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Abstract

Non-contract optical thermometry shows great advantages for temperature
measurement in harsh environments, and it is highly desired to develop novel and
high-performance systems. In this work, a novel Ks(Yo.88Ybo.10Er0.02)Si2O7 phosphor
was synthesized via solid-state reaction, and its up-conversion luminescence and
optical thermometric performance were systematically investigated. Under 980 nm
excitation, the Ks(YossYbo.10Er0.02)Si2O7 phosphor showed a strong green UC
emission through a three photon process. The phosphor was found well capable of
sensing temperature via the multi-modes of fluorescence intensity ratio (FIR) of
thermally/non-thermally coupled energy levels and fluorescence lifetime (FL). The
maximum absolute (Sa) and relative (Sg) sensitivities are Sa = 156x10™* K (ls31/lsss,
298 K) and Sg = 1.80% K (Is19/ls55, 298 K) via the FIR mode, and are Sa = 661x10™
K (548 K) and Sr = 9.77% K (298 K) via the FL mode, which are higher than those

of most previous studies.
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1. Introduction

Silicate compounds are an important phosphor family, which have aroused great
research interests [1-9]. Phosphors based on silicates have good thermal and chemical
stability and are widely used in cathode-ray luminescence and photoluminescence.
Silicates include normal silicate, partial silicate, pyrosilicate, and other different
systems. By controlling the ratio of chemical reagents and experimental conditions,
different silicate phosphors can be obtained, such as BazLag(SiO4)sO2: Eu?* [2],
MgGdsSizO13: Ce®*, Mn?* [3], Mg2Y2AlSiz012: Th3, Eut, Tm** [4], K3ScSizOr:
Eu?* [5], etc. Silicates are an important choice for luminescence because of their
significant absorption of ultraviolet (UV)/near-UV/blue light and low cost. At the
same time, silicate-based phosphors have good physical properties, such as oxidation
resistance, moisture resistance, and no interaction with the packaging resin [2,4,8,9].
The [SiO4]* unit, as the basic building block of silicates, can form relatively
complicated crystal structures, which usually contain various complex anionic groups
by different joining methods, forming islands, rings, chains, or layered structures
[5,6,9]. Among the silicates, AsRESI>O7 (A = Na, K; RE =Y, Gd, Lu), especially the
K3RESIi»O7, has aroused intense research interests and various experiments have been
carried out for the system [5,6,10-19]. It is found that different emissions, such as
near-infrared emission [5,6], white emission [10], and near-ultraviolet emission [11],
can be realized by adjusting the RE site.

However, the up-conversion (UC) luminescence of this KsRESi>O7 system has
not been reported up to date to the best of our knowledge. One of the reasons is that
the compound is typically synthesized by the traditional solid-phase method, which,

although effective for phosphor selection and synthesis, would produce micron-sized

3



©CO~NOOOTA~AWNPE

large particles. It is difficult to obtain phosphors of nanometer size by this method,
which greatly limits the application of UC phosphors of this system in the fields of
biomarkers and anti-counterfeiting. Another reason is that the research interests of UC
system are mainly on fluoride with low phonon energy, which would produce high
UC efficiency [20-22]. However, fluoride is toxic, and its toxicity is related to its
ability to dissociate fluorine ions.

Recently, the UC phosphors activated by Yb**-Er®* pair are finding promising
application as non-contact thermometers [7,20-23]. The intensity ratio of the 520 nm
(*H112—*1152) and 550 nm (*Saz—*11s12) green luminescence Er¥* ion is very sensitive
to temperature [24]. The temperature change will cause the obvious change in the
ratio of these two branches, and the temperature can be determined by the branch ratio.
Such application needs high thermal stability phosphors and doesn’t require the
phosphor particles to be nanosized. In previous studies, common UC phosphors
usually use halogen-containing compounds as substrate [20-22], and YDb3*/Er®*
co-doped NaYFs(NaYFs: Yb*/Er®) is the most common UC material with the
highest luminous efficiency. However, halogen-containing compounds need irritating
and frequently toxic chemicals in the process of their synthesis. Therefore, various
researches have been conducted to explore novel systems using the solid-state method
[7,25-27]. In view of the outstanding down-conversion photoluminescence and
thermal stability of KsY Si>O7-based phosphors [10,13,14], we consider K3YSi»O7 to
be a promising host for UC luminescence. Thus, the typical ion pair of Yb**-Er®* was
doped into K3YSi»Oy in this work, and the resulted phosphor was shown to be capable
of multi-mode temperature measurement with high sensitivity through UC

luminescence.
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2. Experimental section

2.1 Reagents and synthesis

The rare earth sources for the synthesis were oxides (Y203, Yb203, Er.03, 99.99%
pure) bought from Huizhou Ruier Rare Chemical Hi-Tech Co. Ltd., Huizhou, China.
The other reagents of KoCO3 (99.9% pure) and SiO2 (99.99% pure) were purchased
from Aladdin Industrial Corporation (Shanghai, China) and were used without further
purification. K3z(Yo.88Ybo.10Ero.02)SiO7  phosphors were synthesized by the
conventional high-temperature solid-state method, where the contents of Yb and Er
were taken as the optimal values of other UC systems [28,29]. The raw materials were
weighed according to stoichiometric ratio, ground in agate mortar with alcohol for 20
minutes, mixed evenly, and then transferred to a corundum crucible. Finally, the
mixture was heated at 1350 °C in a muffle furnace for 6 h in air, with a heating rate of
5 °@min before 800 °Cand 3 °Gmin for 800-1350 °C.
2.2 Characterization

The crystalline phases of the samples were identified by an X-ray diffractometer
(XRD; Model Ultima IV, Rigaku, Tokyo, Japan) with Cu-K, (A = 0.15406 nm)
radiation via the step-scan mode, with a step size of 0.01° and an accumulation time
of 2 s in 26 = 5-120° range. Temperature-dependent UC spectra (RT-548 K) were
measured using an FLS 1000 fluorospectrophotometer (Edinburgh Instruments Ltd.,
Herrsching am Ammersee, Britain), using a 980 nm continuous wavelength laser (2 W,
Model MDL-I11-980-2W-18050833) for excitation and a TAP-02 accessory for
temperature control. The fluorescence decay kinetics of the main UC emissions were

measured with the lifetime testing unit of the FLS 1000 equipment.
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3. Results and discussion

3.1 Synthesis and visible-near-infrared luminescence of Kz(Yo.88Ybo.10Er0.02)Si2O7
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Figure 1 (a) Rietveld refinement for the Ks(Yo.8sYbo.10Er0.02)Si2O7 phosphor, where the observed
and calculated patterns, the difference, and the positions of Bragg reflections are in black, red,
gray and green, respectively, (b) crystal structure of KsYSi»Oy, together with the coordination
environment of the cation.

Figure 1(a) shows the Rietveld refinement results of the obtained
K3(Yo.88Ybo.10Er0.02)Si207 phosphor. The refinement vyielded stable results and
acceptable reliability factors, which indicate that the product is of high purity. The
detailed refinement results are shown in Table 1 and Table 2. According to Loye et al.,
K3YSi2O7 may have two polymorphs, namely KsYSi.O7(1) and KsYSi>07(2), which
belong to P63/mmc and P63/mcm space groups, respectively [10]. In this work, we
obtained K3YSi»O7(2) with the second space group. Figure 1(b) are the crystal
structure observed from the c-axis and the coordination polyhedra of cations for
K3YSi207(2). The compound KsYSi207(2) (ICSD 430538) has a hexagonal structure
with lattice constants a = 9.8450 A, ¢ = 14.3236 A. c/a = 1.4549. It consists of SiOa,
K10s, K20g, K30s, Y10e, and Y20s units connected by shared oxygen atoms.
KsYSi207(2) has two distinct yttrium sites, one distinct silicon site, three distinct

potassium sites, and three distinct oxygen sites [13]. The two yttrium sites are
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independent of each other and are located in a hexagonal coordination environment.
Y (1) is located in a regular hexagonal octahedron, and Y(2) is located in a hexagonal
trigonal prism. Y1Os is connected to SiO4 by oxygen atoms at shared vertices, and
SiO4 forms the Si,O7 pyrosilicate structure by bridging oxygen atoms at shared
vertices. The coordination numbers of K(1), K(2), and K(3) are 8, 9, and 6
respectively. The K(1) site is aligned with Si along the c-axis, the K(2) site is aligned
with Y(1) along the c-axis, and the K(3) site is aligned with Y(2) along the c-axis. In
addition, it can be seen that the lattice parameters and cell volume of the Yb%*-Er®*
co-doped sample is smaller than those of the pure host as also shown in Table S1.
This conforms well to the fact that Er** (R = 0.890, CN = 6) and Yb** (R = 0.868, CN
= 6) have smaller ionic radii than Y*" (R = 0.900, CN = 6) [30], and indicates

successful incorporation of the dopant ions to form solid solution.

Table 1 Experimental parameters of powder XRD and refined crystallographic data for
K3(Yo0.88Ybo.10Er0.02)Si2O7.

Chemical Formula
Diffractometer
Radiation type

K3(Yo.88Ybo.10Er0.02) Si2O7
X’Pert Pro, PANalytical
Cu Ka, A =1.54060 A

26 interval (°) 5.00-120.00
Step size of 20 (°) 0.01
Space group P63/mcm (193)
z 6
a(A) 9.8419(2)
b (A) 9.8419(2)
c(A) 14.3032(4)
V (A% 1199.85(6)
Number of structure parameters 27
Number of profile parameters 35
"Ry (%) 8.73
“ Rwp (%) 12.21
43 2.22
1
bRP :z Yi—Ye.i /z Yis Cpr :twi Vi —Yei Z/ZWiyiz]E; dS = pr /Rexp
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Table 2 Wyckoff positions, atomic coordinates, and occupancies of Ks(Yo.8sYbo.10Er0.02)Si2O7.

Atom Site X y z Occupancy
Y1 4 0.3333 0.6667 0 0.89
Ybl 4 0.3333 0.6667 0 0.10
Erl 4 0.3333 0.6667 0 0.01
Y2 2 0 0 0.25 0.91
Yb2 2 0 0 0.25 0.08
Er2 2 0 0 0.25 0.01
K1 12 0.32798 0 0.09211 1
K2 4 0.3333 0.6667 0.25 1
K3 2 0 0 0 1
Sil 12 0.65938 0 0.14315 1
o1 24 0.67437 0.15042 0.09402 1
02 12 0.81453 0 0.14696 1
03 6 0.59540 0 0.25 1
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Figure 2 (a) Emission spectra of Ks(Yo.s3Ybo.10Er0.02)Si2O7 phosphor in the visible light range
(450-750 nm) at different excitation powers of 980 nm laser. (b) The proposed up-conversion

750

mechanism, where ET means energy transfer.

The UC spectra of K3(YossYbo1oEreo02)Si2O7 excited at different powers
(0.60-1.20 W) are shown in Figure 2. The emission spectra consist of green emissions
in the range of 510-575 nm and red emissions in the 630-700 nm region. The emission
peaks at 531 nm and 555 nm belong to the transitions from 2Hi12 and “Ss/, excited
states to “l1s2 ground state of Er®*, respectively, while the red emission near 670 nm is
generated by the transition from “Fgy2 to *l1s/2. The number of photons (n) required to
excite the ground state electron to the emission state can be estimated by the lemocP"

equation [29]. The logarithmic curves of lem and P" at different powers are shown in

8

Er**
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Figure S1 for the Ks(Yo.88Ybo.10Er0.02)Si207 phosphor. The slope of the graph is the
number of photons required (n). The slope of the curve (n value) in Figure S1 is about
3 for green emission and 2 for red emission, indicating that the observed UC
luminescence is essentially caused by three (green) and two-photon (red) mechanism.
The energy level diagram of Yb®* and Er** in Ks(Yo.ssYbo.10Ero02)Si-O7 and the
emission mechanism of UC are shown in Figure 2b. The three-photon process
corresponding to green emission is as follows. Under the excitation of 980 nm laser,
the electrons of Yb3* are excited to the 2Fsy level, from which energy transfer to the
neighboring Er®* would take place. The energy absorption of Er®* ion excites
electrons from the ground state “lis;» to the excited state *l11> (ET1), followed by
non-radiative relaxation (NR) to the *l1z2 level. With the energy of the second
excitation photon, the Er®* electrons were raised to the “Fos2 level (ET2). Subsequently,
the Er®* electrons were eventually excited to the *Gi1/2 level by ET3 and then relax to
Hi1/2 through non-radiative transition. Backing jumping of the 2Hi1/, electrons to the
ground state then produced the green light. The whole process can also be expressed
as follows [31,32]:

(1) ?F72 (Yb3*) + 980 nm photon — 2Fs;2 (Yb%*)

(2) %Fsi2 (YO*) + *lispp (Er¥Y) — 272 (YB*) + *luap (Er®) (ETL)

(3) *lwz (Er*) = “lia2 (Er*) (NR)

(4) %Fsi2 (YB*) + *lize (Er¥Y) — 2F72 (YB*) + *Fop2 (Er®) (ET2)

(5) Fsi2 (YB*) + *Fopz (Er¥") — 2F72 (YB*) + *Ga12 (Er®) (ET3)

(6) “G112 (Er**) — 2Hop (Er**) — 2Haiz (NR)
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(7) 2H112 (Er¥) — 4112 (Er®") + photons (531 nm)

For the emission peaks at 555 nm, the first six processes are the same as those of
the 531 nm emission. The difference is that the electrons at the 2Hi12 energy level of
Er** relax to the Sz by NR, and the occurrence of *Ssz (Er¥)—*l1s2 (Er®") and
transitions emit photons at 555 nm. For the red emission located at 662 nm, its
two-photon process is that, after the first four transition steps, the electron at the *Foy
energy level transits to the ground state and emits a photon.

It can be seen that for Ks(YossYbo1oEr02)Si207 phosphor, the increasing
excitation power does not change the shape and position of the emission peak, but the

intensity of the emission gradually increased.
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Figure 3 (a) Emission spectra of Ks(Yo.8sYbo.10Ero.02)Si2O7 phosphor in the near-infrared range
(1000-1600 nm) at different excitation powers of 980 nm laser. (b) Fluorescence decay kinetics of
the 1542 nm emission at different excitation powers (0.25-0.50 W), where the numbers following
the power are the average lifetimes.

The emission spectra of Kz(Yo.ss8Ybo.10Er0.02)Si207 in the near-infrared region at
different powers are shown in Figure 3a. The strongest peak is at 1542 nm, which
corresponds to the *l1z2—*l15/2 transition of Er** [33]. It can be seen that the sample
has a strong broadband emission in the near-infrared region. The Stark splitting of the

NIR emission is evident because of the splitting of the 4f level of Er®* ions due to the
10
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action of the crystal field. Figure 3b shows the decay kinetics of the 1542 nm emission,
where it was found that all the curves are well fitted using the double-order
exponential equation [34,35]:
I(t) = Ajexp(—t/t1) + Azexp(—t/t3) 1)
where A; and A are constants, t is decay time, I(t) is luminescence intensity at time t,
11, and 12 are the fast and slow components of lifetime respectively. The average
lifetime (1) can be obtained by the following equation [34,35]:
T = (Ay7f + A4,15) / (AT, + AzT5) (2)

The derived T and A values and the chi-square factor (y?) of fittings are
summarized in Table S2. The 1542 nm emissions at different powers show similar
average lifetime of around 14 ms.

3.2 Multi-mode thermometric properties of K3(Yo.88Ybo.10Er0.02)Si207
(a) (b)

524 nm
531 nm (H,,,~*1,5)

Intensity (a.u.)
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Figure 4 (a) Emission spectra of Kz(Yo.8sYbo.10Er0.02)Si-O7 phosphor excited by 980 nm laser (0.5

W) at different temperatures (RT-548 K). (b) Relative emission intensity for different transitions

as a function of the measured temperature.

In practical applications, especially in the field of temperature measurement, the
relationship between luminescence intensity and temperature is of great importance.
Therefore, we tested the PL spectra of Kz(Yo.83Ybo.10Er0.02)Si207 in the temperature

range of 298-548 K, as shown in Figure 4a. As can be seen from Figure 4a, the
11
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luminescence intensity of the sample decreases gradually with increasing temperature
and the specific CIE coordinates are given in Figure S2 and Table S3. As can be seen
from Figure S2, the color coordinates of Kz(Yo.88Ybo.10Er0.02)Si2O7 did not shift much
with increasing temperatures. Figure 4b shows the relationship between normalized
emission intensity and temperature. The results show that the green emission intensity
of 519/527 nm (*Hi1,—*lisp) increases with increasing temperature, reaching the
maximum value at 373 K and maintaining 97.2% and 98.7% of the maximum
intensity at 423 K, respectively. At the highest measurement temperature of 548 K,
78.9% and 83.0% of the maximum emission intensity can still be retained,
respectively. For 555 nm (*Sgz—*l1512) emission, the intensity decreases obviously
with increasing temperature. The intensity loss rates of 2Hiiz—*l1s2 and Szz—*l1s2
are different with increasing temperature. This indicates that the prepared phosphor
can sense temperature through the fluorescence intensity ratio (FIR) of the thermally
coupled 2Hi12 and Sz, levels and has potential application in the field of optical
thermometry. The *Foo—*l1512 (662 nm) emission also decreased monotonically with
increasing temperature. Since ?Hi12 and Sy are thermally coupled energy levels (AE
= 736 cm™), their population follows Boltzmann distribution. The FIR of the two
different green emissions can be expressed as [36,37]:
FIR=II—Z=A-exp(—kA)TET)+C 3)

where Iy and ls represent the emission intensity of the 2Hiiz—*l1s2 and 4Szp—*lis2
transitions; AE is the energy level gap between corresponding energy levels; kg i

Boltzmann constant; T is the absolute temperature; A and C are constants.

12
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Equation (3) is used to fit the FIR relation with temperature of the two thermal

coupled energy levels. The fitting curve is shown in Figure 5a, and the points in the

figure are experimental data. It can be seen from the figure that as the temperature

rises from 298 K to 548 K, The Is31/lss5 ratios of Ka(Yo.88Ybo.10Ero.02)Si2O7 increase

gradually. According to the Boltzmann distribution law, when the temperature

increases, electrons are more easily pumped to the higher Hi1 energy level to reach

equilibrium. In addition, the probability of the non-radiative transition from #Sg/ to

*l1s2 increases, so the emission at 555 nm is significantly weakened, thus increasing

the ratios of Is31/lsss.
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measurement temperature for the Ks(Yo.8sYbo.10Er0.02)Si207 phosphor.

In addition, sensitivity S is an important index to evaluate the sensitivity of

phosphors to temperature change, which can be expressed by absolute sensitivity Sa

T
550

and relative sensitivity Sr. The calculation equations are as follows [37]:

AE
Sa = || = (FIR = 0) X 1= 4
_ |d(FIR) 1 | _ FIR=C _ AE
Sk = | d(T) FIR| T FIR  kgT? (5)

-
<
=

<

&

Equation (4) and Equation (5) were used to calculate Sa and Sr, respectively. As

shown in Figure 5b, the maximum values of Sa and Sr corresponding to Is3i/Isss are

156x10* K1(298 K) and 1.22% K™(298 K), respectively; while the maximum values

of Sa and Sr corresponding to lsio/lsss are 58x10* K™(548 K) and 1.80% K™(298 K),

respectively.

The energy difference (4E) of thermally coupled levels is generally between 200

~ 2000 cm™. Compared with the traditional technology based on the FIR of thermally

14
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coupled energy levels, the temperature measurement based on non-thermally coupled
energy levels (NTCL) is not limited by the energy difference, and the number of
energy level pairs is rich, which is beneficial to improve the accuracy of temperature
measurement.  We  calculated the  temperature  sensitivity of  the
K3(Yo.88Ybo.10Er0.02)Si207 phosphor. The temperature-dependent FIR of non-thermally

coupled energy levels can be fitted by a polynomial function [38]:

FIR =5 = A+ BT + CT? + DT? (6)

662

where A, B, C, and D are constants. As shown in Figure 6a, the variation of the
fluorescence intensity ratio FIR(Isss/les2) of the non-thermally coupled energy levels
with temperature can be well fitted by Equation (6), with R? = 0.99. In this case, the

sensitivity of temperature sensing can be calculated with the following equation [38]:

s=CR=p+acT+3012 (V)

The curve of sensitivity as a function of temperature is shown in Figure 6b, where the

sensitivity reached a maximum value of 157x10** K at 298 K.

(a) 1 Y=AFBHXHCHEHD Y (b)0oeq m Sma=157%10% K'
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Figure 6 (a) The FIR of the 555 nm and 662 nm emission peaks of K3(Yo0.88Ybo.10Er0.02)Si2O7 as a
function of temperature and (b) sensitivity as a function of temperature.
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Figure 7 Emission spectra of Ks(Yo.ssYbo.10Er.02)Si2O7 phosphor excited with different powers
980 nm laser at (a) 398 K, (b) 473 K, and (c) 548 K. (d) The variation trend of Isss/lgs2 With
excitation power at different temperatures.

Although quite a number of references used Equation (6) for the FIR fitting of
non-thermally coupled energy levels, the excitation power was not involved in the
equation. Such fitting cannot reflect the influence of the excitation power on FIRs. In
order to ensure the accuracy of the results, the power dependent emission spectra at
different temperatures (398 K, 473 K, 548 K) were measured and the Isss/les2 FIR at
different excitation powers was evaluated. As seen from the results shown in Figure 7,
Isss/les2 FIR is stable under varying excitation power at different temperatures and,
therefore, the influence of excitation power during the temperature-sensing
calculation of the non-thermally coupled energy level can be excluded. The influence
of excitation power on the other two FIRs were also checked and were shown in

Figure S4. It was found that excitation power has a small influence on the FIRs
16
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values.

Table 3 summarizes the Sa and Sr values of several typical phosphors with

optical temperature sensing behavior. Through comparison, it was found that the

maximum value of Sa and Sr obtained in this work are higher than these of most

systems. Among them, the sensitivity values calculated based on non-thermally

coupled energy levels are higher than those obtained by the thermally coupled energy

levels. The results show that K3(Yo.ssYbo.10Ere02)Si2O7 phosphor has potential

application value in optical temperature measurement.

Table 3. A summary of Sa and Sr values, and temperature sensing ranges for some typical
temperature sensing phosphors.

lon pair Mode Host Range (K) Sa(K1)x10%  Sg(% K1) Ref
Yb3+-Erd* FIR KY3Fio(Core-Only)  310-366 - 1.51 (310 K) [20]
Yb3+-Erd* FIR KY 3Fio(Core-Shell)  300-365 - 1.24 (316 K) [20]
VO E M FIR NaBiF, 298-473  55.9 (473 K) 1.22 (298 K) [21]
Yb3* Er3* FIR NaScF, 298-573  25.6 (548 K) 0.31 [22]
Yb3* Erd* FIR NaScF4EDTA)  298-573  32.8 (548 K) 0.41 [22]
Yh3* Er3* FIR NazGdMgz(VOs)s  303-573  74.9 (479 K) 0.98 (303 K) [23]
Ers+ FIR GdTa0, 293-723 41 (475K)  1.12 (298 K) [24]
Yb3* Erd* FIR BasYsZnsOx 293-563  0.39 (563 K) 136 (293 K) [25]
Er3+ FIR LaGdOs 298-873 43 (554K)  1.20 (298 K) [26]
Bi%*/Tb3%* FIR LaNdO4 303-483 410 2.36 [27]
Bis*/Eus* FIR LaNdO4 303-483 440 1.89 [27]
Bi%*/Dys* FIR LaNdO, 303-483 80 1.26 [27]
Bi3*/Sm3* FIR LaNdO4 303-483 310 1.36 [27]
Yb3*/Er3* FIR Y03 323573 196 (543 K) - [39]
Pr3+ FL La;MgTiOs 298-548 2.85 1.81 (473 K) [40]
Sm2* FL SrBasO7 298-723 - 3.36 (500 K) [41]
Eu?* FL LisScCa(SiOq), 303-573 1470 15.0 [42]
Dy3*/Mn# FL Li,TiOs/Y20s3 273-373 220 (308 K) 6.67 (339 K) [43]
YD3* Er¥*  FIR(Iss1/lsss) K3YSi,07 298-548 156 (298 K) 1.22 (298 K)  This work
Yb3* Er3*  FIR(Iszr/lsss) K3YSi;07 298-548 59 (548 K) 1.48 (298 K) This work
Yb3* Er3*  FIR(Isio/lsss) K3YSi;07 298-548 58 (548 K)  1.80 (298 K)  This work
Y3 Er¥*  FIR(Is24/l555) KsYSi207 298-548 139 1.34 (298 K)  This work
YB3 Er¥*  FIRwrcw(lsss/lsc2) K3YSi207 298-548 157 (298 K) - This work
Yb3* Er¥*  FL(531 nm) K3YSi,07 323-548 661 (548 K) 9.77 (298 K)  This work
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Figure 8 (a) Fluorescence decay kinetics of 531 nm emission at different temperatures (RT-548 K),
and (b) the relationship of fluorescence lifetimes for 531 nm emission with measurement
temperature (RT-548 K). The intensity in (a) is in logarithmic form.

Figure 8a shows the fluorescence decay curves for the 531 nm emission of
K3(Yo.88Ybo.10Er0.02)Si207 phosphor under 980 nm laser excitation at different
temperatures. As shown in the figure, all the curves are well fitted using the
double-order exponential Equation (1). Then, the average lifetime (1) can be obtained
by the following Equation (2). The derived lifetime of the 531 nm emission is shown
in Figure 8b, where it is seen that the lifetime monotonously decreased from 80.31 us
(323 K) to 67.71 ps (548 K). The 531 nm emission at other temperatures showed a
similar decay behavior and the derived T and A values and the chi-square factor (%) of
fittings are summarized in Table S4. The y? values for all the fittings are around 1,
indicating the high quality of the fitting. It is noteworthy that the fluorescence lifetime
of K3(Yo.88Ybo.10Ero02)Si2O7 decreases with increasing temperature, which can be
attributed to increased non-radiative transitions in the matrix lattice. This trend is the
same as that observed from the temperature-dependent emission intensity. As shown
in Figure 8b, the lifetime of the 531 nm emission decreases exponentially with
increasing temperature T, and can be expressed as 1531 = -17.18exp (-624.78/T) +

190.91.
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Figure 9 The relative sensitivity Sg and absolute sensitivity Sa based on the fluorescence lifetime
of 531 nm emission for Ksz(Yo.88Ybo.10Er0.02)Si2O7 phosphor.

Aside from those utilizing the FIR technology, a temperature sensing scheme
based on fluorescence lifetime (FL) can also be realized with the thermal quenching
characteristics of Ks(Yo.88Ybo.10Er0.02)Si2O7. Similar to the scheme based on FIR, the
absolute sensitivity Sa and relative sensitivity Sg of FL based temperature sensing can

be calculated by the following Equation [40,42-44]:

d
Sa = d_; (8)
1]|d
SR:;ﬁ (9)

As shown in Figure 9, the phosphor has maximum values were 661x10* K1(548 K)
and 9.77% K™(548 K) for Sa and Sg, respectively. It can be seen from the figure that
Sa and Sr both increase with increasing temperature. By comparing the Sg value
based on the FL mode and the Sr value based on the FIR mode, it is obvious that the
former is greater than the latter. Nevertheless, as shown in Table 3, the Sr values of
both the FIR and FL modes obtained in this work are better than those of most

previous studies.
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Conclusions

A novel Kz(YossYbo.10Ere.02)Si2O7 silicate phosphor was prepared by solid reaction.
The UC luminescence properties, UC mechanism as well as the performance of
optical temperature sensing via multi-modes were systematically investigated. The
main conclusions are as follows:

(1) The Ka(Yo.88Ybo.10Er0.02)Si2O7 new phosphor exhibits strong green luminescence
through 2Hii,—*lis2 transition (531 nm) under 980 nm excitation, which occurs
through a three photon processes.

(2) Ka(Yo.88Ybo.10Er0.02)Si207 is well capable of temperature sensing via fluorescence
intensity ratio (FIR) with thermally coupled/non-thermally coupled energy levels
(TCL/NTCL) and fluorescence lifetime (FL). The maximum Sa and Sr values are Sa
= 156x10* K (Is31/lss5, 298 K) and Sg = 1.80% K (Is1o/lss5, 298 K) for the FIR
mode, and are Sa = 661x10* K (548 K) and Sr = 9.77% K (298 K) for the FL

mode.
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Abstract

Non-contract optical thermometry shows great advantages for temperature
measurement in harsh environments, and it is highly desired to develop novel and
high-performance systems. In this work, a novel Ks(Yo.88Ybo.10Er0.02)Si2O7 phosphor
was synthesized via solid-state reaction, and its up-conversion luminescence and
optical thermometric performance were systematically investigated. Under 980 nm
excitation, the Ks(YossYbo.10Er0.02)Si2O7 phosphor showed a strong green UC
emission through a three photon process. The phosphor was found well capable of
sensing temperature via the multi-modes of fluorescence intensity ratio (FIR) of
thermally/non-thermally coupled energy levels and fluorescence lifetime (FL). The
maximum absolute (Sa) and relative (Sg) sensitivities are Sa = 156x10™* K (ls31/lsss,
298 K) and Sg = 1.80% K (Is19/ls55, 298 K) via the FIR mode, and are Sa = 661x10™
K (548 K) and Sr = 9.77% K (298 K) via the FL mode, which are higher than those

of most previous studies.

Keywords: up-conversion; silicate; optical thermometry; rare earth luminescence
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1. Introduction

Silicate compounds are an important phosphor family, which have aroused great
research interests [1-9]. Phosphors based on silicates have good thermal and chemical
stability and are widely used in cathode-ray luminescence and photoluminescence.
Silicates include normal silicate, partial silicate, pyrosilicate, and other different
systems. By controlling the ratio of chemical reagents and experimental conditions,
different silicate phosphors can be obtained, such as BazLag(SiO4)sO2: Eu?* [2],
MgGdsSizO13: Ce®*, Mn?* [3], Mg2Y2AlSiz012: Th3, Eut, Tm** [4], K3ScSizOr:
Eu?* [5], etc. Silicates are an important choice for luminescence because of their
significant absorption of ultraviolet (UV)/near-UV/blue light and low cost. At the
same time, silicate-based phosphors have good physical properties, such as oxidation
resistance, moisture resistance, and no interaction with the packaging resin [2,4,8,9].
The [SiO4]* unit, as the basic building block of silicates, can form relatively
complicated crystal structures, which usually contain various complex anionic groups
by different joining methods, forming islands, rings, chains, or layered structures
[5,6,9]. Among the silicates, AsRESI>O7 (A = Na, K; RE =Y, Gd, Lu), especially the
K3RESIi»O7, has aroused intense research interests and various experiments have been
carried out for the system [5,6,10-19]. It is found that different emissions, such as
near-infrared emission [5,6], white emission [10], and near-ultraviolet emission [11],
can be realized by adjusting the RE site.

However, the up-conversion (UC) luminescence of this KsRESi>O7 system has
not been reported up to date to the best of our knowledge. One of the reasons is that
the compound is typically synthesized by the traditional solid-phase method, which,

although effective for phosphor selection and synthesis, would produce micron-sized

3
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large particles. It is difficult to obtain phosphors of nanometer size by this method,
which greatly limits the application of UC phosphors of this system in the fields of
biomarkers and anti-counterfeiting. Another reason is that the research interests of UC
system are mainly on fluoride with low phonon energy, which would produce high
UC efficiency [20-22]. However, fluoride is toxic, and its toxicity is related to its
ability to dissociate fluorine ions.

Recently, the UC phosphors activated by Yb**-Er®* pair are finding promising
application as non-contact thermometers [7,20-23]. The intensity ratio of the 520 nm
(*H112—*1152) and 550 nm (*Saz—*11s12) green luminescence Er¥* ion is very sensitive
to temperature [24]. The temperature change will cause the obvious change in the
ratio of these two branches, and the temperature can be determined by the branch ratio.
Such application needs high thermal stability phosphors and doesn’t require the
phosphor particles to be nanosized. In previous studies, common UC phosphors
usually use halogen-containing compounds as substrate [20-22], and YDb3*/Er®*
co-doped NaYFs(NaYFs: Yb*/Er®) is the most common UC material with the
highest luminous efficiency. However, halogen-containing compounds need irritating
and frequently toxic chemicals in the process of their synthesis. Therefore, various
researches have been conducted to explore novel systems using the solid-state method
[7,25-27]. In view of the outstanding down-conversion photoluminescence and
thermal stability of KsY Si>O7-based phosphors [10,13,14], we consider K3YSi»O7 to
be a promising host for UC luminescence. Thus, the typical ion pair of Yb**-Er®* was
doped into K3YSi»Oy in this work, and the resulted phosphor was shown to be capable
of multi-mode temperature measurement with high sensitivity through UC

luminescence.
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2. Experimental section

2.1 Reagents and synthesis

The rare earth sources for the synthesis were oxides (Y203, Yb203, Er.03, 99.99%
pure) bought from Huizhou Ruier Rare Chemical Hi-Tech Co. Ltd., Huizhou, China.
The other reagents of KoCO3 (99.9% pure) and SiO2 (99.99% pure) were purchased
from Aladdin Industrial Corporation (Shanghai, China) and were used without further
purification. K3z(Yo.88Ybo.10Ero.02)SiO7  phosphors were synthesized by the
conventional high-temperature solid-state method, where the contents of Yb and Er
were taken as the optimal values of other UC systems [28,29]. The raw materials were
weighed according to stoichiometric ratio, ground in agate mortar with alcohol for 20
minutes, mixed evenly, and then transferred to a corundum crucible. Finally, the
mixture was heated at 1350 °C in a muffle furnace for 6 h in air, with a heating rate of
5 °@min before 800 °Cand 3 °Gmin for 800-1350 °C.
2.2 Characterization

The crystalline phases of the samples were identified by an X-ray diffractometer
(XRD; Model Ultima IV, Rigaku, Tokyo, Japan) with Cu-K, (A = 0.15406 nm)
radiation via the step-scan mode, with a step size of 0.01° and an accumulation time
of 2 s in 26 = 5-120° range. Temperature-dependent UC spectra (RT-548 K) were
measured using an FLS 1000 fluorospectrophotometer (Edinburgh Instruments Ltd.,
Herrsching am Ammersee, Britain), using a 980 nm continuous wavelength laser (2 W,
Model MDL-I11-980-2W-18050833) for excitation and a TAP-02 accessory for
temperature control. The fluorescence decay kinetics of the main UC emissions were

measured with the lifetime testing unit of the FLS 1000 equipment.

5
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3. Results and discussion

3.1 Synthesis and visible-near-infrared luminescence of Kz(Yo.88Ybo.10Er0.02)Si2O7

(a) (b)
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Figure 1 (a) Rietveld refinement for the Ks(Yo.8sYbo.10Er0.02)Si2O7 phosphor, where the observed
and calculated patterns, the difference, and the positions of Bragg reflections are in black, red,
gray and green, respectively, (b) crystal structure of KsYSi»Oy, together with the coordination
environment of the cation.

Figure 1(a) shows the Rietveld refinement results of the obtained
K3(Yo.88Ybo.10Er0.02)Si207 phosphor. The refinement vyielded stable results and
acceptable reliability factors, which indicate that the product is of high purity. The
detailed refinement results are shown in Table 1 and Table 2. According to Loye et al.,
K3YSi2O7 may have two polymorphs, namely KsYSi.O7(1) and KsYSi>07(2), which
belong to P63/mmc and P63/mcm space groups, respectively [10]. In this work, we
obtained K3YSi»O7(2) with the second space group. Figure 1(b) are the crystal
structure observed from the c-axis and the coordination polyhedra of cations for
K3YSi207(2). The compound KsYSi207(2) (ICSD 430538) has a hexagonal structure
with lattice constants a = 9.8450 A, ¢ = 14.3236 A. c/a = 1.4549. It consists of SiOa,
K10s, K20g, K30s, Y10e, and Y20s units connected by shared oxygen atoms.
KsYSi207(2) has two distinct yttrium sites, one distinct silicon site, three distinct

potassium sites, and three distinct oxygen sites [13]. The two yttrium sites are
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independent of each other and are located in a hexagonal coordination environment.
Y (1) is located in a regular hexagonal octahedron, and Y(2) is located in a hexagonal
trigonal prism. Y1Og is connected to SiO4 by oxygen atoms at shared vertices, and
SiO4 forms the Si,O7 pyrosilicate structure by bridging oxygen atoms at shared
vertices. The coordination numbers of K(1), K(2), and K(3) are 8, 9, and 6
respectively. The K(1) site is aligned with Si along the c-axis, the K(2) site is aligned
with Y (1) along the c-axis, and the K(3) site is aligned with Y(2) along the c-axis. In
addition, it can be seen that the lattice parameters and cell volume of the Yb%"-Er®*
co-doped sample is smaller than those of the pure host as also shown in Table S1.
This conforms well to the fact that Er®* (R = 0.890, CN = 6) and Yb** (R = 0.868, CN
= 6) have smaller ionic radii than Y3 (R = 0.900, CN = 6) [30], and indicates

successful incorporation of the dopant ions to form solid solution.

Table 1 Experimental parameters of powder XRD and refined crystallographic data for
K3(Yo0.88Ybo.10Er0.02)Si2O7.

Chemical Formula K3(Yo.88YDbo.10Er0.02)Si207

Diffractometer X’Pert Pro, PANalytical
Radiation type Cu Ka, A = 1.54060 A
26 interval (°) 5.00-120.00
Step size of 20 (°) 0.01
Space group P63/mcm (193)
z 6
a(A) 9.8419(2)
b (A) 9.8419(2)
c(A) 14.3032(4)
V (A% 1199.85(6)
Number of structure parameters 27
Number of profile parameters 35
"Ry (%) 8.73
“ Rwp (%) 12.21
43 2.22
1
bRP =z Yi = Yei /ZYi ; Cpr :|2Wi Vi —Yei ZIZWiin]E; S = pr /Rexp
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Table 2 Wyckoff positions, atomic coordinates, and occupancies of Ks(Yo.8sYbo.10Er0.02)Si2O7.

Atom Site X y z Occupancy
Y1 4 0.3333 0.6667 0 0.89
Ybl 4 0.3333 0.6667 0 0.10
Erl 4 0.3333 0.6667 0 0.01
Y2 2 0 0 0.25 0.91
Yb2 2 0 0 0.25 0.08
Er2 2 0 0 0.25 0.01
K1 12 0.32798 0 0.09211 1
K2 4 0.3333 0.6667 0.25 1
K3 2 0 0 0 1
Sil 12 0.65938 0 0.14315 1
o1 24 0.67437 0.15042 0.09402 1
02 12 0.81453 0 0.14696 1
03 6 0.59540 0 0.25 1
(a) ),
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Figure 2 (a) Emission spectra of Ks(Yo.s3Ybo.10Er0.02)Si2O7 phosphor in the visible light range
(450-750 nm) at different excitation powers of 980 nm laser. (b) The proposed up-conversion

750

mechanism, where ET means energy transfer.

The UC spectra of K3(YossYbo1oEreo02)Si2O7 excited at different powers
(0.60-1.20 W) are shown in Figure 2. The emission spectra consist of green emissions
in the range of 510-575 nm and red emissions in the 630-700 nm region. The emission
peaks at 531 nm and 555 nm belong to the transitions from 2Hi12 and “Ss/, excited
states to “l1s2 ground state of Er®*, respectively, while the red emission near 670 nm is
generated by the transition from “Fgy2 to *l1s/2. The number of photons (n) required to
excite the ground state electron to the emission state can be estimated by the lemocP"

equation [29]. The logarithmic curves of lem and P" at different powers are shown in

8

Er**
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Figure S1 for the Ks(Yo.88Ybo.10Er0.02)Si207 phosphor. The slope of the graph is the
number of photons required (n). The slope of the curve (n value) in Figure S1 is about
3 for green emission and 2 for red emission, indicating that the observed UC
luminescence is essentially caused by three (green) and two-photon (red) mechanism.
The energy level diagram of Yb®* and Er** in Ks(Yo.ssYbo.10Ero02)Si-O7 and the
emission mechanism of UC are shown in Figure 2b. The three-photon process
corresponding to green emission is as follows. Under the excitation of 980 nm laser,
the electrons of Yb3* are excited to the 2Fsy level, from which energy transfer to the
neighboring Er®* would take place. The energy absorption of Er®* ion excites
electrons from the ground state “lis;» to the excited state *li12 (ET1), followed by
non-radiative relaxation (NR) to the *l1z2 level. With the energy of the second
excitation photon, the Er®* electrons were raised to the “Fos2 level (ET2). Subsequently,
the Er®* electrons were eventually excited to the “Gi1/, level by ET3 and then relax to
Hi1/2 through non-radiative transition. Backing jumping of the 2Hi1/, electrons to the
ground state then produced the green light. The whole process can also be expressed
as follows [31,32]:

(1) ?F72 (Yb3*) + 980 nm photon — 2Fs;2 (Yb%*)

(2) %Fsi2 (YO*) + *lispp (Er¥Y) — 272 (YB*) + *luap (Er®) (ETL)

(3) *lwz (Er*) = “lia2 (Er*) (NR)

(4) %Fsi2 (YB*) + *lize (Er¥Y) — 2F72 (YB*) + *Fop2 (Er®) (ET2)

(5) %Fsi2 (YDb**) + *For2 (Er**) — 2F72 (YD) + %Gur (EFr®*) (ET3)

(6) *G112 (Er**) — 2Hop (Er*") — 2Hup (NR)
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(7) 2H112 (Er¥) — 41152 (Er®") + photons (531 nm)

For the emission peaks at 555 nm, the first six processes are the same as those of
the 531 nm emission. The difference is that the electrons at the 2Hi12 energy level of
Er** relax to the Sz by NR, and the occurrence of *Ssz (Er¥)—*l1s2 (Er®") and
transitions emit photons at 555 nm. For the red emission located at 662 nm, its
two-photon process is that, after the first four transition steps, the electron at the *Fo.
energy level transits to the ground state and emits a photon.

It can be seen that for Ks(YossYbo1oEroo2)Si207 phosphor, the increasing
excitation power does not change the shape and position of the emission peak, but the

intensity of the emission gradually increased.

60004 v
— 030 W
50000 4 gi; x g e =
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Figure 3 (a) Emission spectra of Ks(Yo.8sYbo.10Ero.02)Si2O7 phosphor in the near-infrared range
(1000-1600 nm) at different excitation powers of 980 nm laser. (b) Fluorescence decay kinetics of
the 1542 nm emission at different excitation powers (0.25-0.50 W), where the numbers following
the power are the average lifetimes.

The emission spectra of Kz(Yo.ss8Ybo.10Er0.02)Si207 in the near-infrared region at
different powers are shown in Figure 3a. The strongest peak is at 1542 nm, which
corresponds to the *li3o—*l1s/2 transition of Er®* [33]. It can be seen that the sample
has a strong broadband emission in the near-infrared region. The Stark splitting of the

NIR emission is evident because of the splitting of the 4f level of Er®* ions due to the
10
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action of the crystal field. Figure 3b shows the decay kinetics of the 1542 nm emission,
where it was found that all the curves are well fitted using the double-order
exponential equation [34,35]:
I(t) = Ajexp(=t/T1) + Azexp(—t/T;) 1)
where A; and A are constants, t is decay time, I(t) is luminescence intensity at time t,
11, and 12 are the fast and slow components of lifetime respectively. The average
lifetime (1) can be obtained by the following equation [34,35]:
T = (Ay7f + A,15) /(Ar1y + Az15) (2)

The derived T and A values and the chi-square factor (y%) of fittings are
summarized in Table S2. The 1542 nm emissions at different powers show similar
average lifetime of around 14 ms.

3.2 Multi-mode thermometric properties of K3(Yo.88Ybo.10Er0.02)Si207
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Figure 4 (a) Emission spectra of Kz(Yo.8sYbo.10Er0.02)Si-O7 phosphor excited by 980 nm laser (0.5

W) at different temperatures (RT-548 K). (b) Relative emission intensity for different transitions

as a function of the measured temperature.

In practical applications, especially in the field of temperature measurement, the
relationship between luminescence intensity and temperature is of great importance.
Therefore, we tested the PL spectra of Kz(Yo.83Ybo.10Er0.02)Si207 in the temperature

range of 298-548 K, as shown in Figure 4a. As can be seen from Figure 4a, the
11
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luminescence intensity of the sample decreases gradually with increasing temperature
and the specific CIE coordinates are given in Figure S2 and Table S3. As can be seen
from Figure S2, the color coordinates of Kz(Yo.88Ybo.10Er0.02)Si2O7 did not shift much
with increasing temperatures. Figure 4b shows the relationship between normalized
emission intensity and temperature. The results show that the green emission intensity
of 519/527 nm (*Hi1,—*lisp) increases with increasing temperature, reaching the
maximum value at 373 K and maintaining 97.2% and 98.7% of the maximum
intensity at 423 K, respectively. At the highest measurement temperature of 548 K,
78.9% and 83.0% of the maximum emission intensity can still be retained,
respectively. For 555 nm (*Szz—*l1s52) emission, the intensity decreases obviously
with increasing temperature. The intensity loss rates of 2Hiiz—*l1s2 and Szz—*l1s2
are different with increasing temperature. This indicates that the prepared phosphor
can sense temperature through the fluorescence intensity ratio (FIR) of the thermally
coupled 2Hi12 and Sz, levels and has potential application in the field of optical
thermometry. The *Foo—*l1s52 (662 nm) emission also decreased monotonically with
increasing temperature. Since ?Hi1/2 and Sy are thermally coupled energy levels (AE
= 736 cm™), their population follows Boltzmann distribution. The FIR of the two
different green emissions can be expressed as [36,37]:
FIR=II—:=A-exp(—kATET)+C 3)

where Iy and ls represent the emission intensity of the 2Hiiz—*l1s2 and 4Szp—*lis2
transitions; AE is the energy level gap between corresponding energy levels; kg i

Boltzmann constant; T is the absolute temperature; A and C are constants.

12
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Equation (3) is used to fit the FIR relation with temperature of the two thermal

coupled energy levels. The fitting curve is shown in Figure 5a, and the points in the

figure are experimental data. It can be seen from the figure that as the temperature

rises from 298 K to 548 K, The Is31/lss5 ratios of Ka(Yo.88Ybo.10Ero.02)Si2O7 increase

gradually. According to the Boltzmann distribution law, when the temperature

increases, electrons are more easily pumped to the higher Hi1 energy level to reach

equilibrium. In addition, the probability of the non-radiative transition from #Sg/ to

*l1s2 increases, so the emission at 555 nm is significantly weakened, thus increasing

the ratios of Is31/lsss.
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measurement temperature for the Ks(Yo.8sYbo.10Er0.02)Si207 phosphor.

In addition, sensitivity S is an important index to evaluate the sensitivity of

phosphors to temperature change, which can be expressed by absolute sensitivity Sa

T
550

and relative sensitivity Sr. The calculation equations are as follows [37]:

AE
Sa = || = (FIR = 0) X 1= 4
_ |d(FIR) 1 | _ FIR=C _ AE
Sk = | d(T) FIR| T FIR  kgT? (5)

-
<
=

<

&

Equation (4) and Equation (5) were used to calculate Sa and Sr, respectively. As

shown in Figure 5b, the maximum values of Sa and Sr corresponding to Is3i/Isss are

156x10* K1(298 K) and 1.22% K™(298 K), respectively; while the maximum values

of Sa and Sr corresponding to lsio/lsss are 58x10* K™(548 K) and 1.80% K™(298 K),

respectively.

The energy difference (4E) of thermally coupled levels is generally between 200

~ 2000 cm™. Compared with the traditional technology based on the FIR of thermally

14
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coupled energy levels, the temperature measurement based on non-thermally coupled
energy levels (NTCL) is not limited by the energy difference, and the number of
energy level pairs is rich, which is beneficial to improve the accuracy of temperature
measurement.  We  calculated the  temperature  sensitivity of  the
K3(Yo.88Ybo.10Er0.02)Si207 phosphor. The temperature-dependent FIR of non-thermally

coupled energy levels can be fitted by a polynomial function [38]:

FIR =555 = A + BT + CT? + DT3 (6)

662

where A, B, C, and D are constants. As shown in Figure 6a, the variation of the
fluorescence intensity ratio FIR(Isss/les2) of the non-thermally coupled energy levels
with temperature can be well fitted by Equation (6), with R? = 0.99. In this case, the

sensitivity of temperature sensing can be calculated with the following equation [38]:

s=CR=p+2cT+30T2 (V)

The curve of sensitivity as a function of temperature is shown in Figure 6b, where the

sensitivity reached a maximum value of 157x10* K at 298 K.
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Figure 6 (a) The FIR of the 555 nm and 662 nm emission peaks of K3(Yo0.88Ybo.10Er0.02)Si2O7 as a
function of temperature and (b) sensitivity as a function of temperature.
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Figure 7 Emission spectra of Ks(YogsYbo.10Er.02)Si2O7 phosphor excited with different powers
980 nm laser at (a) 398 K, (b) 473 K, and (c) 548 K. (d) The variation trend of lsss/lgs2 With
excitation power at different temperatures.

Although quite a number of references used Equation (6) for the FIR fitting of
non-thermally coupled energy levels, the excitation power was not involved in the
equation. Such fitting cannot reflect the influence of the excitation power on FIRs. In
order to ensure the accuracy of the results, the power dependent emission spectra at
different temperatures (398 K, 473 K, 548 K) were measured and the Isss/lgs2 FIR at
different excitation powers was evaluated. As seen from the results shown in Figure 7,
Isss/les2 FIR is stable under varying excitation power at different temperatures and,
therefore, the influence of excitation power during the temperature-sensing
calculation of the non-thermally coupled energy level can be excluded. The influence
of excitation power on the other two FIRs were also checked and were shown in

Figure S4. It was found that excitation power has a small influence on the FIRs
16



©CO~NOOOTA~AWNPE

values.

Table 3 summarizes the Sa and Sr values of several typical phosphors with

optical temperature sensing behavior. Through comparison, it was found that the

maximum value of Sa and Sr obtained in this work are higher than these of most

systems. Among them, the sensitivity values calculated based on non-thermally

coupled energy levels are higher than those obtained by the thermally coupled energy

levels. The results show that K3(Yo.ssYbo.10Ere02)Si2O7 phosphor has potential

application value in optical temperature measurement.

Table 3. A summary of Sa and Sr values, and temperature sensing ranges for some typical
temperature sensing phosphors.

lon pair Mode Host Range (K) Sa(K1)x10%  Sg(% K1) Ref
Yb3+-Erd* FIR KY3Fio(Core-Only)  310-366 - 1.51 (310 K) [20]
Yb3+-Erd* FIR KY 3Fio(Core-Shell)  300-365 - 1.24 (316 K) [20]
VO E M FIR NaBiF, 298-473  55.9 (473 K) 1.22 (298 K) [21]
Yb3* Er3* FIR NaScF, 298-573  25.6 (548 K) 0.31 [22]
Yb3* Erd* FIR NaScF4EDTA)  298-573  32.8 (548 K) 0.41 [22]
Yh3* Er3* FIR NazGdMgz(VOs)s  303-573  74.9 (479 K) 0.98 (303 K) [23]
Ers+ FIR GdTa0, 293-723 41 (475K)  1.12 (298 K) [24]
Yb3* Erd* FIR BasYsZnsOx 293-563  0.39 (563 K) 136 (293 K) [25]
Er3+ FIR LaGdOs 298-873 43 (554K)  1.20 (298 K) [26]
Bi%*/Tb3%* FIR LaNdO4 303-483 410 2.36 [27]
Bis*/Eus* FIR LaNdO4 303-483 440 1.89 [27]
Bi%*/Dys* FIR LaNdO, 303-483 80 1.26 [27]
Bi3*/Sm3* FIR LaNdO4 303-483 310 1.36 [27]
Yb3*/Er3* FIR Y03 323573 196 (543 K) - [39]
Pr3+ FL La;MgTiOs 298-548 2.85 1.81 (473 K) [40]
Sm2* FL SrBasO7 298-723 - 3.36 (500 K) [41]
Eu?* FL LisScCa(SiOq), 303-573 1470 15.0 [42]
Dy3*/Mn# FL Li,TiOs/Y20s3 273-373 220 (308 K) 6.67 (339 K) [43]
YD3* Er¥*  FIR(Iss1/lsss) K3YSi,07 298-548 156 (298 K) 1.22 (298 K)  This work
Yb3* Er3*  FIR(Iszr/lsss) K3YSi;07 298-548 59 (548 K) 1.48 (298 K) This work
Yb3* Er3*  FIR(Isio/lsss) K3YSi;07 298-548 58 (548 K)  1.80 (298 K)  This work
Y3 Er¥*  FIR(Is24/l555) KsYSi207 298-548 139 1.34 (298 K)  This work
YB3 Er¥*  FIRwrcw(lsss/lsc2) K3YSi207 298-548 157 (298 K) - This work
Yb3* Er¥*  FL(531 nm) K3YSi,07 323-548 661 (548 K) 9.77 (298 K)  This work

17
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Figure 8 (a) Fluorescence decay kinetics of 531 nm emission at different temperatures (RT-548 K),
and (b) the relationship of fluorescence lifetimes for 531 nm emission with measurement
temperature (RT-548 K). The intensity in (a) is in logarithmic form.

Figure 8a shows the fluorescence decay curves for the 531 nm emission of
K3(Yo.88Ybo.10Er0.02)Si207 phosphor under 980 nm laser excitation at different
temperatures. As shown in the figure, all the curves are well fitted using the
double-order exponential Equation (1). Then, the average lifetime (1) can be obtained
by the following Equation (2). The derived lifetime of the 531 nm emission is shown
in Figure 8b, where it is seen that the lifetime monotonously decreased from 80.31 us
(323 K) to 67.71 ps (548 K). The 531 nm emission at other temperatures showed a
similar decay behavior and the derived t and A values and the chi-square factor (y?) of
fittings are summarized in Table S4. The y? values for all the fittings are around 1,
indicating the high quality of the fitting. It is noteworthy that the fluorescence lifetime
of K3(Yo.88Ybo.10Ero02)Si2O7 decreases with increasing temperature, which can be
attributed to increased non-radiative transitions in the matrix lattice. This trend is the
same as that observed from the temperature-dependent emission intensity. As shown
in Figure 8b, the lifetime of the 531 nm emission decreases exponentially with
increasing temperature T, and can be expressed as 1531 = -17.18exp (-624.78/T) +

190.91.
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Figure 9 The relative sensitivity Sg and absolute sensitivity Sa based on the fluorescence lifetime
of 531 nm emission for Ksz(Yo.88Ybo.10Er0.02)Si2O7 phosphor.

Aside from those utilizing the FIR technology, a temperature sensing scheme
based on fluorescence lifetime (FL) can also be realized with the thermal quenching
characteristics of Ks(Yo.88Ybo.10Er0.02)Si2O7. Similar to the scheme based on FIR, the
absolute sensitivity Sa and relative sensitivity Sg of FL based temperature sensing can

be calculated by the following Equation [40,42-44]:

d
Sa = d_; (8)
1|d
SR:;ﬁ 9)

As shown in Figure 9, the phosphor has maximum values were 661x10* K1(548 K)
and 9.77% K™(548 K) for Sa and Sg, respectively. It can be seen from the figure that
Sa and Sr both increase with increasing temperature. By comparing the Sg value
based on the FL mode and the Sr value based on the FIR mode, it is obvious that the
former is greater than the latter. Nevertheless, as shown in Table 3, the Sr values of
both the FIR and FL modes obtained in this work are better than those of most

previous studies.
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Conclusions

A novel Kz(YossYbo.10Ere.02)Si2O7 silicate phosphor was prepared by solid reaction.
The UC luminescence properties, UC mechanism as well as the performance of
optical temperature sensing via multi-modes were systematically investigated. The
main conclusions are as follows:

(1) The Ka(Yo.88Ybo.10Er0.02)Si2O7 new phosphor exhibits strong green luminescence
through 2Hii,—*lis2 transition (531 nm) under 980 nm excitation, which occurs
through a three photon processes.

(2) Ka(Yo.88Ybo.10Er0.02)Si207 is well capable of temperature sensing via fluorescence
intensity ratio (FIR) with thermally coupled/non-thermally coupled energy levels
(TCL/NTCL) and fluorescence lifetime (FL). The maximum Sa and Sr values are Sa
= 156x10* K (Is31/lss5, 298 K) and Sg = 1.80% K (Is1o/lss5, 298 K) for the FIR
mode, and are Sa = 661x10* K (548 K) and Sr = 9.77% K (298 K) for the FL

mode.
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