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Transparent Er** doped glass-ceramics containing KErsF1o:Er®* nanocrystals were prepared via the traditional

melt-quenching technique. The micro-structures, optical properties and up-conversion luminescence

behaviors of the Er** doped glass-ceramics were systemically studied using X-ray diffraction, absorption and

up-conversion luminescence spectra. Under the excitation of a laser at 980 nm, the intensity of red emission
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of the glass-ceramics increases more than 70 times after heat treatment compared with that of the precursor

glass ceramic. Moreover, the fluorescence intensity ratio of the thermally coupled energy levels (?Hyy» and
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Introduction

In recent years, rare earth (RE) ion doped up-conversion materials,
including nanoparticles, glasses and glass-ceramics, have attracted
wide attention because of their excellent characteristics and
potential application prospects in solid-state lasers, multi-color
displays, optical processing sensors, solar cells, bio-imaging etc.*™®

Compared with traditional oxyfluoride glass, RE doped
transparent fluoride glass-ceramics have excellent optical prop-
erties and mechanical properties. They have a higher refractive
index, lower local phonon energy and lower non-radiative relax-
ation probability, so high luminescence efficiency of REs has
been observed.*** In view of this, a large number of oxyfluoride
glass-ceramics have been studied and considered as excellent
hosts for rare earth ions to realize efficient up-conversion lumi-
nescence.'*™® In these systems, the doping ions usually enter the
crystalline lattice mainly through the diffusion of rare earth ions
from the glass matrix to the precipitated crystals, which is greatly
affected by the diffusion activation energy and diffusion coeffi-
cient of the RE ions in the glass.”® Usually, at lower crystallization
temperatures, the low diffusion coefficient of rare earth ions in
the glass hinders their bonding in the crystal, while at high
crystallization temperatures, the rapid growth of the grains
significantly reduces the transparency of the glass-ceramics, thus

“State Key Laboratory of Luminescent Materials and Devices, Institute of Optical
Communication Materials, South China University of Technology, Wushan Road
381, Guangzhou 510641, China. E-mail: qjr@scut.edu.cn

*State Key Laboratory of Modern Optical Instrumentation, College of Optical Science
and Engineering, Zhejiang University, Hangzhou 310027, China

‘Guangdong Provincial Key Laboratory of Optical Fiber Sensing and Communications,
Institute of Photonics Technology, Jinan University, Guangzhou 510632, China

This journal is © The Royal Society of Chemistry 2019

4S5/5) shows a good linear relationship with temperature and maintains relatively high sensitivities of 0.398%
per K at 303-573 K, which indicates that the glass ceramics have promising applications in temperature detection.

resulting in unfavorable optical performance. Therefore, it is
meaningful to prepare oxyfluoride glass-ceramics with good
stability and transparency.

Among many rare earth ions, Er’* ions is considered as the
most ideal rare earth ions for near-infrared up-conversion due
to its rich 4f-4f transition level. Moreover, Er’* ions have
a couple of thermally coupled energy levels (TCEL), *Hy,/, and
%S, levels. Therefore, application of Er** doped glass-ceramics
as optical temperature sensors has attracted increasing atten-
tion in recent years.”’* What's more, there is no report on
optical temperature measurement of Er** doped KEr;F,, glass-
ceramics. Therefore, it is of great significance to study the up-
conversion luminescence and temperature sensing properties
of Er’* doped KEr;F;, glass-ceramics.

In this paper, highly transparent glass-ceramics containing
KEr;F,;, nanoparticles were successfully fabricated by properly
designing the oxyfluoride glass composition. Unlike previously re-
ported cases, glass-ceramics are formed directly by self-
crystallization during melt quenching, and Er** is directly incorpo-
rated into the crystalline lattice rather than entering the already
formed lattice during heat treatment. After heat treatment, the
luminescence is enhanced more than 70 times. In addition, based
on the fluorescence intensity ratio (FIR) technology, the temperature
sensing characteristics of the glass-ceramic are also investigated.

Experiment

Precursor samples were prepared by melt-quenching method. The
precursor glass (PG) compositions (mol%) is 22.5 KF-22.5 ZnF,-65
Si0,, ErF; (0.1, 0.3, 0.5, 1, 1.5, 3 mol%). Si0, (99.9%), ZnF (99.9%),
KF (99.5%) and ErF; (99.99%) were used as raw materials. About
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20 g of a mixture of raw materials was placed into a covered plat-
inum crucible and melted at 1450 °C for 30 minutes. Then, the
glass melt was poured onto a 300 °C preheated stainless-steel plate
and pressed by another plate to obtain the PG samples. After
releasing the internal stress by heating at 450 °C for 3 h, the PG
samples were crystallized by heat-treatment at 625 °C for 10 h to
fabricate transparent glass ceramic (GC). All of the samples were
polished carefully prior to optical measurements.

X-ray diffraction (XRD) patterns were acquired using a Phi-
lips X' Pert PRO SUPER X-ray diffractometer (40 kV, 40 mA)
equipped with a Cu Ka radiation source. The absorption spectra
of the glass-ceramic samples were measured by a UV-Vis-NIR
spectrophotometer Lambda 900 (PerkinElmer, USA). The
morphology and crystal size of the nanocrystals in GC were
obtained by high-resolution transmission electron microscope
(HRTEM, 2100F, JEOL, Japan) The emission spectra of the
samples were obtained using a computer Triax 320 type spec-
trometer (Jobin-Yvon Corp.) with a 980 nm continuous-wave
laser. The pump power was adjusted through neutral density
filters. The temperature-dependent spectra of the samples in
the range of 298 to 573 K were also measured by the above
spectrometers equipped with a temperature controller (FOTEK
MT48-V-E, Taiwan). Except for the temperature dependent up-
conversion luminescence spectra, all of the above tests were
performed at room temperature.

Results and discussion

Fig. 1(a) shows the XRD patterns of different concentration Er**
doped samples. PG shows weak diffraction peaks when the Er**
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doping concentration reaches 0.5%. The diffusion peak is
caused by the amorphous glass phase, while the weak diffrac-
tion peaks means that a small amount of nanocrystals have
formed after melt-quenching. XRD patterns of PG and GC are
shown in Fig. 1(b). After heat treatment at 625 °C for 10 h, the
diffraction peaks of GC sample corresponding to KEr;F;,
nanocrystals (PDF no. 26-1311) become intense, which indi-
cates that more nanocrystals are formed after the heat treat-
ment. TEM images of GC sample are shown in Fig. 1(c). TEM
micrograph reveals that KEr;F;, nanocrystals are homoge-
neously dispersed in amorphous glassy phase. The corre-
sponding selected area electron diffraction (SAED) patterns
indicate that glass-ceramics are composite materials that
contain amorphous glasses and nanocrystals. The HRTEM
image shows the resolved lattice fringes and the value of the
associated interplanar spacing d is about 0.463 nm, which
corresponds to (—2 0 7) crystal plane of KEr;F;, (d = 0.462 nm).

Fig. 2(a) shows the upconversion spectra of PG and GC
samples doped with 1% (mol) Er** excited by 980 nm laser. The
emission bands located at 523 nm, 543 nm and 665 nm are
assigned to *His = *Lisp, *S3p = "Lisp and *Fop = “Lisp
transition emissions of Er**, severally.??° It is clear that the up-
conversion spectra of the sample show obvious Stark splitting at
543 and 665 nm. After heat treatment, the upconversion
intensity of GC is greatly enhanced; although a few Er*" ions
have already participated into KEr;F,, nanocrystals before heat
treatment. Specifically, the upconversion intensity of red emis-
sion of the GC enhances by more than 70 times compared to
that of the PG. The enhance of upconversion luminescence may
be due to the incorporation of Er’" ions into KEr;Fyo
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Fig. 1 (a) XRD patterns of different concentration Er** doped glass samples; (b) XRD pattern of PG, GC samples and standard XRD data of PDF
card no. 26-1311 for KErsFyg; (c) TEM micrograph of GC and corresponding SAED pattern. (d) HRTEM image of GC.
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Fig. 2 (a) Upconversion spectra of PG and GC samples excited by 980 nm laser; (b) transmission spectra of PG and GC samples and the inset is

the photograph of PG and GC.

nanocrystals with lower phonon energy and the enrichment of
Er’* resulting in the change of the energy transfer mode
between Er’'. From the transmission spectra of PG and GC
samples shown in Fig. 2(b), it can be observed that PG and GC
maintain good transparency and the transparency of GC is up to
76% in visible region. It can be seen that KEr;F,, glass-ceramics
are transparent with excellent uniformity, indicative of homo-
geneous crystallization of these samples.

For the upconversion process, upconversion emission
intensity 7 is proportional to the nth power of the pump power P,
that is*”

I o P (1)
where 7 is the number of pump photons absorbed per upcon-
version photon emitted. A plot of log I versus log P yields

a straight line with slope n. Fig. 3(a) and (b) show the power
dependences of upconversion of PG and GC samples, respec-
tively. For PG, the slopes n values are 1.81 4 0.03 and 1.69 £ 0.03
for green and red emission, respectively. As to GC, n values are
1.79 £ 0.03 and 1.73 £ 0.03. The results reveal that both red and
green upconversion emissions are caused by two-photon
process.

Fig. 4(a) shows the fluorescent lifetime curves of Er** *Fo/, —
115/, (666 nm) emission in PG and GC samples upon 980 nm
LD. The prolongation of upconversion emission lifetime shows
that the non-radiative relaxation rate of Er** in the GC sample
decreases, which proves that Er*" ions are preferentially
enriched in KEr;F;, nanocrystals with lower phonon energy.
The fluorescent lifetime curve of GC can be well fitted with
a double exponential unction, which indicates that GC samples
have multi-luminescent centers.
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(a) Dependence of upconversion intensity on pump power for PG sample; (b) dependence of upconversion intensity on pump power for
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To understand the upconversion mechanism, the energy
level diagram of Er** and possible upconversion mechanisms
are shown in Fig. 4(b). Firstly, Er’" ions in the ground state of
1,5/, absorb a 980 nm phonon and be pumped to the inter-
mediate excited state of I/, through ground state absorption
(GSA). Then, these ions at “I,y,, level can be excited to higher
emitting levels through two famous upconversion processes: (1)
excited state absorption (ESA), (2) energy transfer (ET). ESA
process is a single ion process. The ET process involves two ions
and therefore the rate depends largely on the distance between
the active ions.

Because only a bit of KEr;F;,:Er* nanocrystals form in PG,
a small amount of Er** ions merge into KEr;F;,:Er*” nanocrystals
with low phonon energy and most of Er*" are persisted in the
glass phase, which can be confirmed by the weak stark splitting
in PG (see Fig. 2(a)). ET and ESA process are responsible for the
*Hyy5, *S3)2 and *Fy), emission levels. ESA maybe the dominant
process due to the uniform dispersion of Er’** ions in the glass
and the relatively long distance between Er’** ions.

By absorbing one 980 nm photon, Er*" ions at I, level are
stimulated to the level of *F, by ESA process, and then non-
radiatively relax to the level of >H;y,, and S/, levels. Finally,
Er*" ions at *Hy,/, and *S;,, emitting further relax to I, level
and produce upconversion emissions at 525 and 543 nm,
respectively. For the red emission, there are two possible ways,
including multi-phonon non-radiative relaxation from the
upper level of *S;, and a ESA processes: Er*" ions absorb
another photon from *I 3/, level.?>?” Intermediate excited states
in *I;3/, can be filled by multi-phonon non-radiation processes
at “I;, level and high radiation processes at “S;, level.'®
Finally, the Er’* ions radiation at “Fy, level relaxes to *I;s/,
ground state and produce red emission at 666 nm.

For GC sample, since the distance of Er**-Er*" is further
shortened, the up-conversion mechanism belongs to ET
process, which is a more efficient way for Er’* ions at *I,4,, level
to be excited to higher emitting levels and produce stronger up-
conversion luminescence. An excited Er** ion at *I;, level
relaxes non-radiatively to L5, level and transfers its excitation
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energy to a neighboring Er** ion at the same level, promoting
the latter to F-, level: 111, + Iiyp — *Iispn + *F52.2° The red
luminescent “Fo, level can be excited by the ET process: I3/, +
1112 = *Fojp + *I15/2.>” The emission intensity enhancement of
red is more than green after further heat treatment, which can
be considered as another energy transfer process, *Fy, + “Iy52
— 14175 + "11)5. Since the *Fy, level plays an important role in
the green light emission process, the red emission in Fig. 2(a) is
stronger than the green emission.

Fig. 5(a) is normalized upconversion spectra of the GC
sample in the temperature range of 303-573 K under a 980 nm
LD excitation. It is obvious that the intensity of *Hy;/, — “Iy50
transition (525 nm) and *S;, — “I;5, transition (543 nm)
increases obviously as the temperature raises. Fig. 5(b) shows
the temperature dependence of FIR between *H;,,, — *I;5/, and
S5, — “I15,, transitions of Er’". Interestingly, the intensity of
Er*" exhibits a significantly different temperature dependent
luminescence behavior compare to previous studies.'®***, The
FIR of the TCEL (*H,4,, and *S;/,) shows good linear tempera-
ture dependence. From 303 to 573 K the following linear
dependence of FIR on temperature is found for KEr;F,o:Er*":

FIR = —0.93 + 0.00398T 2)

It is different from the general temperature sensors that the
sensitivity is enhanced first and then weakened. The sensitivity
of GC sample maintains a relative high value of 0.398% per K at
303-573 K. This value is larger than most of other Er’" ions
doped glass and glass ceramics as listed in Table 1. The fluo-
rescent lifetime curve of the glass ceramic sample can be well
fitted with a double exponential function, which indicates that
the sample has multi-luminescent centers. For the system with
multiple luminescent centers, the number of particles in each
excited state varies due to the energy transfer between ions,
which may not obey Boltzmann distribution strictly.*® This
result indicates that KEr;F,o:Er*" glass-ceramics is a promising
optical temperature sensing.
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Fig.4 (a) The fluorescence decay curves of Er** *Fg,5 — *l15/5 (666 nm) emission in PG and GC samples (Aex = 980 nm). (b) Energy level diagram

of Er** and possible up-conversion mechanisms.
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temperature dependence of FIR between 2Hyy» — 4lis/» and Sz, — “lis,» transitions of Ers*.

Table 1 Sensitivity of several optical temperature sensors based on up-conversion emission from 2Hy1/5 and S35 levels of Er** ion

Sensing materials Temperature range (K) Smax (107°/K) Temperature (K) Ref.
KEr;F,0:Er**GC 303-573 3.98 303-573 This work
Sr’YbF”:Er*'GC 300-500 6.21 560 21
CaF,:Er*’glass 303-573 2.38 483 23
CaF,:Er*'GC 303-573 1.63 453 23
NasGdoF;,:Er*'GC 300-510 1.79 499 22
K;YF:Er*'GC 300-510 1.27 300 18
NaYF,:Er*'/Yb** GC 298-693 0.35 560 24
Conclusion References

Er**-doped transparent KEr;Fy, glass-ceramics were prepared via
the melt-quenching method and subsequent heat treatment
process. Significant Stark splitting, enhanced up-conversion emis-
sion in glass ceramics and extended fluorescent lifetime indicate
that Er’* preferentially enters KEr;F,, nanocrystals with low phonon
energy and shorter Er*'-Er*" distance after heat treatment. The FIR
of the 525 nm and 543 nm shows good linear dependence and high
sensitivity, which suggests that the explored KEr;F;, GC doped with
Er’* shows great potential for optical temperature sensing.
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