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Abstract: Rare earth (Yb3*+, Ho3*, Tm3*) yttrium disilicate phosphors were produced by sol-gel technique
and heated at 1050 °C temperature. The sizes of the phosphors vary between 20-30 nm according to the
images obtained from the Transmission Electron Microscope. The up-conversion (UC) emissions of the
nanopowders were measured in the range of 500-900 nm wavelength under 950 nm laser excitation. A
linear increase with power was observed in the emission intensity ratio depending on the laser excitation
power. Using the FIR technique, the phosphor’s temperature was determined by the heating effect caused
by the laser pump power. Due to the change in intensity ratio versus temperature, the temperature
sensitivity at 428 K was calculated as 0.781x1072K! and it was suggested that it can be used as a
promising temperature sensor probe in photonic devices.
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1. INTRODUCTION lead to the calculation of the temperature of
phosphors using the Boltzmann electron distribution
The optical temperature sensing of luminescent between the nearest neighbor energy levels (9). As
materials, which detects temperature changes the difference in nearest energy levels of some RE3*
precisely at small spatial resolution in inaccessible ions varies between about 200 cm™ and 2000 cm™
environments, has attracted great interest recently, (10), this benefits the development of temperature-
especially concerning their high-temperature sensitive phosphors for optical thermometers.
sensitivity (1-6). Luminescent thermography-based
temperature sensing is an alternative method, The optical thermometer properties of RE3*:
which stands out with its non-contact mea- Yb3*/Ho3* doped phosphors are limited to a few
surements in  many areas that traditional studies. For example, the sensor sensitivities are
thermometers cannot reach, such as high-voltage 0.0053 K'! at 93 K for Yb3*/Ho3*:BaCaTiO3, 0.0077
power plants, microfluidics, bio-objects, and small- K at 366 K for Yb3*/Ho3*: Pb(MgNb)O3sPbTiO3, and
sized circuits below 10 um (7,8). 0.005 Kt at 923 K for Yb3*/Ho3*: CaWOs,
respectively (11-13).The primary goal in the field of
The laser excitation power induces heat, which optical thermometry is to manufacture the sensor
increases the temperature of the rare earth (RE) with the highest sensitivity. Therefore, the selection
doped phosphors. Therefore, the emission of suitable host materials for the high solubility of
intensities of RE3* ions become sensitive to RE ions may provide a significant advantage in
temperature change. Consequently, the sensitive Iuminescence properties for the development of
effect of excitation power on emission intensity can  optical temperature sensing. Among the many main
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lattices, yttrium disilicate (Y2Si.0O7) activated by
RE3* ions, either by the upconversion or by direct
excitation, has attracted attention due to white light
generation in practical uses for LED applications
(14-19). Unlike these studies, it has been proposed
to use VY2Si20; nano phosphors doped with
Yb3*/Ho3*/Tm3* ions as temperature sensing probes
from the up-conversion spectral intensity ratios
depending on the laser excitation power.

2. MATERIALS AND METHODS

The chemicals with a purity of 99.9%, which were
bought from Sigma-Aldrich used to synthesize nano-
crystalline «a-Y2Si>O; doped with RE3*. To obtain
desired phosphor powders tetraethyl orthosilicate,
yttrium(III) hexahydrate nitrate, ytterbium(III)
nitrate pentahydrate, holmium(III) nitrate
pentahydrate, thulium(III) nitrate were employed as
precursors with a proper stoichiometry by sol-gel
technique. Preparation method of RE3* doped
Y2Si>07 as detailed in our previous work (20).

In the set of YSYHT compositions, Yb3* and Tm3*
molar ratios were kept at 2.0 and 0.5 respectively.
Ho3* molar percentage ratios were also increased
from 0.5 to 1.5 with the step of 0.5. Thus, three
different compositions of YSYHT were obtained and
labeled as YSYHT1, YSYHT2, and YSYHT3. All
prepared compounds were heated at 1050 °C for 12
h.

The structural and morphological properties of the
powders were investigated by Bruker D2 Phaser
model X-ray diffractometer, JEOL-JEM-2100 model
High resolution-Transmission Emission Microscope,
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and FEI Inc. Inspect S50 model Scanning Electron
Microscope. Energy dispersive X-ray measurements
were taken using an EDAX Inc.-Octane Prime
spectrometer to analyze the elements in the
compound. The selected field diffraction (SAED)
pattern was also taken to evaluate the crystallinity
of the sample.

A UV-Vis spectrophotometer (Perkin-Elmer Lambda
35) was used to reveal absorption lines from diffuse
reflectance spectra of RE3* ions in the spectral
wavelength range between 400 and 1050 nm at
room temperature. A laser diode source with a 950
nm wavelength (Laser Drive Inc. LDI-820) was
utilized to investigate the UC photoluminescence of
the phosphors. The McPearson Inc. Model 2051
Monochromator with a PMT (Hamamatsu R1387)
detector was used to measure the spectral outputs
of the phosphors. To prevent light scattered from
the material in different directions from entering the
monochromator, a short-wavelength filter (850 nm)
was placed prior to the monochromator. The
measured data were processed by an EG&G Model
5210 lock-in amplifier and saved to the computer
using the Labview program.

3. RESULTS AND DISCUSSION

3.1. Structural Studies

Figure 1 demonstrates the XRD patterns of YSYHT
nanopowders. The figures show that most of the
diffraction peak locations for three powders show
good agreement with the JCPDS: 38-0223 card data
of «-Y2Sio07. In addition, no other phase was
detected apart from the «-Y2Si2O; phase seen in
XRD measurements of all powders.

Intensity (a.u.)

:

T
JCPDS PDF : 380223
Y50,

[|!|||I 1l |

| |‘”l

10 15 20 25

30

|
35

20 ()

Figure 1: XRD graphs of Yb3*, Ho3*, and Tm3* doped Y.Si-O7 samples annealed at 1050 °C.

The electron microscope images, elemental analysis
(EDAX), and selected area diffraction pattern
(SAED) of YSHYT nanopowders are presented in
Figure 2. As seen in SEM and TEM images of the
triple rare-earth-doped «-Y2Si.O; nanoparticles, the
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samples consist of nearly spherical nanoparticles
ranging in size from about 20 to 40 nm. In addition,
the peaks obtained from the EDAX spectrum of the
nanoparticles given in Figure 2 show the elemental
presence of Y, Si, Oz, Yb, Ho, and Tm in the
phosphorus material.
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Figure 2: Electron microscope images, EDAX spectrum, and SAED pattern of Yb3+/Ho3* / Tm3* doped a-
Y2Si,07 (YSYHT2).

3.2. Spectral Studies

3.2.1. Diffusion Reflectance Spectra

Figure 1 shows the diffuse reflection spectra of the
Yb:Ho:Tm doped a-Y2Si>O7; samples in the 400 -
1050 nm range. Of the eleven absorption bands that
appear, six absorption bands correspond to different
excited states of Ho3* ions from the 5Is ground
state. Three absorption bands are corresponding to
the different excited states of Tm3* ions from the
4152 ground state transitions. In addition, only one
Yb3* absorption corresponds to the 2F72 5 2Fsp
transition.

3.2.2. Upconversion luminescence of the samples

Figure 4 demonstrates the UC emission spectra of
the elements in the range of 500-850 nm under 950
nm excitation. The green emissions around 525 and
547 nm were ascribed to the >F4—°Ig and °S,-°Ig
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transitions of the Ho3* ions, respectively. The red
emission around 660 nm was attributed to the
SFs—°Ig transition of Ho3* ions and 3F.3—3Hs
transition of Tm3* ions. The turquoise blue (492 nm)
and infrared emission (790 nm) were also attributed

to the 1Gs—3Hs (Tm3*) and 3Hs—3He (Tm3*)
transitions, respectively.
Figure 5 indicates the UC emission spectra

depending on the laser pump power. The calculated
slope values of triple doped «-Y2Si-O7 nanoparticles
were found to be 1.4, 2.2, and 3.1 for red, green,
and blue emissions, respectively. According to slope
values, while the red (660 nm) and green (525 nm)
emissions are taking place via a two-photon
absorption process, the turquoise blue emission
(492 nm) is based on three-photon absorption.
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Figure 3: Diffuse Reflectance spectra of YSYHT samples.

Intensity (a.u.)

B e n
550 600 6

T
50

— T T T
700 750 800 850

A (nm)

Figure 4: UC luminescence spectra of YSYHT samples.

The energy transfer from the Yb3* ions to the Ho3*
and Tm3* ions can efficiently occur to populate the
high excited levels of those due to energy match
among those. As indicated in Figure 6, the following
points can be made (21-24):

i. The energy transfer from the Yb3*ions to the Ho3*
ions occurs by the process of 5Is (Ho3*) + 2Fsp
(Yb3*) - 5Ig (Ho3*) + 2F72 (Yb3*). And it may
responsible for the increase of the population of >Is
(Ho3*) level.

ii. The 5I¢ level of Ho3" is populated with the
probable ways as follows: °I¢ (Ho3*) + 2Fs;2 (Yb3*) —
5F4, 5S2 (Ho3*) + 2F72 energy transfer or 5Ig (Ho3*)
+ a photon (950nm) - S5F4, 5S; (Ho3*). These
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processes fill the 5F4/3S; level of Ho3*, and then the
5F4/°S, level relaxes to the °>Ig (Ho3*) level.
Consequently, these processes cause the green
emission at 525 and 547 nm corresponding to
5F4—°Ig, and 5S,-°Ig transitions, respectively.

iii. In the red emission process, with the help of
non-radiative transitions, both the transitions from
the °F4/°S, levels populate the °Fs level, and the
transitions from the °I¢ level to the I, take place.
Then the °Fs level can be populated through the °I;
- °Fs transition via the energy transfer process from
517 (Ho3*) + 2Fs2 (Yb3*) - 5Fs (Ho3*) +3F72 (Yb3*)
transition. Finally, the red emission at 660 nm
comes true via 5Fs _, 3Ig transition.
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Figure 5: UC luminescence intensity vs. Excitation power for the YSYHT2 sample.

iv. In the blue emission (492 nm) process, the 5F.3
excited energy level of the Ho3* ion can be
populated by the energy transfer from the Yb3* ions
in the ground state via three-photon processes. This
process is as follows: °Is (Ho3*) + 2Fs;2 (Yb3*) - 5F33
(Ho3*) +3F7,2 (Yb3*) energy transfer.

v. Consequently, Tm3* ions at level 3Hs can fill the
1G4 level via energy transfer from Yb3* to the Tm3+
ions. Then the 1G4 (Tm3*) — 3F4 (Tm3*) transition
cause the red emission (651 nm). In addition, the
3F,,3 — 3H4 transition occurs thanks to non-radiative
processes. Thus, the transition from the 3H,4 level to
the 3H¢ (Tm3*) level produces infrared emission at
790 nm.

The UC spectral profiles of YSYHT phosphors at
different power values of 950 nm excitation are
additionally shown in Figure 7a. The UC emission
intensity ratio is found from the intensity ratio of the
5F4 » °Ig (525 nm) and °S; — 5Ig (547 nm)
transitions of the Ho3* ion.

The energy difference (AEs) provided by these two
transitions in the spectra was calculated to be
766.03 cm. As seen from Figure 7a, the UC
emission intensity ratio of these two close levels
indicates a linear change with increasing the pump
power. Therefore, the fluorescence intensity ratio
(FIR) (9,25,26), on which the Boltzmann
distribution of electrons is based, is used to
determine the temperature-sensitive effect on the
emission intensity.
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The intensity ratio (Ir) and sensitivity are functions
of temperature and are given by the following
equations:

I —AFE
dI —
B B

where, A is a constant that includes the frequencies
of emissions, degeneration factors, and cross-
sections of the emissions. AE is the energy
difference among the nearest two levels, and ks is
the Boltzmann's constant.

In the FIR technique, each FIR value is represented
by a specific temperature (27-29). The increase in
host temperature occurs with the increase of heat-
inducing laser pump power. Therefore, the
intensities of RE3* ions’ emissions become sensitive
to temperature change. Now, let's consider this at
low pump power (0.66 W) at room temperature.
And if the spectral energy difference (AEs) was used
instead of the energy difference expressed in
Equation (1), the calculated value of constant A is
found as 17.615. Then the temperature of powders
correlating with different intensity ratio values of the
5F4 °Is and 5S> - °Ig transitions at different
pump powers can easily be calculated using Eq. (3)
which is provided in Eq. (1).

-
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Figure 6:

Possible energy transitions for Yb3*, Ho3*, and Tm3* ions in YSYHT powders.
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Figure 7: a) Intensity ratio of emission peaks due to laser pump power. b) Temperature sensing in terms
of power heating relationship.

T= 1 AE (3)
InA-1n (I;)| k

Thus, the temperatures corresponding to the

different intensity ratios and the sensitivity

calculated using Eq. (2) are shown in Figure 7b. The
maximum sensitivity with a value of 0.781x1072 K'!
at 428 K was calculated from the fitting sensitivity
curve’s maximum value. When compared with the
literature, this sensitivity value was found to be
compatible with the sensitivity values of some RE3*
doped phosphorus materials given in Table 1.
Consequently, as YSYHT phosphors can convert
laser excitation power into heat, these phosphors
can be wused in promising applications as
temperature sensor probes.
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4. CONCLUSION

Sol-gel synthesized Yb3+:Ho3*:Tm3* doped a-Y2Si>07
nano-powders indicated that most of the peaks
matched well with the standard JCPDS:38-0223
card data of a-Y2Si>07. Morphology investigations
with TEM microscopy showed that triple rare earth
combinations mixed with a-Y2Si>O7 presented nearly
spherical nanoparticles in size varying from 20 to 30
nm for the powders.

The diffuse reflection spectra of the powders
presented reflection data matching the absorption
transitions of Yb3*, Ho3* and Tm?3* ions in the a-
Y2Si207; samples in the 400 1050 nm. Up-
converted blue, green, and red emissions were
obtained in the visible region from Yb3+:Ho3*:Tm?3*
doped a-Y2Si2O; nano-powders at 950 nm laser
excitation. The slope values of laser power intensity
revealed that the up-conversion mechanism comes
true via two and three-photon absorption processes.
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The UC emission intensity ratio of the >F4 — °Is and
5S, — °Ig transitions corresponding to the Ho3* ion
depends on the pump power. Depending on the
variation of the laser excitation power with the
emission intensity ratio, the temperature range of
297-425 K corresponding to the laser excitation
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power range of 0.66 - 2.11 W was calculated by the
FIR technique. The maximum sensitivity value of
7.81x1073 K1 at 428 K was determined from the
fitting  sensitivity curve's maximum  value.
Consequently, Yb3+:Ho3*:Tm3* doped a-Y2Si>07
nano-phosphors can be wused as promising
temperature sensor probes in photonic devices.

Tablel: Sensitivity values of some RE3* doped phosphorus materials.

Materials Temperature
Range [K]

Yb3*t/Ho3*/Tm?3*: Y,Si,07 290-440
Yb3*/Ho3*:Bao,77Cao,23TiO3 93-300
Yb3*+/Ho3*: CaWO4 298-553
Yb3*+/Ho3*: Te0,-Zn0O-Ba0 303-503
Yb3+/Ho3*: PSN-PMN-PT 173-493
Yb3+/Ho3*: KLa(M00Qa)2 293-473
Yb3*/Ho3*: (Yo.88,La0.09,2r0.03)203 293-563
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