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A high temperature solid state method was used to synthesize the Yb*>* and Er>* codoped LuVO4. The
efficient energy transfer (ET) processes from Yb3* to Er>* has been demonstrated by upconversion (UC)
spectra, near-infrared (NIR) spectra and lifetime curves. The optimal doping concentration for Yb>* and
Er* is 20 mol % and 2 mol %, respectively. Meanwhile, the temperature sensing behaviors in visible and
NIR region based on fluorescence intensity ratio (FIR) have been explored in detail. In visible region, the
optical thermometry of LuVO,4: Yb3*/Er®* is investigated via the FIR of the two thermally coupled energy
levels 2Hyy 2 and #S3p; of Er®*, accompanying with a maximal absolute sensitivity Sa of 0.82% K~! at 423 K.
In NIR region, the FIRs of Peak 1 (located at 1595 nm) to Peak 3 (located at 1660 nm) and Peak 2 (located
at 1637 nm) to Peak 3, which are all assigned to 4]]3/2 — 4115/2 transition of Er>*, can be well fitted related
to the temperature, with the maximal Sy of 1.85% K~! and 0.62% K~ respectively. All the results suggest
that LuvO4: Yb3*/Er>* powders is a potential material for optical thermometry in both visible and NIR
region based on FIR.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, the trivalent rare earth ions, such as Yb>*/Er>T, Yb>*/
Ho>*, Yb>*/Tm>?* etc.,, codoped UC luminescent materials have
received widespread attention for their unique optical properties
[1-3]. UC luminescence refers to the process of absorbing two or
more low-energy photons and emitting one high-energy photon.
Because of this, UC materials can convert the NIR light into the
visible region. More importantly, UC materials have a large number
of advantages over the organic dyes and quantum dots, such as
narrow emission bandwidths, long luminescence lifetime, negli-
gible autofluorescence background, high photostability and low
toxicity [4—8]. The unparalleled physicochemical properties and
stabilize optical properties make them more suitable to apply to
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photonics, 3-D displays, optical encoding, bioimaging, etc. [9—11].

Moreover, for the UC luminescence materials, the potential
application in temperature sensor has also been a hot research
topic in recent years. Compared with traditional contact tempera-
ture sensing materials, optical temperature sensing materials have
great advantages, such as non-contact, quick response, excellent
precision and high accuracy [12,13]. In especial, the optical tem-
perature sensors which depend on the FIR thermometry have been
regarded as the promising temperature sensing materials, resulting
from the strong anti-interference capacity.

Until now, most of the optical temperature sensing in-
vestigations based on FIR are focus on Yb>* and Er** codoped UC
materials. In Yb>* and Er** codoped system, Yb>* ions have large
absorption cross-section at 980 nm. Furthermore, the ET processes
from Yb>* to Er>* are very efficient. Therefore, a bright green UC
emission of Er** can be detected, which is attributed to Hi; |
2 — *y5p transition and 4S5/, — “I15) transition. Fortunately, 2H1 2
energy level and 453/2 energy level are thermally coupled excited
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states, which is very well suited for the studies of optical temper-
ature sensing based on FIR [14].

Nevertheless, in order to obtain excellent precision and
repeatability, intense UC emission is required. As is known to all, -
NaYF; and B-NaLuF, are the two most efficient hosts for UC,
resulting from their low photon energy (~360cm™!) [15—18].
However, the low chemical stability of fluoride materials, especially
in high temperature range, handicaps their utilization in ther-
mometry. Therefore, the oxides, which possess extremely chemical
stability as well as low photon energy, may be the suitable candi-

dates. [28—30] For instance, Meng et al. and Carvajal et al. have
demonstrated that YVO4: Yb**/Er®* and GdVO4: Yb>*/Er** are
wonderful UC materials for luminescence temperature sensors
based on FIR respectively [19,20]. As another important vanadate,
LuVOy4, with the similar structure to YVO4 and GdVQy, is also an
efficient matrix for UC. More importantly, the trivalent rare earth
ions doped LuVO4 phosphors may show stronger UC intensity than
that of YVO4 and GdVO4 phosphors, which is due to the unique
electronic state at the top of the valence of lutetium. This phe-
nomenon has been proved in several isostructural materials, such
as Y203 and Luy03, B-NaYF4 and B-NaLuFg, YF; and LuFs [17,31—-33].
However, as far as we know, the paper concerning the temperature
sensing properties in LuVOy4: Yb>*/Er®* is seldom published.

In the present work, the traditional high temperature solid state
method were employed to prepare the Yb>* and Er’* codoped
LuVO4 phosphors. The ET mechanisms have been studied in detail
by UC and NIR spectra as well as decay curves. Meanwhile, the
temperature sensing behaviors in visible and NIR region based on
FIR have also been explored. In visible region, the optical temper-
ature sensing was studied via the FIR of the two thermally coupled
energy levels 2H11/2 and 453/2 of Er**. In NIR region, the FIRs of the
splitting peaks of Er** 4lj3, — *I15) transition were utilized in
optical thermometry, As far as we know, there is very few paper
concerning this phenomenon. All the results indicates that LuVOyg:
Yb3+/Er3* powders is a potential temperature sensing material in
both visible and NIR region under 980 nm wavelength excitation.

2. Experimental
2.1. Chemicals
Rare earth oxides of SpecPure grade (LuyOs, Yby0s3, EryOs,

99.99%) were purchased from Beijing Founde Star Science & Tech-
nology Co, Ltd. Analytical grade NH4VO3; was obtained from
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Chongqing Chuandong Chemical (Group) Co, Ltd. All of the chem-
ical reagents were employed as starting materials without further
purification.

2.2. Synthesis of LuVO4: x mol¥Yb>*/y mol%Er** (x=0, 1, 5, 10, 20,
30;y=0,01,05,1,2, 3)

LuVO4: x mol% Yb3*+/y mol% Er** powders were synthesized by
traditional high temperature solid state method. Specifically as
follows, 2 mmol Re;03 (Luy03, Yby03 and Er,0O3 in proportion)
powders and 4 mmol NH4VO3; were weighed and mixed in an agate
mortar. Next, the mixture were pulverized for 40 min. Then, place
the powders to an alumina crucible which has a lid. The powders
were firstly pre-sintered at 600 °C for 6 h followed by an interme-
diate grinding for 15 min to improve sample homogeneity and then
sintering at 1200 °C for 6 h. Finally, the samples were obtained after
being naturally cooled down to room temperature and pulverized
into fine powders for measurements. All the reaction were in a box-
type furnace with air atmosphere under the heating rate of 2 °C/
min. The reaction equation can be expressed as following: LuyO3 +
2NH4VO03 — 2LuVO4 + 2NH31 + Hy01.

2.3. Characterization

Powder X-ray diffraction (XRD) data were obtained by Cu Ko
radiation (A= 1.540 56 A) on a Bruker D8 advance diffractometer
over the angular range 10° <26 < 80°. The UC and NIR emission
spectra were identified by an FLS920 spectrometer purchased from
Edinburgh Instruments. The fluorescence lifetimes were measured
by a Tektronix digital oscilloscope (TDS 3052) equipped with an
optical parametric oscillator (OPO) as the excitation source. The
lifetimes were calculated by integrating the area under the corre-
sponding lifetime curves with the normalized initial intensity.

3. Results and discussion
3.1. Structure

Fig. 1 (a) and (b) show the XRD patterns of LuVOy4: X mol% Yb>*/
1 mol% Er** and LuVO4: 20 mol% Yb>*/y mol% Er** as well as the
standard XRD data of LuVO4 (JCPDS 17-0880). All the XRD diffrac-
tion peaks of the samples match well with the pure tetragonal
phase LuVO4. Moreover, no other phase is detected with the
increasing Yb®>* or Er* concentration in the XRD patterns,
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Fig. 1. The XRD patterns of LuVOy,: x mol%Yb>*/y mol%Er** (x=0, 1, 5, 10, 20, 30; y =0, 0.1, 0.5, 1, 2, 3) with the standard XRD data of LuvO,4 (JCPDS 17-0880).



Y. Ma et al. / Journal of Alloys and Compounds 769 (2018) 325—331

"980nm
'

488nm* '514nm:659nm 1530nm
‘e .

—

=

=3
1

Reflectivity (%)

304

20 T . .

T T T T T T T T T T T T T T T

400 600 800 1000 1200 1400 1600

Wavelength (nm)

T
200 1800 2000

Fig. 2. The reflectance spectrum of LuVOy: 20 mol% Yb3*/2 mol% Er’*.

demonstrating high concentration Yb>* or Er** dopant has no ef-
fect on the crystal formation and transition, which is due to the
similarity of ionic radius of Lu>*, Yb3>* and Er’+.

3.2. Luminescence properties

3.2.1. The reflectance spectrum of LuVOy: Yb>*/Er** powders

The reflectance spectrum of LuVOy4: 20 mol% Yb>*/2 mol% Er>*
has been measured from 200 nm to 2000 nm, as shown in Fig. 2.
There is a remarkable drop from 450 to 300 nm, which is due to the
LuVO4 host. Besides that, five distinct absorption peaks appear in
the reflectance spectrum: Er**: 4l15/, — “F7j2 at 488 nm, Er>*: “I;5,
2 = 2Hypat 524nm, Er**: %yspp — “Fopat 659nm, Yb>*: 2Fy
2 — %Fsjpat 980 nm and Er**: “Ijsp — 432 at 1530 nm.

3.2.2. The UC properties of LuVO4: Yb*>*/Er** powders

Fig. 3 (a) and (b) show the UC emission spectra of LuVOyg4: x mol%
Yb3*/y mol% Er>* powders under 980 nm wavelength excitation at
low-output power density. Two strong green emission peaks and
one weak red emission are observed in the range of
500 nm—700 nm. Since Yb3* ions have only one excited level at
approximately 980 nm, the three emission peaks all belong to Er3*
ions: 2Hyyjp — “Iisp transition peaked at 524nm, *Ssp — 4isp
transition peaked at 553 nm and “Fo, — “I152 transition peaked at

327

659 nm. Moreover, as shown in Fig. 3 (a), with the increasing of
Yb>* doping concentration from 0 to 20 mol% accompanied by a
fixed Er’* doping concentration 1mol%, the UC intensity is
enhanced distinctly, which is an obvious evidence of ET from Yb3*
to Er>*. However, when Yb>* doping concentration is higher than
20 mol%, the UC intensities are decreased, resulting in the serious
concentration quenching. That is to say, the optimal doping con-
centration of Yb> ions in LuVO,4 powders is 20 mol%. In addition, as
presented in Fig. 3 (b), with the increasing of Er>* doping con-
centration from 0 to 3 mol% accompanied by a fixed Yb>* doping
concentration 20 mol%, the UC emission intensity is enhanced
dramatically and then decreased with Er** concentration above
2 mol%, which means that 2 mol% is the optimal doping concen-
tration of Er3* in this case. Consequently, the optimal composition
for the strongest UC emission is considered to be LuVO4: 20 mol %
Yb3+/2 mol % Er3+.

Fig. 4 shows the NIR spectra of LuVO4: 20 mol% Yb>*/y mol%
Er’t powders under 980 nm wavelength excitation. Two strong
emission bands appear in the range of 900 nm—1700 nm, which are
assigned to Yb>*: %Fs;; — 2Fyy transition and Er?*: 43 — *lysp
transition respectively. Obviously, with the increasing of Er3*
doping concentration, 2F5/2 — 2F7/2 transition of Yb3" is decreased
dramatically, demonstrating the existence of ET from Yb>* to Er3*.
Subsequently, the decay curves of 2F5/2 energy level of Yb3+ are also
measured and shown in Fig. 5. As can be seen clearly, the decay of
Yb3* 2F5/2 level is greatly accelerated accompanying the increase of
Er>* concentration, by which the ET process between Yb>* and Er>*
is further proved. Table 1 shows the lifetimes and ET efficiency
(nere) of Yb3* 2F5/2 level. The ngrz is obtained as a function of Er>*
concentration: Nereerxy) = 1 — Terxz)/To, where Teyxy) represents for
the decay time of Yb>*: 2F5/2 level with various Er** concentration.
The maximal ngrg is 39.3% with the Er3* concentration 3 mol%.

In order to explore the number of photons involved in the
population of ZH“/2/4S3§2 level and 4F9/2 level, the pump power
dependence curve of Er** 2Hyyp/*S32 — “lysp2 transition and *Fg,
72— 4115/2 transition in LuvVO,4: 20 mol % Yb>*/2 mol % Er>* powder
are measured. As shown in Fig. 6, in the low power region, the n
value of 2H11/2/453/2 — 4115/2 transition and 4F9/2 — 4115/2 transition
are 2 and 19 respectively, indicating both 2Hi1p2/*S32 — *lis)2
transition and 4F9/2 — 4115/2 transition are a two-photon process.
However, in the high power region, the n value of 2Hy /2/453/
2 — “I152 transition and *Fgz — %152 transition are all decreased,
resulting from the competition between linear decay and UC pro-
cesses for the deexcitation of the intermediate exited states which
has been demonstrated by Pollnau's group [21]. The relevant ET
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Fig. 3. Emission spectra of (a) LuVOy: x mol% Yb**/1 mol% Er** powders (x=0, 1, 5, 10, 20, 30) and (b) LuVO,: 20 mol% Yb>*/y mol% Er** powders (y =0, 0.1, 0.5, 1.0, 2.0, 3.0) in

visible region excited by 980 nm wavelength.
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Fig. 4. Emission spectra of LuVO,4: 20 mol% Yb>*/y mol% Er** powders (y =0, 0.1, 0.5,
1.0, 2.0, 3.0) in NIR region under 980 nm wavelength excitation.

processes have been depicted in Fig. 7.

3.2.3. The temperature sensing properties of LuVOy: Yb>*/Er*+
powders

Fig. 8 shows the temperature dependence of UC emission from
303 K to 423 K excited by 980 nm wavelength at low power density.
As can be seen clearly, the FIR of Hy1 )2 — “Iysp2 transition to 4S;
22— 4115/2 transition is increased regularly with the rising temper-
ature due to the thermal coupling between these two energy levels.
According to the Boltzmann population distribution, the FIR of Hy; |
5 — 4115/2 transition to 453/2 — 4115/2 transition can be expressed as:
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Fig. 5. Decay curves of °Fs), energy level of Yb>* in LuVO,: 20 mol% Yb*>*/y mol% Er>*
powders under 980 nm wavelength excitation.

Table 1
The lifetimes and ngre of Yb>* 2Fs), level in LuvO4: 20 mol% Yb**[y mol% Er**
powders.

Concentration of Er**(mol%) Lifetime (ps) Nere(%)
0 257.3 0

0.1 256.0 0.5

0.5 233.5 9.2

1.0 212.8 17.3
2.0 168.6 34.5
3.0 156.1 393

—
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Fig. 6. Pump power dependence curve of Er** Hyy /%S5, — “Iisp2 transition and “Fo,
2 = 4452 transition in LuVO,4: 20 mol % Yb*/2 mol % Er** powder excited by 980 nm
wavelength.
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where I represents for the UC intensity, N represents for the pop-
ulation of the energy level, w represents for the frequency, A rep-
resents for the non-radiative rate, g represents for the degeneracy
degree, AE represents for the energy gap between ?Hyq 2 and 453/2,
kg represents for the Boltzmann constant, T represents for the ab-
solute temperature, B represents for gywpAp/gswsAs [18]. Based on
equation (1), the temperature dependence curve of FIR can be fitted
well as the following equation and is shown in Fig. 9 (a).

FIR = 16.14e1030/T (2)

The energy gap 4E between 2Hyyp level and “S3p; level calcu-
lated by equation (2) is 716 cm~. The absolute sensitivity Sy and
relative sensitivity Sg, which are the important information to
assess the temperature sensing materials, can be written as
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Fig. 7. The relevant ET processes in LuVO,: 20 mol % Yb>*/2 mol % Er>* powder excited
by 980 nm wavelength.
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Since the values of Sy and Sy is proportional to 4E, high S4 and Sg
can be obtained in LuVOy4: Yb3*/Er3* powder. Fig. 9 (b) depicts the
temperature dependence of S4 and Sg in the range of 303 K—423 K.
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Sk of typical FIR temperature sensing materials on the basis of >Hy; P 4115/2 tran-
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The S, is increased accompanying the rising temperature and the
maximum of Sy is 0.82% K~ ! at 423 K. The Sk can be expressed as
1030/T2. Compared to a series of Yb>* and Er** codoped temper-
ature sensing materials (See Table 2), LuvVO4: Yb>*/Er** sample
displays an excellent sensitivity, demonstrating its potential
application in temperature sensing.
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temperature dependence of “lj3;, — %lisp2 transition of Er** in
LuVOy4: 20 mol % Yb>*/2 mol % Er>* powder is also investigated and
shown in Fig. 10. The several peaks appearing in the range of
1500 nm—1700 nm all belong to *l13/2 — “Ij5)2 transition of Er’*,
due to the Stark splitting. The emission intensity is decreased
distinctly with the rising temperature. More importantly, the FIRs
of Peak 1 (located at 1595 nm) to Peak 3 (located at 1660 nm) and
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Peak 2 (located at 1637 nm) to Peak 3 are changed regularly with
the increasing temperature, as shown in Fig. 11 (a) and (b). The FIRs
of Peak 1 to Peak 3 and Peak 2 to Peak 3 can be fitted well by the
following equations respectively:

FIRp1/p3) = 0.263 x %-005T, "

FIR(P]/P3) _ e('lA08><1075 T270A005T+0A2752). (6)

The corresponding temperature dependence curves of S4 and Sg
are also calculated and shown in Fig. 11 (c) and (d). Except for the Sg
of Peak 1 to Peak 3 that keeps unchanged, the S, of Peak 1 to Peak 3
and Sp and Sg of Peak 2 to Peak 3 are all increased with the rising
temperature. The maximum of S4 of Peak 1 to Peak 3 is 1.85% K 1at
523 K. The maximum of S, and Sg of Peak 2 to Peak 3 is 0.62% K
and 0.53968% K~ ! at 523 K respectively.

4. Conclusions

In summary, the LuVOy4: Yb3*/Er** powders were synthesized
by the traditional high temperature solid state method. The optimal
doping concentration for Yb>* and Er>* is 20 mol % and 2 mol %,
respectively. Thanks to the efficient ET processes from Yb>* to Er®*
which have been demonstrated by the NIR spectra and lifetime
curves, an intense green UC emission of Er’t 2H11/2/453/2 — 4115/2
transition can be observed under 980 nm wavelength excitation.
Moreover, the LuVOy4: Yb3*/Er3* powders also have excellent per-
formance on optical thermometry in visible region and NIR region.
In visible region based on the FIR of the two thermally coupled
energy levels Hn 2 and S3/2 of Er’*, the maximum of S, can be
reached 0.82% K~ ! at 423 K. In NIR region, the FIRs of Peak 1 (located
at 1595 nm) to Peak 3 (located at 1660 nm) and Peak 2 (located at
1637 nm) to Peak 3, which are all attributed to 113/2 — 115/2 tran-
sition of Er>, can be well fitted related to the temperature with the
maximal absolute sensitivity S; of 1.85% K ' and 0.62% K!
respectively. The results reveal that LuVOy4: Yb3*+/Er3* powders is a
promising temperature sensing material in both visible and NIR
region under 980 nm wavelength excitation.
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