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ABSTRACT: The optical thermometry properties of Lu-
VO,:Yb* /Er**@SiO, nanoparticles (NPs) are studied in
detail. In order to avoid the overheating effect for biological
tissue caused by 980 nm radiation, 915 nm is employed as the
excitation wavelength to investigate the upconversion (UC)
and optical thermometry properties of the as-prepared NPs. In
the visible region, the fluorescence intensity ratio (FIR) of the
*Hy,), and *S,), levels of Er’* is utilized to measure the
temperature. The relative sensitivity Sy in this case can be
written as 1077/T? which is higher than that of f-
NaYF,:Yb3*/Er3* NPs, B-NaLuF,:Yb3*/Er3* NPs,
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YVO,:Yb*'/Er** NPs, etc. In the near-infrared (NIR) region, an anomalous enhancement of the *I;;;, — *I;5/, transition
with increasing temperature is observed. What is more, the FIR of peak 2 (located at 1496 nm) to peak 1 (located at 1527 nm)
is changed regularly with increasing temperature, which can also be used to measure the temperature. The combination of the
visible and NIR regions for optical thermometry can provide a self-referenced temperature determination to make measurement
of the temperature more precise. In addition, the UC mechanism is also investigated, especially the population route of the *F,,
level of Er**. Through analysis of the decay curves, we propose that the dominant way for populating the Er’* *Fy ), level is
energy transfer from the Yb>* *Fs , level to the Er’* *I,5 , level. All of the results reveal the potential application of LuVO,:Yb**/

Er’*@SiO, NPs for dual-mode optical thermometry.

B INTRODUCTION

Accurate and fast temperature measurement is of great
significance in every area, such as medical treatments, oil
refineries, coal mines, and so on. Among the various methods
for temperature detection, optical thermometry is a promising
research owing to its tremendous advantages in terms of rapid
response, noncontact, and strong antijamming capability.'”’
Currently, rare-earth-ion-doped inorganic materials, especially
upconversion (UC) nanomaterials, have become a research
hotspot for optical thermometry.””'" Compared with the
fluorescence temperature-sensing materials based on quantum
dots and organic dyes, UC materials have many excellent
properties, such as strong photostability, high resolution,
negligible autofluorescence background, low toxicity, etc.''?
Meanwhile, UC materials also show great potential applica-
tions in photodynamic therapy (PDT) and photothermal
therapy (PTT)."'* Therefore, developing UC nanomaterials
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may be a promising way to combine PDT or PTT with optical
thermometry for biomedicine to provide a real-time temper-
ature detection during the treatment process.

In general, 980 nm is usually chosen as the excitation
wavelength to trigger UC luminescence because of the
sensitizer Yb®>" ions’ excellent absorption capacity at this
wavelength. However, it is necessary to point out that water
and biological tissue have extremely strong optical absorption
from 930 to 1030 nm."> That means that 980 nm radiation
would cause a serious overheating effect, resulting in biological
tissue injury. At present, to overcome this drawback, 808 and
915 nm are employed as the excitation wavelengths for UC
luminescence. To utilize 808 nm as the excitation wavelength,
Nd*" is often chosen as the sensitizer and a complex core—
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Figure 1. (a) XRD data of UCNPs and UCNPs@SiO, along with the standard XRD data of LuVO, (JCPDS 17-0880). SEM images of (b) UCNPs
and (c) UCNPs@SiO,. (d) EDS spectra of UCNPs and UCNPs@SiO,.

shell—=shell structure is necessary to avoid luminescence
quenching.'®"” Using 915 nm as the excitation wavelength,
by contrast, is more easily realized, which is still based on Yb**
sensitizing,'>'” Nevertheless, because the optical absorption
capacity of Yb** ions at 915 nm is only half that at 980 nm, the
intensity of UC under 915-nm-wavelength excitation is weaker
than that under 980-nm-wavelength excitation.'” Therefore,
considering that the intense UC emission is required for
accurate temperature measurement, there is an urgent need to
develop the UC materials with high efficiency under 915-nm-
wavelength excitation.

Rare-earth vanadate, which owns low photon energy and
excellent electrooptical properties, is one kind of promising
matrix for highly efficient UC luminescence. For example,
Cheng et al. and Oh et al. have reported strong UC in
YVO,:Yb**/Er** and GdVO,:Yb**/Er¥, respectively.”””'
However, the luminescence properties of LuVO,, which is
another representative rare-earth vanadate, are seldom studied,
particularly its UC properties and temperature-sensing
behaviors, under 915-nm-wavelength excitation.

Herein, a hydrothermal method was used to synthesize the
LuVO,:Yb**/Er’* nanoparticles (NPs) and LuVO,:Yb*'/
Er** @SiO, NPs. Excited by a 915 nm wavelength, the optical
thermometry properties based on the fluorescence intensity
ratio (FIR) of the Er** *Hy, , level to the *S; , level and peak 2
(at 1496 nm) to peak 1 (at 1527 nm) of the Er** *I,5,, = *I;5,,
transition have been studied in detail. The two methods for
optical thermometry can be utilized simultaneously, which
allows for a self-referenced temperature determination to make
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measurement of the temperature more precise. In addition, the
UC mechanism is also investigated, especially the population
route of the *F,, level of Er’* ions. All of the results indicate
the potential application of LuVO,:Yb*'/Er** @SiO, NPs for
dual-mode optical thermometry.

B EXPERIMENTAL SECTION

Materials. Lu,0; (99.99%), Yb,0; (99.99%), and Er,O; (99.99%)
were supplied by Beijing Founde Star Science & Technology Co, Ltd.
NH,OH (analytical grade) and NH,VO; (analytical grade) were
purchased from Chongqing Chuandong Chemical (Group) Co., Ltd.
Tetraacetoxysilane [Si(OC,H;), TEOS, 99%] was supplied by Alfa-
Aesar. The chemical reagents in this work were used as the raw
materials without further refinement.

Synthesis of LuVO,:Yb3**/Er** NPs. LuVO,:20 mol % Yb*/2
mol % Er** NPs (UCNPs) were prepared by a hydrothermal process.
Details of the preparation process are as follows: First, the rare-earth
oxides (Lu,03, Yb,0;, and Er,0;) with the required molar ratio were
dissolved in a diluted nitric acid solution with continuous heating and
stirring to obtain the rare-earth nitrate solution, in which the pH value
was adjusted to 6 by adding deionized water. Subsequently, a water
solution containing 4 mmol of NH,VO; was added into the rare-earth
nitrate solution to obtain a 40 mL mixture solution. Finally, the pH
value of the mixture solution was adjusted to 7 by the addition of
NH,OH with continuous stirring for 1 h. Then, the clear yellow
solution was transferred to a 75 mL sealed Teflon-lined autoclave and
heated at 185 °C for 24 h. The resultant products were collected by
centrifugation, washed with ethanol, and dried at 120 °C in an air
atmosphere. In addition, to enhance the UC intensity of the samples,
the NPs were then annealed at 600 °C for S h in a muffle furnace.

Synthesis of LuVO,:Yb**/Er**@SiO, NPs. On the basis of the
above experiments, the as-prepared LuVO,:20 mol % Yb**/2 mol %
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Er** NPs were used as the raw materials and TEOS was used to
catalyze alkali hydrolysis. First, half of the prepared LuvVO,:Yb*"/Er**
NPs were dissolved in 40 mL of ethanol and 4 mL of deionized water,
in which the pH value was adjusted to 9 by adding NH,OH. Then, 2
mL of TEOS was dropped into the solution with continuous stirring
for 4 h. Finally, the products were collected by centrifugation, cleaned
by ethanol, and dried at 120 °C to obtain LuVO,:Yb**/Er**@SiO,
NPs (UCNPs@Si0,).

Characterization. A Bruker D8 Advance diffractometer was used
to collect the X-ray diffraction (XRD) data of the as-prepared
samples. The morphology and chemical analysis of the NPs were
measured by microscopy (Hitachi S-4800) coupled with energy-
dispersive X-ray spectrometry (EDS). The UC and NIR emission
spectra were obtained by using an Edinburgh FLS920 spectrometer.
When an optical parametric oscillator was used as the excitation
source, the decay curves were recorded by a TDS-3052 oscilloscope
purchased from Tektronix. The lifetimes of the NPs were obtained by
integrating the area of the corresponding normalized decay curves.

B RESULTS AND DISCUSSION

Structure. The XRD data of UCNPs and UCNPs@SiO,
were measured and are depicted in Figure la. It can be clearly
seen that the two samples present similar XRD patterns and
the peaks of each sample match well with the tetragonal phase
LuVO, standard data (JCPDS 17-0880). No other phases can
be detected. The scanning electron microscopy (SEM) images
of the as-prepared samples are shown in parts b and ¢ of Figure
1, respectively. The average sizes of UCNPs and UCNPs@
SiO, are 85 and 91 nm, respectively, indicating that the
thickness of the coating SiO, layer is about 3 nm around the
NPs. Moreover, the EDS spectra of UCNPs and UCNPs@
SiO, were also measured to further prove the core—shell
structure (see Figure 1d). Compared with UCNPs, the peak
for Si was only observed in UCNPs@SiO,, suggesting the
successful coating of the SiO, shell.

Luminescence Properties. UC Luminescence of UCNPs
and UCNPs@SiO,. Figure 2a depicts the normalized UC
spectra of UCNPs@SiO, dispersed in water excited by 915 and
980 nm wavelengths, respectively. Before collection of the
spectral data, the sample was irradiated persistently by 915 and
980 nm near-infrared (NIR) light for 3 min, respectively.
Meanwhile, the excitation power density of the 980 nm
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Figure 2. (a) Normalized UC spectra of UCNPs@SiO, dispersed in
water excited by 915 and 980 nm with the same power density. (b)
UC spectra of UCNPs and UCNPs@SiO, excited by a 915 nm
wavelength.
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wavelength remained the same as that of the 915 nm
wavelength. Obviously, the intensity ratio of the *H,;,, —
*I;5/, transition to the *S;,, — *I;5), transition is increased
when the excitation wavelength is changed from 915 to 980
nm, resulting from the absorption effect of the 980 nm
wavelength by water, which caused increasing temperature of
the sample. Actually, because *H,,/, and *S;/, are thermally
coupled levels, the Er** *Hj, , state can be populated from the
Er'* 4S;), state through a thermal excitation effect at higher
temperature. From this, it can be proven that the absorption
effect of the 980 nm wavelength by water is stronger than that
of the 915 nm wavelength. Therefore, in a subsequent article,
915 nm is employed as the excitation wavelength to trigger UC
luminescence.

Next, in order to explore the effect of the core—shell
structure on the UC emission intensity, the UC spectra of
UCNPs and UCNPs@SiO, under 91S5-nm-wavelength ex-
citation were measured and are depicted in Figure 2b.
Definitely, the UC intensity is dramatically enhanced by
coating the SiO, shell with a factor of approximately 2.5 times
for both the *H,;/,/*S;,, = "5/, transition (green emission)
and the *F,;, = *I;5/, transition (red emission). Actually, in
the past few years, there are many papers in the literature
concerning UC enhancement realized by coating SiO, on the
surface of NPs.”*~** Overall, the UC intensity enhancement by
coating SiO, can be ascribed to two aspects: the increase of
light extraction from the inside of the NPs and the decrease of
energy transfer (ET) from the luminescence centers to surface
defects. To be specific, as is known to all, when light travels
from an optically dense medium (refractive index named n,,)
to an optically thinner medium (refractive index named n,;), if
the incidence angle (6) is larger than the critical value [0 =
arcsin(n,;/n,,)], a total internal reflection phenomenon at the
interface should occur. The refractive index of SiO, is reported
to be about 1.46 (ng), which is much smaller than that of
LuVO, (ny = 2.03). In UCNPs, the critical angle 6, for Er**
emitting visible light from the inside of the NPs to air (n = 1)
is about 30°. However, in UCNPs@SiO,, a much larger critical
angle can be obtained by introducing a mediated layer of SiO,
between the NPs and air, at the interface of either the NPs and
Si0, (O, = 46°) or SiO, and air (., = 43°), which means
that the NPs with surface treatment by SiO, should have more
light extraction than that of the bare NPs. Therefore, this is
proposed to be one of the reasons for UC enhancement
through SiO, coating.”>*° In addition, after coating SiO, on
the surface of UCNPs, the distance between the luminescence
centers and the new surface supplied by SiO, is increased,
which can effectively reduce the ET process from the
luminescence centers to the defects on the particles’ surface,
resulting in UC enhancement.”*’

In order to acquire more information about the UC process,
the dependence of the UC intensity on the pump power of a
915-nm-wavelength excitation is measured. As is known to all,
the UC intensity I is proportional to P" in a multiphoton
process: I = P", where P represents the NIR excitation power
and 7 is the number of required NIR photons for emitting one
visible photon, which can be calculated by the slope of the
double-logarithmic plots between I and P. As shown in Figure
3, the n values of the *Hy;),/*S;;, = *I;, transition (green
UC emission) and the *F,, — *Ij5/, transition (red UC
emission) in UCNPs are 1.6 and 1.5, respectively, revealing a
two-photon process for both of the transitions. The same result
appears in UCNPs@SiO,.
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Figure 3. Pump power dependence of the integrated UC intensity of
UCNPs and UCNPs@SiO, excited by a 915 nm wavelength.

On the basis of the above analysis, the possible ET processes
excited by a 915 nm wavelength are depicted in Figure 4.
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Figure 4. Energy-level diagram with the possible ET processes excited
by a 915 nm wavelength.

Under a 915-nm-wavelength excitation, the Yb3* ions can be
populated to the *Fs), level from the ground state. The main
route for populating the green UC emission level Er’*
*H,,/,/*Ss, includes ET1 from the Yb*" *F;), level to the
ground state of Er’* and ET3 from the Yb** *F; , level to the
Er’* *1;,, level along with a multiphonon relaxation process
(MPR) from the Er** *F, , level. For the red UC emission level
Er’* *Fy),, it can be populated by the ET2 process from the
Yb** *Fs), level to the Er’* *I,5,, level. Moreover, the MPR
process from the Er’* H,,,,/*S; , level can also populate the
Er** *Fy, level. In the following paragraph, the decay curves of
the H,,,,/*S;/, and *Fy), levels of Er** were used to analyze
which route is dominant for populating the *F,, level.

Parts a and b of Figure S show the decay curves of the
H,,/,/*S5/, and *Fy, states of Er** under 915-nm-wavelength
excitation. Definitely, the core—shell structure has almost no
influence on the decay time of the two energy levels, whereas
an interesting phenomenon can be observed: the decay time of
the Er** *H,, ,/*S;, state is approximately half that of the Er**
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Figure 5. Decay curves of the (a) *H,,,/*S3, state of Er**, (b) *Fy),
state of Er*’, and (c) ’Fs), state of Yb*" under 915-nm-wavelength
excitation in UCNPs and UCNPs@SiO,, respectively.

*Fy), state in each sample. Assuming that the MPR process
from the *Hy,,/*S;), state is dominant for populating the *Fy,
state, the decay time of the *F,, state should be almost equal
to that of the *H,,,,/*S;/, state because of the rapid MPR
process between the two states. Obviously, this hypothesis is
inconsistent with the test data, which means that the ET2
process may be the dominant way to populate the *F,, state.
Actually, the population of the *Fs,, state of Yb*" ny can be
written as

ng = ngy exp( — t/7) (1)
the population of the I3/, state of Er’* n, can be written as
ny = ny, exp( — t/7) (2)

and the population of the *I;; , state of Er’* n, can be written
as

ny = nyg exp( — t/1,) (3)
where 74, 7;, and 7, represent the decay times of the Yb*" °F; ,,
Er’* *1;;)5, and Er’* *1;, ), states, respectively. Subsequently, the

population of the *Hj;,/*S;/, state ng through ET1 and ET3
can be expressed as

ng = Cyngny = Cyhigonyg expl — t(1/75 + 1/7,)] (4)

where Cy, is the coefficient for ET from the F;, state of Yb*"
to the *I;,/, state of Er’". Assuming that the ET2 process is
dominant to populate the “F,, state, then the population of
the *Fy, state ny can be expressed as

g = Cqngny = Capngonyg expl — t(1/75 + 1/7))] ()

where Cy, is the coefficient for ET from the °F;, state of Yb**
to the *I;;, state of Er*". From eqs 4 and S, the average decay
times of the *H,;,,/*S;), state 7 and the *F,, state 7y can be
obtained as follows:

T = 10,/ (43 + 1) (6)

& =1/(5/1 + 1) (7)

Meanwhile, in a Yb**- and Er**-codoped system, the decay
time of the *I,;, state of Er’* 7, is much longer than that of the
*F, state of Yb* 7,; in addition, the decay times of the Yb**
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— *j5/, and *S;/, = *I;;), transitions, (c) absolute sensitivity S,, and (d) relative sensitivity Sy in UCNPs@SiO, excited by 915 nm wavelength.

*F,, state 74 and Er** *I;, , state 7, are almost the same, which
has been reported previously.”® Therefore, the average decay
times of the *H, ,,/*S;,, state 75 and the *F,, state T can be
expressed as

%/2 (6a)

TG

R

=7 (7a)

That is to say, the average decay time of the *Hj,,,/*S;,
state is half that of the *Fy), state, which agrees with the
experimental data. In order to further demonstrate the validity
of the theory proposed above, the decay curves of the *F;,,
state of Yb®* in each sample were also collected and are
depicted in Figure Sc. As can be seen clearly, for each sample,
the decay time of the °F;/, state of Yb** is almost equal to its
corresponding decay time of the *Fy, state of Er** and twice
the corresponding decay time of the *H;;,/*S;/, state of Er*”,
which provides potent proof for our theory.

Optical Thermometry Behaviors of UCNPs@SiO,. In order
to explore the temperature-sensing properties of UCNPs@
SiO,, the dependences of the UC spectra with temperature in
the biological range (303—353 K) under 915-nm-wavelength
excitation were recorded and are depicted in Figure 6a. The
FIR of the *H;,,, — *I;5, and *S;, — )5, transitions
changed regularly with increasing temperature (see Figure 6b),
resulting from thermal coupling between the *H,,,, and *S;,,
levels of Er**. The FIR of the *H,;,, = *I;5,, and *S;,, = *I;5,,
transitions should follow the equation

8249

FIR = Iy/Iy = gv,0,/g,0,0, = B exp( — AE/kyT)  (g)
where I is the UC intensity, g v, and o represent the
degeneracy degree, spontaneous emission, and absorption rate,
respectively. AE is the energy gap between *Hj, ), and *S; 5, kg
is the Boltzmann constant, and T is the absolute temper-
ature.””*” According to eq 8, the fitting of the exponential
curves of FIR versus temperature can be written as

FIR /5 = 20.09 exp( — 1077/T) (9)

Utilizing eq 9, we can calculate the energy gap AE = 749
cm™'. Meanwhile, the absolute and relative sensitivities (S, and
Sr), which are the key parameters in practical applications, can
also be calculated:

S, = Id(FIR)/dT| = FIR(AE/k,T?) (10)

Sz = Id(FIR)/FIR dT| = AE/kyT* (11)

The curves of S, and Sy obtained from the above equations
are shown in Figure 6¢,d. The value of S, is increased with
rising temperature, and the maximum of S, is 5.72 X 107> K™
at 353 K. Sg can be written as 1077/T> Compared with the
bare UCNPs, UCNPs@SiO, own higher S, and Sy values (see
Figure S1), which is similar to the previous report regarding
the temperature-sensing properties of GAVO,:Yb** /Er** @SiO,
NPs.”* Besides, we also compare the sensitivity of UCNPs@
Si0, with that of other Yb*/ Er3+—codoped materials for which
the FIR of the *Hy;,, — *I;5, and *S;;, — *I;5), transitions
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was applied to determine the temperature. As presented in
Table 1, whether compared with f-NaYF,:Yb**/Er** NPs and

Table 1. Values of Sy in Typical Temperature-Sensing
Materials Based on FIR between the *H;,,, — *I;5/, and
*S/» = *I;5, Transitions of Er**

sensing material T (K) Sp (% K1) ref
LuVO,:Yb**/Er** @SiO, NPs 303-353 1077/T* this work
B-NaLuF,:Yb**/Er** NPs 295-343 1073/ T* 31
LuVO,Yb**/Er** bulk material ~ 303—423 1030/T* 32
a-NaYF,:Yb**/Er** NPs 1028/T* 33
YVO,:Yb*/Er** NPs 293—-603 1011/T* 34
J-NaYF,:Yb**/Er** NPs 298-328 969/T* 3s

B-NaLuF,:Yb*"/Er’* NPs, which are considered to be the most
efficient host for UC, or compared with the YVO,:Yb**/Er**
NPs, which own structures similar to those of LuvVO, NPs, the
UCNPs@SiO, in this work displays a higher sensitivity,
indicating its potential application for optical thermometry.
Beyond that, the temperature dependence of the *I;3, —
1,5/, transition under 915-nm-wavelength excitation has also
been investigated. As shown in Figure 7a, several emission
peaks exist in the range of 1400—1700 nm, which originates
from the Stark transitions of the *I;;,, = *I;5/, transition. More
importantly, an anomalous enhancement of the *I;;,, = I,
transition with increasing temperature is observed, which can
be explained as the improvement of the MPR process from the

1112 to *I;3), level at high temperature.%"%7 Consequently, it

can be found that the FIR between peak 2 (located at 1496
nm) and peak 1 (located at 1527 nm) regularly changes with
the rise of the temperature and can be fitted as follows (see
Figure 7b):

FIR (pypy) = exp( — 3.6 X 107°T? + 0.004T — 1.38)

(12)

The corresponding S, and Sy were also obtained and are
depicted in Figure 7c,d. With a rise of the temperature, the
values of S, and Sy in this case are all decreased. The
maximum values of S, and Sy are 1.09 X 107 and 1.82 X 1073
K™ at 303 K, respectively.

To summarize, under 915-nm-wavelength excitation, in
UCNPs@SiO,, the FIR of the *H,,,, — I/, transition to the
*S5/, = "5/, transition in the visible region and peak 2 to peak
1 of the *I;3, — *I;5), transition in the IR region can be
utilized simultaneously to measure the temperature, which
allows for a self-referenced temperature determination to make
the measurement of the temperature more precise.

B CONCLUSIONS

In conclusion, LuVO,:Yb*/Er**@SiO, NPs have been
demonstrated to own perfect optical thermometry properties
under 915-nm-wavelength excitation. In the visible region, S
for the FIR between the Er** *H,,/, level and the *S;,, level
can be written as 1077/T? which is higher than that of f-

250000 . :
UCNPS@SIO2 g 065 UCNPS@}SlO2
B 1oows _ A, =915nm Lg Peak 2/Peak 1
i ; 353K = 064 @ Experimental Data
5 348 K é — Fitting Curve
= 150000 - 3K | 2063
~ 338K g
E wr| 2]
o= 100000 - 328K —
& 3WE| 8
@ 318k | 5 061
- @
= 50000 - 33K | 2 .
3085 | X 060 FIR = exp(-3.6x10°7T°+0.0047-1.38)
303K .E P2/P1)
= 1)
0 . 059 < . . . . = . : . ;
1400 1450 1500 1550 1600 1650 1700 300 310 320 330 340 350 360
outo Wavelength (nm) o155 Temperature &)
nerd Peak 2/Peak 1 0150 | Peak 2/Peak 1
0.106 0.175 |
£ 0.104 £ 0170
X 0.102 X 0165 1
hd 1 ~
Df 0.100 - U;‘ 0.160 .
0.098 0.155 | SR =0.004-7.2x10 T
1 -6
0.096 —‘S'A =(0.004-7.2x10 T)'(FIR(Pz/Pl)) 0.150 |
0004 (¢ ossH(d
© | | | | @ | | | |
300 310 320 330 340 350 360 300 310 320 330 340 350 360

Temperature X)

Temperature &)

Figure 7. Temperature dependence of (a) the *I,;,, = *I;;, transition, (b) FIR between peak 2 (at 1496 nm) and peak 1 (at 1527 nm), and (c) S,

and (d) Sg in UCNPs@SiO, under 915-nm-wavelength excitation.
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NaYF,:Yb**/Er** NPs, f-NaLuF,:Yb**/Er** NPs, YVO,:Yb**/
Er’* NPs, etc. In the NIR region, an anomalous enhancement
of the *I,;,, = "5/, transition with increasing temperature is
observed, resulting from the enhancement of the MPR process
from the *I;;,, to *I 3/, level at high temperature. What is
more, the FIR between peak 2 (located at 1496 nm) and peak
1 (located at 1527 nm) is changed regularly with increasing
temperature, which can be used to measure the temperature.
The simultaneous utilization of the two methods for optical
thermometry can provide a self-referenced temperature
determination to make measurement of the temperature
more precise. Moreover, by using a SiO, coating, the UC
intensity of the NPs is dramatically increased. In addition, the
UC mechanism, especially the population route of the Er’*
*Fy), level, is studied in detail. Through analysis of the decay
curves, we propose that the dominant way for populating the
Er’* *Fy), level is ET from the Yb*" *F ), level to the Er** ', ,
level. The excellent UC and optical thermometry properties
under 915-nm-wavelength excitation make it possible to use
the NPs for biological applications, such as optical
thermometry, bioimaging, PDT, etc.
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