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By contrast with the conventional optical thermometry based on fluorescence intensity ratio (FIR) of
thermally coupled levels (TCLs), we propose a novel thermometry strategy based on the diversity in thermal
responses of non-TCLs of Tm>* (3H4—>Hg/'G4—>F,). Notably, the exacerbated response-contrast stems from
the intrinsic structure variation induced by thermolabile polarons of and Nb{} in congruent
Tm>*,Yb>*:LiNbO3(LN) single crystal. The luminescence mechanism incorporated with energy transfer
processes associated with polarons levels is revealed by investigating the abnormal temperature depen-
dence of emission spectra under 980 nm excitation. The maximum absolute (S,) and relative (Sg) sensi-
tivities reach as high as 3.7% K ™! and 1.25% K! at 80 K, much higher than those of the TCLs strategy based on
thermally coupled Stark sublevels of Tm3* (*H,|1—>Hs/>H4|3—>Hs) in Tm>*Yb>*:LN. This study demon-
strates an effective pathway for developing new FIR strategies with improved sensitivities via taking
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advantage of host structure variation.
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1. Introduction

Temperature detection has always been a vital subject in in-
dustrial manufacture and scientific research. Conversional thermal
detection strategies, such as thermistors and thermocouples, com-
monly require physical contact, which hampers the application in
ultra-high temperature and strongly corrosive environment [1,2].
Alternatively, non-contact optical thermometer has attracted intense
attention due to plenty of remarkable advantages such as high re-
solution, fast response and wide applicability in harsh-environ-
ments/dynamic-systems [3-5]. A variety of optical thermometers
have been proposed based on temperature dependent optical para-
meters, including fluorescence intensity ratio (FIR) [6,7], fluores-
cence intensity (FI) [8], wavelength [9] and radiative lifetime [10].
Notably, FIR strategy possesses prominent accuracy and reliability
via self-referencing, thus receiving the most attention and study
[11,12]. In principle, FIR strategy refers to the ratio of integrated
emission intensities of two associated levels. According to the en-
ergy gap between the two involved levels, the FIR strategy is divided
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into two categories, that is, thermally coupled energy levels (TCLs)
and non-TCLs [13,14]. Excited population distribution between the
adjacent TCLs strictly follows Boltzmann law, which forms a basis of
temperature reading. Accordingly, the relative sensitivity Sg, which
is important for evaluating temperature sensing performance, is
proportional to the energy gap of the TCLs. Nevertheless, Sg of TCLs
strategy is limited by the confined energy gap (200cm™ <AE
<2000cm™!) which is essential to avoid de-coupling of TCLs and
deviation from Boltzmann distribution of excited population [1,15].
With higher Si inaccessible in theory, the intrinsic drawback se-
verely hiders further improvement of TCLs strategy. Different from
the TCLs strategy, non-TCLs strategy developed based on new sen-
sing mechanism offers the possibility of overcoming the intrinsic
drawback to reach a higher Sg. Thus, great effort has been devoted to
developing novel non-TCLs strategies. For example, the maximum
absolute sensitivity of 0.94%K™! at 298 K has been achieved based on
FIR associated with excited non-TCLs °F5 and °F4/>S, of Ho>* in Yb3*/
Ho>* co-doped LusNbO, phosphors [16]. A non-TCLs strategy was
proposed with high temperature sensitivity of 15-22%K™! based on
dual emitting centers Cr>*/Ln®>* (Ln=Eu, Tb, Dy) coupled with sup-
pressed detrimental energy transfer between each other. Moreover,
transitions of Eu**:5d—4f and Eu*":°Do—"F(J=1, 2, 4) have been
utilized for significantly improved Sk of 4%K™! via partial reduction of
Eu?* into Eu?* in YF; glass ceramic [17]. However, considering the
maximum Sz of 0.94%K™' in Yb*/Ho** co-doped LusNbO; is
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relatively low, better sensing performance is expected in our work.
In spite of excellent Sz more achievable in dual-emitting-center
systems Cr**/Ln>", FIR originated from dual activators would be less
favorable for the control of temperature sensing performance. The
emissions originating from the high energy level of Eu?":5d in YF;
are specially applied in thermometry at the blue light range. Besides,
these three non-TCLs strategies employ only the characteristic fea-
tures of emitting centers without taking advantage of the host
structure variation. Here, a novel non-TCLs strategy developed via
coupling temperature dependent energy transfer associated with
host structure variation to luminescence route might provide a new
way for high temperature sensitivity but are rarely explored. Based
on 4f-4f transitions originating from one activator, the novel non-
TCLs strategy might operate in red light and NIR range with better
control of temperature sensing performance.

The versatile perovskite crystal lithium niobate (LN) exhibiting
predominant properties of thermostability, low cut-off phonon en-
ergy, acid and alkali proof, has been demonstrated to be a promising
host material for optical thermometer [18,19]. In congruent LN (Li/
Nb=0.946), plentiful anti-position Nb (Nbi*) and Li-vacancy (Vf;)
stemming from crystal distortion due to the deviation in composi-
tion from the stoichiometry are distributed in crystal lattice [20].
Interestingly, Nb* and normal Nb (Nbyp) would capture electrons
from Vg, forming Nb3* and Nb## polarons which are unstable at
room temperature but gradually stabilize with decreasing tem-
perature to around 120K [21]. Moreover, the energy levels of Nb*
and Nb# polarons are located 1.2 and 1.6 eV below the bottom of
conduction band (CBB), matching to the transition energy related to
Yb3*: 2Fs;,—%F;; and Tm>": 3H,—>Hs, respectively [22,23]. There-
fore, it is expected that the temperature dependent Nb{}/Nb3* po-
larons may be utilized for manipulation of the luminescence
intensity ratio via modifying upconversion (UC) luminescence me-
chanisms in Tm>*,Yb®*:LN, which provides theoretical basis for a
non-TCLs strategy with an improved Sg.

In this work, the structure of as grown Tm>*Yb>":LN single
crystal is studied based on temperature dependent infrared ab-
sorption spectra for the characterization of thermally unstable Nb3+
and Nbj polarons. The UC spectroscopic properties of Tm**,Yb":LN
are studied. The UC luminescence mechanism incorporated with
energy levels of Nb3* and Nb# polarons is investigated for ac-
counting for the abnormal ‘U’ shape variation of emission intensity
with increasing temperature. A novel non-TCLs FIR strategy (Tm>*
800/651 nm) based on the temperature dependent polarons is pre-
sented for improved temperature sensitivity, in comparison with
conventional TCLs FIR strategy (Tm>* 797/819 nm).

2. Experiment

Lithium carbonate (Li,COs3), niobium oxide (Nb,Os), thulium
oxide (Tm,03), and ytterbium oxide (Yb,03) of analytical grade
(99.99%) are used for the synthesis of LiNbO; single crystal. The Li/
Nb ratio in congruent Li,O-Nb,Os mixture is 0.946, while the con-
centrations of rare earth ions Tm>* and Yb3* are 0.2 and 0.5 mol%
respectively. After mixing thoroughly, the powder is calcined at
900 °C for 1.5 h to decompose Li,CO5 and then 1150 °C for 6 h to form
LN polycrystals. The Tm>*,Yb>*:LN crystal is grown along c-axis from
the melt in a Pt crucible by Czochralski (CZ) method. Fixed rotation
speed of 15 rpm and pulling rate of 1 mm/hour are adopted. Wafers
oriented perpendicular to b-axis are cut from the as-grown LN single
crystal and polished for optical tests.

The infrared absorption spectra are measured within the wave-
number range of 4500-600cm™' using a Fourier transformation
infra-red spectrometer (PerkinElmer Spectrum100SystemB). The
photoluminescence spectra are recorded by a Photoluminescence
Spectrometer (OmniFluo990) equipped with a 980nm semi-
conductor laser as excitation source. For the spectroscopic

Journal of Alloys and Compounds 867 (2021) 158986

P 80 — 80K

o —100K
N
bl —120K

] — 140K

&

< —160 K

g — 180K
= HF 200K

1

: :
§ H

St O-H vibration
ot

0F
L " 1 2 1 2 L

1000 2000 3000 4000 5000

Wavenumber (cm™)

Fig. 1. The infrared absorption spectra recorded from 80 to 260 K.

measurements at the temperature ranging from 80 to 260K, a li-
quid-nitrogen cooled cryostat (OXFORD OptistatDN2) is used.

3. Result and discussion

The intrinsic structure of congruent LN single crystal is char-
acterized by infrared absorption spectra from 80 to 260 K, as shown
in Fig. 1. There are two main absorption peaks centered at 3250 and
3500 cm™!, which attribute to electron transition between levels of
polarons Nb3*+ and Nbg and O-H bond vibration, respectively. The
absorption peak related to O-H bond vibration at 3500 cm™! varies
little with temperature, implying the impact on UC intensity is
temperature independent. By contrast, sudden increase in intensity
of absorption peak at 3250cm™' emerges with temperature de-
creasing from 120 to 80K, indicating that the threshold temperature
for stabilization of Nb##/Nb3+ polarons in congruent Tm**,Yb**:LN is
approximately 120K [24,25].

The UC emission spectrum, containing luminescence character-
istics of Tm3*Yb®":LN single crystal, is measured under 980 nm
continuous wave pumping, as shown in Fig. 2. The three main
emission peaks centered at 475 (blue), 651 (red) and 800 (NIR) nm
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Fig. 2. The UC luminescence spectrum of Tm>",Yb*":LN single crystal. The inset
presents the photoluminescence photograph of Tm?*,Yb3*:LN.
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Fig. 3. The energy level diagram illustrating the luminescence mechanism in Tm>*,Yb>*:LN under 980 nm excitation. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

are attributed to the transitions of Tm>*: 'G,—>Hg, 'G4—>F4 and
3H,—>Hg, respectively. The photoluminescence photograph in the
inset clearly demonstrates that bright blue light visible by the naked
eye is obtained. The level diagram of Tm>*,Yb>*:LN depicting the UC
mechanism is illustrated in Fig. 3. Both the blue and red UC emis-
sions involve a three-photon process [26-28], in which sensitizer
Yb3* continuously absorbs 980 nm pump light, excited from ground
state to excited state (Yb>*:2F;;,—2Fs3), and then transfers the en-
ergy to luminescence center Tm>* via ET1, 2 and 3 processes. To be
specific, firstly, the ground state electron of Tm>" is excited to >Hs
level via ET1 process (Tm>*:*Hg—>Hs), followed by non-radiative
relaxation to 3F, level (Tm3*:*Hs—3F,). Then, electron at 3F, level
continues accepting energy from Yb>* via ET2 process and is pro-
moted to 3F, 3 level (Tm**:3F,—°F, ), followed by non-radiative re-
laxation to 3Hy level (Tm>*:*F,3—>H,). After that, electron at 3H,
level is excited to !G4 level via ET3 process (Tm>":*Hs—'G,). Finally,
efficient radiative transitions from 'G4 to >Hg and 3F, levels occur,
accompanied by strong blue (Tm**:'G,—~3Hg) and red emissions
(Tm3+:1G4—>3F4).

Intensity (a.u.)

Temperat,,re K)

It is expected that the density variation of Nbyj/Nb+ polarons
with temperature may alter the temperature dependency of UC
emission of Tm>*, which could build a basis for non-TCLs FIR ther-
mometry. Hence, the UC spectra are measured under excitation of
980 nm diode laser with a fixed pump power (800 mW) from 80 to
260K, as presented in Fig. 4. Abnormal ‘U’ shape variation of lumi-
nescence intensity versus temperature is observed for the blue, red
and NIR emission peaks. With peak positions invariant, the overall
intensities of all the emission peaks decrease firstly from 80 to 120K,
and then turn to increase until 260K, in contrast to a monotonous
decrease driven by phonon-assisted non-radiative relaxation from
the excited level in general cases. With a view to the coincidence
between inflection temperature of UC intensity variation and
threshold temperature for stabilization of Nb{#/Nb3* polarons, it is
speculated that the abnormal intensity variation is closely linked to
the LN structure variation. As depicted in Fig. 3, the energy gap
between Nb3+ level and the CBB of 1.2 eV matches well with the
energy of 980 nm excitation beam, leaving a competition of ac-
cepting pump energy against the UC process relying on the
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Fig. 4. The UC spectra of Tm®*,Yb>*:LN at temperatures ranging from 80 to 260 K. The inset presents integral intensities of 475, 651 and 800 nm emission peaks. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. (a) The In(FIR) versus 1/T at the temperature range of 180-260K, (b) S and Sk of the TCLs technique.

stabilized Nbj;+ polaron below 140 K. When the temperature is ele-
vated above 140K, the reduction of Nb3+ polaron is to the benefit of
the absorption of excitation light in Tm3*, accompanied with an in-
crease of UC intensity, which accounts for the abnormal ‘U’ shape
intensity variation in Tm>*,Yb®*:LN. Besides, as depicted in Fig. 3, the
energy matching of 1.6 eV induces a probability increase of energy
transfer between Tm?*:*Hy—>Hs and Nbjt —CBB, which is inimical to
the 800 nm emission at temperatures below 140 K. At above 140K,
due to the reduction of Nbg} polaron, a further intensity increase
occurs for the 800 nm emission. As a result, the same ‘U’ shape
variation versus temperature with significantly greater variation
amplitude is observed for the 800 nm emission in comparison to the
475 and 651 nm emission. The discrepancy in thermal respond as-
sociated with LN structure variation offers a possibility for a novel
non-TCLs strategy.

To assess the feasibility of non-TCLs optical thermometer, the per-
formance of TCLs strategy in Tm>"Yb>*:LN is evaluated firstly as a
comparison. The common strategy based on TCLs of Tm**:3F,, 3 and *H,4
is not available in Tm>",Yb®>":LN since the emission related to 3F,, 3 is
too weak to be detected. Alternatively, the Stark sublevels of 3H, level
are adopted for FIR noncontact thermometry. The FIR originating from
TCLs, the population distribution of which obeys Boltzmann's law [29],
could be expressed as:

FlRrq = fﬂ =B exp(#)
819 B

(1)
where I797 and Ig1g are the integrated intensities corresponding to the
3H,4|1-3Hg and 3Hy|3—>Hg transitions, respectively. AE is the energy
gap between TCLs. kg is Boltzmann constant and T represents the ab-
solute temperature. For a more intuitive understanding of the tem-
perature dependence of FIR, Eq. (1) could be transformed into natural
logarithm expression:

AE
In(FIR = In(B
n(FIRyct) kT + In(B) 2)

The dependence of In(FIR) on 1/T at the temperature range of
180-260K is shown in the Fig. 5(a). The experimental data shows
linear variation behavior with a slope of -222.7K™'. The absolute
sensitivity (Sa) and relative sensitivity (Sg), which are vital para-
meters for characterizing the temperature sensing performance,
could be derived by the Eqs. (3) and (4) respectively as follows:

_ dFIR _ AE

S = FIR-2E_
A= T ks T2 3)

b) e -*-$
* A
:°'SR|
4 0.6
o~ 06} -
M 2\ Z
- S
) *. —
=
) °§* 7
":::::::1k J04
(* ]
180 200 220 240 260
Temperature (K)
_ 1 dFAR _ AE
R=FR dT ~ kT2 (4)

The maximum S and Sg are 0.65% and 0.69%K! at 180K, as
shown in the Fig. 5(b). As for the non-TCLs thermometry, a strategy
based on FIR of Iggo (PHs—>Hg)/lgs1 (1Ga—>F,) is proposed. With
similar thermal respond but smaller intensity as presented in the
inset of Fig. 4, red emission Ig5; rather than blue emission I4;5 is
preferred for higher temperature sensitivities. The experimental
value of FIR Iggo/lss1 versus the reciprocal of temperature at tem-
peratures below and above 160K is linear fitted, as presented in
Fig. 6(a) and (b), with a slope of -64,795.3 and 23,684.1K, re-
spectively. To demonstrate the repeatability of this measurement,
Fig. 6(c) presents the temperature-induced switching for R(Iggo/
Igs1) (from 80 to 140K), which indicates the repeatable and re-
versible of our measurement. The corresponding results of Sy and
Sg at temperatures below and above 160 K are presented in Fig. 5(c)
and (d) with maximum Sa of 3.7% K™! and maximum Sg of 1.25% K!
at 80 K. The temperature uncertainties 6T are determined based on
Eq. (5) [30].

DEING..3
Sk~ FIR (5)

The deviation SFIR/FIR of Iggo/lss; during heating and cooling
processes is determined to be smaller than 0.625%. The minimum
temperature uncertainty 6T is calculated to be 0.50K at 80 K.

A comparison of the thermometry performance among the FIR
strategies, including the proposed non-TCLs (Tm3*: Iggo/lgs:)
strategy, TCLs strategy (Tm>": I;97/Ig19) in Tm>*,Yb>*:LN and other
FIR strategies based on Ln>* doped materials reported recently in
the literature, is presented in Table 1. In Tm3"Yb3*:LN single
crystal, the non-TCLs strategy demonstrates a better performance
than the TCLs one within the measurement temperature range. We
note that the temperature sensing performance of the proposed
non-TCLs strategy (Tm>3*:Ig00/lgs1) still needs further improvement
to compete with the state-of-the-art ones. However, with the sa-
tisfying maximum Sg of 1.25%K™! achieved, the proposed non-TCLs
strategy is demonstrated to be superior to most of the reported FIR
thermometer in the literature. The above results indicate that
Tm>",Yb®*:LN single crystal is a promising material for low tem-
perature optical thermometer. Moreover, this strategy by virtue of
modification of UC process via variation of host structure offer a
new way to explore new materials for optical thermometry with
high performance.
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Fig. 6. The fluorescence intensity ratio of Iggo/lgs1 versus 1/T at the temperature range of (a) 80-140K, (b) 160-260 K. (c) The temperature-induced switching of R(Iggo/ls51) (from
80 to 140 K), The absolute and relative sensitivities of Igoo/lss1 at the temperature range (d) 80-140K, (e) 160-260 K.

4. Conclusion

In summary, we present a novel non-TCLs strategy for optical
thermometry in Tm>*Yb>*:LN single crystal with improved tem-
perature sensitivity based on temperature dependent Nbyj/Nb3+
polarons. Firstly, the structure property is characterized by tem-
perature dependent infrared absorption spectra. The thermal in-
stability of Nbg#/Nb3+ polarons at temperatures above 120K is
demonstrated. Then, the temperature dependent emission spectra

are studied to reveal the UC luminescence mechanism. Notably, the
energy levels of Nbd#/Nb?* polarons incorporated in the UC process
are speculated to account for the abnormal ‘U’ shape variation of UC
intensity and especially greater variation amplitude at 800 nm with
increasing temperature. In comparison with the TCLs strategy (Tm>*
I797/I319 nm), the non-TCLs strategy (Tm>*: Igoo/lss1) presents im-
proved thermometry performance with maximum Sa of 3.7% K™! and
maximum Sg of 1.25% K' at 80K. This result indicates that
Tm3*Yb>":LN single crystal is a promising material for low
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Table 1

Comparison of various Ln**-doped systems used in non-TCLs and TCLs FIR luminescence thermometry.
Temperature sensing materials Luminescence center Type Maximum Sg (%K) Range AT (K) Reference
Tm>* Yb**:LN Tm>* (Igo/lss1) non-TCLs 1.25 80-160 this work
Tm3* Yb>*:LN Tm?* (I797/ls10) TCLs 0.69 180-260 this work
Er’*,Yb**:NaYF, Er** (Isps/lsas) TCLs 124 298-693 [31]
Er’*Yb** Fe3*:NaBiF, Er?* (Isys/Isas) TCLs 0.53 303-543 [32]
Er** Tm>*Yb**:La,ZnTiOg Er’* (Isso/lsas) TCLs 0.54 298-574 [33]
Tm3*Yb**: Sr,YF; Tm>* (I700/I6s0) TCLs 116 303-663 [34]
Ho>":Lu3zNbO, Ho** (Isss/l750) non-TCLs 0.94 298-523 [16]
Er’*:Y,WOg Er** (Igs2/Isa0) non-TCLs 117 303-563 [35]
Ho**:BasY,40q Ho>*(Isso/lsss) non-TCLs 0.36 294-573 [36]
Eu®" Eu’*:YF; Eu (Is2s/l611) non-TCLs 412 300-563 [17]

temperature optical thermometer. Moreover, the proposed non-TCLs
strategy demonstrates a new way to explore new temperature
sensing materials via variation of host structure.
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