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Abstract: A series of Li*, Na*, or K*, Tm**, and Yb** co-
doped Bi,WOg upconversion phosphors were prepared
by a high-temperature solid-phase method at 800°C for
3h. X-ray diffraction showed that Li*, Na*, K*, Tm**, and
Yb*" doping did not affect the orthorhombic structure of
the Bi,WOg matrix. Scanning electron microscopy images
of the Bi,WOg:1% Tm>", 6% Yb*" and 1% Li*, 1% Na™, or 1%
K*-doped Bi,WO4:1% Tm**, 6% Yb*" samples reveal irre-
gular particles with a 0.5-5 um particle size range; upon
Na* or K* doping, the particle size increases and the par-
ticle surface becomes smooth. EDS analysis shows that the
above ions are well incorporated into the powder particles. At
298 K, the relative temperature sensitivities are 0.00144, 0.0016,
0.0024, and 0.0018 K* for the 1% Tm>*, 6% Yb*":Bi,WO, sam-
ples without alkali metal ions and doped with 1% Li*, 1% Na®,
or 1% K* based on the thermally coupled energy level *F5°F,
characterization temperature. However, under the same con-
ditions, when using the nonthermally coupled level *F5G,
characterization temperature, the relative temperature sensi-
tivities of these four samples are 0.0378, 0.0166, 0.046, and
0.0257 K, increasing by 26.3, 10.3, 19.1, and 13.9 times, respec-
tively. The relative temperature sensitivities of the 1% Na®, 1%
Tm*', and 6% Yb**:Bi,WO, samples are the highest at 298 K.
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1 Introduction

Rare earth upconversion luminescent materials have attracted
extensive attention from researchers due to their advantages
of correspondingly fast, good spatial resolution, and noncontact
accurate temperature measurement at the micro/nanoscale,
especially near-infrared response upconversion luminescent
materials for temperature detection in biological tissues or
cells [1,2]. Bi,WOg, which has stable physicochemical proper-
ties and low phonon energy, can be used as a matrix for
upconversion luminescent materials [3]; however, its band
gap is 2.7eV, and therefore, only light below 450 nm is
absorbed. The Tm*" energy levels are abundant, and strong
upconversion luminescence can be produced by Yb** sensiti-
zation, with large absorption in the near-infrared region. Tm**
and Yb** co-doped luminescent materials and their tempera-
ture-sensing properties have attracted much attention from
researchers. For example, Thakur et al. [4] prepared Tm®*,
Yb**:YPO, phosphors by precipitation, and analyzed the lumi-
nous intensity ratio of Tm** for CF,,3; — *Hg)/CH, — *Hg) transi-
tions, and obtained a maximum relative temperature sensi-
tivity of 0.0186 K™ at 323K. Yin [5] prepared double light-
emitting center Yb**, Er’*, Tm*: K;Gd(PO,), upconversion
luminescent materials by a high-temperature solid-phase
method, and the maximum relative temperature measure-
ment sensitivity was 0.0078 K™* when using the nonther-
mally coupled energy levels of Er** (*Hyyy, “Fop). Improving
the upconversion luminous efficiency of materials is a way
to improve the temperature sensitivity of materials; more-
over, suitable metal ion co-doping can effectively improve
the luminescence performance and temperature measure-
ment sensitivity of luminescent materials. For example,
Zhang et al. [6] used Gd**, Tm*, and Yb*" to co-dope
BaWO, and found that after Gd*" incorporation, the Tm**
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blue light (485 nm) was enhanced by 31 times, and the tem-
perature measurement sensitivity reached 0.0119 K™, which
was 8.5 times higher than that without Gd** doping. Kumar
et al. [7] enhanced the luminous efficiency of Tm**, Yb*":YF,
upconversion luminescent materials by doping with Ca*,
and the maximum relative temperature measurement sensi-
tivity of the material at 300 K was 0.00845 K. The introduction
of Zn** to Tm*, Yb*": CaGdAl;0, upconversion luminescent
materials was found to cause distortion of the local crystal field
of Tm® and enhance the luminescence of Tm*, and the max-
imum relative temperature sensitivity of the optimized sample
reached 0.026 K* at 303 K [8]. Meng et al. [9] studied the effect
of different Ce** contents on the luminous intensity of Tm**,
Yb*":NaYF, and found that Ce*" doping enhanced the blue light
of Tm®" at 475 nm, and the absolute sensitivity was as high as
0.035K . Yadav et al. [10] found that when Mg** was co-doped
with a ZnWO, phosphor, its luminous intensity increased by two
times, and the relative temperature measurement sensitivity was
0.0034K* at 300K According to Guan and Li [11], metal ions
such as Li*, K, and Mg”* can be doped into a phosphor matrix,
which plays a sensitizing role by reducing the symmetry of the
crystal field around the active ions and effectively improve the
dispersion and morphology of the phosphor, thereby improving
the luminous efficiency of the luminescent material.

The upconversion luminescence and temperature mea-
surement properties of Tm*, Yb** co-doped in different
kinds of matrix materials have been reported, among which
the studies on luminescent materials with Bi,WQg as the
matrix have mainly concentrated on the photocatalytic
properties in the visible region. However, the effects of dif-
ferent concentrations of Li*, Na*, or K* with Tm>" and Yb**
co-doping on the upconversion luminescence and tempera-
ture measurement properties of synthetic materials under
near-infrared excitation have been less reported. Thus, dif-
ferent concentrations of Li*, Na*, and K* were prepared in
Bi,WOg phosphors co-doped with Tm** and Yb** by a high-
temperature solid-phase method to study the effects of doped
ions on the microstructure, upconversion luminescence, and
temperature sensing properties of synthetic materials.

2 Experimental methods

In previous experiments, when the Tm** and Yb*" doping
concentrations were 1 and 6%, respectively, the synthe-
sized Tm*", Yb*":Bi,WOg phosphors were found to obtain
the strongest upconversion emission, so the Tm** and Yb**
doping concentrations in this experiment were based on
this. XM (x = 1%, 2%, 3%, 4%; M = Li*, Na*, K") materials
were prepared by a high-temperature solid-phase method,
in which 1% Tm>" and 6% Yb*" were co-doped with the
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Bi,WO¢ phosphor. All ion doping concentrations in this
work are the quantitative concentrations of the substances.

According to the chemical ratio, the raw materials,
including Bi;03 (99.9%, melting point 825°C), W03 (99.99%),
Tm,03 (99.99%), Yb,03 (99.99%), Li,COs (99.99%), Na,COs3
(99.99%) and K,CO3; (99%), were weighed using an AL104
electronic scale, mixed and ground for 25 min. They were
placed in an SX-12-16 muffle furnace at 800°C in air for 3h,
and a series of Li*, Na*, or K*, Tm*, and Yb*" co-doped
Bi,WOg samples were obtained.

Phase and microstructure analysis was performed
using an X-ray diffraction (XRD) diffractometer (Tsushima
XRD-6100, Japan). The morphology, size, and dispersion
of the synthesized sample were observed using scanning
electron microscopy (SEM, JSM-7610FPlus, JEOL), and the
surface elements and distribution of the particles were ana-
lyzed using mapping. The elemental composition, content,
and distribution in the sample were analyzed using energy-
dispersive X-ray spectroscopy (EDS, X-Max50, Oxford, UK). A
980 nm excitation light source was used, and the upconver-
sion emission spectra of samples at different ambient tem-
peratures were measured with a full-featured steady-state/
transient luminescence spectrometer (FLS920, Edinburgh,
UK). Sample heating was achieved using a spectrometer
(model FLS980) with high temperature fittings. The tem-
perature control range for sample heating was 298-573 K.
All instruments were calibrated prior to use, and initial
measurements were taken at room temperature.

3 Experimental results and
discussion

3.1 XRD characterization

Figure 1 shows the XRD patterns of 1% Tm>" and 6%
Yb*":Bi,WOg and 1% Li*, Na*, or K* co-doped with 1%
Tm*" and 6% Yb*" Bi,WOg samples, with 1% Tm*" and 6%
Yb**:Bi,WOg prepared by the high-temperature solid-phase
method with calcination at 800°C for 3h. Figure 1 shows
that the diffraction peak positions of the series of powders
synthesized by calcination at 800°C for 3h are consistent
with those of the Bi,WOg¢ standard card PDF#39-0256, and
no other peaks are found. The doping of Li*, Na*, K*, Tm**,
and Yb®" basically does not change the orthogonal crystal
structure of the Bi,WOg matrix, which indicates that the
doped ions partially replace Bi** or are located in the gaps.

Co-doping of Li*, Na*, or K* with Tm** and Yb** shifted
the main diffraction peak (131) of the sample 2dsinf = n4, as
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Figure 1: XRD patterns for (a) Li*, Na", K*, Tm®* and Yb** co-doped Bi,WOg
samples; (b) position comparison of the main diffraction peak (131).

shown in Figure 1(b). With the doping of 1% Tm>" and 6%
Yb**, the main (131) diffraction peak of the sample shifted to
a larger angle, and after doping with 1% Li", the diffraction
peak shifted more significantly to a larger angle; however,
after co-doping with 1% Na* or K, the main diffraction peak
of the sample shifted to a smaller angle. Due to the same
coordination environment, the radius of each metal ion was
compared: (rLi* = 0.076 nm) < (rYb*" = 0.0868 nm) < (*Tm>* =
0.088nm) < ("Na* = 0.102nm) < (rBi** = 0.103nm) < (’K* =
0.138 nm). When the small-radius Tm*" and Yb*" dopants
replace large-radius Bi*', the unit cell size decreases and
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the crystal plane spacing decreases. According to the Bragg
equation (2dsinf = nA, n: diffraction order, A: incident X-ray
wavelength, 6: diffraction angle, d: crystal plane spacing),
when n and A are unchanged and the crystal plane spacing
decreases, sin 6 increases; at this time, the diffraction angle
0 increases and the diffraction peak shifts to a larger angle.
If Li*, with the smallest cation radius, replaces Bi*" with a
large radius, then the lattice shrinks, the crystal plane spa-
cing decreases, and the diffraction peak shifts to a larger
angle. Compared with Na*, the Yb** and Tm®" dopants, Li*
with smaller radii more easily enters the lattice to replace
the large-radius Bi**. When Na* enters the lattice, most of
the gaps are filled. If a small amount of Na* replaces Bi*",
because of the close radii for Na* and Bi**, Na* doping has
little effect on the crystal plane spacing, so the diffraction
peaks of the two samples before and after 1% Na* doping are
basically at the same position. The radius of K* ions is
greater than the radius of Bi**, and the K" doping not only
occurs in the gaps but also replaces Bi**. If a small amount of
K" replaces Bi**, then the lattice expands, the surface spa-
cing d increases, the diffraction angle 0 decreases, and the
diffraction peak shifts to a smaller angle.

3.2 Surface morphology analysis
Figure 2(a)-(d) shows SEM images of phosphors. The SEM

images of the Bi,W04:1% Tm>", 6% Yb®* and 1% Li*, 1% Na*,
or 1% K'-doped Bi,W0¢:1% Tm>*, 6% Yb*" samples are

Figure 2: SEM images of Bi, WO for (a) 1% Tm>", 6% Yb>* doping; (b) 1% Li*, 1% Tm>*, 6% Yb>* doping; (c) 1% Na*, 1% Tm>*, 6% Yb>" doping; and (d) 1%
K*, 1% Tm>", 6% Yb>* doping; (e) elemental map of 1% Na*, 1% Tm>", 6% Yb>*:Bi,WOs; and (f) elemental map of the 1% K, 1% Tm>", 6% Yb>":Bi, WO,

phosphor.
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shown in Figure 2(a)-(d). All samples contain irregular
particles with a particle size range of 0.5-5um, and all
samples exhibit certain aggregation. After doping with
Na® or K', the particle size of the sample increases, and
the surface of the particles becomes smooth.

By analyzing the surface of 1% Li*, 1% Na®, or 1% K'-
doped Bi,WOg: 1% Tm>", 6% Yb>* samples at 5 pm, the dis-
tribution of elements in the surface region of the sample
was determined, as shown in Figure 2(e)-(f). The results
show that elements such as W, Bi, O, Tm, Yb, Na, and K are
evenly distributed on the particle surface (the atomic
number of Li is too small to measure). This result indicates
that the doped ions Na*, K*, Tm**, and Yb*" have a good
distribution in the matrix material particles.

By analyzing the EDS spectra of the samples, the com-
position and content of 1% Na* or 1% K*-doped Bi,W0Q4:1%
Tm**, 6% Yb** samples were determined, as shown in
Figure 3(a) and (b). EDS analysis shows that the mass per-
centage and elemental percentage of various elements in the
sample have little deviation from the theoretical values, and
the above ions are well incorporated into the powder
particles.

3.3 Upconversion emission spectrum

Under near-infrared 980 nm excitation (pump power of
379 mW), the upconversion emission spectra of 1% Tm>"
and 6% Yb3+:BiZW06, and the samples with different con-
centrations of Li*, Na*, or K" were obtained at room tem-
perature, as shown in Figure 4(a)-(d). Tm** 478 nm ('G, —
*Hg), 650 nm (‘G — °F,), 685 nm (°F, - *Hg), and 705 nm (F; -
3He) emission peaks are exhibited in the 400-745 nm range.

(a) Lyl
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The co-doping of Li*, Na*, or K* ions does not affect the posi-
tions of the upconversion emission peaks of Tm** With
increasing Li*, Na*, or K" ion doping, the Tm®" emission
intensity in the sample first increases and then decreases.
The optimal doping concentrations of Li*, Na*, and K" are 1,
1, and 2%, respectively. When doped with 1% Li*, 1% Na®, or
2% K, the emission at 685 nm increases by 9.91-, 4.62-, and
1.71-fold, and the emission at 705 nm increases by 9.75-, 5.35-,
and 1.76-fold, respectively. The 1% Li‘*-co-doped sample
obtains the strongest upconversion luminescence under
980 nm excitation at room temperature.

Li", Na*, or K co-doping, whether the ions occupy
lattice gaps or replace Bi*", will cause lattice distortion,
and the local crystal field symmetry will be reduced, which
is conducive to luminescence enhancement [12]. The melting
points of Li,COs;, Na,CO5, and K,CO3 are 723, 851, and 891°C,
and the decomposition temperatures are 1,300, 1,744, and
270°C, respectively. When K,COs; exceeds 270°C, it easily
decomposes into K,0, and the melting point of K,O is
350°C. In general, the lower the melting point of the flux
is, the better the melting effect. Therefore, Li,CO3, Na,COs,
and K,CO; were used as fluxes, which could reduce the
temperature of the reactants. When the melting point of
the flux was lower, the powder crystallization performance
was better, and the luminescence of the sample was
stronger.

An appropriate amount of Li*, Na*, or K doping is
conducive to promoting luminescence, which is consistent
with the results reported by Tuo et al. [13]. If Li*, Na*, or K"
enter the lattice, then some of the ions are in the gaps, and
some of them substitute Bi**. Based on the ion radius com-
parison, Li* < Na* < K, smaller-radius Li* more easily

+

replaces Bi** in the lattice. If a small amount of Li*, Na*,
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Figure 3: EDS maps for (a) 1% Na*, 1% Tm>*, 6% Yb**:Bi,WOs and (b) 1% K, 1% Tm>", 6% Yb>":Bi,WO, phosphor.
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Figure 4: Upconversion emission spectra of samples under 980 nm excitation for (a) 1%Tm>", 6%Yb>", x%Li": Bi,WOg; (b) 1%Tm>*, 6%Yb>", y%Na":
Bi,WOg; (c) 1%Tm>", 6%Yh>*, 2%K": Bi,WOs; (d) comparison of luminous intensity on five samples.

or K* replaces Bi®* in the lattice, then according to the
conservation of charge, oxygen vacancies will be generated
in the grains, and negative electrical defects caused by
charge compensation will cause more Tm** to enter the
lattice, thereby promoting luminescence. When Li*, Na®,
and K* ions are excessively doped, the concentration of
nonluminescent centers increases, the probability of cross-
relaxation increases, and the probability of nonradiative
transition increases, causing luminescence quenching [14].

In this work, the upconversion luminescence intensity
order of the samples excited at room temperature under
980 nm (pump power of 379 mW) was as follows: doped 1%
Li* sample > 1% Na* sample > 2% K" sample > 1% K" sample
> undoped alkali metal ion sample.

Figure 5 shows the upconversion emission spectra of
1% Li*, Na*, or K" co-doped with 1% Tm*" and 6% Yb**
Bi,WOg samples at room temperature under 980 nm exci-
tation (pump power: 100-500 mW). With increasing excita-
tion pump power, the Tm** emission band intensity in the
sample gradually increases.

The double logarithmic light intensity I versus excita-
tion pump power curves are shown in Figure 6, along with
the number n of photons absorbed per photon emission
process. When the pump power of the excitation light
source is less than 199 mW or greater than 400 mW, both
the blue and red lights of Tm** begin to exhibit the phenom-
enon of the intensity I and excitation power relationship
deviating from linearity. Especially when the excitation
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Figure 5: The upconversion luminescence intensity of the sample at the different excitation pump power for (a) 1%Li", 1%Tm>*, 6%Yb>*: Bi,WOg; (b) 1%

Na*, 1%Tm>", 6%Yb>*: Bi,WOg; (c) 1%K", 1%Tm>*, 6%Yb3*: Bi,WOs.

power exceeds 500 mW, the value of n rapidly decreases,
seriously deviating from the linear results.

The upconversion of the sample at a certain excitation
power was measured, which is proportional to the excita-
tion power P" based on the luminescence intensity I and the
logarithm was taken to analyze the number of absorbed
photons. The number of photons n produced by upconver-
sion luminescence after absorption will be affected by the
competition between the intermediate ion “upconversion
luminescence rate” and “decay rate.” Under high-power
optical pumping conditions, the value of “n” gradually
decreases with increasing power, leading to a “saturation
effect.” The light intensity I and excitation power P will
exhibit a nonlinear relationship, making an accurate deter-
mination of the number of absorbed photons required to
produce the emission peak difficult. Additionally, under
high pump power excitation, the synthesized luminescent
material will be affected by the thermal effect caused by the
laser, leading to an increase in the probability of nonradia-
tive transitions in the material, resulting in a decrease in the
upconversion luminescence and thus affecting the tempera-
ture sensitivity of the material. Considering the above factors,

the excitation pump power range selected in this experiment
was 199-400 mW.

According to the light intensity I of the four emission
bands (478, 650, 685, and 705nm) and excitation pump
power P of the above three samples, the corresponding n
values of the four emission peaks of the 1% Li*-doped
sample were calculated as 1.04, 1.42, 1.69, and 1.65, those
of the four emission peaks of the 1% Na*-doped sample
were 113, 1.01, 1.06, and 1.08, and the corresponding n
values of the four emission peaks of the 1% K'-doped
sample were 1.41,1.18. 1.37, and 1.36. The calculation results
show that the four emission peaks of Tm** in the above
three samples are derived from two-photon absorption.

3.4 Temperature-sensing characteristics

Figure 7 shows the upconversion luminescence spectra of
1% Li*, Na*, or K*, 1% Tm>*, and 6% Yb*" co-doped Bi,WOs
samples and 1% Tm*" and 6% Yb** co-doped Bi,WOg sam-
ples under 980 nm excitation (pump power of 379, 400, or
500 mW). The positions of the emission peaks of all the
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Figure 6: Relationship between the upconversion emission intensity and pump power of samples at room temperature for (a) 1%Li*, 1%Tm>*, 6%Yb>":
Bi,WOg; (b) 1%Na*, 1%Tm>*, 6%Yb>*: Bi,WOg; (c) 1%K", 1%Tm>*, 6%Yb>": Bi,WOs.
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samples do not change at different temperatures, but the
red emission of Tm3* at 650, 685, and 705 nm gradually
increases with increasing ambient temperature.

The material will be affected by the thermal effect
caused by the high-power laser, resulting in an increase
in the probability of nonradiative transitions, and the
optical temperature sensitivity of the material is bound
to be affected. By comparison, the variable temperature
upconversion red light emission intensity of the sample
obtained under 379 mW excitation varies more signifi-
cantly with temperature. Therefore, 908 nm excitation
with a pump power of 379 mW was selected for the sub-
sequent studies.

When the pump power is 379 mW, the red lumines-
cence intensity of the samples doped with 1% Li*, Na*, or
K" reaches the maximum value in this temperature range
at 573K, and the green light of the K'-doped samples at
478 nm gradually increases with increasing temperature.
When the pump power is 400 mW, with increasing tem-
perature, the green light emission of the samples doped
with 1% Li* or Na* first increases and then decreases,
whereas the green emission of the samples doped with

of Li*, Na*, or K*, Tm**, and Yb>" codoped Bi,WOg phosphors — 7

1% K increases. When the pump power is 500 mW, with
increasing temperature, the green light emission of the
samples doped with 1% Li* or K" is basically unchanged,
whereas the green emission of the samples doped with 1%
Na* is enhanced. For the samples doped with 1% Li*, at
573K, their Tm*" thermally coupled energy levels *F,/°F;
transition to *Hg to produce red light emission at 685 and
705 nm that is 86.4 and 75.6 times higher than that of the
samples not doped with Li* at 298 K.

In general, the coupling of trivalent rare earth ions
and lattice vibration is weak, and the quenching tempera-
ture of synthetic materials is higher. When the ambient
temperature rises, the lattice vibration intensifies, and
the phonon number increases; the more energy the elec-
trons obtain from the lattice vibration, the greater the
chance that the energy absorbed by Tm*" will excite the
electrons to a high energy level. However, during the
heating process, thermal excitation and thermal quenching
in the material will compete, but if the quenching tempera-
ture of the material is not reached, then the probability of
thermal excitation occurring is higher. The experimental
results of Figure 7 show that under 980 nm excitation, from

1%Li"
1%
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Figure 7: Temperature-dependent upconversion luminescence spectra of Li*-, Na*-, or K*-doped Tm®, Yb>*:Bi,WOg samples at (a) 379 mW;

(b) 400 mW; (c) 500 mW.
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298 to 573 K, the red light emission of all the samples is
enhanced, and no luminescence thermal quenching occurs,
indicating that the thermal quenching temperature of the
material has not been reached at 573 K.

According to the results of Figure 4, at room tempera-
ture (980 nm excitation, 379 mW pump power), compared
with Na* or K" doping, the 1% Li* doping effect in pro-
moting Tm** luminescence is more pronounced. As shown
in Figure 7, from 298 to 573K, the luminescence of Li*-
doped synthetic materials is stronger at the same excitation
power. Since the thermally coupled levels *F3/F, of Tm*" are
more sensitive to temperature, for the same increase in tem-
perature, with phonon assistance, the number of particles at
the lower energy levels *F5°F, will be much higher than the
number of particles at the higher energy level 'G,. Thus, the
probability of F5°F, radiation transition at high tempera-
tures is greater than the probability of 'G, emission, showing
685 and 705 nm emission intensities greater than the 650 nm
emission intensity [15]. The position of the °F; energy level is
lower than that of °F,. Thus, for the same increase in tem-
perature, the number of particles at °F; is more than that at
3F,, and the probability of °F; radiation is greater than the
probability of 3F2 emission; that is, the luminescence at
705 nm is stronger than the luminescence at 685 nm.

The above analysis shows that the melting point and
properties of the flux, type, and valence state of doped ions,
ion radius, ion concentration, crystal field symmetry, charge
compensation, oxygen vacancy formation, ambient tem-
perature, excitation pump power, and other factors will
affect the luminescence of the material doped with different
metal ions. The main factors affecting them are different,
and the luminescence effect of the material differs.

According to Boltzmann distribution theory, under
thermal equilibrium conditions, the luminous intensity

E 1.75 (a 1%Tm*,6%Yb>:Bi,WO,
w;
H@ 1.70 @ Data points
\E 1.65f — Fitting curve
5 ::z FIR=1.75exp(-123.24/T)
= 0 R
5 | R=0.995
300 350 400 450 500 550 600
E 140 (c) 1%Na*,1%Tm*,6%Yb*:Bi, WO,
e
% 136} @ Data points
= — Fitting curve
g 132}
£ FIR=5.36exp(-162.42/T)
& ' Ri=.088
=l . . . . :
’ 300 350 400 450 500 550 600
Temperature/K

DE GRUYTER

ratio of two energy levels L, (upper energy level, particle
number N,) and L, (lower energy level, particle number Ny)
can be obtained as a function of the FIR and absolute
temperature T [16]:

AE
=B- exp[—ﬁ]

Here, FIR is the luminous intensity ratio, I, I;, and
AEy represent the luminous intensities of the upper and
lower energy levels, and the difference between the two
A48
Ajoygy’
and wy; are the corresponding spontaneous radiation transi-
tion probability and photon angle frequency, and g, and g;
are the degeneracy of energy levels L, and L, respectively.

Under 980 nm excitation with 379, 400, and 500 mW
excitation pump powers, the Tm®" thermally coupled levels
3F,4/°F, were used to calculate the relative temperature sen-
sitivity S, of the four samples. S, is larger under a 379 mW
excitation pump power, so the fitting calculation uses the
data measured at a 379 mW pump power.

Figure 8(a)-(d) shows the temperature dependence of
fluorescence intensity ratio between 705 and 685 nm in the
four samples of Tm*" and Yb** co-doped Bi,WOg and 1%
Li*, 1% Na* or 1% K" co-doped with Tm*" and Yb** Bi,WOq
(980 nm excitation, 379 mW pump power). The relationship
of the FIR of the Tm*" thermally coupled energy levels
3F4/°F, and absolute temperature T was fitted. The func-
tional relationship after fitting is as follows:

L Npdgwy
FIR=-" =233

. 6]
Ilj NlAlj wlj

energy levels, B = kg is the Boltzmann constant, A;

FIR = 1.75 exp(-123.24/T), )
FIR = 0.974 exp(-144.8/T), 3
FIR = 5.36 exp(-162.42/T), ()]
FIR = 4.75 exp(—217.24/T). )
£ 1.6 (b
. 18 1%Li*,1%Tm*",6%Yb*":Bi,WO,
0 .
:c > = Data points
g Fitti
5 13l FIR=0.974exp(-144.8/T) g curves
== | R™=0.9975
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-\ 1.60
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= R’=0.978 -3
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Figure 8: Temperature dependence of fluorescence intensity ratio between 705 and 685 nm FIR and the absolute temperature (980 nm excitation, 379 mW
pump power). (a) 1%Tm>", 6%Yb>": Bi,WOg; (b) 1%Li", 1%Tm>", 6%Yb>": Bi,WOg; (c) 1%Na", 1%Tm>", 6%Yb>": Bi,WOg; (d) 1%K", 1% Tm>*, 6%Yb>": Bi,WOs.
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According to Zhou et al. [17], the absolute temperature
measurement sensitivity S, and the relative temperature
measurement sensitivity S, of a material can be expressed as

dFIR
= |— 6
a dr |’ ©)
1 dFIR
= | 7
Sr FIR dT |’ @

where FIR is the luminous intensity ratio and T is the
absolute temperature.

The absolute temperature sensitivity S, and relative
temperature sensitivity S, of Tm*" and Yb®* co-doped
Bi,WOg and 1% Li*, Na*, or K*, Tm*", and Yb** co-doped
Bi,WOs (using the thermally coupled energy level F5/°F,
characterization temperature) are shown in Figure 9. The
results show that both S, and S, decrease with increasing
temperature, and, at 298 K, both the S, and S, of the four
samples show the maximum values. The samples not
doped with Li*, Na®, or K" have maximum S, and S, values
of 0.00254 and 0.00144 K%. The maximum S, and S, values
of the 1% Li*-doped samples are 0.0026 and 0.0016 K %; those
for the 1% Na*-doped samples are 0.003 and 0.0018 K™; and
those of the 1% K*-doped samples are 0.0034 and 0.0024 K.
Using the thermally coupled energy levels *F5/°F, to charac-
terize the temperature, the maximum values of S, and S; are
increased in samples doped with Li’, Na*, or K" compared
with samples not doped with alkali metal ions.

Under the same measurement conditions, the 705 and
650 nm FIR corresponding to the Tm*" nonthermally
coupled energy level °F; - *Hg and 'G, — °F, transitions
in the above four samples was used to characterize the
temperature, and the relationship between the nonther-
mally coupled energy level *F3/'G, FIR and the absolute

35 (a) —d—  1%Na’1%Tm" 6% Yb"":Bi,WO,
\ ——  1%K,1%Tm" ,6%Yb":Bi,WO,
30 —— 1%L’ 1%Tm" 6% Yb"":Bi,WO,
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25
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n Ny NI
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N\Q
5t =
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Temperature/K
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temperature T is shown in Figure 10 (980 nm excitation,
379 mW pump power). The functional relationship after
fitting is as follows:

FIR = 314 exp(-33615/T), )
FIR = 3.04exp(-1482.2/T), )
FIR = 3.87 exp(-4082.1/T), (10)
FIR = 3.77 exp(-2290.4/T). (11)

The temperature was characterized by the nonther-
mally coupled energy levels °F5/'G,, and the corresponding
change laws of S, and S, with temperature are shown in
Figure 11. By calculating the S, and S, of the materials, the
results show that the S, of the samples not doped with Li",
Na’, or K" gradually increases with increasing tempera-
ture, and the maximum value of S, at 573K is 0.167 K™™.
The S, of the samples doped with 1% Li*, Na®, or K* first
increases and then decreases with increasing temperature,
and the maximum S, values are obtained at 548 K, which
are 0.196, 0.0977, and 0.476 K%, respectively. The maximum
S, values of the four samples doped with 1% Li*, Na*, or K*
or not doped are obtained at 298 K, which are 0.0378,
0.0166, 0.046, and 0.0257 K.

The temperature measurement properties of Tm*" and
Yb*" co-doped Bi,WOg with 1% Li*, 1% Na* or 1% K* were
compared with those of Tm** and Yb** co-doped Bi,WOg:
the experimental results show that the doping of the alkali
metal not only improves the upconversion luminescence of
Tm*" and Yb*" co-doped Bi,WOg but also improves the
temperature measurement sensitivity, especially the sensi-
tivity corresponding to the nonthermally coupled energy
levels. For the same sample, under 980 nm excitation with
379 mW pump power, in the 298-573 K temperature range,
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15 \ . B
% \< 9 2
= AN S
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==
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Figure 9: (a) The absolute temperature sensitivity of the sample and (b) the relative temperature sensitivity.
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Figure 10: Temperature dependence of the FIR of the peaks at 705 and 650 nm generated by a nonthermally coupled energy level pair (980 nm

excitation, 379 mW pump power). (a) 1%Tm>", 6%Yb>": Bi,WOg; (b) 1%Li",

1%Tm>*, 6%Yb>*: Bi,WOs.

compared with the thermally coupled energy level *F5/°F,
characterization temperature, the maximum relative tem-
perature measurement sensitivity of the material is larger
with the nonthermally coupled energy level *F5/'G, character-
ization temperature at 298 K, and the temperature measure-
ment is more accurate.

Table 1 shows the temperature measurement proper-
ties of Tm** and Yb** doped in different matrix materials
and the phosphors synthesized in this work [6,18-23]. Com-
pared with the temperature measurement sensitivity of
different matrix materials in the table, the 1% Na*, 1%
Tm**, and 6% Yb*":Bi,WOg materials synthesized in this
work have a higher maximum relative temperature mea-
surement sensitivity, obtained by using the nonthermally
coupled energy level °F5/'G, FIR in the range of 298-573 K.
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1%Tm>", 6%Yb>*: Bi,WOg; (c) 1%Na”*, 1%Tm>*, 6%Yb>": Bi,WOg; (d) 1%K",

4 Conclusion

The Bi,WOg series upconversion phosphors with different
concentrations of Li*, Na*, K*, Tm*', and Yb*" were pre-
pared by calcination at 800°C for 3 h by a high-temperature
solid-phase method. The XRD results showed that the
doping of Li*, Na*, K*, Tm*", and Yb*" basically did not
change the orthogonal crystal structure of the Bi,WOq
matrix; after co-doping with 1% Li", the main (131) diffrac-
tion peak shifted to a larger angle, whereas after doping
with 1% Na® or K", the main diffraction peak of the sample
began to shift to a smaller angle. At room temperature,
samples doped with 1% Li*, Na™ or 2% K" emitted 9.91-,
4.62-, and 1.71-fold higher emissions at 685nm and 9.75-,
5.35-, and 1.76-fold higher emission at 705 than undoped
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Figure 11: (a) The absolute temperature sensitivity and (b) the relative temperature sensitivity of the nonthermally coupled energy level 3F5/'G,

characterization temperature.
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samples. At 573K, samples doped with 1% Li* had Tm**
thermally coupled energy level °F5/°F, transitions to °Fg
that produced red light emission at 685 and 705 nm higher
than that of samples doped with Li" at 298 K. The calcula-
tion results showed that the four Tm** emission peaks of
the sample doped with 1% Li*, Na*, or K" are derived from
two-photon absorption processes. The relationship between
the FIR of the Tm** thermally coupled energy levels *F5/°F,
and the temperature in the range of 298-573 K was calcu-
lated. At 298 K, the maximum relative temperature measure-
ment sensitivities of the samples not doped with alkali metal
ions and doped with 1% Li*, Na*, or K" were 0.00144, 0.0016,
0.0024, and 0.0018 K%, respectively, and the maximum rela-
tive temperature sensitivity of the samples was improved
after doping with 1% Li*, Na*, or K*. Under the same condi-
tions, the relationship between the FIR of the Tm>* nonther-
mally coupled energy levels *F5/'G, and temperature was
calculated for samples not doped with alkali metal ions
and doped with 1% Li*, Na*, or K*, and the maximum
relative temperature measurement sensitivity was 0.0378, 0.0166,
0.046, and 0.0257 K%, respectively, at 298 K. Obviously, com-
pared with the characterization temperature of the ther-
mally coupled energy levels °F5/°F,, the relative temperature
measurement sensitivity of the nonthermally coupled
energy levels °F;/'G, increased by 26.3, 10.3, 19.1, and
13.9 times, respectively. In this work, the prepared 1%
Na*, Tm**, Yb**:Bi,WO4 phosphors have a high maximum
relative temperature measurement sensitivity, obtained
by using the nonthermally coupled energy level *Fs/'G,
FIR at 298 K. The fluorescence intensity ratios of 705 and
650 nm generated by the non thermally coupled energy
levels 3F;—%Hg and 1G,~3F, of Tm3*were used to obtain
relatively high temperature sensitivity, which is more
suitable for temperature sensing at room temperature.
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