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ARTICLE INFO ABSTRACT

Keywords: Er* /Yb3* /Tm3" triply doped Y,0; nanoparticles have been synthesized by solute combustion method. X-ray
Optical temperature sensing diffraction (XRD) and scanning electron microscopy (SEM) demonstrate that the prepared particles are cubic
Rare earth

Y,0, phase with the average size of ~49 nm. The blue (Tm>*:!G,—3Hy), green (Er3*:2H,, ,,*S;,~1,5,,) and
red (Er®t:4F, /2—*1j5/2) upconversion (UC) emissions are observed upon a 980 nm excitation. Applying the
fluorescence intensity ratio (FIR) technique, the optical temperature sensing behaviors are studied based on
thermally coupled levels (°H,, ,, and*S;,, of Er®*) and non-thermally coupled levels (! G,y (Tm3*+) and®H;, ,
(Er3*)), respectively. The results show that the absolute sensing sensitivity is much higher in the entire
experimental temperature range, when the non-thermally coupled levels with different temperature dependences
(1Gypy (Tm3*) and?H,, n (Er3+)) are selected as the thermometric index. The maximum absolute sensitivity is
found to be as high as ~1640x10~* K~! at 573 K. This demonstrates that an optical temperature sensor with high
performance can be designed based on the Er** /Yb3* /Tm3*:Y,0, nanoparticles.

© 2017 Elsevier B.V. All rights reserved.

Upconversion luminescence
FIR technique

1. Introduction However, the largest energy mismatches between those two thermally
coupled levels cannot exceed 2000 cm~!, which blocks the further

In recent years, optical thermometer based on rare earth (RE) improvement of the sensing sensitivity [5,9]. Meanwhile, a large energy
doped materials is a topic of extensive research owe to its particular difference may lead to the “decoupling” effect at low temperature,
applications in electromagnetical, thermal harsh and/or corrosive cir- which will introduce unavoidable measurement error [5]. Therefore,

cumstances (i.e. coal mines, electrical power stations, oil refineries and
so on) [1-4]. Among the optical temperature sensing methods, the FIR
technique is considered as an extremely promising one. It commonly
determines temperature via analysis of the emission intensity ratio
between two thermally coupled energy levels, which can provide ac-
curate measurements without influences of the fluorescence losses and
pump power fluctuation [5-14]. By employing the FIR technique, the
temperature sensing properties of many materials doped with RE3+ ions

great efforts are still underway in the development of optical sensing
materials with high sensitivity. Recently, several investigators have
proposed that the optical sensor sensitivity can be enhanced effectively
by using two non-thermal coupling levels from RE3* ions [5,17-19].
For example, it is reported that the highest absolute sensitivity in
NaLuF,:Yb3* /Er3* /Tm3* nanoparticles is up to 604 x 10~* K~! at 300
K based on the non-thermal coupling levels (1D, and 'G,) of Tm3*

(i.e. Er3*, Ho3*, Tm3+ and Pr3* etc.) have been reported by different ions [5]. However, the reported absolute sensitivity value there is still
researches [5-15]. For example, Bin Dong et al. have reported that Er-  Smaller than that obtained in the present study.
Mo:Yb;Al50,, nanoparticles exhibit the maximum sensing sensitivity of Y,0; has been widely applied as the host matrix of RE** ions
48 x 107* K~! at 467 K based on the thermally coupled levels 2H,, P for UC luminescence owe to its relatively low phonon energy (~430-
and #S, 3 of Er*, which can be used as temperature sensor and in vivo 550 cm™1), excellent thermal conductivity and chemical durability
imaging [16]. etc. [20]. Recently, the color-tunable UC luminescence with high
The temperature sensing sensitivity is an important parameter for efficiency in Er*/Yb3+/Tm3%:Y,0; using 980 nm excitation has
an optical thermometer. Basically, a larger energy gap between the been reported [21,22]. However, the temperature sensing behavior of
thermally coupled levels benefits the enhancement of sensitivity [9]. Er3* /Yb®+ /Tm3*:Y,0, nanoparticles are rarely investigated.
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(a) XRD pattern of the synthesized Y,05:0.5%Er>* /3%Yb3* /0.1%Tm>* nanoparticles (top) with JCPDS No. 41-1105 (bottom). SEM image (b) and TEM image (c) of

Y,05:0.5%Er3* /3%Yb?* /0.1%Tm?* nanoparticles, respectively. The histogram of the particle size distribution and HRTEM image of the sample have been shown in the inset of

Fig. 1(b) and (c), respectively.

In this work, Y,05: 0.5%Er3*/3%Yb3+/0.1%Tm3* nanoparticles
have been synthesized by using solute combustion method. The struc-
ture and morphology of the nanoparticles have been studied by XRD,
SEM and transmission electron microscopy (TEM) observations. The
UC luminescent property is investigated upon 980 nm excitation. More
importantly, the optical temperature sensing behaviors utilizing the FIR
technique have been studied based on thermally coupled levels (*Hj, 2
and *S;/, of Er3*) and non-thermally coupled levels ('Gyg, of Tm3*
and ?Hj , of Er3*), respectively.

2. Experimental

Y,05: 0.5%Er3* /3%Yb3+ /0.1%Tm3* nanoparticles were synthe-
sized by solute combustion method. Y(NO5);- 6H,0, Er(NOs);-5H,0,
Tm(NO,);- 6H,0 and Yb(NO,);6H,0 with high purity (99.9%-99.99%)
were dissolved in the deionized water, respectively. These solutions
were mixed and stirred in accordance with the appropriate ratio. Glycine
as complexing agent was added by keeping the nitrate to glycine ratio
1:3.5. Then, the solution pH was adjusted to 6 by adding ammonium
water. The final solution was heated in air at 90 °C to convert into a
glassy gel, which was further heated at a temperature of 450 °C to form
white foamy powders. In order to increase the crystallinity and eliminate
the impurities, the powders were finally calcined at 1000 °C for 2 h.

XRD analysis was performed using a X-ray diffractometer (Bruker
D2 PHASER Diffractometer) with Cu-K, radiation (1 = 1.5406 A). SEM
images were taken on a HITACHI TM 3000 operating at 50 kV. A Tecnai
G2 F20 transmission electron microscope was used to perform the
TEM and high resolution TEM (HRTEM) observations, which operates
at a voltage of 200 kV. The measurements of UC photoluminescence
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(PL) spectra were carried out on a FLUOROLOG3/ Jobin-Yvon spec-
trofluorometer under a 980 nm diode laser excitation. A temperature
controlling system (TAP-02) was used to adjust the sample temperatures
from room temperature to 573 K.

3. Results and discussion

Fig. 1(a) shows the XRD pattern of the synthesized
Y,05:0.5%Er3* /3%Yb3+ /0.1%Tm3*+ nanoparticles. It can be seen that
all the diffraction peaks of the sample match well with the standard
pattern of cubic Y,0; phase (JCPDS No. 41-1105), and no extra
impurity phases can be observed, suggesting the formation of phase
pure material. The average grain size is calculated to be ~45 nm via
the Scherrer’s equation [23].

In order to investigate the morphological feature and particle size of
the Y,0;:0.5%Er3* /3%Yb3+ /0.1%Tm3* nanoparticles, SEM and TEM
observations were carried out. As shown in Fig. 1(b), the nanoparticles
exhibit relatively irregular morphology with the mean particle size to
be ~49 nm, which is in agreement with the XRD result. The TEM image
(Fig. 1(c)) further confirms that the obtained phosphors are made of the
crystalline grains with sizes of 35-65 nm. Moreover, the HRTEM image
(inset of Fig. 1(c)) clearly verifies that the particle is highly crystallized
with long-range order. The obvious lattice fringes with the d -spacing
around 3.06 Ais corresponding to the (222) plane of cubic Y,0;5.

Fig. 2(a) shows the room temperature UC emission spectrum of
Y,05:0.5%Er3* /3%Yb3*+ /0.1%Tm3* nanoparticles under a 980 nm
excitation with pump power of 150 mW. Three distinct emission bands
in blue, green and red regions are detected. The characteristic emissions
peaked at 477 and 490 nm can be ascribed to 'G, -3 H transition
of Tm3* ion, while the peaks centered at 541, 566 and 662 nm
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Fig. 2. (a) UC emission spectrum of 0.5%Er®* /3%Yb3* /0.1%Tm?*: Y,0; nanoparticles; (b) The log-log plots of UC emission intensity as a function of the pump power of a 980 nm

laser.

are corresponding to the 2Hy;;,—>*T;5/2, *S3/,—>*1j5/, and *Fg,—>*1;5,,
transitions of Er3* ions, respectively. Fig. 2(b) shows log-log plots of
UC emission intensity as a function of the pump power for different
emissions. The slope value of the curves represents the number of the
pump photons involved to populate the upper emitting state for the
unsaturated condition [24]. The results demonstrate that the green and
red transitions are two-photon process, while the blue transition comes
from three-photon UC process. Furthermore, the slope values for the
blue emissions at 477 and 490 nm are 2.48 and 2.45 respectively,
suggesting that the two bands are originated from the Stark sublevels
of Gy, —°Hy and ' Gy, —3Hg, respectively. The splitting of 'G, level
due to the crystal field effect has been discussed previously [17].

The possible UC processes have been depicted in the simplified
energy level diagram shown in Fig. 3. Under 980 nm optical excitation,
Yb3* ions can be excited to 2Fs /2 State by ground state absorption (GSA)
process, and then the sequential energy transfer (ET) processes from
Yb3* to Er** and Tm3™ ions play vital roles in the populations of the
excited states of Er3* and Tm3*. For Tm3* ions, the sequential ET1,
ET2 and ET3 processes from Yb3* to Tm3* ions mainly contribute to the
population of ! G, state. Finally, the ! G,—3Hg transition gives rise to the
blue emission. Hence, the blue UG emission of Tm3* ions comes from
three-photon process. However, the slope value for the blue UC emission
shown in Fig. 2(b) is smaller than the excepted value (~3). This might
be resulted from cooperative energy transfer (CET) from Yb3* to Tm3+
ions [18]. As shown in Fig. 3, a pair of neighboring Yb3* ions in the
excited 2F; /2 level can transfer their energy simultaneously to a Tm3+
ion, resulting in the excitation of Tm®* ion to the !G, state (CET1). As
the CET process is a two-photon process, the slope value of blue emission
becomes lower than the expected value. For Er3* ions, they are excited
to the *F, /2 state via the sequential ET4 and ETS. Besides, the 4F, 2
state may also be populated via CET2 [25]. And then the Er®* ions can
nonradiatively transmit to the states of 2Hy, 2 and 4S5 /2- Accordingly,
the green emissions are generated by the transitions of 2Hj, /2—>4115 2
and *S;,,—*1;5/, of Er3* ions. Alternatively, the Er3* ions at the *S;
state can nonradiatively relax to the *F, /2 State. Also, the “Fy /2 State can
be populated by the combination of the non-radiative relaxation process
(*I}1/2—*1,3/,) and the ET6 process (*I,3, +2Fs;,—*Fy ;). Finally, the
transition of *Fy,—*I;5, results in the red emission.

The optical temperature sensor property of Y,05: 0.5%Er3*/
3%Yb3* /0.1%Tm3* nanoparticles is investigated in the temperature
range of 298-573 K with a 980 nm pump power of 99 mW. The
temperature-dependent UC green luminescent spectra are normalized
to 566 nm peak, as shown in Fig. 4(a). The emission intensity from
H,; ;,—*1;5,, transition enhances gradually with respect to that from
43, /2—>4115 /2 transition with increasing temperatures. This is because
’Hyy ), and *S;, of Er’* ions are thermally coupled levels with small

59

e CET1 CET2
g ‘€
204 T4b T o 712
rE\TS “ H11/2
ET5 LS
N \ 312
1543 - | 4
23 4 i 92
LT ET2 |/ ET6 4
mg 4 P R 9/2
o 4 4
< 10 = |
= . X 1112
g 3H5 S S é
g 1, \ /ET1 ET4 I
F /’ \ 1312
5494 4 e IS
E| E ¥ £ S
< =y N
£|8 s 28 &
3 M @ ’F @ 4
0- He 2 |15/2
Tm** Yb** Er*

Fig. 3. Energy level diagram as well as the possible UC mechanisms under 980 nm
excitation.

energy gap of ~700 cm~!, resulting in the population redistribution from
the lower energy level (*S, /2) to the higher one (CHy, ) [2].

Similarly, Fig. 4(b) reveals that the emission band ranging from
520-545 nm (*H,;/,—~*I;5/, of Er®*) increases considerably with the
increment of temperature, when the emission intensity is normalized
at 490 nm (G, —>Hg of Tm3*). To better illustrate the temperature
dependence, Fig. 4(c) shows the intensity variations of the bands peaked
at 490 and 541 nm as a function of temperature. It can be noticed
that the intensity of 'G,y)—°H, transition of Tm3* ions decreases
sharply with the increasing temperature. Several reasons can be taken
into consideration. Firstly, the non-radiative relaxation rate becomes
fast with increasing temperatures, leading to the depopulation of 1G4(b)
level. A second explanation for the intensity reduction of !Gy,)—>Hg
transition is related to the thermal excitation process of !Gyg,) =!Gy,
since the two levels are closely spaced [17]. In addition, the phonon-
assisted ET processes between Er®* and Tm3* ions, such as !G, (Tm3*)
+41, 5 (Br3%) -%H, (Tm3*) +2H,, , (Er®*) and!G, (Tm3*) +41y,
(Er®*) 53F, 5 (Tm®*) +2H,, P (Er3+), are reported to become efficient
with increment of temperature [26], which also depopulate !G, level.
On the contrary, the intensity of 2H,, /2—>4115 /> transition increases when
the temperatures rise from 298 to 423 K. As stated above, the thermal
population of 2H,; /2 level from the lower s, /2 level takes place with
increasing temperature, which is predominant to promote the radiative
transition of 2H;;/,—~I;s/,. Additionally, the above said ET processes
between Er3* and Tm3* ions may be the minor mechanism for populat-
ing the Hy; , level. However, when the temperature increases further,
the population of *H, J2 is blocked via the enhanced non-radiative
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Fig. 4. (a) Normalized green UC spectra at different temperatures, where the emission intensity was normalized at 566 nm. (b) Variation of the bands peaked at 490 and 541 nm with
temperature. The intensities are normalized to the peak around 490 nm. (c) The temperature dependent integral intensities of the bands peaked at 490 and 541 nm. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

relaxation process, leading to the reduction of emission intensity at
higher temperatures. Overall, the ! G, —*Hg (Tm®*) and 2H,; ;,>*1;5
(Er3*) emissions exhibit the diverse temperature dependences, hence,
the intensity ratio of the two emissions can be applied as an index for
probing temperature.

Based on the Boltzmann distribution theory, the FIR for the thermally
coupled levels can be calculated as follows [8,27]:

1, —AE

FIR—I—b—Cexp(k—T> e))
where [ is integrated intensities of emission bands. AE is the energy gap
between two thermally coupled levels, C and k are a pre-exponential
constant and Boltzmann constant (0.695 K1), respectively. T is the
absolute temperature.

Accordingly, the intensity ratio arising from the thermally coupled
levels of 2H,; ;, (541 nm) and *S;,, (566 nm) of Er3* ions can be well
fitted to the following equation (Fig. 5(a)):

FIR = Iy /Isgs = 11.7exp(=1124/T). )

This demonstrates that the parameters C and AE/k are ~11.7 and
1124 K, respectively. Accordingly, the energy gap between H,; /> and
4S5, levels can be calculated to be ~781 cm™!, which matches well with
the actual value of ~700 cm™!.

On the other hand, as the 'Gy,) (Tm®*) and ?Hy, (Er®*) levels
are non-thermally coupled levels, Eq. (1) is not suitable to express the
temperature dependence of FIR values originated from H,, 2 -4 15 2
(541 nm) and 1G4(b) -3 Hy (490 nm) transitions [17]. Otherwise, Chen
et al. [28] and Zhou et al. [17] have proposed that the FIR data from two
non-thermally coupled levels can be fitted by the following exponential
equation:

FIR=Aexp(-B/T)+C 3)

60

where T presents the absolute temperature. A, B and C are constants,
which are evaluated by fitting the experimental data. Based on Eq. (3),
the best fit of FIR value (I54;/149,) to temperature is as follows:

FIR= Iy, /5 = 2215.8exp(~2697.7/T) + 1.3. 4

As shown in Fig. 5(a), the correlation coefficient R is as high as
~0.995, revealing a perfect fitting is achieved. Hence, the temperature
can be accurately detected with the help of the intensity ratio between
Hyy )y —>* 15/ (Er3F) and 'Gyy - Hg (Tm3*) transitions.

What is more, it is important to know the sensor sensitivity of
the sample for optical thermometry applications. The absolute sensor
sensitivity (S,) presents the change rate of FIR with response to the
temperature variation, which is defined as [2,16]:

_dFIR

a7 dr

While the relative sensor sensitivity (S,) is the normalized S, with
respect to the measured FIR value, which is expressed as [29]:

)

1 dFIR

"7 FIR dT
Fig. 5(b) shows the corresponding S, curves as a function of tempera-
ture. It is revealed that the .S, value of the optical thermometer based on
non-thermally coupled levels (1G,, (Tm3*) and 2H, P (Er3*)) is much
higher than that based on thermally coupled levels (?H;, 2 and 4s, /2 of
Er3*) in the whole experimental temperature range. On the other hand,
the dependences of the calculated S, values on temperature are given in
Fig. 5(c). As shown, although the S, value based on !G,g, (Tm3") and
2Hyy ), (Er3*) levels is lower than that based on 2H,, ;, and *S; , levels
of Er3* at the temperatures lower than 348 K, a reverse trend occurs at
higher temperatures. Noteworthily, in the case of non-thermal coupling
levels (X Gy (Tm3*) and %H,, ) (Er®+)), the maximal value of S, is

(6)
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Table 1

Optical sensing sensitivities of different materials doped with RE3* ions.
Sample Transitions S, (10~ K1) S, (%K) T (K) Reference
Tm/Yb/Er:Y,0, 2H,y ), 4S50 =% Lispa 56 1.27 298-573 This work

2H,yy 5 =4 Lispas Gy = Hy 1640 1.12 298-573 This work
Er/Yb:NaLuF, 2Hyy 0, *S30 >4 Lispa 52 / 303-523 [30]
Er/Yb:ZnO-CaTiO, 2Hyy 1, *83~*L1s)0 105 1.16 300-700 [31]
Er/Yb:NaYF, Hyy 0 %830 =% Lispa / 1.20 160-300 [32]
Ho/Yb:CaWO, 5F,3/%Ks, °Gy/°G >, 205 0.5 300-690 [33]
Yb/Er/Tm:YF, Hy 0, %S5 =* Lispy / 1.01 293-563 [341
«-NaYF,: Tm/Yb @CaF, 3H, ), THyg = Hg 43 / 313-373 [35]
as high as ~1640 x 10~* K~! at 573 K, while that of S, is ~1.12%K"1 Acknowledgments

at 409 K. This performance is superior to those typical RE3* doped
materials based on thermally coupled levels, as illustrated in Table 1.
Hence, the strategy of using the intensity ratio between 2Hj, /2—>4115 2
(Er®*) and 'Gyp,,—~3H® (Tm3*) in Y,0; nanoparticles is a promising
way for high performed temperature sensing.

4. Conclusion

In summary, 0.5%Er3+*/3%Yb3*/0.1%Tm3*:Y,0; nanoparticles
were prepared by solution combustion method. The XRD, SEM and
TEM results reveal that the product is cubic phase of Y,0; with high
crystallinity and the mean particle size is ~49 nm. The UC emis-
sions in the spectral range from blue to red were obtained under a
980 nm excitation. Using the FIR technique, the optical temperature
sensing behaviors of the nanoparticles were discussed based on ther-
mally coupled levels (3H, 12 and *S;/, of Er3*) and non-thermally
coupled levels (1Gyp,, (Tm®*+) and *Hy, P (Er3*)), respectively. The
results illustrate that the absolute sensitivity based on 2Hj, /2—>4115 2
and Gy, —H, transitions with different temperature dependences is
higher in the temperature range from 298 to 573 K. The maximum
absolute sensitivity can reach as high as 1640 x 10™* K~! at 573 K.
Hence, the 0.5%Er3*/3%Yb3* /0.1%Tm3*:Y,0; nanoparticles show
a potential application value in optical thermometry due to the high
sensing sensitivity.
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