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Abstract

Light with wavelength longer than 1500 nm has great potential to afford deep bio-
tissue penetration due to its extremely weak photon scattering and undetectable au-
tofluorescence in vivo. Here, in order to satisfy the requirements for thermometry
during the tumor hyperthermia process, an ultrasensitive optical thermometer operat-
ing beyond 1500 nm is developed by employing the thermally coupled Stark sub-
levels of Er*t: 4113,2 — 4115,2 transition based on fluorescence intensity ratio (FIR)
technology in Yb** and Er** codoped BaY,0,. Compared with the typical upconver-
sion (UC) material f-NaYF,: Yb*/Er*" and Y,0;: Yb*/ErT, BaY,0,: Yb**/EPt
shows more intense red Er’*: 4F9,,2 — 4115,,2 transition and 1.5 pm near-infrared (NIR)
Er'": 4113,2 - 4115,2 transition induced by its larger phonon energy and higher quench-
ing concentration of Er*t. An equivalent four-level model is proposed to investigate
the temperature characteristics of the NIR emission, from which four Stark transitions
are separated from the raw spectra, named «, P, v, and & respectively. Then, the NIR
thermal sensing performance have been developed by utilizing the FIR of /3 to I, and
I, to I,. More importantly, an ultra-high sensitivity for optical thermometry has been
obtained through the combination of transition p and y, especially in the physiologi-
cal temperature region. Furthermore, the detection depth of NIR light in bio-tissues
is assessed by an ex vive test, demonstrating that the maximal detection depth of NIR
emission can reach to 8 mm without any influence on optical thermometry. These
findings indicate that Yb** and Er** codoped BaY,0, is a remarkable contender for

optical thermometry in deep tissue with ultra-high sensitivity.
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1 | INTRODUCTION

Nowadays, cancer has become one of the major diseases
leading to human death. However, the mainstream methods
for cancer treatment such as surgery, chemotherapy, and ra-
diotherapy used in the clinic reveal a lack of selectivity for
cancer tissues and own serious side effects for human body.
Therefore, massive effort have been made in the study of
tumor hyperthermia, which can grasp the location of the
lesion area and kill the cancer cells through hyperthermia
focused ultrasound-based heating.l To ensure tumor cell
carbonation and avoid damage to healthy tissues, a real-
time noninvasive temperature monitor is very nece':.*sary.2 At
present, the major methods for temperature monitoring em-
ployed in tumor hyperthermia are Computed Tomography
(CT), Thermal Microwave Radiation (TMR), and Magnetic
Resonance Imaging (MRI).3 However, serious X-ray radiation
makes CT technology unsuitable for a long-time temperature
measurement.” The penetration depth and temperature reso-
lution of TMR technology in the bio-tissues failed to meet the
requirements of tumor hypf:rthl:rrnia.S Temperature sensing
based on MRI technology is characterized by high cost and
excessive time delay.6 Therefore, it is an urgent need to de-
velop a novel temperature measurement method to satisfy the
demand of tumor hyperthermia.

Non-invasive optical thermometry based on fluorescence
intensity ratio (FIR) of thermally coupled energy levels
(TCLs) of lanthanide ions in upconversion (UC) materials
is a promising way to get over the above technical obstacle,
due to the features of outstanding anti-jamming ability, excel-
lent accuracy, and quick response Capacity.7'10 Meanwhile,
UC materials own the advantages of high photostability and
low toxicity, which makes them the promising candidates for
monitoring the temperature in vivo."'"'® However, the clini-
cal performance of UC thermometers is far from satisfactory,
which is severely hindered by the shallow penetration depth
of the emitting visible light inside the organism resulting
from the strong absorption and scattering by bio-tissues.'” In
order to address this problem, the UC sensors operating in
the first (650-1000 nm, NIR-I) and second (1000-1700 nm,
NIR-IT) near-infrared (NIR) biological window have been
widely developed, which are mainly based on the TCLs of
Nd** under the excitation of 808 or 980 nm wavelength, such
as 4F5,2/4F3,2, 4F7,2/4F3,,2 and 4F7,,2/4F5,2.18'22 However, the
measurement deviation of Nd**-based thermometers would
be much larger in practical application due to the serious
overlap between the pumping laser band and the emission
bands of Nd**.**

Actually, the long-wavelength NIR-II sub-window (1500~
1700 nm, NIR-IIb) is better suited for bio-science than the
NIR-I and short-wavelength NIR-II sub-window, which has
been demonstrated by Dai et al. and Zhang et al. re(:ently.M‘25
On the one hand, according to the Mie theory, the photons

beyond 1500 nm own the weakest scattering phenomenon
due to the inverse relationship between scattering coefficient
and photon's \7\1:1'\felength.26 On the other hand, the autofluo-
rescence of the tissues caused by light emitting diode (LED)
or laser excitation is undetectable beyond 1500 nm wave-
length. The combination of negligible photon absorbance
and scattering as well as the zero tissue-autofluorescence can
significantly improve the penetration depth and signal-to-
background ratio (SBR).27 Even so, as far as we know, there
is almost no relevant research on TCLs-based optical ther-
mometer operating in NIR-IIb region (TOTN-1Ib) to date.

Generally speaking, the separation AE between two TCLs
used for optical thermometry should locate in the range of
200 cm™! < AE < 2000 cm ™! to avoid overlapping and de-
coupling.28 Moreover, a great deal of research work has been
done to improve the thermometric sensitivity by enlarging
the AE value in the range mentioned above. However, the
TCLs with large AE is ineffective for thermometry in phys-
iological temperature region since relative strong heat acti-
vation is required to populate the upper thermal state from
lower thermalized level, which has been proved by the recent
publications.29 For instance, Zhang et al. have reported that
the thermally coupled Stark sublevels 4F9,2(U/4F9,2(2) of Er’*
with a tiny AE =~ 190 em™ possess a higher thermometric
sensitivity than 2H,,,,/*Ss, (AE ~ 780 ¢cm™') in the physi-
ological temperature range.30 Similar conclusion has also
been proposed by Guo's group.3’l

Er** is an especially distinguished activator for tempera-
ture sensing operating in visible range due to the remarkable
thermal coupling property between 2Hl 12 State and 483,2
state. Typically, under the assistance of Yb**, Er** can pro-
duce dazzling green or red light excited by 980 nm wave-
length. Actually, an intense NIR emission band assigned to
Er't: 4113,,2 - 4115,2 transition exists in the range from 1500
to 1600 nm concomitantly, which usually consists of sev-
eral thermally coupled Stark splitting peaks with small AE
caused by the crystal field effect. Therefore, the Stark sub-
levels of Er’*: 4113,2 - 4115,2 transition is an ideal candidate
for TOTN-IIb.

In this study, BaY,0, has been employed as a UC matrix
for the first time. A dazzling red UC luminescence has been
observed in BaY,0,: Yb /Bt phosphor along with a strong
4113,2 — 4115,,2 transition in NIR region. The temperature sens-
ing behaviors based on the FIR of the thermally coupled Stark
sublevels of 4113,2 - 4115,2 transition have been explored in
detail. An equivalent four-level model is proposed to analyze
the Stark splitting of 411312 and 4115,2 level, which gives rise
to a significant improvement for the absolute sensitivity of
the optical thermometer, especially in the physiological tem-
perature region. The detection of the NIR light in bio-tissues
can reach the depth of 8 mm without any affection on optical
thermometry, which is demonstrated by an ex vivo experi-
ment. The data show that BaY,0,: Yb**/Er** is a promising
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material for temperature sensing in deep tissue, benefiting
from the strong NIR emission beyond 1500 nm and ultra-
high sensitivity within the physiological temperature range.

2 | EXPERIMENTAL PROCEDURE

2.1 | Preparation

The BaY,0,: y % Yb*/x % Er** powders is synthesized by
a conventional solid state method with high temperature.ﬂ'34
Firstly, weigh BaCO; (A.R.), Er,0; (99.999%), Yb,0,
(99.999%), and Y,05 (99.99%) in proportion and then mix
them evenly in an agate mortar for sixty minutes. Finally,
store the starting materials by an alumina crucible and sinter
them in a box-type furnace with the temperature of 1300°C

for 6 h.

2.2 | Characterization

A Persee XD-2 diffractometer is employed for the measure-
ment of X-ray diffraction (XRD) data. A FLS920 spectrom-
eter equipped with a 980 nm laser is used for the collection of
luminescence spectra. The same spectrometer is utilized for
the measurement of temperature dependent spectra equipped
with a home-made electric furnace and ex vivo experiment.

3 | RESULTS AND DISCUSSION

3.1 | Crystal structure

Figure 1A.B depict the XRD patterns of the samples prepared
by high temperature solid state method. Evidently, the posi-
tions and relative intensities of the diffraction peaks for the
samples doped with various Yb** and Er** concentration
match well with the standard XRD data of BaY,0, (JCPDS
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27-0044). No impure phase is detected, demonstrating a
complete insertion for Yb** ions and Er’* ions in BaY,0,
lattice have been realized. According to the previous paper
published by Lopato's group, BaY,0, owns an orthorhom-
bic structure with a space group ana(62).35 The lattice
parameter of BaY,0, is reported to be 1.0408, 0.3456, and
1.2126 nm for a, b, and c respectively. As displayed in Figure
1C, two different atom sites are occupied by Y (named Y'1
and Y2) and only one type of atom site is occupied by Ba.
The coordination numbers for Ba, Y1, and Y2 are eight, six,
and six, respectively, as shown in Figure 1D.

3.2 | UC luminescence

The UC spectra of BaY,0,: y% Yb**/x% Er'" are col-
lected and presented in Figure 2A,B and Figure S1 and S2.
Distinctly, the UC spectra are consisted of two weak green
emission bands and a dominant red emission band, which
are assigned to the Er't: 2H11.'2 — 4115,2 transition peaked at
523 nm, Er'*: 483,2 - 4115,2 transition peaked at 550 nm and
Er't: 4F9,2 — 4115,2 transition peaked at 663 nm respectively.
It can be seen that the overall UC intensity is significantly
enhanced by increasing Yb** or Er** concentration, result-
ing from the increasing number of the near-infrared (NIR)
photons absorbed by Yb** or the luminescence centers Er’*,
Utilizing the variable-controlling approach, the optimal
concentration of sensitizer Yb*" and activator Er’* for the
strongest UC emission is confirmed to be 10% and 5% re-
spectively. When Yb** or Er* doping concentration exceeds
its corresponding optimal value, the UC intensity would be
rapidly weakened caused by concentration quenching.

As is well known, p-NaYF, and Y,0; are the most rep-
resentative fluoride and oxide for UC luminescence re-
spectively. Therefore, they are selected as the candidates
for comparing the UC performance with BaY,0,. Figure
2C shows the UC spectra of BaY,0,: 10% Yb**/5% Er'*,
p-NaYE,: 20% Yb**/2% Er’*, and Y,0s 10% Yb'/4%
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FIGURE 2 The visible spectra of the samples with different (A) E°* concentration and (B) Yb** concentration. The (C) UC and (D)
NIR spectra of BaY,0,: 10% Yb**/5% Er’*, B-NaYF,: 20% Yb**/2% Er** and Y,05: 10% Yb**/4% Er**. The inset of (A) and (B) shows the

corresponding intensity ratio of red emission to green emission, respectively

Er3+, which are measured under the same condition. The
doping concentration of Yb** and Er’t are the correspond-
ing optimal values for every host. Obviously, f-NaYF,: 20%
Yb**/2% Er'* owns the most intense green UC emission,
but the strongest red UC emission belongs to BaY,0,: 10%
Yb**/5% Er'*. Through calculating the integral intensity of
red UC, the emission intensity of BaY,0,: 10% Yb**/5%
Er’** is determined to be 4.1 times and 5.1 times stronger
than that of p-NaYF,: 20% Yb**/2% Er’* and Y,0;: 10%
Yb*t/4% Er't respectively. Furthermore, the NIR spectra of
the above three samples are also collected and displayed in
Figure 2D. Evidently, a NIR emission band exists in all three
samples, which originates from 4113,,2 - 4115,2 transition of
Er’*. Similar to red UC emission, BaY,0,: 10% Yb**/5%
Er** owns the strongest NIR emission, which is five times
and seven times stronger than that of f-NaYF,: 20% Yb* 2%

Er't and Y,05: 10% Yb*/4% Er’* respectively. As reported
in our previous paper, in Yb*/Er*t codoped system, the
main populating route for Er*t: 4F9,2 level with red emitting
is the energy transfer (ET) process from 2F5,2 level of Yb* to
4113f2 of Er** 3 Since the multiphonon relaxation (MPR) pro-
cess from Er*": 41“,2 is dominant for populating Er't: 4113,2,
it can be concluded that the intense red and NIR emission of
BaY,0,: Yb*/Er'* (~580 cm™') are mainly ascribed to its
relatively larger phonon energy than that of p-NaYF,: Yb**/
Er’t (<360 cm™!) and Y,0,: YB*/ESP (<460 cm™) 303738
Beyond that, the matrix BaY,O,, p-NaYF, and Y,0; own the
same optimal molar concentration of Yb**, but the quench-
ing concentration of Er't in BaY,Q, is higher than that in
p-NaYF, and Y,0;, which is also beneficial for acquiring
strong 4F9,2 - 4115f2 transition and 4113,2 - 4115,2 transition
of Er't. Concretely, as shown in the inset of Figure 2A,B,
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the intensity ratio of red UC emission to green UC emission
(R/G) is dramatically raised with the increasing Yb** or Er*
doping concentration, indicating the appearance of a fast
and efficient ET mechanism between the nearby Yb*Et
pairs, which can result in the population of Er*t 4F9,2 state
and the de-excitation of Er** 483,2 state simultaneously.'**'
As shown in Figure 3A, this process includes a cross relax-
ation (CR) ET process from Er’* 4S3f2 state to Yb** 2Fm
state (CR1) followed by a CR back (CRB) transfer process,
taking place within the same Yb*"-Er** pair. Moreover, at
the high Er*t doping concentration, a CR2 process between
two neighboring Er*" ions would appear, which also can en-
hance the red UC emission and weaken the green UC emis-
sion simultaneously, giving rise to the R/G improvement (see
Figure 3A). It is thus evident that high-doping concentration
of Yb** and Er*" can facilitate the “Fy;, — “I,s;, transition
and 4113,,2 - 4115,2 transition of Er*t. By virtue of the larger
phonon energy and higher quenching concentration of Er’t,
BaY,0,: Yb**/ES is suggested to be an excellent material
for high efficient red UC emission and NIR emission beyond
1500 nm wavelength.

In order to clarify the UC mechanism in Yb** and Er’*
codoped BaY,0,, the excitation power density dependence
of the UC emission is investigated. For the unsaturated UC
process, the emission intensity [ is proportional to P", namely
I=P", where P denotes the power density of NIR laser and n
represents the required number of NIR photons for emitting
one visible photon. As shown in Figure 3B, the n value for
green and red emission is 1.94 and 1.87, respectively, im-
plying that two NIR photons are involved for producing one
green or red photon.

Based on the analysis mentioned above, the energy level
diagram of Yb** and Er** and the possible ET processes are
outlined and shown in Figure 3A. Exited by 980 nm wave-
length, the NIR photons are mainly absorbed by Yb** ions
due to the large absorption cross section at 980 nm, resulting

Journah:
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from the population of Yb**: 2F5,2 state. Generally, the pop-
ulation for green emission states the 2H“,2/433,2 of Er’* are
mainly derived from the MPR process of 4Fm state, which is
populated by the efficient ET1 process (2F5,2 (Yb™) + 411512
(Er'h) = 2F, (YO + U1, (Er')) followed by the ET2
process (*Fsp (Yb') + 1, (EPY) = *F,, (YB') + °Fy)y
(Er3+)). Simultaneously, the excited Er** atthe 411 1,2 State can
be de-excited to 4113,2 state through an MPR process and then
receive energy from the excited Yb** (ET3), resulting in the
population of red emission state 4F9,2. Beyond that, the pop-
ulation of Er’*: 4F9,2 level can also be realized by the CR1-
CRB process and CR2 process as well as the MPR process
from 2Hl 1,2/433,2 state.

3.3 | Optical thermometry

Figure 4A shows the normalized NIR spectra of BaY,0,:
10% Yb**/5% Er’* with various temperature. The power
density of 980 nm laser is 1.4 mW/mm? to avoid the laser
induced heating effect. Three distinct Stark transitions ap-
pear in the NIR emission band, named «a at 1540 nm, p at
1490 nm, and y at 1568 nm, respectively, deriving from the
energy level splitting of *I 132 and 4115,2. An equivalent four-
level system is proposed to explore the temperature charac-
teristics of Er**: 4113,2 — 4115,2 transition in detail. As shown
in Figure 4B, both 4113,,2 and 4115/2 multiplets are treated as
atwo-level system, including a lowest Stark sublevel and a
group of higher Stark sublevels respectively. That is to say,
except for the lowest Stark sublevel, the remaining Stark
components are regarded as a whole. Thereby, in accord-
ance with Boltzmann distribution law, the strongest emis-
sion o located at 1540 nm should belong to the transition
from the lowest Stark sublevel of 4113,2 to the lowest Stark
sublevel of 4115,2, namely 4113,2(1) — 4115,2(1).39 Meanwhile,
compared with transition o, the emission intensities of the
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FIGURE 4 (A)Normalized temperature dependent NIR spectra in BaY,0,: 10% Yb*/5% Er’**. (B) An equivalent four-level system for
depicting Er*t: 4113,2 - 4115,2 transition. (C) The Lorentz fitting for Er*: 4113,3 - 4I|5,-_, based on the equivalent four-level system. (D) The
temperature dependence of (D) FIR and (E) S based on the Stark transition of Ert: 4I|3,2 — 4115,2

transition B at 1490 nm and y at 1568 nm are obviously
increased with the rising temperature, which results from
the enhancement of the thermal population from 4113,2(1}
to 4113,2(2), indicating that both f and y originate from the
higher Stark sublevel 4113,2(2). Finally, the wavelength of
transition &: 4113,2(1) - 4115,2(2) can be calculated by the fol-
lowing equation

(1

Ea—Eﬂi = |E, - E,

where E is the activation energy of the corresponding level.
The calculated value reveals that the transition & should lo-
cate at approximately 1600 nm. Coincidently, a very weak
emission peak appears around 1598 nm as marked by a
white cycle in Figure 4A, which is a potent evidence for the
rationality of the equivalent four-level model. Sequentially,
the NIR spectra of 4113,2 - 411512 transition are fitted by
Lorentz functions referred to the equivalent four-level sys-
tem, as shown in Figure 4C. Unfortunately, the emission
band of transition & failed to be separated from the raw
spectra due to its extremely weak intensity, but this will not
influence the following analysis.

Considering the thermal coupling between 4113,2(1) and
4113,2(2), the FIR, of I; to I, and FIR, of I, to I, should be
subject to the Boltzmann distribution law:

FIR, =1,/1,=B, «exp (— AE/kgT). )

FIRy =1,/1, =B, eexp( — AE/kgT). (3)
Here, kg, T, and I represent the Boltzmann constant, absolute
temperature, and luminescence intensity respectively. AE is
the energy gap between 4113,2(1) and 4113f2(2). B is a parameter
ascertained by absorption rate, spontaneous emission, and de-
generacy degree. Through a combination of Equation (2) and
(3), then

FIR; = (Ip+ly)/1a= (B, +Bz) @)
e exp ( - AE/kBT) = B, eexp ( - AE/kBT) ,

where (/3 + 1) is the whole emission intensity from 4113,2(2)
sublevel. In this way, the fitting curves for the temperature de-
pendence of FIR,, FIR,, and FIR; are achieved and presented
in Figure 4D. The AE calculated by FIR,, FIR,, and FIR; are
239, 249, and 245 cm™', respectively, all close to the value of
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218 cm™ acquired from the NIR spectra. Meanwhile, all the
three calculations through FIR,, FIR,, and FIR; result in very
similar AE value, revealing the correctness of the equivalent
four-level system once again. In order to take a quantitative as-
sessment for the practicality of BaY,O,: Yb**/Er’" as a tem-
perature sensing probe, the values of the absolute sensitivity §
are calculated by the following equation:

S = |d(FIR)/dT| = FIR « (AE/kyT?). (5)

As plotted in Figure 4E, the absolute sensitivity S, S, and S;
monotonously decrease with the increasing temperature and
reach the maximum of 0.04, 0.07, and 0.11%K™" at 303 K.
Especially, thanks to the proportionality relationship between
FIR and S, the absolute sensitivity of FIR; is much more

-
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improved compared with that of FIR, and FIR, through the
combination of transition f and y.

Next, the thermometry performances of FIR,, FIR,, and
FIR; in this work are further evaluated through a compre-
hensive comparison with other temperature sensors based
on FIR technology. In order to take into account the effect
of FIR value, the absolute sensitivity S is a better parameter
to assess thermometry properties than the relative sensitiv-
ity S, = AE/k,T>" As listed in Figure 5 and Table S1, the
present BaY,0,: Yb**/Er** exhibits much larger sensitivity
than the other Er**: 41,3,3 - 4115,3 transition based optical
thermometers reported previously, especially for FIR, ther-
mometer.*”*” Meanwhile, although the highest § value be-
longs to Er't: 2H11,2/453,2 — *I,5, transition based sensor
working in the visible range, FIR; in this work owns the
best performance for temperature measurement among the
sensors working in the biological windows. What's more,
the optimal working zone of FIR; perfectly locates in the
physiological temperature region as depicted in Figure 4E.
The above remarkable characteristics indicate the potential
application of the present sample for optical thermometry
in vivo.

Generally speaking, according to the Arrhenius law, the
luminescence intensity of rare earth ions should be reduced
at high temperature caused by the thermal quenching.*’™'
However, as shown in Figure 53, the absolute intensity of
1,3, = “I,5, transition is enhanced with the rising tempera-
ture, which is caused by the acceleration of the MPR pro-
cess from ', level to *I;3, level under high tem[i)f:rature.‘iz
The abnormal negative thermal quenching behavior of the
I3, = "5, transition should benefit to further improve the
SBR for temperature measurement in the bio-tissues. Besides
that, the reproducibility study in the temperature circulation
between 303 and 573 K for 41,3,2 - 4I]5f3 transition is shown
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in Figure S4. The values of FIR,, FIR,, and FIR; were almost
unchanged upon in the circulation process, revealing their
outstanding reproducibility.

3.4 | Ex vivo experiments in biological tissues

An ex vivo test is carried out with different thickness of
chicken breast to evaluate the detection depth of NIR light
beyond 1500 nm wavelength, which is a key value of tem-
perature sensing for bio-science. As shown in Figure 6, the
NIR emission of Er’*: 4113!2 - 4115;2 transition is seriously de-
creased with the increasing tissue thickness. Even so, a clear
spectroscopy signal can still be detected under 8-mm-thick
tissue. Moreover, the values of FIR,, FIR,, and FIR, are sel-
dom influenced by the increasing tissue thickness as depicted
in the scatter plot graph, indicating their potential for a deep-
tissue temperature sensing.

4 | CONCLUSIONS

In summary, an ultrasensitive optical thermometer
BaY,0,: Yb*H/Er operating beyond 1500 nm wave-
length is designed for tumor hyperthermia based on the
FIR of Stark sublevels 4113,,2(1) and 4113,,2(2). The as-prepared
sample shows much stronger 4F%l - 4115,2 transition and
4113,,2 - 4115,2 transition than the typical UC material -
NaYF,: Yb**/Er’* and Y,0;: Yb**/Er**, resulting from
its larger phonon energy and higher quenching concentra-
tion of Er**. Based on an equivalent four-level model, it
is proposed that transition o (1540 nm) and & (1598 nm)
originate from the lower Stark sublevel 4113,2(1), and transi-
tion P (1490 nm) and y (1568 nm) are ascribed to the upper
Stark sublevel 4113,2(2). Thereafter, the temperature sensing
behaviors have been realized by utilizing the FIR, of I3 to
I, and FIR, of I, to I, with the maximum § value of 0.04
and 0.07% K" at 303 K. More importantly, the absolute
sensitivity is significantly improved by utilizing the FIR;
of (Iy + 1,) to [, resulting from the increasing FIR values.
The optimal working zone of FIR; perfectly locates in the
physiological temperature region with a maximum value
of 0.11% K~ ' at 303 K. Morcover, an abnormal negative
thermal quenching behavior of the 4113,2 - 4115,2 transition
has also been detected, benefitting to improve the SBR. In
addition, the detection of the NIR light in bio-tissues can
reach the depth of 8 mm without any influence on tempera-
ture sensing. All the findings declare that the present op-
tical thermometer operating beyond 1500 nm wavelength
with notably improved sensitivity is a promising phosphor
for optical thermometry in the deep tissue during the tumor
hyperthermia process.
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