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Figure 4.6.

Figure 4.7.

Figure 5.1.

Figure 5.2.

Figure 5.3.

Figure 5.4.

Figure 5.5.

Figure 5.6.

Downconversion luminescence spectra of NaYb(MoOa)2 and NaYb(WOa)2

under 973 nm excitation (650 MW). .....coiiiiiiiiiieeeeee e s

Decay curves of the 475 and 1003 nm emissions of NaYb(MoOa)2
(left panels) and NaYb(WQa4). (right panels) under 973 nm excitation
(650 mW). Monoexponential fits are depicted as solid red lines; the

corresponding lIfetimes T are giVEN........ccccveveiiere e

Rietveld analysis of the PXRD patterns of (a) NaYhbo.gsEuo.05(M004)2 and
(b) NaYbo.gsEuo.0s(WO4)2. Experimental (O) and calculated (—) patterns are
shown along with the difference cure (—). Tick marks () correspond to the

calculated positions of the diffraction maxima. ..........ccccoevevveieienennesee

Temperature-dependent emission spectra of (a) NaYhbo.gsEuo.05(M0QO4). and
(b) NaYbo.gsEU0.05(\WOa4)2 collected under 973 nm excitation. Spectra for
NaYbo.osEU0.05(M004)2 and NaYhbo.gsEuo.05(\WO4)2 were recorded in 100—
500 and 100-600 K temperature range, respectively. The blue emission
band centered at ~21065 cm™ (~474 nm) originate from the cooperative
emission of Yb**-Yb®" dimers. The red emission band centered at 16260
cm* (~615 nm) is due to the intraconfigurational f—f transition of Eu®*.
Weak bands in the green (at ~19000 and 18350 cm ™) and red (~15350 cm™1)

regions are due to the two-photon upconversion from Er3* impurities...............

Integrated intensities of blue and red bands of (a) NaYhbo.gsEuo.05(M0O4)2
and (b) NaYbo.osEuo.05(WOa)2 as a function of temperature. Quenching
temperatures computed for both blue and red bands of
NaYbo.osEuo.05(M00s4)2 are lower than the corresponding values computed
for NaYbo.gsEuo.0s(WOa)2. Digital pictures of the phosphors showing

luminescence under 973 nm excitation are shown as the insets..........ccccceeeeeennn.

Double logarithmic plots showing the power dependence of the integrated
intensities of the blue (21065 cm™) and red (16260 cm™) emission bands
of NaYbogsEuo0s(M00O4). and NaYbo.gsEuoos(WO4)2 under 973 nm
excitation. Linear fits are shown as dashed lines; the corresponding slopes

(n) and fit residualS(R2) are giVEN. ........ccceveeevevceevieeeeieee e,

Dieke diagrams of Yb*, Yb%*-Yb®* dimers, and Eu®*". Non-radiative
energy-transfer from Yb3*-Yb3" dimers to neighboring Eu®" is depicted
with a dashed-arrow. Curly arrows indicate vibrational relaxations.
Radiative emission from Yb**-Yb®" dimers and Eu®* are indicated with

SOLIO AITOWVS. ..ttt mnnennen

(@) Luminescence intensity ratio (R(T)), (b) absolute sensitivity (Sa), and (c)
relative sensitivity (Sr) of NalLao.9sEUo.05(M00O4)2and NaLao.gsEug.05(WO4)2,
Analytical expressions used to fit experimental R(T) values are given. The
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Figure 6.1.

Figure 6.2.

Figure 6.3.

Figure 6.4.

Figure 6.5.

corresponding fits are depicted as dashed lines and R? residuals are given.

Dotted lines shown in (b) and (c) are guides-to-the-eye. .......cccccoevvveienieieencns

Dieke diagram of Dy** and Pr®* ions. Intraconfigurational f-f transitions
responsible for emissions from Dy*" (blue and green) and Pr3* (red)

observed in NaLao.9sDY0.025P10.025(M0OO4)2......ccveiiiiiiieiieiesie e

Rietveld analysis of the PXRD pattern of (a) NaLao.gsDYo.025Pr0.025(M004)2
experimental (O) and calculated (—) patterns are shown along with the
difference cure (—). Tick marks () correspond to the calculated positions
of the diffraction maxima. (b) Comparison between the PXRD patterns of
NaLao.g5Dyo.025Pr0.025(M004)2 synthesized using conventional solid-state

and microwave heating Methods. ..........cooeeiiiiii s

Comparison of the photoluminescence (a) excitation and (b) emission
spectra collected for Nalao.gsDyo.025Pro.025(M0QO4)2 synthesized using
conventional solid-state and microwave heating methods. Nearly identical

luminescence response was observed for both samples. ...

Temperature-dependent (a) excitation and (b) emission spectra recorded in
the 250-700 K temperature range for NalLao.osDYo.025Pr0.05(M0QO4)2.
Excitation spectra consisting of a series of narrow bands responsible for
f—f transitions are stronger than the charge-transfer band. Emission spectra
exhibits bands originate from Dy** (blue and green) and Pr3* (red). (c)
Integrated intensities of the green (*Foz — ®Hisr) and red (*D2 — 3Hy)
bands as a function of temperature. (d) The temperature-driven color
change is displayed in the CIE diagram. Nalao.9sDYo0.025Pr0.05(M00QO4)2
powder luminescing at 250 (yellow) and 700 K (red) are shown in the

1S LS. et e e et e e e e e e ————aaaaaaaaaa

(@) Luminescence intensity ratio (R(T)), (b) absolute sensitivity (Sa), and (c)
relative sensitivity (Sr) of NaLao.osDYo.025Pr0.025(M004)2 in the low and high
temperature regimes. Analytical expressions used to fit experimental R(T)
values are given. The corresponding fits are depicted as dashed lines and R?

residuals are given. Dotted lines shown in (c)—(f) are guides-to-the-eye............
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CHAPTER 1. INTRODUCTION

Phosphors is a class of materials that exhibits luminescence when excited using radiation such as
ultraviolet, near-infrared (NIR), or an electron beam.! A typical phosphor consists of an inorganic
host and rare-earth ions (i.e., activators), which emit light when excited.! These rare-earth-
activated phosphors have been investigated as functional materials in areas such as solid-state
lasers®* , and solid-state lighting>’. Recently, rare-earth activated materials have attracted the
attention as phosphors for optical temperature sensing in the fields of engineering,® biosensing,’
and electronics.’® Thermosensitive phosphors consist of a host matrix and luminescent emitters
offer a non-contact temperature sensing technique that uses distinct changes in the luminescence
signal with temperature. The advantage of this method lies in its potential to determine the surface
temperature of objects in challenging environments (e.g., gas turbines, hot gas streams, and nuclear
power plants)!*12 where conventional contact thermometry is difficult to apply. Recently, many
types of rare-earth activated materials (e.g., glass,’® oxides,}*** fluorides,'® polymeric
nanostructures,!” and metal organic frameworks'®) have been investigated as thermosensitive
phosphors to probe cryogenic (below 250 K), physiological (303-313 K), intermediate (500-1000
K), and high (above 1000 K) temperatures. The promising behavior of thermosensitive phosphors
featuring rare-earth ions make them ideal candidates for non-contact temperature sensing.

To exploit the potential of thermosensitive phosphors, they must be synthesized using the
right combination of rare-earth activators and hosts. The performance of thermosensitive
phosphors is often evaluated using their thermometric sensitivity (see equation 2.4). One of the
major limitations of currently available thermosensitive phosphors is that they exhibit
thermometric sensitivity less than 0.5 x 102 K at temperatures above 500 K. Therefore,

researches over the last two decades have been focused on exploring new hosts—activator



combinations that could improve the thermometric performance of phosphors. Rare-earth-
activated glasses, oxides, and polymers have been extensively investigated for cryogenic and
intermediate temperature sensing,'* %! and some of these research work has been dedicated to
developing new synthetic routes for rare-earth activated phosphors.?? Very recently, Rabuffetti
group reported rare-earth-activated fluorohalide and oxide phosphors (see Chapter 3) for low and
intermediate temperature sensing, respectively.?2% This dissertation research is focused on the
synthesis and investigation of thermometric response of rare-earth-activated group VI metal oxide
thermosensitive phosphors with the aim of understanding how to tailor the thermometric response
by rationally manipulating the chemical composition and the crystal structure of phosphors. The
research work includes the development of synthetic methods to prepare rare-earth-activated group
VI metal oxide phosphors of chemical formula (AuRE/(MO4)w) (A = alkaline or alkaline-earth; RE
= yttrium and rare-earth; M = Mo, W), and investigating their thermometric response in
intermediate temperatures.

This chapter describes the background information relevant to, synthesis, temperature-
dependent thermometric response, and application of rare-earth-activated phosphors for
temperature sensing.

1.1. Rare-Erath-Activated Materials for Optical Temperature Sensing

Two types of rare-earth activated thermosensitive phosphors have been developed for
optical temperature sensing: upconverting and downconverting phosphors. In downconverting
thermosensitive phosphors, rare-earth ions such as Eu®*, Dy**, and Tb®" have been extensively
used as activators.'® 246 Presence of a broad charge-transfer band in the excitation spectrum (e.g.,
in metalates) allows the excitation of these phosphors using UV, near-UV, and blue light. The

subsequent transfer of energy from host to activator ions results in photoluminescence emission in



the visible or NIR region (i.e., Stokes emission) (see Figure 1.1a). In the case of upconverting
phosphors, in addition to the activator, another rare-earth ion is used as the sensitizer. As shown
in Figure 1.1b, upon excitation using NIR light, energy is absorbed by the sensitizer and
transferred to the activator. As a result of sequential absorption of two or more photons by the
sensitizer and subsequent transfer of energy to the activator ions leads to a photoluminescence
emission at a shorter wavelength than the excitation wavelength (i.e., anti-Stokes emission). Yb**
is commonly used as the sensitizer in upconverting phosphors as it has a large absorption cross-

section in the NIR region (~980 nm).
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Figure 1.1. Schematic representation of (a) downconversion (b) upconversion mechanisms.

Over the past decade, rare-earth-activated upconverting glass materials have been studied for
optical temperature sensing. Pisarski et al. studied the temperature-dependent luminescence
response of rare-earth activated upconverting tungsten—tellurite glass.?” Yb® and Er®* were
employed as sensitizer and activator, respectively. Yb®*" and Er®* codoped tungsten—tellurite glass
was synthesized using the melt quenching method. A mixture of Yb20s, Er.03, WO3, and TeO>
was heated at 700 °C in a furnace until the material was converted into a transparent liquid. Then

the hot liquid was quenched to room temperature to obtain rare-earth activated glass. Green



emission bands resulted from Yb?**-to-Er®* two-photon upconversion under 980 nm excitation was
employed for optical temperature sensing. The temperature-dependent response of the green
emission bands centered at 527 (*Hiz — “*l1s2) and 551 nm (“Szrz — “l1s12) in 300-690 K
temperature range was studied. Thermometric sensitivity reached to a maximum of 2.8 x 102 K*
at 500 K and then gradually decreased with temperature. Yb®*" and Er** codoped lead germanate
glasses were also studies as optical temperature sensors by the same research group. Glass was
synthesized by heating a mixture of PbO, GeOz, Gaz0s3, Er,03, and Yb2O3 at 1100 °C until the
material was melted. Transparent glass was obtained by quenching the melt to room temperature.
The temperature-dependent response of green emission bands of Er®* activator under 980 nm was
investigated in 300-620 K temperature range. Maximum thermometric sensitivity of 1.4 x 102
K- was observed at 300 K. Although Er®* is often coupled with Yb®" to develop upconverting
materials, Haouari et al. studied the downconversion luminescence of Er®*-doped fluoro-tellurite
glass in 83-833 K temperature range under 476 nm excitation. Authors suggested that direct
excitation of Er®* employing 476 nm provides a better signal-to-noise ratio for the
photoluminescence emission at temperatures above 400 K than using 980 nm NIR light to excite
Er®* via energy-transfer from Yb** to Er®*. In Er®*-doped fluoro-tellurite glass, the thermometric
sensitivity increased with temperature and reached a maximum of 7.2 x 103 K at 550 K.
However, at temperatures above 550 K, sensitivity gradually decreased due to thermal quenching.
In addition to thermal quenching, concentration quenching of the luminescence signal was also
observed in Er®*-doped fluoro-tellurite glass and this was attributed to the clustering of rare-earth
activator ions.

Recently, rare-earth-activated polymers and metal organic frameworks attracted the attention

as materials for optical temperature sensing.?32° Miyata et al. reported the potential of employing



a coordination polymer activated with Th® and Eu®* for optical temperature sensing.?® The
polymer was synthesized by combining terbium and europium hexafluoro acetylacetonato
(ThixEux(hfa)s) with 4,4 bis(diphenylphosphoryl) biphenyl [Tho.gsEuo.01(hfa)s(dpbp)]n.
Temperature-dependent luminescence response of the polymer was investigated in 200-400 K
temperature range. Th®" in the rare-earth activated polymer was directly excited using 365 nm light
to obtain the green emission (~543 nm) resulted from °Ds — ’Fs transition. The red emission (~613
nm) was observed as a result of the energy-transfer from Tb** (°Da) to Eu®* (°D1). Temperature-
dependent changes in the intensities of both green and red emission bands were employed for
optical temperature sensing. Maximum thermometric sensitivity of 0.83 x 1072 K- was observed
at 200 K. Although the maximum thermometric sensitivity was comparable to the other reported
values for lanthanide coordination polymers, working temperature range of
[Tho.goEUo.01(hfa)3(dpbp)]n was restricted to 200 K (200-400 K) due to the low thermal stability of
the Tbo.gsEuo01(hfa)s complex. Cui et al. investigated Th3" and Eu®*-activated 2,5-dimethoxy-1,4-
benzenedicarboxylate tetra hydrate [(EuxTbi-x)2(DMBDC)3(H20)4] as a mixed-lanthanide metal
organic framework (MOF) thermometer in 10-300 K temperature range.® The luminescence
emissions from Tb3" and Eu®" under 355 nm excitation was used to probe the temperature of the
MOF. Interestingly, upon increasing the temperature from 10 to 300 K, the color of the
photoluminescence emission changed from green to red. In this study, authors concluded that
(EuxTh1-x)2(DMBDC)3(H20)4 MOF is suitable for low temperature sensing (i.e., below 300 K) as
it exhibited the maximum sensitivity at 10 K. Careful inspection of working temperature ranges
and maximum thermometric sensitivities of the reported rare-earth activated polymers and metal
organic frameworks reveals that these materials suffer from low thermal stability and

luminescence quenching, which hinders their potential as optical temperature sensors.



Rabuffetti group recently reported a study on Yb*" and Er®* codoped SrFCl and SrFBr
upconverting nanocrystals for optical temperature sensing. Temperature-dependent luminescence
emission of Er®* activator was investigated in 100450 K temperature range. Distinct changes in
the intensities of the green emission bands at 525 (?Hi12 — *l1s12) and 545 nm (*Ssz2 — *l1s12) were
used for optical temperature sensing. Thermometric performance was investigated in two
temperature regimes: low (100-275 K) and high (325-450 K). In the low-temperature regime,
Yh:Er:SrFCI and Yb:Er:SrFBr displayed the maximum thermometric sensitivities of 3.2x102 K™
(125 K) and 2.1x102 K1 (175 K), respectively. In the high-temperature regime, sensitivities were
9.4x102 K™ (325 K) for Yh:Er:SrFCl and 1.1x102 K™ (300 K), for Yb:Er:SrFClI, respectively.
These values were comparable to those observed in Yb:Er:NaYFs nanocrystals at 300 K.
Rabuffetti group also focusses on developing rare-earth activated phosphors using metal oxide
hosts such as molybdates, tungstates,? niobates, tantalates and vanadates. Chemical and thermal
stability, ability to incorporate rare-earth activators while preserving the average crystal structure
make them ideal candidates as hosts for thermosensitive phosphors. These metal oxide hosts are
doped with trivalent rare-earth ions to obtain photoluminescence emission under ultraviolet (UV)
and near-infrared excitation. Rare-earth-activated metal oxides have been investigated as
downconverting phosphors for optical temperature sensing in the intermediate and high
temperatures. Meert and coworkers investigated the potential of CaEu2(WOa4)4 in the 300475 K
temperature range.®® In their study, temperature-dependent changes in the intensities of
photoluminescence emission bands originating from °D1 — 'Fo (~535 nm) and °Do — 'Fo (~585
nm) transitions of Eu* were used for temperature sensing. Maximum thermometric sensitivity of
1.4 x 1072 K* was observed at 300 K. However, the thermometric sensitivity decreased with

temperature and reached a minimum of 4.7 x10~3 K™! at 475 K indicating the negative impact of



thermal quenching on the thermometric performance of the phosphor. Dy®*-activated Y3AlsO12
was investigated as a thermosensitive phosphor in 293-1293 K temperature range by Chepyga et
al. 1° Distinct changes in intensities of the photoluminescence emission bands of Dy** centered at
458 (*l152 — ®Hais2) and 483 nm (*Fer2 — ®His2) were employed to determine the temperature of
the phosphors. Further, in this study, the potential of employing a mixture of two Dy**-activated
phosphors for optical temperature sensing was investigated. Five phosphor mixtures with different
compositions were prepared by varying the ratio between Dy:YAIO3 and Dy:Y3AlsO12. Their
thermometric performance was investigated in 293-1293 K temperature range. The phosphor
mixture consists of 85 % (W/W) Dy**-activated YAIO; exhibited the highest thermometric
performance. However, similar to what was observed by Meert and coworkers, the thermometric
performance of the phosphor mixtures deteriorated with temperature due to thermal quenching.
Hertle et al. suggested codoping different rare-earth ions in a single host as a strategy to overcome
the effect of thermal quenching on thermometric performance of downconverting phosphors.*°
The attempts were made to utilize the energy-transfer between different rare-earth ions to mitigate
the effect of thermal quenching. In their work, temperature-dependent luminescence response of
Dy:Tb:Y3Als012 and Dy:Tm:Y3AlsO1> were investigated in 300-1600 K temperature range.
Interestingly, Dy:Tb:Y3AlsO1> exhibited two-fold improvement in thermometric sensitivity
compared to Dy:Y3AlsO12. This considerable improvement in thermometric sensitivity was
attributed to the energy-transfer between Dy®* and Tb®*, which improved the luminescence signal
originated from *Fo;2 — ®His/2 (~483 nm) transition in Dy**. In contrast, Dy** and Tm** codoped
Y3Als012 did not display any improvements in the photoluminescence emission. In fact, upon
codoping Y3AlsO12 with Dy*" and Tm?®*, the intensity of the photoluminescence emission band

from Dy®* (~483 nm) decreased. This was attributed to the energy-transfer from *Fo. level of Dy**



to 1G4 level of Tm®*. As a result of this energy transfer, electron population in the *Fg, level of
Dy®* decreased, which reduced the intensity of the photoluminescence emission band at ~483 nm.
Although the authors suggested that Dy**:Th**:Y3AlsO1. has the potential to be used as a
thermosensitive phosphor in high-temperatures (i.e., above 1000 K), decrease in thermometric
sensitivity with temperature was identified as a major limitation.

Rare-earth-activated metal oxides have also been investigated as upconverting
thermosensitive phosphors. Owing to the efficient energy-transfer between Yb3* and Er®* ions,
Yb3—Er® sensitizer—activator pair has been intensively employed in upconverting thermosensitive
phosphors.?” 1% Yang and coworkers studied the temperature-dependent photoluminescence
response of Yb3* and Er** codoped NaY(MoOa). prepared using hydrothermal synthesis.®® Two
green bands at ~536 and ~558 nm resulted from Yb3*-to-Er®* two-photon upconversion were
employed for temperature sensing. Bands centered at ~536 and ~558 nm were attributed to the
2Hi12 — *l1s2 and #Sgrz — 4l1sp2 transitions of Er®*, respectively. The dependence of the intensities
of green emission bands on Er®* and Yb?®" concentrations and the temperature were studied. First,
the dependence of the photoluminescence emission intensity on Er®* concentration was studied.
Room temperature photoluminescence of series of phosphors of chemical formula
NaYo.o5xYboosEr(MoOas)2 (x = 0.01, 0.02, and 0.03) was investigated to this end. The highest
photoluminescence emission intensity of the green bands was observed for
NaYo.93Ybo.osEro.02(MoOs)2. Next, Yb®* concentration was systematically varied while keeping the
Er3* concentration at x = 0.02. Room temperature photoluminescence of series of phosphors of
chemical formula NaYo.98-xYbxEro.02(M0O4). was investigated, and the highest emission intensity
of the green bands was obtained for NaYo.ssYbo.1Ero02(M00Os).. Based on the results of room

temperature photoluminescence studies, NaYo.ssYbo.1Eroo2(M00Os). was employed for optical



temperature sensing. Phosphor was excited using 980 nm laser and the photoluminescence
emission was recorded in 303-503 K temperature range. Upon increasing the temperature,
thermometric sensitivity gradually increased and reached a maximum value of 0.97 x 10-2 K! at
493 K. However, at temperatures above 493 K, thermometric sensitivity gradually decreased due
to the effect of thermal quenching. In another study, Quintanilla et al. investigated the potential of
employing Yb:Er:LiNbOs as a phosphor for optical temperature sensing.3? Green emission band
originated from 2Hi12 — *l1s2 (~530 nm) and “Sz/2 — *l15/2 (~550 nm) transitions in Er®* activator
was employed for optical temperature sensing. Temperature-dependent luminescence response of
microcrystalline LiNbO3 particles with dopant contents of 0.2 mol% (Er®*) and 0.7 mol%(Yb®")
was investigated in 285-773 K, and the highest thermometric sensitivity of ~1.4 x 102 K- was
obtained at 400 K. Careful evaluation of thermometric performance of already reported
upconverting phosphors featuring Yb®*—Er®* sensitizer—activator pair reveals that the
thermometric sensitivity gradually decreases at temperatures above 400 K.

Although Yb**—Er** has been intensively employed as a sensitizer—activator pair in
upconverting thermosensitive phosphors, Yb*-Tm®** and Yb®*-Ho®*® have also been
investigated as sensitizer—activator pairs in upconverting thermosensitive phosphors. Lojpur et al.
studied the thermometric response of Yb:Tm:Y203 and Yb:Ho:Y203 in 10-300 K temperature
range.?* In Yb:Tm:Y20s3, blue (!G4 — 3Hg) and NIR (*Hs — 3Hs) photoluminescence emissions
from Tm3* was used for optical temperature sensing, and the maximum sensitivity of 0.78 x 102
K- was obtained at 250 K. In the case of Yb:H0:Y20s, green (~550 nm) and red (~755 nm)
emission bands resulted from °S, — °lg and °S; — °I7 transition of Ho®* were used for temperature
sensing, respectively. Maximum thermometric sensitivity of 0.46 x 10-2K-! was obtained at 85 K.

The outcome of these two studies suggested that both Yb:Tm:Y 20z and Yb:Ho:Y 203 upconverting
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phosphors are suitable for cryogenic temperature sensing as they show their maximum
thermometric sensitivities at temperatures below 300 K.
1.2 Applications of rare-earth-activated thermosensitive phosphors

In the field of engineering, rare-earth-activated thermosensitive phosphors have been
employed to probe the surface temperature distribution of objects such as propeller blades in gas
turbines,®, micro-electronics,'® and hot gas and liquid streams.® In addition, the temperature

inside combustion engines have also been determined using rare-earth-activated thermosensitive
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Figure 1.2. Schematic diagram of an experimental setup used for surface temperature sensing of
an object. Thermosensitive phosphor coated on the object is excited using a laser, and the emission
is collected using a photomultiplier tube detector.

phosphors.®® Figure 1.2 shows the simplified schematic diagram of the setup, which is used to
determine the surface temperature of objects using rare-earth activated thermosensitive phosphors.
First, the thermosensitive phosphor is coated on the surface, and then it is excited using an
excitation source (laser). Power of the laser is controlled to provide enough energy to excite the
phosphor. Photoluminescence emission is collected either using a photomultiplier tube (PMT)

detector or an Intensified Charged Coupled Device (ICCD) camera.
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Aldén et al. has studied the potential of using Eu:BaMg>Al10017 (BAM), which is one of the
commercially available thermosensitive phosphors to measure the surface temperature of gas
turbine rotor blades spinning at a 21000 rpm.*” The blades ware spray-coated with
Eu:BaMgAl10017, and excited using a Nd:YAG laser that produces 355 nm UV light. An ICCD
camera equipped with filters were used to record the images. Authors have highlighted the
advantage of employing phosphors with a short lifetime for 2D measurements on fast-moving
objects. Measurements have also been made at a single point of the propeller surface using
Eu:MgsFGeOg as a thermosensitive phosphor. Phosphor was excited at 266 nm using a Nd:YAG
laser, and the photoluminescence emission from Eu®" was detected with a photomultiplier tube
detector. In this study, authors were able to measure the temperature at a precision of 97 % at
1000 K reveling the potential of employing rare-earth activated phosphors for high-temperature
sensing. Measuring the temperature of a liquid or a gas stream is one of the major challenges
encountered in the fields of mechanical and chemical engineering.® As a promising solution, rare-
earth activated thermosensitive phosphors have been employed to measure the temperature of
laminar and turbulent fluid streams. Omrane et al. has measured the temperature of a heated gas
flow using Eu:MgsFGeOs as a thermosensitive phosphor. First, phosphor particles were seeded
into the hot gas, and then the gas stream was sent through a nozzle. Phosphor particles were excited
using Nd:YAG laser, and the emission was detected using an ICCD camera equipped with filters.
The temperature of the gas was probed under both turbulent and laminar flow conditions. In a
similar study, temperature of a hot gas stream was probed using Yb:Er:Y20.S upconverting
thermosensitive phosphor.>However, owing to the thermal quenching of the phosphor, authors
were unable to measure the temperature above 473 K. Measuring the temperature of a moving

solvent droplet is a challenging task to perform using conventional temperature sensing methods
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such as thermometers and thermocouples. Traditionally, infrared thermometers have been used to
determine the temperature of oil or solvent droplets that comes out of a nozzle. The change in the
radius of the infrared beam with distance from the optical aperture (beam divergence) makes the
temperature measurements of small objects less reliable using infrared thermometers. Omrane and
coworkers have successfully mapped the temperature distribution of a freefalling hot toluene
droplet using Eu:Y20:S as thermosensitive phosphor.3® Temperature of the core and the outer
surface of the toluene droplet was determined as ~328 and 381 K, respectively. The experimental
outcomes of these studies reveal the potential of employing rare-earth-activated thermosensitive
phosphors for temperature determination in environments where conventional temperature sensing
methods are not possible.
1.3. Thesis Statement

Current library of thermosensitive phosphors consists of large number of rare-earth
activated oxide thermosensitive phosphors. However, these thermosensitive phosphors offer
limited thermometric sensitivity and suffer from thermal quenching in the intermediate
temperature range (i.e., 500-1000 K). The rational design of thermosensitive phosphors that show
adequate thermometric sensitivity (i.e. higher than 0.5 x 102 K-! at temperatures above 500 K)
and low thermal quenching in intermediate temperatures remains challenging. To address this
challenge, it is essential to acquire knowledge on how to utilize the phosphor’s chemical
composition and the crystal structure as levers to tailor the thermometric response. This
dissertation seeks to bridge this knowledge gap through a systematic investigation of the
temperature-dependent luminescence response of phosphors derived from chemically and
structurally tunable hosts. Group VI d° metal oxides of chemical formula AJREy(MOus)w (A =

alkaline or alkaline-earth; RE = yttrium and rare-earth; M = Mo, W) consisting of MO4 and REOsg
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building blocks are used as hosts. Employing these chemically and structurally tunable hosts
allows to systematically investigate the composition- and structure-related changes in temperature-
dependent luminescence response of thermosensitive phosphors. This, in turn, should lay the
groundwork to design thermosensitive phosphors with tailored thermometric response.

1.3.1. Group VI d° Metal Oxides: Compositionally Tunable Hosts

Due to their compositional and structural tunability, scheelite-type and scheelite-related
group VI d° metal oxides of chemical formula A,RE,(MOQ4)y have been widely investigated as
functional materials in the fields of solid-state lighting,*>*! solid-state lasers,*>** optical
temperature-sensing,®® and light upconversion.** Compositional and structural tunability make
group VI metalates an ideal family of materials to identify design principles for thermosensitive
phosphors. In this dissertation, double and quadruple metalates of chemical formulas NaLa(MOa4)
and NasLa(MOgs)s, respectively are investigated as hosts for thermosensitive phosphors. Crystal
structures of NaLa(MOa)2 and NasLa(MOs)s are displayed in Figures 1.1a and b, respectively.
Both metalates crystalize in the 141/a tetragonal space-group.*® The building block of these oxides
consists of MOy tetrahedra isolated from each other. The connectivity of the REOg and MOy
polyhedra in NaLa(MO4). and NasLa(MoO4)4 are shown in Figures 1.1c and d, respectively. In
double metalates, sodium and rare-earth ions are statistically distributed over the 4b site and are
coordinated by eight oxide ions forming NaOg and REOg dodecahedra. Each Na/REOg polyhedron
shares edges with four neighboring Na/REQOg polyhedra and corners with eight MO4 tetrahedra. In
contrast, the rare-earth oxide sublattice in quadruple metalates consists of REOsg polyhedra, that
are isolated from each other. Rare-earth and transition metal oxide sublattices are connected via

corner-sharing of REOg and MO4 polyhedra.
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NasRE(MO,),

Figure 1.3. Connectivity of REOs and MOj4 polyhedra in (a) NaRE(MOa)2 and (b) NasRE(MOa)a.
(c) REOg polyhedra in NaRE(MOs)2 share edges and are connected through RE-O-RE bridges.
These polyhedral share corners with MOs polyhedra forming RE-O-M bridges. (d) REOs
polyhedra in NasRE(MOQ4)4 are isolated from each other and share corners with MO4 polyhedra
forming RE-O-M-O-RE bridges.

Upon changing the chemical composition of the host, the topology of the rare-earth and
the transition metal oxide sublattices (i.e., the connectivity between the REOs—MO4 and REO8—
REOs polyhedra) changes. The composition-driven structural changes in the hosts are expected to
have an impact on host-activator and activator-activator energy-transfer processes, which,
ultimately, govern the thermometric response of the phosphors. Therefore, employing
the above-mentioned scheelite-type and scheelite-related metalates as hosts for thermosensitive
phosphors provides a starting point to systematically investigate how the chemical composition

and the crystal structure affect the thermometric response of the thermosensitive phosphors.



15

1.3.2. Chemically Substituted NayLa(MOa4)w as Thermosensitive Phosphors

Substitution of optically silent lanthanum ion in Na,La(MOa)w with optically active rare-
earths has been widely used as a strategy to develop luminescent materials.>® 464" Lanthanum
being a stoichiometric component of the hosts is expected to facilitate incorporation of rare-earth
activators. Two strategies are used for chemical substitution. First, the substitution of lanthanum
ion with a single rare-earth emitter such as Dy**, Eu®*, and Ho**. These rare-earth ions feature
thermally coupled levels whose photoluminescence emission depends directly on temperature.
However, single-emitter thermosensitive phosphors resulted from this strategy exhibit a decrease
in their thermometric sensitivity with temperature due to thermal quenching of the
photoluminescence emission. Very recently, a second strategy has been introduced; that is
employing the photoluminescence emission from two emitter ions incorporated into a single host
to mitigate the effect of thermal quenching of photoluminescence emission on thermometric
sensitivity. To this end, dual-emitter thermosensitive phosphors coupling two rare-earth emitters
with distinct thermal quenching characteristics or a rare-earth emitter with a transition metal (e.g.,
Cr¥*, Mn*") have been investigated.?* 48

The objective of the work presented in this dissertation is to gain understanding of how to
tailor the thermometric response of thermosensitive phosphors via rational manipulation of their
chemical composition and crystal structure. Towards this goal, temperature-dependent
luminescence response of single- and dual-emitter thermosensitive phosphors was investigated
using two approaches. In the first approach, the dependence of the thermometric response of
single-emitter thermosensitive phosphors on their composition and the crystals structure was
investigated. The effect of the activator concentration and the hosts’ composition on thermometric

performance was evaluated. The focus was placed on employing the compositional tuning of
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single-emitter thermosensitive phosphors to tailor their thermometric response. A series of Dy3*-
activated NaLa(MOg4)2 and NasLa(MOs)s downconverting phosphors were investigated to this end.
These phosphors were excited in the UV wavelengths, and their temperature-dependent
photoluminescence emission was collected in the visible region. In the second approach, the
thermometric response of dual-emitter thermosensitive phosphors was investigated. The
experimental outcomes were discussed with an eye toward understanding how to enhance the
synthetic control over the thermometric response of thermosensitive phosphors using pairs of
luminescent emitters. Two types of dual-emitter phosphors were investigated: downconverting and
upconverting thermosensitive phosphors. Within the scope of this dissertation, temperature-
dependent luminescence response of dual-emitter downconverting phosphor, Dy** and Pr3*-
coactivated NaLa(MoO4). was investigated in 100-600 K temperature range. Green and red
photoluminescence emission bands from Dy** and Pr3*, respectively, were employed to probe the
temperature. However, employing downconverting thermosensitive phosphors for some practical
applications are hindered owing to the absorption of UV light by the upper layers of the thermal
barrier coating.?’ In contrast, the upconverting thermosensitive phosphors, which emit in the
visible region under the excitation of near-infrared light (NIR) have the potential to overcome this
problem. Therefore, temperature-dependent luminescence of two upconverting phosphors was
investigated. Motivated by the studies on NIR-to-blue upconversion in stoichiometric
NaYb(MOa.),,* Eu**-activated NaYb(MO4), dual-emitter thermosensitive phosphors were
developed. Cooperative blue luminescence from Yb**~Yb3" dimers and the red emission from Eu®*
activator ions were employed to probe the temperature. Thermometric response of Eu®*-activated

NaYb(MoOs)2 and NaYb(WOs), was investigated in 100-500 K and 100-600 K temperature
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range, respectively. The temperature-dependent color change of the photoluminescence emission
in both dual-emitter downconverting and upconverting thermosensitive phosphors are highlighted.
1.4. Dissertation Organization

This dissertation contains seven chapters. Chapter 2 describes the material synthesis and
characterization techniques used in the work presented, including formal definitions of the metrics
used to assess thermometric performance. Chapter 3 focuses on the synthesis, crystal structure,
and thermometric performance of downconverting, Dy**-activated AJRE,(MOQ4)w single-emitter
thermosensitive phosphors. Chapter 4 describes the synthesis, crystal structure, and room
temperature luminescence response of NaYb(MoOs). and NaYb(WOQOs)2 phosphors.
Chapter 5 is dedicated to studying the thermometric response of upconverting Eu®*-activated
NaYb(MoOs)> and NaYb(WOs),. Chapter 6 focuses on the synthesis and thermometric
performance Dy** and Pr3*-coactivated NaLa(MoOa).. A summary of the research work presented
throughout this dissertation is given in Chapter 7 along with future research directions.

Each chapter is divided into four sections: Introduction provides a short review of already
reported investigations related to the work presented in the chapter. Experimental describes the
synthesis and characterization techniques used in the study. Results and Discussion focuses on
the interpretation of experimental results and discusses the significance of the research findings
related to the scientific problem being solved. Finally, Conclusions and Perspectives provides a
summary of the work presented in the thesis and highlights the impact of the research findings on

the area of research under investigation.









95

Figure 6.4. Temperature-dependent (a) excitation and (b) emission spectra recorded in the
250-700 K temperature range for NaLao.esDYo.025Pro.0s(M0QOa4)2. Excitation spectra consisting of a
series of narrow bands responsible for f—f transitions are stronger than the charge-transfer band.
Emission spectra exhibits bands originate from Dy®* (blue and green) and Pr3* (red). (c) Integrated
intensities of the green (*For — ®Hisp) and red (D, — 3H4) bands as a function of
temperature. (d) The temperature-driven color change is displayed in the CIE diagram.
NaLao.9sDYo0.025Pr0.05(M004)2 powder luminescing at 250 (yellow) and 700 K (red) are shown in
the insets.

observation is comparable to what was observed for Pri*-activated KLa(MoOs), and
NasLu(WO4)4.13114 The energy gap between the 3P level and the next lower lying 'D; level is

approximately ~3700 cm 1.11% 117 Therefore, depopulation of 3Pq level is possible via multiphonon
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relaxations since the phonon energy cut-off for NaLa(MoO4), was ~900 cm™ (i.e., 4" order
process).™® In contrast, red emission originates from D, — 3H, radiative-transition is less sensitive
to temperature due to the large activation energy for thermal quenching (4 Eactivation> 5000 cm™). 113
119 Owing to the distinct thermal quenching characteristics of the green (~574 nm) and red band
centered at ~603 nm, their temperature-dependent response was investigated in the 250-700 K
temperature with the aim of employing them for optical temperature sensing. The plot of integrated
intensities of the green and red emissions as a function of temperature are shown in the Figure
6.4c. The integrated intensities of both bands initially increased with temperature and then
decreased due to thermal quenching. The highest integrated intensity for the green and red
emission bands was observed at 350 and 300 K respectively. The integrated intensity of the green
band was higher than that of the red band in the 250-600 K temperature range. Although the
integrated intensities of both bands decreased with temperature, the green band was more
susceptible to thermal quenching. As a result, at temperatures above 650 K, red emission was
prominent. The difference in temperature-dependent response of the green and the red emission
bands led to a temperature-driven color change in the photoluminescence emission, which was
visible to the naked eye. photoluminescence emission changed from yellow to red as the
temperature of the phosphor increased from 250 to 700 K. As shown in Figure 6.4d, a CIE diagram
was employed to quantitatively evaluate this temperature-dependent color change of the
photoluminescence emission.

Temperature-dependent emission spectra were qualitatively analyzed to assess the
performance of NalLag.gsDYo.025Pr0.025(M004)2 as a thermosensitive phosphor. To this end, three

metrics were computed using the temperature-dependent emission spectra: luminescence intensity
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ratio R(T) (equation 6.3), absolute sensitivity (Sa) (equation 1.3), and relative sensitivity (Sr)

(equation 1.4).

R(T) = TRed (603 nm) (6.1)

IGreen (574 nm)

Luminescence intensity ratio was computed using the integrated intensities of the green and the
red bands centered at ~574 and ~603 nm, respectively. In all cases, both green and red bands were
fit with Gaussian curves to obtain the integrated intensities. Two Gaussian curves were employed
to fit the green band, whereas the red band was fit with three curves. Plots of luminescence
intensity ratio, absolute and relative sensitivities as a function of temperature are shown in Figures
6.5a—f, respectively. Luminescence intensity ratios computed for NalLao.ssDYo0.025Pr0.025(M00O4)2
decreased with temperature in the 250-500 K temperature range and then, gradually increased to
the maxima at 700 K. Therefore, thermometric performance of the phosphor was investigated in
two temperature regimes: Low-temperature (250-450 K) and high-temperature (500-700 K). As
shown in Figures 6.5a and 6.5b, in the low-temperature regime, the maximum R(T) value of 0.53
was observed at 250 K, whereas in the high-temperature regime, the maximum of 2.8 was observed

at 700 K, respectively. The experimental R(T) values were fit with the equation 6.4.

R(T) = Aexp (- g) +C (6.2)
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Table 6.2. Relative Thermometric Sensitivities of Dy** and Pr3*-Activated Phosphors

Composition Srat 700 K (K1) Reference
NaDy(MoOys), 3.8x10° 22
Dy3*:NasLa(WO4)4 3.0x10° 22
Dy3*:Y4AlOq 4.0x10°3 77
Dy?*:Ca2Al,SiO; 3.2x10° 77
Dy?*:YNbO; 3.4x10°3 24
Dy?*:Y3Als01; 4.4 x 107 77
Dy?*:Y,SiOs 41x10° 77
Pr3*:Y,Ti,O; 9.3x10°3 119
Pré*:Y;AlsO1; 5.0 x 102 118
Pr3*:Bag7SrosTiO3 8.7 x10°° 121
Pr3*:MgLaTiOs 1.0x 1072 121
Pr3*:(KosNaos)NbOs 1.6 x 102 120

Pr3*:Dy*:NaLa(MoOa), 1.8x1072 This work

Here, A, B, and C are constants, T is the absolute temperature. Adequate fits were obtained for
R(T) plots in both low and high-temperature regimes. Plots of absolute sensitivity (Sa) values
computed for the low and high-temperature regimes are shown in Figures 6.5¢ and 6.5d,
respectively. In the low temperature regime, the maximum Sa value of 0.20 x 102K was obtained
at 250 K, whereas for the high-temperature regime, maximum of 4.90 x 102 K-! was observed at
700 K. Relative thermometric sensitivities computed (Sgr) for low and high temperature regimes
were plot as a function of temperature and are shown in Figures 6.5e and 6.5f, respectively. In
the low- temperature regime, the maximum Sg of 0.4 x 102 K-! was observed at 250 K. Contrary
to what has observed for single-activator thermosensitive phosphors, in the high-temperature

regime, Sr increased with temperature and reached the maxima (1.8 x 102 K1) at 700 K. This
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Figure 6.5. (a) Luminescence intensity ratio (R(T)), (b) absolute sensitivity (Sa), and (c) relative
sensitivity (Sr) of NaLao.esDyo.025Pr0.025(M00s)2 in the low and high temperature regimes.
Analytical expressions used to fit experimental R(T) values are given. The corresponding fits are
depicted as dashed lines and R? residuals are given. Dotted lines shown in (c)—(f) are guides-to-
the-eye.

suggests that employing the luminescence response of two activator ions incorporated into a single
host serves as a strategy to overcome the effect of thermal quenching on thermometric sensitivity.
Thermometric sensitivity of NaLao.9sDYo.025Pr0.025(M004)2 at 700 K was compared with the values
reported for other phosphors featuring Dy3* or Pr¥*. Inspection of Sg values given in Table 6.2
shows that thermometric sensitivity of NalLao.osDYo.025Pr0.025(M00a)2 at 700 K is higher than that
reported for other Dy®* or Pr¥*-activated oxides?324 77119121 nhosphors revealing the potential of

employing NaLao.9sDYo.025Pr0.025(M004)2 as a sensor to probe intermediate temperatures.
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6.4 Conclusions

Microwave heating serves as an efficient method to synthesize rare-earth activated
NaLa(MoOa4),. Dy** and Pr3*-coactivated NaLa(MoQ4), was synthesized using microwave heating
method, and its temperature-dependent luminescence response was investigated in the 250—700 K
temperature range. Maximum thermometric sensitivity of 1.8 x 10-2 K-! was observed at 700 K.
Comparison of thermometric sensitivity of NalLao.gsDYo.025Pro.025(M004) at 700 K with those
reported for Dy** or Pri*-activated phosphors revealed the potential of employing
NaLao.9sDyo0.025Pr0.025(M004)2 as a thermosensitive phosphor to probe intermediate temperatures.
Employing photoluminescence emission from two activators that exhibit distinct thermal
quenching serves as a strategy to enhance the thermometric performance of phosphors. Therefore,
coupling two rare-earth ions or rare-earth and a transition metal ion that show different thermal
quenching characteristics should be the focus to develop phosphors with an enhanced

thermometric response.
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CHAPTER 7. CONCLUSIONS AND PERSPECTIVES

Thermometric response of a series of phosphors derived from group VI d° scheelite and
scheelite-type metal oxides of chemical formula NauRE(MO)w (RE =Y and rare-earth, M = Mo,
W) were investigated. Single- and dual-emitter thermosensitive phosphors were developed by
substituting the optically silent La®* ion in hosts with optically active rare-earth ions. Their
potential as thermosensitive phosphors to probe intermediate temperatures was revealed. The
experimental results of the investigations were discussed with the perspective of understanding
how to tailor the thermometric response by using the composition and the crystal structure of
phosphor as levers.

Thermometric response of a series of Dy*"-activated scheelite and scheelite-related
phosphors were investigated, and their potential as single-emitter thermosensitive phosphors was
revealed. Maximum thermometric sensitivities observed at 350 and 750 K were comparable to
those reported for the other Dy**-activated phosphors. However, thermometric sensitivities of
these phosphors were nearly independent of the host’s crystal structure and the Dy** concentration.
In this investigation, upon changing the crystal structure of the host and the Dy** concentration, it
was expected to observe systematic changes in the thermometric sensitivity of phosphors. Absence
of such systematic changes in the thermometric sensitivity restricted the utilization of experimental
results to build a relationship between the thermometric response and chemical and structural
variables related to the phosphors under investigation. Exploring a new family of materials that
can be employed as hosts for thermosensitive phosphors should be the focus of future research on
single-emitter thermosensitive phosphors. Such a family of materials should allow manipulation
of the composition of phosphor via chemical substitution leading to systematic changes in the

thermometric response. Thermometric sensitivity of these single-emitter phosphors decreased with
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temperature, which hindered their ability to perform as thermosensitive phosphors particularly at
intermediate temperatures. To improve the thermometric sensitivity at intermediate temperatures,
dual-emitter thermosensitive phosphors were developed.

In the case of dual-emitter thermosensitive phosphors, the luminescence emission from two
rare-earth ions that exhibit different thermal quenching characteristics was employed as a strategy
to mitigate the effect of thermal quenching on thermometric sensitivity. This strategy enhanced
the control over the temperature-dependent thermometric response of phosphors as it allowed to
utilize the photoluminescence emission originate from two emitters. In Eu®*-activated
NaYb(MOs). dual-activator thermosensitive phosphors, intrinsic disorder present in NaYb(MOs)
host allowed to tailor the thermometric response via manipulation of the chemical composition.
The potential of employing the blue cooperative luminescence from Yb3*—Yb3** dimers and the red
emission of Eu®* due to Yb**-sensitized upconversion for temperature sensing was revealed.
Significant differences in the thermal quenching characteristics of the blue and red emissions led
to a temperature-driven color change of the photoluminescence emission under 980 nm excitation.
Different thermometric responses were observed for NaYbo.gsEuo.0s(M0Os)2 and
NaYbo.osEuUo.05(M004)2 phosphors under investigation regardless of the similarities in their
composition and the crystal structure. Clustering of rare-earth ions due to the intrinsic disorder
present in the crystal structure of NaYb(MO4). was suggested as the origin of these discrepancies.
NaY bo.osEuo.05(M004)2 and NaYbo.esEuo.05(WO4). displayed their maximum relative sensitivities
of 1.27 x 1072 K™ and 0.71x 1072 K™%, respectively. It was suggested that NaYbo.95Eu0.0s(WO4)2
is suitable to be employed as a thermosensitive phosphor to probe intermediate temperatures as it
displayed its maximum sensitivity at 575 K. We propose that NaYb(MOa4), host should be

activated with other rare-earth ions such as Tb% and Nd**, which exhibit photoluminescence
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emission due to Yb3*-sensitized upconversion processes. This will enable to employ the
cooperative blue emission coupled with the emission due to Yb3*-sensitized upconversion from
rare-earth ions for temperature sensing. Further, new and existing rare-earth-activated oxides with
a positional disorder in their crystal structures should be explored as thermosensitive phosphors.
This will pave the way to understand how to employ the intrinsic structural features present in the
crystal structures as levers to tailor the thermometric response.

NaLa(MoO4), was activated with two rare-earth ions that have different activation energies
for thermal quenching to develop a dual-emitter thermosensitive phosphor. Dy** and Pr3*-co
activated NaLa(MoOs), was synthesized using microwave heating method. A novel synthetic
protocol was developed to prepare rare-earth-activated NaLa(MoOQas).. This method provided an
energy-efficient and rapid synthetic route. Although there is a wealth of information available in
the literature confirming the versatility of conventional solid-state reactions to synthesize various
rare-earth-activated oxide materials, literature reports on microwave heating methods are scarce.
Therefore, new synthetic protocols to prepare rare-earth-activated metalates using microwave
heating method should be developed. Investigations on temperature-dependent luminescence
response of Dy*" and Pr3*-coactivated NaLa(MoOa), phosphor confirmed that employing the
photoluminescence emission from two rare-earth ions that exhibit different thermal quenching
characteristics serves a successful strategy to overcome the effect of thermal quenching on
thermometric sensitivity. In NalLao.gsDyo.025Pro.025(M0QOa4)2, green emission was more susceptible
to thermal quenching than the red emission from Pr3*. The significant differences in thermal
quenching characteristics of the green and red emissions led to a temperature-driven color change
of the photoluminescence emission. Thermometric performance of NaLao.osDYo.025Pr0.025(M0QO4)2

was investigated in two temperature regimes. Maximum relative sensitivity of 1.8 x 102 K™! was
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obtained at 700 K. Comparison of this value with those reported for other Dy®* or Pr¥*-activated
single-emitter thermosensitive phosphors revealed that NalLag.osDYo.025Pr0.025(M004)2 exhibits a
comparable relative sensitivity at 700 K. To further maximize the relative sensitivity of dual
emitter thermosensitive phosphors, a rare-earth ion should be coupled with a transition metal ion
(e.g. Cr¥* and Mn*") whose photoluminescence emission is more sensitive to temperature. The
energy-transfer between rare-earth and transition metal ions can be detrimental to the thermometric
response of phosphors. As a solution, hosts that have two specific crystallographic sites for rare-
earth and transition metal ions could be used to develop dual-emitter thermosensitive phosphors.
This will enable to utilize intrinsic structural features of hosts as tools to tailor the luminescence
response. Further, dual-emitter thermosensitive phosphors should be developed using other
metalate hosts such as niobates, tantalates, and vanadates. Thermometric performance of these
phosphors should be investigated to reveal their potential as sensors to probe intermediate

temperatures.
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