;—YF;—Ga,0;—NaF—LiF was successfully fabri-
cated by a melt-quenching route. To suppress adverse energy
transfers between Er** and Cr’*, glass crystallization strategy was
successfully applied to convert the precursor glass into
nanostructured GC containing YF; and Ga,O; dual-crystalline
phases. Importantly, RE ions were evidenced to incorporate into
the precipitated orthorhombic YF; nanophase, while Cr** ones
entered into the cubic Ga,O; nanoparticles. Such spatial
separation of different active ions can effectively suppress adverse
energy transfers between Er** and Cr*", leading to both intense
anti-Stokes luminescence of Er’* and Stokes luminescence of
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Cr** in GC. Furthermore, the influence of temperature on the
emission spectra and decay behaviors of the thermally coupled
H,,/, and *S;,, emitting states of Er’* as well as the °E and *T,
ones of Cr’* in this dual-phase GC was systematically studied to
explore its possible application in the optical temperature
Sensors.

B EXPERIMENTAL DETAILS

The precursor glass (PG) with the chemical composition (mol
%) of 40Si0,—20AL,0,—15YF,—10Ga,0,—7NaF—8LiF—-
1YbF;—0.1ErF;—0.1Cr,0; was prepared by a melt-quenching
route. The chemicals were mixed thoroughly and melted in a
covered alumina crucible at 1450 °C for 1 h in the air
atmosphere. Then, the melt was poured into 300 °C preheated
copped mold and cooled down naturally to room temperature to
relinquish the inner stress in the precursor glass. Afterward, the
PG was heat-treated at 720 °C for 2 h to form dual-phase
transparent glass ceramics (donated as GC-A) via glass
crystallization. As a comparison, single-phase crystal-embedded
transparent GCs (donated as GC-B and GC-C for Ga,0,
embedded GC and YF; embedded GC, respectively) were also
fabricated by a similar process. The compositions of glasses, the
crystallization conditions, and the precipitated phases are given
in Table 1.

To determine actual glass composition, X-ray photoelectron
spectroscopy (XPS, VG Scientific ESCA Lab Mark IT) measure-
ment was carried out. C;, peak (284.8 eV) of the surface
adventitious carbon was adopted as the reference. To identify the
crystallization phase and determine the mean size of the
precipitated crystals in glass matrix, X-ray diffraction (XRD)
analysis was carried out with a powder diffractometer
(DMAX2500 RIGAKU) using Cu Ka radiation (1 = 0.154
nm). The microstructure of GC sample was studied using a
transmission electron microscopy (TEM, JEM-2010) equipped
with the selected area electron diffraction (SAED). TEM
specimen was prepared by directly drying a drop of a dilute
ethanol dispersion solution of GC pieces on the surface of a
carbon coated copper grid. The photoluminescence (PL)
spectra, PL excitation (PLE) spectra, UC emission spectra, as
well as decay curves of PG and GC samples were recorded on an
Edinburgh Instruments (EI) FSS spectrofluorometer equipped
with both continuous (150 W) and pulsed xenon lamps. The 980
nm laser diode (MDL-II1-980 nm-1W, Edinburgh Instruments)
with tunable output power (0—1 W) and a stabilized controller
PM1 was used as the UC excitation source. The power density
for the measurement of temperature-dependent UC emission
spectra was 20 W/cm? The temperature-dependent UC spectra
and luminescent decay curves were detected on FSS spectro-
fluorometer equipped with a homemade temperature controlling
stage.

B RESULTS AND DISCUSSION

To determine the actual glass composition, XPS measurement
was carried out on the glass sample with nominal composition of
408i0,—20A1,0,—15YF,—10Ga,0;—7NaF—8LiF—1YbF,—
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0.1ErF;—0.1Cr,O;. As shown in Table 2, the actual contents of Y,
Na, Li, Yb, and F elements are slightly lower than the nominal

Table 2. Nominal and Actual Glass Composition (mol %)

element nominal actual
Si 11.14 11.31
Al 11.14 11.31
Y 3.87 3.76
Ga 5.51 5.60
Na 1.95 1.82
Li 2.23 2.03
Yb 0.28 0.26
(e} 47.26 47.97
F 16.62 15.94

ones, attributing to high temperature evaporation of raw fluoride
materials during glass melting. The Er and Cr contents are under
the detecting limit. Notably, a small amount of fluoride
volatilization has no obvious influence on YF; and Ga,0,
crystallization and the related optical performance for the
investigated glass ceramics. XRD patterns of the PG and GC
samples are provided in Figure 1. Apparently, for PG, only diffuse
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Figure 1. XRD patterns of PG, GC-A, GC-B, and GC-C samples. Bars
represent standard cubic Ga,O; (JCPDS no. 20-0426) and
orthorhombic YF; diffraction data (JCPDS no. 74-0911).

humps are observed, proving its amorphous feature. After glass
crystallization treatment at 720 °C for 2 h, the GC-A sample
shows shape diffraction peaks, which can be clearly assigned to
the orthorhombic 5-YF; crystal (JPCDS no. 74-0911) and the
cubic y-Ga, 05 one (JCPDS no. 20-0426) one. According to the
Scherrer formula, the average sizes of y-Ga,O; and f-YF;
particles in the dual-phase GC-A sample were determined to
be 8 and 35 nm, respectively. As a comparison, XRD patterns of
GC-B and GC-C samples (Figure 1) reveal the precipitation of
cubic y-Ga,0; and orthorhombic -YF; crystalline phases in the
glass matrix, respectively. TEM micrograph of the GC720
sample, as shown in Figure 2a, presents two types of particles
distributing homogeneously among aluminosilicate glass matrix,
ie., the larger nanocrystals (NCs) with size 25—45 nm and the
smaller ones with size 5—10 nm. High resolution TEM
(HRTEM) images and the corresponding FFT patterns of
these two types of particles confirm their crystalline nature with
high crystallinity. Evidently, the (400) crystalline plane of y-

Figure 2. (a) TEM image of GC-A sample. Inset is the corresponding
SAED pattern. HRTEM micrographs of (b) -Ga,0; and (c) f-YF,
nanoparticles. Insets are the corresponding fast Fourier transform
(FFT) patterns.

Ga,0; and the (111) one of S-YF; with the corresponding
interplanar spacing of 2.1 and 3.2 A are clearly marked in Figure
2b,c, respectively.

To reveal the locations of Ln** and Cr** dopants in the dual-
phase glass ceramic, optical spectroscopy of the PG and GC-A
samples was systematically investigated, as shown in Figure 3.
Under 980 nm near-infrared (NIR) laser excitation, both UC
emission spectra of the Yb**/Er**/Cr** triply doped PG and GC-
A samples (Figure 3a) exhibit green (~539 nm) and red (~657
nm) UC emissions ascribed to *H,, 5,*S;,, = *I;5,, and *F ), —
*1,5), transitions of Er’* ions, respectively. Evidently, the UC
luminescence of GC-A is much stronger than that of PG, ie,
about 10 times as high as that of the PG one, and the emission
bands of GC-A become structured (Stark-splitting) and
narrowed. This is believed to be attributed to the modification
of Yb**/Er** surrounded from an amorphous glass environment
to a crystalline one after glass crystallization. As revealed in the
inset of Figure 3a, the Stark-splitting structures of Er’* in the
dual-phase glass ceramic (GC-A) are similar to the case of the
Yb**/Er** doped YF; single-phase embedded glass ceramic (GC-
C). Therefore, all these results suggest the partition of Yb** and
Er** dopants in YF; crystalline lattice (by substituting Y** ions)
instead of Ga,0; in the present dual-phase GC, owing to the
similar radii between Yb**/Er** (r = 0.87/0.89 A, CN = 6) and
Y** (r=0.90 A, CN = 6). This can be further confirmed by the
much slower UC decay of Er’* in GC-A than in PG, as shown in
Figure 3b. Generally, for UC materials, a long lifetime indicates a
highly efficient UC luminescence, ie, a low nonradiative
deactivation probability of Ln® activators.’® As exhibited in
Figure 3b, taking Er**: *Hy; ,,*S;/, emitting states as an example,
the decay lifetime (0.750 ms) of GC-A is obviously longer than
that (0.089 ms) of PG, owing to the low-phonon-energy YF,
crystalline environment where Ln*" dopants reside.
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Figure 3. (a) UC emission spectra of the Yb**/Er**/Cr** triply doped PG and GC-A samples under 980 nm laser excitation. Inset of part a is the
normalized UC spectra of GC-A and GC-C samples. (b) Decay curves of the Er**: ?H, ,,*S, , states in the PG and GC-A samples. (c) PLE (4, = 721
nm) and PL (4, = 400 nm) spectra of the Yb*/Er**/Cr** triply doped PG and GC-A samples. Inset of part c is the normalized PL spectra of GC-A and
GC-B samples. (d) Decay curves of the Cr**:’E state in the PG and GC-A samples.

Room temperature PL/PLE spectra of Yb**/Er**/Cr’** triply
doped PG and GC-A samples under 400 nm blue light excitation
are provided in Figure 3c. GC sample shows a sharp emission line
(~721 nm) assigned to the Cr’* E — *A, spin-forbidden
transition. The associated broad background emission in the
wavelength range 650—850 nm originates from the phonon
sidebands of the “T, — *A, transition. The PL excitation (PLE)
spectrum of GC-A (Figure 3c) monitored at 721 nm emission
covers a very broad spectral region from 350 to 650 nm and
consists of two broad excitation bands that peaked at 400 and 562
nm, attributed to the spin-allowed *A, — *T;(*F) and *A, —
*T,(*F) absorption transitions of Cr’**, respectively. Obviously,
the emission intensity of GC-A is found to be far stronger than
that of the corresponding PG, and the emission spectrum of GC-
A resembles that of Cr’* doped Ga,O5 single-phase embedded
glass ceramic (GC-B, inset of Figure 3c), indicating the
incorporation of Cr** into Ga,Oj; crystalline lattice after glass
crystallization. In fact, the doped Cr** ions prefer to occupy
octahedral site of Ga®" in Ga,O; host because of the approximate
ionic radii between Ga** (r = 0.620 A, CN = 6) and Cr** (r =
0.615 A, CN = 6) as well as the strong ligand-field stabilization
energy of Cr** in 6-fold coordination.””** Figure 3d shows the
PL decay curves of Cr’" in the PG and GC-A samples. The
lifetime on the order of a millisecond is one of the features of the
spin-forbidden *E — *A, transition of Cr**.* Evidently, the
longer lifetime of Cr’* in GC-A (0.634 ms) than in PG (0.048
ms) further confirms the occupation of Cr** in crystalline
environment.

In general, Cr** 3d electrons are strongly coupled to lattice
vibration and affected by crystal-field strength and site symmetry
of the host. Usually, the level scheme for Cr** in the host can be
described using the Tanabe—Sugano diagram, as shown in Figure
4. The local crystal-field strength Dq and the Racah parameter B
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Figure 4. Tanabe—Sugano diagram of Cr’* in the dual-phase GC
sample.

can be estimated by spectroscopic data using the following
equations39’40

_ E(4A2 - 4T2)
B 10

Dq _ 15(m —8)
B (m* — 10m)

Pq (1)

@)
where the m value is determined with the help of the average peak
energies of the *A, — *T| and *A, — *T, transitions of Cr**
_ E(4Az - 4T1) - E(4A2 - 4T2)
m= D

©)
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Figure 5. (a) Sketch showing the distribution and dual-modal luminescent behaviors of Yb**/Er** and Cr** ions in the dual-phase GC. (b) Left: Unit-cell
structure of 7-Ga,O5. Pink spheres represent Ga®* ions on tetrahedral and octahedral sites, and green spheres stand for Cr** ions substituting for Ga**
ions which are on octahedral sites. Right: Unit-cell structure of 5-YFs. Blue spheres represent Y** ion on decahedron sites, and red spheres represent
Yb*/Er*" ions replacing Y** ions which are on decahedron sites. (c) Schematic energy level diagrams of Yb**, Er** and configuration coordination of
Cr** showing the suppression of energy transfers between Er’* and Cr** ions when Yb**/Er®* partitioned into YF; while Cr** ions entered into Ga,Os.

According to the above expression, the Dq, B, and Dq/B values of the Cr’*: *T,(*F) state is higher than that of Cr**: °E, which
are evaluated to be 1779 cm™, 723 cm™}, and 2.46, respectively, agrees with the existence of the dominant sharp emission band
for the present dual-phase glass ceramic. The intermediate value assigned to spin- and parity-forbidden Cr** *E — *A, transition

of the parameter Dq/B for Cr** in GC-A suggests that the energy (Figure 3c).
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Figure 6. (a) UC emission spectra of the Yb**/Er**/Cr’* triply doped PG samples with various Cr** contents under 980 nm NIR laser excitation. The
decay curves of the Er**: °H} ,,S,, emitting states for the (b) PG and (c) GC samples. (d) The fluorescence decay lifetime versus Cr** content in the

dual-phase GCs.
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(303—563 K). Inset shows normalized spectra (top) and UC luminescent photograph (bottom). (b) Temperature dependence of FIR. (c) Monolog
plot of FIR versus inverse absolute temperature. (d) Temperature dependence of sensor sensitivity.

On the basis of the above analysis, after glass crystallization,
Cr** dopants partitioned into the precipitated Ga,O; phase,
which provides an intermediate crystal-field for Cr** and makes it
possible for lifetime-based temperature sensing owing to the

19489

competition of radiation transitions from the thermal coupling
Cr** 2E and *T, excited states. On the other hand, Yb>*/Er** ions
incorporated into the crystallized YF; phase which provides a
low-phonon-energy environment for Er’* and makes it suitable

DOI: 10.1021/acsami.5b06036
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Figure 8. (a) Impact of temperature (303—563 K) on Cr** PL spectra in the Yb**/Er**/Cr** triply doped GC-A sample. Insets are normalized emission
spectra (top) and luminescent photograph (bottom). (b) Cr** decay curves versus temperature. (c) Temperature-dependent experimental lifetimes of
Cr*" in GC-A sample and the fitting curve. (d) Dependence of sensing sensitivity on temperature. (e) Two-level model for Cr** luminescence in the

dual-phase glass ceramic.

for FIR-based temperature sensing due to the competition of UC
luminescence from the thermal coupling Er’* ?H,,,, and *S;,,
excited states, as schematically illustrated in the Figure S.
Importantly, such spatial isolation strategy for the different active
ions in the dual-phase glass ceramic will effectively lessen adverse
energy transfer (ET) between RE** and Cr** (Figure 5), leading
to intense Er’* anti-Stokes and Cr’* Stokes emissions
simultaneously. UC emission spectra and decay curves of the
Yb*/Er**/Cr** (1/0.1/x mol %) triply doped PG and GC-A
samples with various Cr** contents (donated PGO0, PG0.2, PG1
and GCO, GCO0.2, GCl1 for x = 0, 0.2, and 1, respectively) were
recorded under 980 nm NIR laser excitation. Obviously, the Er**
UC luminescence greatly weakens with increase of Cr** content
in the PG samples, as shown in Figure 6a, confirming the
existence of adverse ETs from Er’* to Cr** ions in the PG
samples. Evidently, the decay lifetime of the *H, ,,*S; , states of
Er®* in PG decreases from 0.090 to 0.076 ms with increase of Cr’**
content from 0 to 1 mol % (Figure 6b) due to the adverse energy
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transfer from Er’": *Hj; ,,*S;), states to Cr’*: *T,(F). On the
other hand, the corresponding lifetime of Er’* in the dual-phase
glass ceramic is almost unchanged with increase of Cr** content,
as demonstrated in Figure 6¢,d. These results confirm that the
“dopant isolation” strategy is an efficient way to reduce the
adverse energy transfers between Er’* and Cr’" in the present
dual-phase glass ceramic.

Finally, to explore the possible applications of the present dual-
phase GC in optical temperature sensors, temperature-depend-
ent UC emission spectra of the Yb**/Er**/Cr** triply doped GC-
A sample were recorded in the temperature ranging from 303 to
563 K under 980 nm NIR laser excitation. As depicted in Figure
7a, it can be clearly observed that these spectra exhibit two
distinct emission bands around 520 and 539 nm assigned to the
*H,,, = *Ii5, and *S;, — *Ij5), transitions of Er’* ions,
respectively. The integrated FIR of these two UC emission bands
shows an obvious dependence on the temperature (Figure 7b)
due to the thermal couple between *H}; , and *S; , states of Er**
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Table 3. Optical Thermometry Parameters for Some Typical Er** Doped UC Materials and Cr** Doped Crystals

optical thermometric medium AE (cm™) C
silicate glass 895 7.92
fluoroindate glass 770 11.2
B-NaYF, NCs 752 8.06
a-NaYF, GC 775 4.89
B-NaYE, GC 789 771
YE, + Ga,0, GC 717 4.66
MgALO,

YAIO,

Y;AL0;,

LiALO,

ruby (AL,O5) 1637
YF, + Ga,05 GC 1215

Er**

Cr3+

T (K) max sensitivity (% K™*) ref

550 0.31 22

S50 0.55 42

538 0.40 21

560 0.24 3

580 0.37 35

S14 0.25 this work
0.37 43
0.19 43
0.50 44

447 0.83 S

390 0.48 45

386 0.59 this work

ions. FIR of these two thermally coupled levels can be easily
deduced on the basis of the Boltzmann distribution theory:”

(4)
Here, C is the constant; I, and I are the integrated UC
intensities corresponding to the *Hy, ), — *I;5, and *S; , = *I;5,
transitions of Er*”, respectively; T is the absolute temperature;
AE is the energy gap between “H,,, and *S), states; kg is the
Boltzmann constant; and g, A, 6, and w are the degeneracy, the
spontaneous radiative transition rate, the emission cross-section,
and the angular frequency of fluorescent transitions from the
*H,,, or *S;), excited state to the *I;5, ground state of Er*,

—AE
kT

Ly 8 AHOHWH
8sAsOsws

i

E
=C
) exp[”

FIR =

1539 B

respectively.

On the basis of eq 4, In(I5,0/L;) is plotted against inverse
absolute temperature, as presented in Figure 7c. The slope and
intercept can be obtained and are equal to 1031 + 33 and 1.54 +
0.08, respectively, via the linear fitting of experiment data. As a
result, the energy gap AE and constant C are evaluated to be
about 717 cm™' and 4.66, respectively, which are important
factors for the sensor sensitivity (S) of temperature detecting, as

given by the following equation:™*'
©)

ofit)-o

The calculated curve of sensing sensitivity as a function of
absolute temperature is plotted in Figure 7d. It is found that the
sensitivity gradually increases with increase of temperature from
303 to 514 K, where the maximal sensitivity of about 0.25% K" is
achieved, and then decreases when further increasing temper-
ature.

Furthermore, the PL and decay behaviors of Cr** in the Yb**/
Er’*/Cr** triply doped GC-A sample were also investigated
under 400 nm blue light excitation in the temperature ranging
from 303 to 563 K. Evidently, both the emission intensities of the
sharp line that originated from the Cr’* °E — *A, transition and
broadband background assigned to the *T, — *A, transition are
highly affected by the recording temperature, as exhibited in
Figure 8a. Increasing temperature induces a slight increase of the
broadband emission with a gradual decrease of the sharp one. As
shown in the inset of Figure 8a, the normalized emission spectra
show this relative intensity variation, which is believed to be
attributed to the thermal coupling between ’E and *T, states of

_ d(FIR)
Todar

AE
ke T?

—AE
kT

AE
kT?

S
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Cr*" in the y-Ga,O; phase. At high temperature, the Cr** *T, —
*A, transition luminescence is dominated in the emission
spectrum. More importantly, temperature is revealed to have
an important influence on the Cr’" fluorescence lifetime, as
shown in Figure 8b. The Cr** lifetime value monotonously
decreases from 0.634 to 0.153 ms (Figure 8c), as the temperature
is elevated from 303 to 563 K. In the present dual-phase GC, the
’E state of Cr’* is the lowest excited state at room temperature
because of the incorporation of Cr** dopants in the y-Ga,0,
crystallized phase with high crystal-field strength (Dq/B = 2.46 >
2.30). At low temperature, the luminescence primarily originates
from the spin-forbidden ’E state (*E — *T,) so that a long
lifetime is expected. At the high temperature, thermal activation
will result in an increase in the population of the short lifetime
*A, state, thus leading to a decrease in the Cr’* fluorescence
lifetime.

Herein, a two-level kinetic model, including an “initial state”
(*T,) and a “storage one” (*E), is adopted to fit the lifetime
variation with increase of temperature,”® as schematically
exhibited in Figure 8e. Notably, this model assumed that the
transitions of the excited Cr** ions to the ground state all
originated from the above-mentioned two excited states. In fact,
such a model has been successfully used to describe vibronic laser
action in alexandrite (Cr**: BeAL,O,) previously.”” On the basis
of this model, the modification of the total amount of electrons
(n) in the *T, and *E levels is expressed by the rate equation

dn
dt T, T (6)
where 7, and 7, are the fluorescence lifetimes of °E and *T, states,
respectively, n = n; + n, and n, and n, are the populations of *T,
and 2E levels. Moreover, these two thermal coupling levels
should follow the Boltzmann distribution because of the “quasi-
thermodynamic equilibrium” between E and *T, levels

n; _
M _ CemAE/kT

n, %
where AE is the energy gap between *T, and “E states, T is the
absolute temperature, C is the ratio of the degeneracy of *T, to
that of ?E, with a value of 3, and kg is Boltzmann constant.
Consequently, according to eqs 6 and 7, the temperature-
dependent lifetime can be deduced as'>*°
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—AE/kgT

1 + Ce AE/keT 1 + 3e
T=T =

| 4 Che AF/RT 5 3R AR/GT

7 7 (8)
where 7 is the fluorescence lifetime of Cr** in GC. Accordingly,
the solid line drawn in Figure 8c is the least-squares fitting of eq 8
to the lifetime data ranging from 303 to 563 K for the Yb3*/Er?/
Cr** triply doped dual-phase GC sample. Importantly, the
correlation coefficient (1*) reaches as high as 0.999, confirming
that eq 8 fits the temperature-dependent lifetime quite well in the
experimental temperature range. As a result, the corresponding
AF, 7, and 7, parameters in eq 8 are determined to be 1215 cm™,
0.790 ms, and 22.6 us, respectively. Subsequently, the sensor
sensitivity (S) of temperature detection is obtained with the help
of these parameters, as expressed by the following equation:

1de
tdT

S =

— 3o AE/kT

AE % 1
kT2 1 + 3¢ AE/kT

T

S

T + 315e_AE/kBT] (9)

Figure 8d shows the temperature-dependent sensor sensitivity
curve. Obviously, the sensitivity monotonously increases and
reaches the maximal value of 0.59% K! at 386 K, and then
gradually decreases with further increasing temperature.

As a comparison, several important thermometry parameters
for some related Yb3*/Er** codoped UC materials and Cr**
doped crystals are listed in Table 3. Unlike Yb**/Er** codoped
silicate glass, greatly enhanced UC optical performance is
realized in the investigated dual-phase glass ceramic because of
the low-phonon-energy YF; crystalline environment of the
lanthanide activators (Yb**/Er*"). Moreover, the GC embedding
with YF; NCs shows better stability than pure fluoride (such as
NaYF,) powders ascribing to efficient protection of YF; NCs by
the aluminosilicate glass matrix. On the other hand, as an
alternative for single-crystal materials, the investigated GC
containing dual-phase NCs not only takes advantages of easy
fabrication with the help of the cost-efficient and fast glass-
melting route, but also exhibits excellent temperature sensing
characteristic owing to the suitable crystal-field environment of
Cr** dopants. Importantly, after several cycle experiments, the
repeatability of temperature sensing based on the FIR of Er**
ions and fluorescence lifetime of Cr** ions in the present dual-
phase GC is quite good. Therefore, we believe that such
transparent Yb**/Er’*/Cr®" triply doped S-YF; and y-Ga,O,
dual-phase NCs embedded glass ceramic sample with efficient
anti-Stokes and Stokes luminescent feature is a very promising
candidate for the application in the dual-modal fiber temperature
Sensors.

B CONCLUSION

In summary, Yb*/Er**/Cr’" triply doped oxyfluoride glasses
were successfully synthesized by a traditional melt-quenching
technique. After glass crystallization treatment, cubic y-Ga,O;
nanoparticles and orthorhombic -YF; nanocrystals embedded
bulk glass ceramics were realized where Cr’* dopants were
evidenced to partition into the Ga,05 nanocrystals while Yb**/
Er’* ones entered into the YF; crystalline lattice. As a result, the
adverse energy transfers between Er’* and Cr’* were greatly
suppressed owing to the spatial separation of these two different

active ions, being beneficial to the achievement of both intense
deep-red luminescence corresponding to Cr’*: *E — ‘A,
transition and green upconversion emissions ascribing to Er**:
’H,, /2,483/2 - 4115/2 transitions. Importantly, strong temper-
ature-dependent decay of Cr’* was observed since a high
percentage of the excited Cr** ions in the long lifetime *E state
will be populated to the short lifetime *T, state via thermal
activation with increase of temperature; in the meantime,
obvious temperature-dependent upconversion fluorescence
intensity ratio between Er’": *H,,,, — *I;5, transition and
Sy, = *i5/, one was detected owing to the competitive
radiation transitions from these two thermally coupled emitting
states. Using the fabricated glass ceramic as the optical
thermometric medium, the temperature sensitivities can reach
as high as 0.25% K™ at 514 K based on Er’* upconversion
luminescence and 0.59% K" at 386 K based on Cr** fluorescence
decay, respectively. We believe that the present Yb**/Er**/Cr**
dual-phase glass ceramic with efficient dual-modal temperature-
dependent luminescence might be a very promising candidate for
accurate optical temperature sensing.
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