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ABSTRACT: In this paper, Er’*/Yb* codoped Y,(_)Lu,, 505 solid Lu® Increasin
e = e

solution was prepared through the sol—gel method, and the substitution of | 4 — i

Y** by Lu** ions in Y,O; was confirmed by X-ray diffraction data. The up- NJL
conversion emissions of samples under 980 nm excitation and the relative up- |-~

conversion processes are investigated. The emission shapes do not vary with My )

the change in doping concentration due to the unaltered cubic phase. The red-
to-green ratio changes from 2.7 to 7.8 and then declines to 4.4 as the doping | SN JA\:\/WL

concentration of Lu** increases from 0 to 100. The emission lifetimes of green Men
and red have similar variation: the emission lifetime decreases with doping [———"*
concentration changing from 0 to 60 and rises as the doping concentration e Moy
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continues to increase. The reason why the emission ratio and lifetime change
could be originated to the exacerbation of cross-relaxing process and the
change of radiative transition probabilities. The temperature-dependent
fluorescence intensity ratio (FIR) shows that all samples can be used in noncontact optical temperature sensing, and the method
of local structure distortion can be used to improve sensitivity further. The max sensing sensitivities of FIR based on Rgzq/543 and
Ried/green Teach 0.011 K ! (483 K) and 0.21 K™! (300 K). The results display that Er**/Yb** codoped Y, (1-x o)L, 5,05 solid solution
can be potential candidates for optical temperature sensing in different temperature ranges.

H INTRODUCTION The effect of oxide with different crystal phases on up-
Rare earth ions doped up-conversion materials, possessing conversion luminescence and temperature sensing was
optical ablhty of Converting high.energy Photons after investigated by Guo research, which revealed that the
absorbing multiple low-energy photons, have attracted great sensitivities of the samples were in direct proportion to the
attention in many fields, such as c?l_%rful display, ion detection, local Er** site symmetry.'® In addition to crystal phases,'™"®
temperature sensing, and so on. In temperature sensing, introducing ions in the host also affects the up-conversion
compared with conventional measurement methods like luminescence and sensitivity.'* ' As discussed in Wang’

thermocouple and optical fiber, the optical thermometer of
rare earth ions doped up-conversion materials shows great
advantage for their noninvasive marker. Compared with other

optical thermometers, like quantum dots, it possesses merits of ) i
nonblinking, low toxicity, and high stability.°™® The concentration was 1r.1tr0duced. . N
fluorescence intensity ratio (FIR) technology is regarded as a In this work, we introduce Lu™ into Y,O5/Er’"/Yb™" solid

group, the sensitivity can be improved via inducing Ge ions in
Y,0;/Ho> /Yb* phosphors.'” The doping concentration was
low, and the new phase would appear when a high

promising temperature sensing technique because it is solution, where the concentration is 0 to 100% to investigate
impervious to outside interference.” The FIR can be calculated the influence of local structured distortion on the ratio of red-
through emissions from thermal coupled levels, like green to-green emissions and the emission lifetime. Meanwhile, the
emissions radiated from *H,;,,/*S;/, or from nonthermal temperature-dependent up-conversion luminescence is de-
coupled levels, like emissions radiated from *Fy)»/*Hy12/*S3/2 tected to evaluate the sensing ability of FIR technology

(Er’*) or °F,5(Tm?")/*S,,, (Er**).'~" The sensing sensitivity
based on thermal coupled levels is limited by the restricted
energy gap, which is ~200—2000 nm~' and indistinguishable
fluorescence spectrum.’” Therefore, the FIR of emissions from
nonthermal coupled levels even from different materials are
used to improve the sensitivity.'"'>'*'* In this work, Er’*" is
used to emit green and red emissions for temperature sensing.
The oxide of rare earth ions is used as host materials for its
relative low phonon energy and good chemical stability." '

based on thermal coupled levels and noncoupled levels.
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Figure 1. (a) XRD patterns of Yy, )Lta(-0/20/40/60/80/100) %O solid solution; (b) enlarged main peaks (400) in all XRD patterns. The black dash
line represents the main peaks’ position of PDF no. 43-1036; the red dash line represents the main peaks’ position of PDF no. 43-1021.
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Figure 2. (a) Normalized up-conversion emission in Er**/Yb*" codoped Y (1 %)L, %O; solid solution (the emission intensities are normalized at
563 nm); (b) schematic energy levels and proposed up-conversion processes of Er**, Yb** codoped up-conversion materials.

B EXPERIMENTAL PART

Materials. Y(NO;);-6H,0 (99.9%), Yb(NO;);-6H,0
(99.9%), Er(NO;);6H,0 (99.9%), and Lu(NO,);-6H,0
(99.9%) were all purchased from Jining Zhongkai New Type
Material Science Co., Ltd. CqHgO,-H,O (99.5%) was
purchased from Aladdin Industrial Corporation. All chemicals
were used directly without further purification.

Preparation of Er**/Yb*" Codoped Y,_y o,LUsy 503
Solid Solution. In this research, the mole ratio of Er¥*/Yb**
in Yo(;_, o)Ly, 5,03/Er’*/Yb** solid solution was fixed at 1/4
mol %. The preparation process was as below. Firstl calculated
amounts of Y(NO,;);:6H,0, Lu(NO;);-6H,0, Yb(NO;);
6H,0, and Er(NO,);-6H,0 were dissolved into 10 mL of
deionized water and stirred vigorously to form a transparent
solution. Meanwhile, calculated amounts of citric acid were
dissolved into 10 mL of deionized water. Second, the solution
of citric acid was added into the solution of rare earth nitrate
dropwise and then agitated for 15 min. The obtained
transparent solution was put into a drying oven at 130 °C
for 24 h and a muffle furnace at 800 °C for 2 h. The powder
was collected after cooling down to room temperature. The
values of x were fixed at 0, 20, 40, 60, 80, and 100.
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Characterization. In this research, the X-ray diffraction
(XRD) patterns of Er/Yb codoped Y,(;_, o)Lu,, O3 solid
solution were measured via an X-ray diffractometer (Empyr-
ean, Panalytical, Netherlands) with Cu Ka radiation (4 =
0.15406 nm) in the 20 range from 10 to 70°. The up-
conversion spectra of all samples were monitored by the
iHRSS0 grating spectrograph (iHRSS0, Horiba, France) under
980 nm laser excitation, which was purchased from Beijing
Kipling Photoelectric Technology Co., Ltd. For the thermom-
etry experiments, the sample was pasted on a Linkam THMS
600 heating stage and heated. Then, the temperature (T) of
the sample was measured by a thermocouple. The spectrum of
the sample at a certain temperature (T) was acquired using the
iHRS50 grating spectrometer. The fluorescence decay curves
of the samples were recorded in a DSOS5032A digital storage
oscilloscope under 980 nm pulse laser excitation.

B RESULTS AND DISCUSSION

XRD Analysis. The XRD patterns are displayed in Figure 1.
As shown in Figure 1a, the XRD patterns of the samples are in
good agreement with the standard JCPDS file numbers 43-
1036 and 43-1021 when the values of x are 0 and 100,
respectively, which is the pure cubic pattern of Y,0; and
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Figure 3. Logarithmic plot of visible emissions versus excitation power of (a) x = 0, (b) x = 20, (c) x = 40, (d) x = 60, (e) x = 80, and (f) x = 100

in Er’*/Yb*" codoped Yo (1 )Lz, O3 solid solution.
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Figure 4. Decay behaviors of emissions at (a) 563 nm and (b) 661 nm in Er**/Y** codoped Yo (1-x 9Lz, O; solid solution.

Lu,0;. The strong diffraction peaks of samples are well-
consistent with the cubic phase Y,0; and Lu,0O; as the value
changes from 0 to 100, which indicates that all obtained
samples are continuous solid solutions and possess a pure
cubic phase structure. This can be attributed to the same
charge and similar radius. Moreover, compared with the
standard pattern PDF no. 43-1036, an obvious shift toward
higher diffraction angles is observed in the enlarged main peak
(400) with increasing contents of Lu®* in Y,0; (as shown in
Figure 1b), originated to the substitution of Y** by Lu® * ions
with a smaller radius.

Up-Conversion Luminescence Spectra of Er/Yb
Codoped Y (;_y 9)LU;x=0/20/40/60/80/100) %03 Solid Solution.
In order to reveal the effect of doping concentration of Lu** on
the up-conversion luminescence, the up-conversion emission
spectra of all samples were detected in the visible region under
980 nm laser excitation. As shown in Figure 2a, typical
emissions centered at 538 nm (*H;,, — *I;5/,), 563 nm (*S;,,
- ";55), and 660 nm (*F,;, — *Ij5,) can be detected
obviously. The spectrum shapes of all powders remain
unchanged due to the same space group (1a-3(206)), which
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was also similar to the spectra of Er’*/Yb** codoped cubic
Gd,0; powder.”” The emission peaks shift slightly (~1 nm),
which can be originated to different crystal-field effects of Y,0;
and Lu,O;. It is widely accepted that the photons (n),
participated in the up-conversion process and can be calculated
via the slope of visible emissions versus excitation power. From
Figure 3, we can see that the green and red emissions are two
typical photon processes of all samples. The detailed up-
conversion processes are displayed in Figure 2b. The energy
levels, *H;;,, and *S;,,, radiating green emissions, are
accumulated through the energy transferred from Yb®' and
sequential ground-state absorption (*I5,, + 980 nm photon —
*111/,) and excited-state absorption (*I;;/, + 980 nm photon —
*F,/,). The energy levels, *Fy,, radiating red emission, are
accumulated through two paths. One is ground-state
absorption (*I;5/, + 980 nm photon — “I;;,,), nonradiative
transition (*I;;,, = *I;3/,), and excited-state absorption (*I;3/,
+ 980 nm photon — ‘F,,). The other is multiphonon
relaxation from the upper level (*S;/,). The ratios of red-to-
green are 2.7, 3.0, 4.7, 8.0, 7.9, and 4.4 as the values of x alter
from 0 to 100. The reason why the ratio of red-to-green

https://doi.org/10.1021/acsomega.2c07565
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Figure 5. Normalized up-conversion emission of (a) x = 0, (b) x = 20, (c) x = 40, (d) x = 60, (e) x = 80, and (f) x = 100 in Er**/Yb** codoped
Y (1-x %)Ly, %O solid solution with increasing temperature (emission intensity are normalized at 563 nm).

increases can be explained as follows. As all Y** ions are
replaced by Lu’* ions, the distance between Er’" and Yb**
becomes short for the shorter length of Lu—Lu.d'® Therefore,
the ratio is larger in Er/Yb codoped Lu,Oj; solid solution due
to intense cross-relaxing (CR), as shown in Figure 2b. As a part
of Y** ions are replaced by Lu*" ions, the local structural
distortion is generated and could induce intense CR between
Er** and Yb**. The local structure distortion may also cause a
change in the radiative transition probabilities of *H,; ,/*S;
= "5/, and *Fy), = ;50 transitions.””** Hence, the ratios of
red-to-green are strongly affected by local structural distortion.
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Figure 4 shows the decay curves of 563 and 661 nm
Er**/Yb®" doped
Yo (1-x 9%)LUs(x=0/20/40/60/80/100) %O3 solid solution. The emission
lifetimes (7) are calculated through single exponential decay
function, and the detailed emission lifetimes are displayed in

emissions from

Figure 4. The emission lifetime decreases first and then
increases as the doping concentration of Lu** changes from 0
to 100. The reason could also be originated to the change of
CR process and the radiative transition probabilities of
*Hy12/*S3/2 = "5/, and *Fy), — *1j5), transitions.

https://doi.org/10.1021/acsomega.2c07565
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Figure 7. (a) Temperature-dependent Ricd/green and (b) S,

Temperature-Dependent Up-Conversion Lumines-
cence of Er**/Yb®* Codoped Y,;_yo)LUsy 4,05 Solid
Solution. To evaluate the capability of temperature sensing
in Er’*/Yb®* codoped Y(;_, 5)Lu,, O3 solid solution, we
study the temperature-dependent up-conversion luminescence
(from SO0 to 750 nm) of all samples. The temperature-
dependent emission spectra with temperature varying from
303 to 483 K are displayed in Figure 5. The emission
intensities are normalized at 563 nm to show the variation
tendency of two green emissions (located in the wavelength
range of 500 to 543 and 543 to 580 nm). As can be shown in
Figure S, the emission locations do not move with temperature
increasing, and the green emission intensity (Is35) increases as
the temperature increases because of thermal excitation.”*
Thus, the ratio of two green emissions located at 538 and 563
nm are calculated for their superior thermal coupled ability.
The FIR can be expressed as eqs 1 and 2 because the
population of thermal coupled levels follows the Boltzmann
distribution. In eq 1, R stands for FIR, and Is34 and I, are the
integrated intensities of green emissions. AE is the energy gap
between energy levels *H,;,, and *S;,, C is the constant
related to degeneracy, radiative transition probability, and
angular frequency. T is the absolute temperature. Equation 1
can be modified to eq 2 to see the fitting line visibly. The
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absolutely sensitivity can be calculated through eq 3 to indicate
the temperature-sensing ability.

I
R= 1 _ ¢ exp(_ﬁ]

L3 kT (1)
InR=—-a/T+b (2)
S = ‘ﬁ _ 9 wr-a/T
AT 3

ar| T (3)

The relationships between In R and 1/T of
Y (1-x %) LWa(x=0/20/40/60/30/100) % O3 solid solution are shown in
Figure 6a. The data of In R can be fitted well with linear
functions, and the fitted parameters are displayed in Table S1.
The values of R-square are less than 0.99. Therefore, the ratio
of two green emissions can be used to sense temperature via
noncontact FIR method. The absolutely sensitivity, calculated
through eq 3, is plotted in Figure 6b. The maximum sensing
sensitivity reaches 0.011 K™ at 483 K when the value of x is
equal to 40. The result indicates that sensing sensitivity can be
improved when a certain amount of Lu*" is doped in Y,0s,
which could be originated to the dopant-induced local
structural distortion. What is more, the sensing sensitivity
can further improve through the FIR of sublevel from *Hj,
and *S,,,.”
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In order to improve the sensing sensitivity, the noncontact
optical temperature sensing based on the FIR of nonthermal
coupled levels is investigated. The ratio of red-to-green
(Rred/green) is shown in Figure 7a. For nonthermal coupled
levels, the temperature-dependent R, q/gecn i typically fitted by
a polynomial.”” Therefore, we fitted the temperature-depend-
ent Ri.q/green through a cubic function R = By + BT + B,T> +
B,T? and the fitted values are displayed in Table S2. The data
Of Ried/green are fitted well with cubic functions, and the values
of R-square are less than 0.99. To investigate the sensing
abilities of different samples, we calculated the absolute sensing
sensitivity (S,) through the expression S, = IdR/dTIl. The
sensitivities of samples are shown in Figure 7b. The maximum
value of S, reaches 0.21 K™ (300 K) in Y,(;_ s)Lttz(=g0) %O3
solid solution. The sensitivities of nonthermal levels from all
samples are higher than those of thermal levels and can be used
in fields like surface temperature imaging. As shown in Figure
6b, the sensing sensitivity of Rssg/s63 increases as the
temperature rises, indicating its potential application in the
high-temperature range. The sensing sensitivity decreases with
increase in temperature (Figure 7b), which implies that
temperature sensing based on nonthermal coupled levels can
be utilized in biological application. Compared with other
works, the samples in this work exhibits higher temperature
sensitivity and can be applied in sensing devices to detect
temperature in high- or low-temperature range.zg_31

B CONCLUSIONS

In summary, the up-conversion luminescence and the
temperature-sensing ability of cubic-phased Er**/Yb** codoped
Y, (1-x %)LUs, O3 solid solution were investigated. The
emission shape does not vary with the change of Lu’*
concentration. The emission locations shifted to longer
wavelength (~1 nm), which could be due to different
crystal-field effects of Y,0; and Lu,O; The red-to-green
ratio changes from 2.7 to 8.0 and then declines to 4.4 as the
doping concentration of Lu®" increases from 0 to 100. The
emission lifetimes of green and red emissions have similar
variation: the emission lifetime decreases with doping
concentration changing from 0 to 60 and rises as the doping
concentration continues to increase. The reason for the change
in the emission ratio and lifetime could be originated to the
transition of CR process and the change of radiative transition
probabilities. The temperature-dependent up-conversion lumi-
nescence shows that all samples can be used in noncontact
optical temperature sensing. The max sensing sensitivities of
FIR based on Rssg/563 and R,q/green reach 0.011 K™ (483 K)
and 0.21 K™ (300 K). The calculated sensing sensitivities
display that local structural distortion, induced by doping Lu**,
can further improve sensing sensitivity.
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