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CHAPTER |

INTRODUCTION

Thermometry Devices

Accurate, reliable, temperature measurement is vitalécsticcess of virtually ev-
ery field in science and engineering. There are many deveaally available for temper-
ature sensing. However, each method is best suited folircaalications.

Thermocouples, for example, are composed of two wires airditar metals. The
junction between the two metals produces a voltage thabisgstional to the temperature
of a surface in direct contact with the device. Thermocosipln accurately measure tem-
peratures up to approximately 2500 (+1 °C depending on the metals) (9). However,
exposing thermocouples to oxidizing or reducing environtsesuch as in gas turbine en-
gines, can damage the metals. Also, non-stationary s@fateh as turbine blades or
pistons, cannot be measured because thermocouples rdgect physical contact with
a surface. Likewise, the presence of a thermocouple on acgidan be disruptive to the
fluid dynamics of a given system.

Rotating and other non-stationary surface temperatuneseameasured using a
non-contact technique such as thermal paints or liquidtalysThe chemical structure of
these thermally-responsive materials changes in prapotb temperature changes. Ther-
mal paints can measure temperatures up to TZ7@ith + 1 °C accuracy (9). However,
these materials are also not durable in combustion or alerasvironments.

Non-contact, optical temperature-measurement techgjgueh as pyrometers, have
been used in harsh environments. Pyrometers measure btickédiation which is nat-
urally radiated from objects above absolute zero. Blacklyadiation is focused onto the

detector that converts the measured wavelength to temperaiowever, the temperature



detected is dependent on the energy emitting charactsrigtidifferent materials or the
emissivity of the material. Consequently, the emissivitgimobject may change with time
as its surface corrodes or oxidizes. Pyrometers are alsdisero other sources of incident
radiation, such as nearby hot objects or stray light. (9)

Phosphor thermometry is another non-contact techniqueiies optical signals to
measure temperature remotely. However, this techniquetisuinerable to the issues of
pyrometers, thermocouples, thermal paints, and many ¢tieemal sensors. Phosphors
are composed of a ceramic lattice doped with a small amount@hescent ions and will
emit visible, infrared, or UV radiation upon excitation finoan external energy source.
The intensity, wavelength, or lifetime (duration of lightt) the visible emission is used
to determine the temperature of a surface. Unlike many dbe¥mocouples and thermal
paints, phosphors are composed of inorganic, ceramic rastevhich means that phos-
phors are resistant to oxidation in high-temperature envirents and are non-reactive with
harsh chemicals. Phosphors are non-intrusive to the flowgoids because the phosphor
powder can be uniformly coated on a surface using electrambgulsed vapor deposi-
tion (EBPVD) or atomic plasma spray (APS). The visible rédia of some phosphors
has a narrow bandwidths nm) which eliminates interference from blackbody radiati
Measurements are comparable in accuracy compared to ¢i@nametry devices and
currently, temperatures can be measured up to 180@).

Table 1.1 summarizes the differences between the aforémnentthermometry

methods.

Thermographic Phosphors
Phosphors that have been specifically designed for noracotémperature mea-
surement are callethermographic Phospho(3 GPs). These materials consist of an oxide
matrix and are doped with a rare-earth (RE) or transitiorainet. TGPs are excited with

an energy source such as an electron beam, UV light, or ageotaurce, and the emitted
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luminescence can be in the UV, visible, or even in the inftaegion. In this work, we will
focus on RE-doped phosphors that emit in the visible region.

Several researchers have shown that phosphors can be wsedrirty of applica-
tions. For example, (10) have used laser-induced fluoresaara thermographic phosphor
to measure the surface temperature of the rotor in an opgrairmanent-magnet motor.
Also, (11) has shown that phosphors can be combined witimidddyarrier coating materi-
als to monitor surface temperatures of turbine blades. H42shown that chromium-doped
phosphors can be used in biomedical thermometers. (13)erséxkion of europium-
doped YVQ to determine the temperature of microparticles in a plasamadl The reader
is referred to an excellent review by (2) for a comprehensiezview of all the potential

applications of thermometry devices phosphors.

Measurement Methods

Phosphors can be used as thermometers because higherdaemgsecause radia-
tive energy to be emitted as heat or lattice vibrations. &hem-radiative transitions are
strongly dependent on temperature and can drasticallgtgsfeotoluminescent properties
such as the luminescence wavelength, intensity, or lietiBurface temperature measure-
ments are determined by evaluating experimental lumimésizga against calibration data,
which contain the temperature-dependence of a particutamlescent property. Surface
temperatures can be obtained by evaluating the emissioelerayth, intensity, or the life-
time (duration of the emission). In this work, we will focus detecting the temperature-

dependent lifetime.

Line Shift Method
The peak of the emission wavelength for some phosphors elaagja function of

temperature. For example, the peak emission wavelength©f:Za at room temperature



is approximately 390 nm. As the temperature increases t6C€0€he emission wavelength
shifts to 480nm (See Figure 1.1). (1) have shown that thisatketan be used to determine
the temperature of particles in a flow. (The additional pea&5®nm at 954 K, has been

attributed to the excitons localized on donors and excitomsnd with optical phonons.

(14))

ZnO:Ga spectra at different temperatures
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Figure 1.1Zn0:Ga spectra showing red-shift as temperature incregbes

Relative Emission Peak Intensity
The relative intensity of an emission peak can be used tordate surface temper-
atures. Andrew Heyes of Imperial College in the UK has shdvan the relative intensities

of the blue emission lines change as a function of temperatuyttria-stabilized zirconia



(YSZ) doped with dysprosium (Figure 1.2). The intensity lod transition at 456 nm in-
creases with temperature, while the intensity of the tteorsat 482 nm remains relatively

constant.
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Figure 1.2YSZ:Dy spectra showing relative intensity change as a fanaf temperature.
Source: Communication with Andrew Heyes of Imperial Cadleg

Lifetime Measurement
The most common method used to determine the temperaturswface is the
luminescent lifetime. Upon excitation, fluorescence wél ebserved only if the source

wavelength is shorter than the emitted fluorescence. Theksvence intensity decays



exponentially according to the relation:

| =loe /"
wherel is the intensity|l, is the initial intensity,t is the time, andr is the decay time
constant. For most phosphors, the decay time is relativahgtant at low temperatures
and becomes temperature sensitive as the temperaturasasre The calibration curves
of selected phosphors are shown in Figure 1.3. The point athvithe lifetime begins to
decrease as a function of temperature is called the quentgnimperature. For example, the
lifetime of YAG:Dy is constant from 0-1100C . At approximately 1100C (the quenching
temperature) the lifetime begins to decrease with tempegaflThe temperature range for
which YAG:Dy would be useful as a sensor is between 1100-2400

The temperature dependence of the lifetime arises fromrtitapility of each state
being occupied at different temperatures. The number ofradrative transitions increases
at high temperatures compared to lower temperatures. fOneralecay times are much
shorter at high temperatures since more of the luminescenge is being converted to
phonon emission instead of luminescent energy. This preyécfocus on utilizing the

decay time to determine surface temperatures.

Challenges and Objectives
One of the main challenges facing the field of phosphor tharetoy is the lack of
understanding of the physical mechanisms determiningrémsitions between electronic
levels of both the host lattice and the luminescent dopant Most TGP materials were
developed for lighting applications where the operatingderature of the material re-
mains relatively low and constant. As a result, there istiohinformation in the literature
about luminescence of materials at temperatures greaar3®0C. Further, theoretical

understanding of non-radiative process at elevated teatyres remains limited and un-
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Figure 1.3 Lifetime versus temperature of selected phosphors. (2)

clear. Theoretical models describing thermal quenching baen proposed since the early
1970's. (4) proposed the quantum mechanical single comfigural coordinate model
(QMSCC) in 1975, which adequately described the luminese@uenching of trivalent
chromium in AbO3 at different temperatures. Other explanations, such as-phubnon
emission (MPE) theory, have been used to successfully greedinds in thermal quench-
ing temperatures for a series of phosphors (15). HoweveE MPBory predicts unrealistic
temperatures for some europium-doped phosphors (16).

Another related challenge is the issue of trying to find ofbleosphor materials
that can be used as temperature sensors at temperatures tjtaa 1500C . Research
on some pyrochlore materials has shown promise in recens.yeg17) showed that
EwZro07 can be used as a TGP up to 12@. (6) have shown that La,>Euy gsZr.O7 and
Lay 9oEUg 0gHf207 will emit visible radiation until about 700C . One of the goals of the
proposed work is to re-examine the calibration curves aseéh@yrochlores using another

excitation wavelength.



The two main goals of the proposed work are 1) to calculatdifistemes of two
different groups of materials (garnets and pyrochloresjgthe QMSCC model and 2) to
determine if a group of pyrochlore materials can be usedifgr-temperature applications.
To accomplish the first goal, input parameters will be ol#difrom spectral data for use in
a simple calculation to determine the fluorescent lifetiméuaction of temperature. The
second goal will be accomplished by re-examining the catlibn curve of some previously
used pyrochlore materials with different excitation wavejths. The results of this work

will aid in the design of thermographic phosphors for highaperature applications.



Table 1.1High-Temperature Measurement Techniques

Temperature
Method Range Applications Advantages Disadvantages
(°C)
: ?&?ﬁ;g&uwy _ _ _ o disruEts flow patterns _
e chemical process-® inexpensive materials e not chemically stable in all environments
Thermocouples -250 - 2320 | ® P e wide temperature range | e low accuracy .
ing plants e unuasble on rotating surfaces
e food safety/ moni-
toring_ .
e medical  applicaj e can measure moving partg e can be environmentally intrusive
Thermal Paints  48- 1250 | tions e inexpensive installation | e not stable in corrosive environments
e clothing o fast reaction time e poor resolution/low accuracy
e high speed flight
technology
e optical access required
e sensitivity to stray light
Pyrometry 196 -1250 | faces e wide temperature range | ® Sensitive to interference with dust, gas, g
e smelting industry | ® inexpensive particulate matter ' .
e sensitivity to stray light (i.e. flames i
combustion engines)
e chemical stability in most
. . atmospheres ' . _
e turbine engines e no contact required for e optical access required
Phosphor e biomedical uses measurement o weak signal at high temperatures
Thermometry 0-1500 | e Optical fiber fluo-| ¢ can measure moving parts ® limited theoretical understanding of no

rescence

o fastreaction
e non-intrusive

ments

measure

radiative transitions

nd




CHAPTER I

THEORY

There are several model systems that can be used to calnolatediative decay.
(18) systematically studied multiphonon emission (MPE3emeral rare-earth doped crys-
tals. Multiphonon emission involves the simultaneous srais of several phonons from
one state to another and has been used to account for natiadiecay of luminescence.
This simple model works well for transitions between statéh low energy differences
(i.e. requiring the spontaneous emission of less than SAib@gns). However, MPE emis-
sion does not accurately describe transitions betweeesstath large energy gaps, such
as in EG* (16) (6). Engleman has explicitly derives the hamiltonihattgoverns both
radiative and non-radiative transitions (19).

The majority model electronic transitions in a configuratibone-dimensional space.
The assumption is that electronic motion depends on onedfyjpmic displacement. This
one-dimensional displacement is referred to as the inieracoordinate and describes a
physical distance between two nuclei.

The single configurational coordinate (SCC) model of Straic Fonger predicts
non-radiative decay by considering states to be in theropalibrium and using the Man-
neback recursion formulas to calculate the overlap integdg. A sample configurational
coordinate diagram is given Figure 2.1. The parahoténdv are the ground and excited
state potential energy wells, respectively. The vibralavavefunctions are, andvy,. The
phonon energies for each parabolalag andhw,, respectively. The distance between the
equilibrium distance of each parabola is measured by thekF€aondon offseta,,. The
assumption is that electronic motion depends on only one ¢yponic displacement. The

parabola offset is expressed in termsSpndS, such asaﬁV =2(S,+ Q). The relaxation
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energy after emission and absorption Sylew, andS,hw,, respectively.
Theu andv parabola represent the energy states of the two nuclei. Hdpesf the

function is parabolic and follows from the motion of a simpErmonic oscillator.
1 2
E(Q) = 7k(Q—auw) (2.1)

The vibrational wavefunctions;, anduy, for these energy states are defined anhar-

monically as

Wy (Q) = N'e 2" Hy (1) (2.2)

Wy (Q) = N"e 2 Hoy(7) (2.3)

wherey,y (R) , andyiy (R) are the normalized corresponding vibrational eigenfunc-
tions andN is the normalization factor.

The reduced lengthg, and, are defined as

Q—ay
= 2.4
n Y (2.4)
Q—ay
= 2.5
-2 25)

where the unit of length ip = [h/4n2uv’]. The unit of length physically means
the displacement of a classical vibrator with a total enerigyy’ /2 vibrating at frequency
v/ with a reduced masg. The hermite polynomialsiy andH,, are defined by the
generating function and give rise to the eigenstates oféin@bnic oscillator. (20)

According to the Franck-Condon principle, transitionswan electronic states
occur vertically. That is, a transition to a higher energgtestoccurs when the atomic

distance is the same in both the lower and higher energy. &qgteally, transitions are most
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Figure 2.1 Configurational coordinate diagram Reference: [(3)]
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likely to occur when the position and momentum of the nuadleithe same before and after
the transition (21). The probability of the transition betm electronic states is referred to

as the transition moment and is described by Condon’s qvartagral

cmn) = [ " Um(QUn(Q)dQ (2.6)

whereQ is the nuclear separation (the configurational coordimatee QMSCC)miis the
vibrational qguantum number in the higher-energy staiethe vibrational quantum number
of the lower energy state. Manneback et al. have evaluatedtg 2.6 by recursion

formulas

Aoo = (sin(26))/2exp( 5 (sin(20) a5, 1) (2.7)

(M+1)2Anme1 = —COS20)M2Aq m_1 — SiN(20)2~284,c0S 6)Anm-+ SiN(20)nZAn_1.m
(2.8)
(N+1)2Ans 1.m = COS20)N2An_1 m-+ SiN(26)2 " 2ay,sin(8) Aum-+Sin(20)m2Anm_1 (2.9)

whereayy is the difference in equilibrium distance between the tvedest. The anglé is
the ratio of the parabola force constants and phonon ersdigie(8))* = k,/k,. For equal
force constant§ = 45° (20)

The Franck-Condon factdg(m, n), in equation 2.64,m in equations 2.8, 2.9) de-
scribes the probability of a transition occurring basednandisplacement of the parabolas,
the relative energy difference between the states, anchibregm frequencies of the parabo-
las. In this work, the phonon frequencies of the excited aodmd states are assumed to
be equal. That i = 45° becausdiw, = hw,.

After the electron is promoted to a higher energy state, tinsare not in equilib-
rium position. The atoms will move to the equilibrium positiof the new electronic state
in about 183s-1-10'%s~1 The excess energy is given off in the form of lattice vibratio
and the transitions are non-radiative. In contrast, a t@di&ransition is much slower; on

the order of 16s 1.
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Thermal quenching of emission occurs by energy being reteas the form of
photons or phonons by competing non-radiative and radigiathways. The QMSCC
model assumes that the vibrational states are in thermdllrgqum and that the/,, — u,
rate is proportional to the square of the overlap integrakh|vy, >2. The overlap integral
is Anm in equations 2.8 and 2.9.

Therefore, the radiative ratB,m, and non-radiative rat®&\,m are
Rom = Ruv(1—1y)r™ < Ug|Vim >2 (2.10)

Nnm = Nuv(1—rv)r™ < Un|Vm >2 (2.11)

wherer, = exp—hw/KkT). All calculations in this work consider the phonon frequesc

of each state to be equal. Thatlg,), = hw,. The radiative constanB,y, is considered a
constant that is chosen empirically. The non-radiativestamt is approximated as ¥8~1.
Both Ry, and N,y are derived from the electronic portion of the transitiotegral. The
thermal weights arél —ry)r,™. These weights give the thermal average of the quantity for

the quantum inderm and are normalized such that

[ee]

Wo= Y (1-r)r =1 (2.12)

m=0

The radiative and non-radiative energy balances are
hvzpvu+ mMhw, — nhw, + hvpm =0 (2.13)

hvzpyu+ mhaw, — nhw, = 0 (2.14)

respectively, where the zero-phonon energiivg,y, Which is the energy difference be-
tweenvy—o andun—g. The photon energy of absorption and emissioflis,, and—hvym,

respectively.

14



The radiative constank,, is a considered to be a constant from the electronic
portion of the transition integral and is approximated a&s1dfor forbidden transitions,
but can be 16~ for permitted electric dipole transitions (4). The thermadights are
summed to unity so thg;’;mZO Ram =~ Ryy andRyy is the temperature-independent radiative
rate. The non-radiative electronic factdy,, is also considered a constant from the elec-
tronic portion of the integral and is empirically chosen~ad0'3s~1. The non-radiative
transition rate is determined by summing over all nearlpnesitv,, andu, states that sat-
isfy the energy balance in Equation 2.14. The total nonatada rate can dominate the
radiative rate because the non-radiative constant is st tanger tharR,,. Furthermore,
the total non-radiative transition rag,_oNnm increases with temperature which causes
the quenching of radiative emission.

All radiative transitions that have the same energy difieesare grouped together
by a single quantum numbegyy = n—m. All radiative transitions with the sam®, have

the same photon enerfpyp, :

with hay = hw, = hw, becaused = 45°. For the linear coupling casé (= 45°), the

summed thermal Franck-Condon weight is

00

m=my

wheremy = 0 for py > 0. Therefore, the radiative and non-radiative transitiates for

(v — u) transitions, indexed bpy are
Rva — RU\UpU (2-17)
Nva = NuvUpU (2-18)

15



The temperature-dependent band shape is obtained frorotimalized distribution
of Up, in Equation 2.16. The QMSCC model predicts emission quergedf luminescent
materials as a function of temperature. Emission quencisirggresult of non-radiative
transitions (NRT). NRTs are highly dependent on tempeesdimd compete with radiative
energy release. Thus, thermal quenching of radiative émnissin be explained within the
context of the configurational coordinate model. Figureshdws an example of/(— u)
transitions for states with a large parabola offset. Uparitation into thev state, energy
is released to the ground state by two competitive procesadiative emission from the
lowest vibrational level o/ to u and 2) by releasing energy non-radiatively by thermal
activation fromv into the high levels of. The {# — u) crossover is a non-radiative transi-
tion. Therefore, the total non-radiative rateNigUp,,, whereN,, = 103571 andU,, is the
summed thermal weights for the transition betwgemndu. The total radiative transition
rate fromvtouis Ry. The quantum efficiency of the (- u) transition is the total radiative

rate divided by all possible radiative and non-radiatiemsitions

B Ruv B 1
© Rw+Nolp, 1+ (Nuw/Ru)Up,

Ngv (2.19)

The lifetime of thev state is the inverse of the sum of all non-radiative and tadia

transitions and can be expressed as

1 1 1
- . 2.20
’ <anm+ anm) Rovt NovUp, (2.20)

In other systems, there are often multiple states that catribate to thermal
guenching of emission. Figure 2.2 shows the configurationatdinate diagram with sev-
eral electronic states. Theandt states are low in energy compared to thstate. The
high energetic location of thestate represents the charge transfer state found3h &ud
other lanthanoid ions and can significantly affect emisg@nching. (The charge transfer

state is described in more detail in the following chapj€eFbe offset between the t, and

16



g states is very small compared to the offset betwgandv. Upon excitation into the-
state, energy can be released to the ground states throughkeenof competing radiative
and non-radiative pathways.

Energy is most likely released from the bottom of the enemayabpola, that is when
m= 0 inv. The energy can be released radiatively from pBita g. However, energy can
also be released non-radiatively from the lowest vibratidevel of v to high vibrational
levels ofu ort. Consequently, the-state feeds rapidly into theandt state because the
andt state intersect near the minima of thstate.

Excitation into theu-state can result in either a non-radiative transition ®tth
state and then a radiatite— g transition (i.e.u — v — t) or a single non-radiativea — t
transition and then the radiatite— g (i.e. u—t — @) . The non-radiative transitions in
Figure 2.2 are(— u), (u—1t), (v—1t), and ¢ — g). The radiative transitions are  g),
(t—g),and ¢ — Q).

All possible transitions must be considered in order toulate the total radiative
and non-radiative rates. For example, in order to calculaequantum efficiency and

lifetime of u — g emission the total rate leavingandv for g andt is

>=(u—g,t)ny+(v—gt)n (2.21)

whereny andn, are the populations for theandv states, respectively. The derivation of
the temperature-dependent lifetime was derived in the saarmer as (4). The quantum
efficiency is determined by multiplying the rate for the- g transition by the population

of theu state and then dividing by the total rate in Equation 2.21

(Uﬁg)nu_ (u—g)ny _{1+ ((U—>t) (Vﬁg,t)m}—l

Tou = s T WS g et (v gy —~9 =g n,
(2.22)
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The population ratioy, /n, ca be defined by utilizing the steady-state equilibrium ¢équa

(U—g,t),ny—(v—uny =Gy (2.23)

(Vv—gt,u),n—(v—un,=Gy (2.24)

whereG, andGy are the excitation rates into thikeandyv states, respectively. For excitation

into u, Gy = 0. For excitation intos, Gy, = 0. Thus, the population ratio can be defined as

i _ (U—ov) (2.25)
r]V Gu:0 (V - gvtv u)

Ml _(v=gty (2.26)
Ny 60 (V—u)

The quantum efficiency is determined by substituting Equati2.25 and 2.26 into Equa-
tion 2.22.

(u—t) (v—gt)(v—u) pU}l (2.27)

”g”'GV—‘):{“(ueg) U—gN—gtu O

wherergU = (u—v)/(v— u). The lifetime is defined by excitation into(G, = 0)

Ny -+ Ny 1 n
. ngu|Gu = m <1+ n—:) ngu|Gu

(2.28)

Ny + Ny _
(u—g,t)ny+(v—g,t)ny o (u—g)ny

Ty=

A detailed calculation of two measured systems is presentatgbsequent chapters.
All calculations in this work were performed using scripts Matlab. The calculation of
the overlap integrals requires the most work. The total fionealculation of the lifetime

was approximately 5 minutes.
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Rare Earth Electronic States

The transition rates between electronic states goverethperature-dependent op-
tical properties of the phosphor material. The electrotates of the rare-earth elements are
numerous and energetic values vary widely for each elenidr.relative positions of the
rare-earth energy levels have been determined by Diekeiamdtworkers at John’s Hop-
kins University (5) . The “Dieke diagram”, shown in Figure2shows the energy levels
for trivalent lanthanide ions as a function of the numberle€®ons in the 4f shellh. The
electronic states are denoted by a set of quantum numbeid) whe the Russel-Saunders
notation

25+, (2.29)

whereS represents the spin angular momentum and is equal to thearunhlunpaired
electrons divided by 2. The total orbital angular momentsin i

Optical transitions between the 4f states of the rare-eslgments are normally
forbidden due to the parity selection rule (22). Howeves, pharity selection rule is relaxed
when the rare-earth ion occupies a crystal lattice site.dSipg-parity wavefunctions of the
5d orbitals of the host lattice, for example, mix with the 4fwefunctions. As a result, 4f-4f
transitions are observed. The arrows between the electstaties in Figure 2.3 indicate the
most commonly observed radiative transitions. Howevar;raaliative transitions between
the 4f-4f states and the 4f-host lattice states are strooghendent on temperature and
significantly affect the optical properties. Although thlesflates are well-shielded from
outer orbitals, the electronic orbitals of the host lattea affect the optical properties of
the materials. The temperature-dependence of the noatirairansitions is the reason
that phosphors can be used as temperature sensors. Onentdithgoals of this work is
to enhance the physical understanding of the physical nmésiina dictating both radiative

and non-radiative phosphor transitions.
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Dieke Diagram
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Figure 2.3 Rare-earth energy levels or the "Dieke Diagram” (5)
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Input Parameters

The input parameters needed to calculate the QMSCC modtieparabola force
constant9, the parabola offse,,, and the relative energy differences between the elec-
tronic states. These parameters are needed primarilydolatd the Manneback recursion
formulas that give the overlap integrals of Equation 2.6.

The parabola offsetp,, is determined from excitation and emission spectra. In
the QMSCC, this parameter measures the difference in bquiih bond distance between
atoms. Experimentally, this parameter can be determimed fhe geometrical relationship

depicted in Figure 2.1, where

a%y=2(Su+S)

The relaxation energies after emission and absorptioddi@, and S;hw,, respectively.
The energy differences between electronic states is alsodférom experimental spec-
troscopy data.

In this study, the parabola force constant of the excitedgodnd state is assumed
to be similar. The parabola force constant is a measure sfttbegth between atoms. This
assumption may not always represent the true physicalmystdowever, Grinberg has
shown that the variation dd does not significantly improve the correlation of calcutate

and experimental data (23).

Chapter Summary
In the following chapters, we will use the QMSCC model to oédte the lumi-
nescent lifetime as a function of temperature for two groofpsiaterials: cerium-doped
garnets and europium-doped pyrochlores. These two grdupaterials are representative
of high- and low-temperature phosphors. The calculatiorcésium-doped garnets will
involve the transitions between the excited energy stdtdsedsd orbitals (d and @) and

the ground states of the 4f orbitaVng/z and7F7/2) over a range of temperatures. In this
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experiment we have altered the structure by atom-sulistitand have observed how this
structure variation affects the calibration curve. Thegkltions for the europium-doped
pyrochlore materials will involve calculating the 4f-4atrsitions $Dg_3 to ’F;_g). Also,

a high energy state called the charge transfer state (CTSalsa affect the transfer of
energy to lower 4f levels and will be included in our calcidas. The CTS represents the
state of the bonding orbitals of the rare-earth and the feighg oxygen atom. Energy
absorbed by the 4f orbitals of Blican be thermally transfered to the CTS. Recent results
have shown that pyrochlores are capable of being used asargenhigh-temperature ap-
plications, such as combustion engines. All calculatedltesvill be compared to previous

experimental results.
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CHAPTER IlI

PYROCHLORES

Introduction

Pyrochloric compounds are a group of inorganic ceramic&uodnsideration for
use as non-contact, temperature sensors. These mategagx@ellent candidates for
high-temperature thermographic phosphors because te&tsjructure is stable in high-
temperature, oxidizing environments and because theyistaiise, visible emission. For
example, pyrochlore zirconatesp&207, can be used as thermal barrier coatings (TBC)
because they exhibit a high coefficient of thermal expansidrigh melting point, and low
thermal conductivity (24). Also, lanthanum pyrochloresyB,0-, are hosts for EXr -
doping and exhibit intense visible luminescence (25). lkamrhore, Gentleman has shown
that Eu-doped GgZr,O7 is sensitive to temperature at least up to 1200(17).

The formula for pyrochlore compounds i$BeO7 (where A=Y, La, Nd, Sm, Eu,
Gd; B=Ti, Zr, Hf, Sn) where the A and B atoms are in th& and+4 oxidation state,
respectively (25). Several pyrochlores have lower therroalductivity than the current
TBC industry standard, yttria-stabilized zirconia (YSBPne reason is because the stabi-
lized pyrochlore structure is similar to the fluorite stret of YSZ. Large atoms in the
A site, such as LH, stabilize the pyrochlore structure up to about 15G0 Lanthanum
zirconates have been shown to have low thermal conduesuitetween 700-120C (26).
Co-doping on the A and B sites has also been suggested tovmgnermal conductiv-
ity and modify the thermal expansion coefficient (26). Thec@l properties can also be
tuned by doping on both sites.

The intense red emission of Eudoped pyrochlores are of particular interest for

white-light emitting diodes, panel displays, and fluoresdeght bulbs (27). The most
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notable features of the emission spectra are the spectidslzfue to transitions between
the°Dg excited states to th&F; ground states (See Figure 2.3 in Chapter Il). The relative
intensity of each peak is strongly dependent on the surtiagrehvironment of E®I" in
the host lattice. In general, if the Euatom is in a site with inversion symmetry, the
magnetic dipole transitions between 580-610 nm and 635r@6Will dominate, because
electric dipole transitions are parity forbidden. The sgte rules are relaxed in a site with
low or no inversion symmetry which allows the electric dipatansitions between 610-
635 nm and 710 nm to increase in intensity (25). Emissiontsp@¢ pyrochlores reveals
important structural information about the materials.haligh the emissive properties of
lanthanum pyrochlores have been well-studied, temperatependent spectral properties
remain relatively unknown, especially for high-temperagu

Recently, Gentleman obtained luminescent lifetime data fasction of tempera-
ture for several pyrochlore zirconates (17). (17) have destrated that the temperature-
dependent luminescent lifetimes of £&Za,O7 : Eu, SmZr,07 : Eu, and EyZroO7 are sen-
sitive to temperatures greater than 10@. In this study, the temperature-dependent lu-
minescent lifetime was determined for¥un two different pyrochlore lattices: Lar,O7
and LaHf,07. The substitution of the B site atom has been shown to causeh, Hut
significant effect in the structure which consequently @fdahe spectral properties. The
temperature-dependent lifetime is compared to the cadlonkof the QMSCC model de-

scribed in Chapter II.

Experimental
Samples of LagoEug 0gB20O7 where B= Zr*t or Hf**, were made by the combus-
tion of rare-earth nitrates with glycine (M@H2,COOH) in a muffle furnace. Immediately
following the auto-combustion, a voluminous, porous wipieevder formed. All samples

were calcined in air for 2 hours at 120G .
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X-Ray Diffraction

The structure of the samples was determined by X-ray powidfeaction (XRD)
patterns with Culg (A = 1.54058) radiation and are shown in Figure 3.1. Both spectra
can be indexed to the Joint Committee on Powder Diffractitam&ards (JCPDS) refer-
ences (17-450 for L&r,0; and 37-1040 for LgHf,07 ). The peaks at 28, 33, 48, and 56
correspond to the (222), (400), (440), and (622) planeseptmochlore structure, respec-
tively. The spectra show that both samples are highly citysteand single phase. (Note:
The spectra for the pre-calcined samples were also highstaltine; nevertheless, a slight
decrease in intensity was observed.)

The lattice constant for LigoEug ggHf2O7 and La goEug 08Zr>0O7 is 10.7 and 10.8
A respectively. This small difference is caused by the diffiee in the radii of Hf" and
Zr** (0.071nm and 0.072nm, respectively (28). In the pyrochstmecture, the A" ion is
coordinated to eight non-equivalent oxygen atoms. Six efakygen atoms at a distance
d1 from the A** ion and the remaining two oxygens are at a distangeytich is slightly
shorter than d (25) has shown that the difference between the ratiq od dp for the two

lattices is only 0.8%.

Photoluminescence

Room-temperature photoluminescent spectra were takag aspuantamaster 500
spectrometer. In this study, we are interested in usingritemse emission at 611nm for
temperature-dependent lifetime measurements. The #@®aitspectra is used to find the
excitation wavelengths that will maximize the intensityeshission and also to discern
important information about the host lattice effects on dhlgitals of the E&" ion. The
excitation spectrum fokem = 611nm is shown in Figure 3.2. The broadband transition at
300nm is from the transition from the charge transfer stétihve@ Eu-O bond to théF;

ground states. The narrow-bands at 395, 460, 490, and 530endua to transitions from

26



Intensity (a.u.)

2500
2000 r

1500 | (@) Lay gEUy odHf20;

1000 ¢

a
o
o

20 30 40 50 60 70
2500 ‘
2000
1500 | (b) Lay gEUp 0gZr207
1000
= { J L N AA\A |
0 JJJ N
20 30 40 50 60 70
20

Figure 3.1 XRD patterns of LagoEUg 0gZr,O7 and La g2Eug ogHf 207
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the®Dg_3 states to the ground states. The peaks in Figure 3.2 indidsth wavelengths
will produce the most intense emission at 611 nm. Excitatamelengths of 337 nm and
532 nm were chosen for the temperature-dependent lifetis@sorements.

The corresponding emission spectraXgi.= 337 nm and\exc= 532 nm are shown
in Figure 3.3 and Figure 3.4, respectively. Transitionsvieen 610-635 nm are caused by
electronic dipole transitions between tPiBo—'F, states. The emissions between 580-
610 nm are due to magnetic dipole transitions betweerfhe—’ F; states. Magnetic
dipole transitions dominate when £uis located in a site with inversion symmetry. In
contrast, electronic dipole transitions dominate wheriih@nescention is in a site without
inversion symmetry. Therefore, the intensity ratiobp —’ F» to °Dg —’ F; can be used
to determine information about the site symmetry of thé'Eion. From Figure 3.3 and
Figure 3.4, it is obvious that electronic dipole transisa@ominate since the red emission

lines are the most intense.

Temperature-Dependent Lifetime

The experimental setup for the temperature-dependetitmidemeasurements is
shown in Figure 3.5. A nitrogen laser with an excitation waxgth of 337 nm was used
to excite directly into the charge transfer state. For camspa, a separate experiment
was performed using an YAG:Nd laser wity. = 532 nm, which directly excites the
lower ®°D; state. A band-pass filter was used to collect only 611 nm lightch was the
most intense emission band in Figures 3.3 and 3.4. Fibet opbles were used to carry
the excitation and emission light. Emission was detected pjotomultiplier tube. The
phosphor sample was heated with a furnace and the tempereaisrexternally monitored
with a thermocouple. The lifetime of the red emission wa®eined as a function of
temperature for Lag,Eug ogHf207 and La goEug ggZr207.

The decay curves for both structures were multi-exponkan@consisted of a slow

and fast component. The sources of multi-exponential deeag not investigated in this
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report, but others have attributed multi-exponential gdoasurface defects, concentration
guenching effects, and multiple luminescent sites (29 fline constant was determined
by measuring the logarithmic decay from 15% to 35% of thd tatainescent signal after
the excitation pulse was terminated. This portion of theaigaptures the fast component
of the decay curve. The error in the lifetime measurementheaseen 20-4Qus.

ForAexc= 337 nm, the room temperature lifetime measurement By ogHf 207
is slightly less than that for LayyEug 0gZr>O7. The luminescent lifetimes of both samples
remained constant until673 K and then began decreasing exponentially1073 K (Fig-
ure 3.6). The lifetime data for La>Eug osHf20O7 seem to indicate that the luminescence
may quench at slightly higher temperatures compared 1@4dE 0gZr>07.

A similar calibration curve is obtained witheyxc = 532 nm for La goEug 9gZr205.

The calibration curve withexc= 532 nm for Lg goEug ogHf207 is not shown because the
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luminescent signal was indistinguishable from noise. Thenghing temperature of each
sample remained the same, regardless of the excitatioreveyth, which will be examined

by the configurational coordinate model in the followingtgat
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Figure 3.6 Lifetime measurements as a function of temperature ferkBuy 0sZr.O7 and
Lal.ngLb,ongzor Aexc=337 nm,)\em=611 nm.

Configurational Coordinate Model
A diagram of the configurational coordinate diagram foPEin pyrochlores is
shown in Figure 2.2. The parabolic force const#htis the same in both the excited and
ground state. In the QMSCC modél,represents the average phonon vibrational energy
defined asan(8)* = ha,/hay,, wherehw, = haw, = 400 cnr2,

The parabola offsets and relative energy differences wetexiashined from the exci-
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tation and emission spectra in Figure 3.2, 3.3, and 34,/& 0, the parabolas lie directly
above each other and the band width of the optical transmnishes which causes a single
line to be observed. ki, # 0, the vibrational level of the lower state will have maximum
overlap with multiple vibrational levels of the higher eggrstate and a broad excitation
band is observed. Thus, the parabola offset increaseshatitlth of the excitation peak.
Figure 3.2 shows that the parabola offset betweerEhe 3 states and the ground state is
small because the excitation bands are relatively narralvsaarp. The excitation band
for the charge transfer state is wider than the the othesitians, which indicates large

parabola offset.

Excitation into the charge transfer state

For simplicity, the®Dg, °D1, ’F», and the charge transfer state have been labeled
as thet, u, g, andv states in Figure 2.2. The emission line of interest is the f@hlline
which corresponds to tiDy —’ F» ground state. The quantum efficiency and lifetime of
the’Dg — ' F, transition will be derived with the same approach describé&kection 1l and
follow the model used by (4).

The total rate at which energy quanta leaya, andt for g is

S = (U—gnu+(v—gn+(t — gn (3.1)

whereny, ny, andn, are the populations far, v, andt, respectively. The quantum efficiency

of (t — g) is the ratio of emitted photons frohdivided by all transitions tg:

t—gnm _ (t—9
Y U—gRr+(V—=0gf+({t—09

Ngt = (3.2)

The the population ratio% and % are found by the equations describing steady state
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equilibrium:

G+ (U—=V)ny+ (= V)= (V= Ui+ (V= t)ny+ (Vv — g)ny (3.3)
Gu+(V—=uny+ (t = un = (u—v)ng+ (U—t)ny+ (U— g)ny (3.4)
G+ (V—tn+U—tng= [t —Vn+({t —un+(t —g)n (3.5)

whereGy, Gy, andG; are the excitation rates inig u, andt, respectively. Excitation into
v, or the charge transfer state, means tBat= G; = 0. Consequently, Equations 3.4 and

3.5 can be used to define the population ratios:

@:(t—m) t—v)(t—g)—1
e (U—t) { (v = t)(u— g)—|—1} 59

n (U—=gtv)p—(t—u
no (Vv—u) 3.7

The quantum efficiency is found by substituting Equatiofséhd 3.6 into Equation 3.2,

and is rearranged as:

Sl (v gt —g)) T
ngt:{<u O+ (v— g+ (t g)} 3.8)

(t—0)

The lifetime of thet — g transition is found by summing the populations/jru, andt and
by using Equation 3.2
(nu+nmv+m)  (RHF+D

L= 5 = t—g) Ngt (3.9)
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Excitation into °D; state

Excitation into the’Dg is accomplished by using the 532 nm excitation wavelength.
Excitation into theu state in Figure 2.2 leads to non-radiative transitions froto t via
multiphonon emission and an upward, non-radiative traorsftom u to v and then another
non-radiative transition fromr to t. The possible radiative transitions framareu — g,
t — g, andv — g. The total excitation rate is the same as in Equation 3.1 hacdame
guantum efficiency in Equation 3.2. However, excitatiomintmeans thaG, = G; =0

and Equations 3.3 and 3.5 are used to find the populatiorsratio

10* ‘ :
Eq.3.9 ——
CTS Excitation
La,Zr,0; 337nm-Exp o
La,Hf,O, 337nm-Exp
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Figure 3.7 Equation 3.9 plotted along with lifetime measurements asatfon of temper-
ature for Lg g2EUg 0gZr207 and La goEug ogHf207. Aexc=337nm Agn=611nm.
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Discussion

Figure 3.7 compares the experimental lifetime measuresneith the calculated
lifetimes using the configurational coordinate model. Weehealculated the temperature-
dependent lifetimes for excitation into two states: 1) tharge transfer states ( 337 nm
excitation) and 2) théD, state (532 nm excitation). The emission line of interesviglie
5Dy —' F, transition { — g parabola in Figure 2.2). However, Figure 3.7 shows that the
temperature-dependence of ity —’ F, lifetime is the same, regardless of the excitation
source. The experimental data also show that the thermalcueg of 611 nm emission
La; 9oEUp 0821207 is the same regardless of the excitation wavelength.

One possible explanation is that excitation into the CT8d$eapidly into the lower
5D states. The intersection of th@ndt state is at the parabola minimumwofThus, at low
temperatures, energy from thestate is most likely to be transfered to thetate. However,
theu state is more likely to be populated as the temperatureasese Consequently, the
population of the state decreases, which decreases radiative transitimmg fo g.

Excitation into theu state leads to a similar quenching temperature because the
possible transition pathways remain the same. At low teatpegs, excitation inta leads
to a non-radiative transition from to t and then a radiative transition frotnto g. As
the temperature increasasstate excitation leads to an increase in the populatiohef t
v state. As the population of thestate increases, the population of th&tate increases
via non-radiative transitions from which leads to radiative emission froim However,
as the further temperature increases, non-radiativeiti@ms fromv to u is more likely.
Consequently, this leads to a decrease in the populatidretfstate.

Although the excitation wavelength trend is the same in leafierimental and cal-
culated data, the exponential decrease of the experimig@etahe is significantly differ-
ent than the calculated results. One reason for the disocgpaould be defects that al-
low for additional states not considered in the original glod’he phosphors were made

using combustion synthesis, which is known to produce Kighystalline powders that

36



are composed of large single crystals and aggregated nastalsr (7). The aggregated
nanocrystals could provide additional surface stateshvbauild serve as traps for excita-
tion. These additional states could serve as intermedmigges” for non-radiative energy
transfer. These extra states could be represented as dioaaldstate similar in energy as
the charge-transfer state.

The quenching temperature is the same for both materiadsiseche structures of
Lay 92EU0.08Zr207 and La goEug 0gHf 207 are very similar. The Bl ion substitutes in the
A site of the pyrochlore structure. The A site is located insaadted cube (scalenohedra)
and has a coordination number of 8. Six of the oxygens arewatl efistance from Et
and the other two oxygens are are at a slightly shorter distélom Ed* . Hirayama
has shown that as the radii of the B decreases the distortithe scalenohedra increases.
The distortion of the scalenohedra increases magnetidedipgmsitions and increase the
splitting between the orange emission linedd—’ F, transitions). (25) Thus, the ratio be-
tween the red and orange emission lines can be used to detueisymmetry of the Eti
environment. The red emission lines in Figure 3.3 and 3.4vghat the Ed" is in a low
symmetry site since the electric dipole transitions don@ndlowever, Figure 3.3 shows
that EG site in La goE U 0sZr207 is less distorted that Bu in Lag goEu ogHf207 be-
cause the orange emission lines are more intense than flantib@num hafnate. However,
the difference in the emission spectra does not affect téntie measurements.

Although the relative ratio of emission between gk Uy ogHf2,0O7 and
Lay 92E U0 0821207 is different, the peak wavelength is the same. Consequéndyelative
energy differences between the electronic states is the.s8mce the energetic locations
of the electronic states don’t change, the temperaturercnt lifetime does not change
between the two materials.

Previously, Gentleman has shown that substituting cegi@iments on the A sites
of pyrochloric compounds will produce materials that withie at temperatures greater

than 1000°C (17). The quenching temperature 0$2f,07, SmpZr,07, EwZr,O7, and
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GdyZr,0O7 was highest for compounds where the atomic radius of the Aahs was
greatest: ¥Zr,0O; and G@Zr,0O;. The larger elements on the A site stabilize the zirconia
structure, which is related to the pyrochlore structurethis study, we have substituted
elements on the B site. B-site substitution with larger atdas the effect of increasing the
distortion of the E&" environment which increases electronic dipole transstidrikewise,
the intensity of the red line emissions also increases. ,Alsoresults of this experiment
indicate that substitution on the B site does not have actesfethe quenching temperature.
The results of this work indicate that high quenching terapees for E&* ions in
pyrochlore materials are obtained when the A site has ataithdavger atomic radii than
atoms on the B site. The large atoms on the A site help to &albile pyrochlore structure.
The stabilization of the lattice also results in higher ggdor the charge transfer state, as
seen from Figure 3 of reference (17). The peak absorptiondrcharge transfer state for
SmpyZr,07, EwZr,07, and GdZr,O; was approximately 250nm, compared to 300nm for
the materials in this study. The high energy of the chargestea state acts as a “bridge”
which carries energy from thermally populated state3f back to°Dg. Luminescence
begins to quench at low temperatures because the energyedifie between the parabola
minimum of the charge transfer state and g state is smaller in LggoEug ogHf207
and La g2EUp 0gZr207. Conversely, it has been shown that materials with high coiexy
temperatures also have high energy charge transfer sSkatesxample, the charge transfer
state in YAG:Eu is approximately 275nm and the thermal ghrpof the®Dg — 4f does
not begin untilke 800°C (30), (31). Furthermore, the quenching temperature of Y Bl

is~ 700°C , which has a charge transfer state absorption at 254nm(&2)

Chapter Summary
The data from this work and others indicate that Eu-dopedenads with high-
energy charge transfer state exhibit higher quenching eeatygres. Excitation into the

charge transfer states directly feeds into¥bg. High temperature causes the vibrational
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levels of the®D; to be thermally populated which leads to crossover to’Bgstate. The
guenching temperature of LgEuy 0sZr.O7 and La goEUg 0gHf20O7 were lower than ma-
terials tested by Gentleman, most likely because of theroWwarge transfer state.

The configurational coordinate model foril@Euy 0gZr,O7 and La g2Eug ogHf 207
was used to calculate the temperature-dependent lifetm#aé®Dgy — 4f transition. Al-
though this model correctly predicted the quenching tewrtpee, this model did not accu-
rately represent the experimental lifetime data at highemperatures. This is most likely
because the model does not take into account the influenadeaftd within the pyrochlore
structure. The pyrochlore structure is very similar to ttf&2ywhich is known to be riddled

with oxygen vacancies, which act as traps for luminescesigk (
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CHAPTER IV

YTTRIUM ALUMINUM GARNET

Introduction

Cerium-doped yttrium aluminum garnet {X150,2:Ce, YAG:Ce) is a prime can-
didate for use as a thermographic phosphor because it isiciigmnert, able to with-
stand corrosive environments, and has an intense broatlyeiow-green emission. There
are multiple excitation bands in the uv and visible regiofise emission is temperature-
dependent over the range 77-300and the decay time is 60ns (34).

The cubic structure of yttrium aluminum garnet is highly sgetric and has the for-
mulaA3Bs0;2. The lattice parameters can be tuned by substitution oarditie A or B site
of the YAG structure. The Ce atoms substitute for % and are located in a dodecahedral
site that is coordinated with 8 oxygens. Atoms in the B siteiatetrahedral or octahedral
oxygen cages. Substituting atoms on the B site with radjidiathan APt compresses the
oxygen cage surrounding the A-site atom. This compressidgh@dodecahedral results in
a blue-shift of the emission wavelength (35).

The photoluminescence of cerium-doped phosphors has beenseely studied
because of the unusual interactions between the excitegbsiad the host lattice. Typi-
cally, rare-earth ions emit from the well-shielded 4f calstand therefore are not signif-
icantly affected by the host lattice. However,3Cds different because there is only one
electron in the first shell of the 4f orbital {4 electron configuration). Consequently, elec-
trons are excited to and emit from the high-energy 5d oit&he relative energy of the
5d orbitals is highly dependent on the host lattice. Sulitsbih of atoms in the B site for
larger atoms, such as &a, results in a decrease in d-orbital splitting. The redurctio

splitting results in a blue shift in the emission waveleng{B5) The emission peak also
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becomes broader as gallium is substituted into the YAGckatti

The reduction in splitting of the d-orbitals also affecte #mission lifetime, espe-
cially at higher temperatures. The luminescent lifetimbuk YAG:Ce at room tempera-
ture is approximately 60ns and will remain constant untdwhl50°C (this temperature
will be referred to as the quenching temperature). After AGQhe lifetime decreases to
~10 ns at 300C . In this experimental study, At ions for G&* (YAGG:Ce) were substi-
tuted in order to determine the effect on the calibratioveu(36) showed that substituting
Ga* ions in place of A¥t ions shifts the emission to shorter wavelengths and a ritl-sh
in the excitation spectra. The excitation and emission gntigs of YAGG:Ce have been
extensively studied and are well documented. Howevek liths been reported about the

temperature-dependence of gallium-substituted YAG:Ce.

Synthesis

We have synthesized a series of garnet phosphors with thrufar
Y2.97(Al1_xGa()s012 : Cey o3 (Where x=0, 0.25, 0.50, 0.75, 1.0) via a simple combustion
synthesis method. In a combustion synthesis reaction;eamté nitrates and an organic
fuel (urea) are dissolved in a small amount of water and plat@a muffle furnace at 500
°C for about 10 minutes. During this time the water is boilefdanfd the nitrates and fuel
reach their ignition temperature which drives the forntatd the phosphor. The reaction
produces highly crystalline, luminescent powder and pcedwapproximately 10 grams of
product for this experiment. All samples were calcined ma4i1000°C for 5 hours to

remove any impurities.

Morphology
Although combustion synthesis is a simple and rapid tealeithe morphology of

the products are not uniform. Figures 4.2 and 4.1 show thabostion synthesis produces
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micron-sized single crystals and aggregated nanocry$alsocrystalline phosphors have
been shown to behave differently from bulk materials duéheolarge number of surface
defects relative to the volume of the crystal (37). Howewer,have used X-ray diffrac-
tion to compare our samples to commercially available bulk manocrystalline YAG:Ce
(Figure 1V). Our sample does show some line broadening wisdhe result of small
crystalline size or non-uniform distortions. However, eak D values for our sample
and bulk sample are nearly identical indicating that theocaystalline component of our

samples is minimal.

X-Ray Diffraction

The effects of gallium substitution are readily observethgisX-ray diffraction
(XRD) and are shown in Figure 4.4. The peak shift to the lefidates that the inter-
planar spacing increases with the molar amount of galliurkewise, the lattice constant
also increases from 128to approximately 12.2 as the gallium content increases from
0-75%. The structural changes in the tetrahedral and odtaheages result in a decom-
pression of the cubic-like oxygen cage that surrounds thie @ms. This decompression
around the C& ion changes the energetic location of the lowest 5d orbitetéch effects

the excitation and emission properties.

Photoluminescence
Upon excitation via a UV light source, electrons are excitethe ¢ excited state
of the 5d levels. The splitting of the@nd d states in the 5d levels is directly related to the
bonds from the cerium ion to the surrounding oxygen atoms. Cerium ion in the garnet
structure is surrounded by eight oxygens which form a cilkkeedtructure. In YAG unit
cells, the “cube” is highly compressed into a tetragonatodi®on (See Figure 4.5). This

distortion increases the splitting between thadd d excited states. Emission occurs from
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Figure 4.1 Bright-field image of well-defined YAG:Ce nano-crystalitand diffraction
pattern. (7)
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Figure 4.2 Bright-field image of large single YAG:Ce crystal and difft@n pattern. (7)
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Figure 4.3 Comparison of diffraction patterns of combustion-synibes YAG:Ce with
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Figure 4.4 X-ray diffraction patterns for ¥g97(Al1_xG&)5012: Ceno3- (7)

the lowest crystal field component of the 5d configurationc8ithe splitting increases, the
lowest component of the 5d configuration is now closer ingy#y the ground state config-
uration. The result is the that cerium-doped YAG crystalseHang emission wavelengths.

In contrast, the luminescent ion in YGG is still in the A sibeit the surrounding oxygens
are more cubic in structure. This decompression of the cstbicture results in a smaller
splitting of the @ and d states of the 5d levels. Likewise, the energy gap between the
lowest excited state and ground states is much higher cadparyAG. Thus, increasing
gallium content in YAG decreases the emission wavelengdme emission spectra of

YAG and YGG are shown in Figure 4.6.

46



Figure 4.5 Garnet unit cell shown in polygon form. Each vertex is an @tygtom. The
blue tetrhedrons have aluminum (or gallium) ions in the i@nbcation and the purple
dodecahedron have yttrium (or cerium) at the central looatiThe image on the right
shows the environment of the cerium atom. In YAG, the "culseteitragonally distorted,
whereas in YGG, the cerium ion is in a more cubic environment.
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Figure 4.6 Emission spectra for Xo7(Al1_xG&)5012 : Cep o3 for Aex=460 nm. (7)
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Temperature-Dependent Lifetime

The temperature dependence was determined using the aatifigushown in Fig-
ure 4.7. The excitation source was a nitrogen laser (Lasen&e Corporation, model
VSL-337ND) with Aexc=337 nm and an excitation band width of 0.1nm. The pulse width
was 4 ns at a characteristic energy of 30D The excitation pulse was conveyed via an
optical fiber to a 50:50 X 1 fiber optic splitter. The side of the splitter with the siafjber
delivers the light to the sample. This same fiber collectebteansmitted the emitted signal
back through the splitter to a photomultiplier tube whichvee as the detector. Each phos-
phor sample was placed in the bottom of the plastic capsuiehnovered the excitation
and detector fiber. The capsule/fiber was placed in an oildradtslowly heated at a rate of
1°C /min. A k-type bare wire thermocouple (Omega Engineering)8which was placed
near the capsule, monitored the temperature of the phasemdpass filters centered
at 540 nm and 700 nm were used to collect the emitted signal.ayeferm processing
oscilloscope with 350 Hz bandwidth displayed, digitizenl atored the data.

Figure 4.8 shows the room-temperature decay time with cegpahe amount of
gallium and the decay lifetime as a function of temperatditge main observations from
these data are 1) increasing gallium content decreasesrthiedscent lifetime and 2) high
concentrations*50%) of gallium lower the temperature range over which tfedifine is
temperature-dependent. The error for the lifetime-i4¢-5 ns. (38) has shown that the
error in the lifetime measurement can correspond to an ertemperature of 0.05 - 0.15

°C.

Configurational Coordinate Model
Sample configurational coordinate diagrams for the Ce-digpenet system is shown
in Figure 4.9.
The phonon energies are definectansz(@)4 = hwy,/hwy, wherehw, = hawy, = 400
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cm~L, after (4). The parabola offsets and energy differences weetermined from spectral
data. The emission line of interest is the 540 nm peak enmssaoised by the; — 4f
transition. The excitation wavelength in the experimens 887 nm which directly excites
thed, state.

The total rate at which excitation leavesandd; for the 4f is:
Z :(dzﬁ4f)nd2+(dlﬁ4f)ndl (4.1)

whereng, andng, are the populations fa; andd,, respectively. The quantum efficiency

for thed; — 4f transition is

(dp — 4f)ng, (dy — 4f) {(dzﬁ4f) Ng,

Nat.d, = = = (dl - 4f) n_dl

-1
Ny - 1 42
S (AN (o 4f) af e

The population ratio:%, is found using the steady state equilibrium equations
1
Gy, + (d1 — d)ng, = (d2 — d1)ng, + (dz — 4f)ng, (4.3)

Ga, + (dz — d1)ng, = (d1 — d2)ng, + (dy — 4f)ng, (4.4)

The Ce-doped garnets were excited with a 337 nm excitationceowhich excites the
higher energy state. Therefore Gy, = 0 and the population ratiq]n,g—z, is

1
(dy — dp,4f)

= G od) (4.5)

Nd,
ndl

G,

The quantum efficiency fad, — 4f transition withd, excitation is found by substituting

Equation 4.5 into Equation 4.2

1
Nt _ { (d1 — dp)(dy — 4f) n 1} (4.6)

(d2 —d1)

Gd2
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The lifetime, 1q,, of thed; state withd, excitation is found by using Equation 4.2

Ng, + Ng, Ng, + Nqg,
g et 4_7
)3 (dp — 4f)ng, flat.dy 5, (4.1

le

Gy

2 2

The inverse rateg¢d, — d;) and (d; — do) are related by(d, — dp)/(d; — do) = rgU
because of the summed thermal weight definition in Equatit6 and the symmetric re-
lationship< uy|vy >2=< uy|vx >2 for overlap integrals witt6 = 45°. Using the inverse

relationship, the lifetime can be simplified to

pU,(dy—ds) d;—d
Mo, (= 0)(d2—4f) + (2 — dy) '

2

The radiative transitions afel; — 4f) and(d, — 4f) which have the ratBss o, = 103s 1.
The non-radiative transitions afd; — dp) and(d, — d;) and have the ratel¥y, 4,U pq,
andNy, ,U pg,, respectively. The summed thermal weighigy, andU py, , are defined

in equation 2.16. Equation 4.8 is plotted along with expental data in Figure 4.10.

Discussion

Figure 4.9 (a) shows the configurational coordinate diadear@e*t in YAG. Elec-
trons are excited to the dtate of the 5d orbitals using an excitation wavelength Gfri38.
Energy is then transfered non-radiatively from the lowelstational level of the ¢ state
to high vibrational levels of thedstate. Radiative emission occurs from the lowest vibra-
tional level of the d state to the 4f ground state. At high temperatures, elestcan be
promoted from the lowest vibrational levels of thestate back up to the crossover point
of the d, and 4f parabola. Consequently, energy will be transferedradiatively to the
ground state. As a result, the observed lifetime will deseeas a function of increasing

temperature.
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Figure 4.10Experimental and calculated thermal quenchingof- 4f emission for 0%
and 50% gallium substition
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The energy transfer process is the same in YAGG (Figure 4)9KRcitation of the
phosphor using 337 nm wavelength will promote electronfi¢od state and then energy
will be transfered to the dstate. Emission will occur from the lowest vibrational legé
the d, state. However, the splitting between theathd d is much less in YAGG compared
to YAG which means that less energy required to promote relestup to the crossover
point,Ayace Therefore, luminescence quenching occurs at lower testyres in gallium
substituted garnets as compared to YAG.

Figure 4.10 compares the experimental data with the catuitemperature-dependent
lifetime in equation 4.8. The temperature range of the curdata is not wide enough to
accurately compare with the configurational coordinate@hddowever, the general trend
is commensurate with experimental data. For example, thedmperature lifetime of the
0% Ga-substituted sample is longer than the lifetime for30% Ga-substituted sample
which corroborates with the data shown in Figure 4.8. Theaedor the decrease in life-
time as the percentage of Ga increases is because of theaskegnesplitting of the the
lowestd orbitals.

According to Equation 4.8, the quenching temperature dse®as the percentage
of gallium substitution increases. The experimental datdHfe 50% Ga-substitution sam-
ple also shows a lower quenching temperature for higher atsai gallium. This can be
explained by referring to the configurational coordinateggdgams in Figure 4.9. We are in-
terested in the temperature-dependence ofithe 4f transition. Samples with no gallium
substitution have a large splitting between the lodierbitals. At low temperatures, exci-
tation intod, feeds non-radiatively intd;. A radiative transition frond; to the 4f state
follows. As the temperature rises, excitation energy feéd da from do is now available to
thermally populatel; levels. The transition frord; to 4f at the parabola crossover is now
likely because the lower vibrational levelsaif are now thermally populated.

When gallium is substituted into the YAG structure, thetsiply between thel or-

bitals decreases. The decrease in splitting results in arkEshenergy required to crossover
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to high vibrational levels of the #state at the parabola crossover. Equation 4.8 shows that
the quenching temperature for 0% gallium substitution igrapimately 150°C , which
agrees well with previous results (34). However, the CCD ehaderestimates the low
temperature lifetime by a factor of 2. One reason for thigmigancy could be because
of the estimation in th&,,, which is the from the electronic portion of the integral.€Th
CCD model of Struck and Fonger does not consider the vaniatidhermal quenching
calculations.

Trivalent cerium in YAG is unique among the rare earth elets&ecause the ma-
jor luminescent transition occurs from the interactionan the high-energy, 5d-orbitals,
whereas the other lanthanoids exhibit luminescent tiansitoriginating from the 4f or-
bitals. Since the 5d-orbitals are not as shielded from tleence of the lattice, visible
luminescence of C& is significantly affected by the surrounding lattice. Théditspg
of the 5d-orbitals affects the temperature-dependentsomgroperties. The lowerdp
orbital acts as a “bridge” to carry energy non-radiativelyhtgh vibrational levels of the
4f states. The smaller the splitting between the two statgns that lower energies are
needed to crossover to the ground state. Therefore, higiegrching temperatures are ob-
tained by substituting atoms into the B site with atomic iradhaller than atoms in the B
site.

Kottaisamy and others have shown that partially substitLatoms such as Gt or
La3t in the A site increases the emission wavelength of th @eom (39). Substitution on
the A site with atoms of the same atomic radii or greater 9f Was the effect of increasing
the splitting between the 5d-orbitals. Therefore, it ighlkthat these materials may prove

to exhibit higher quenching temperatures with partial #&-substitution.
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CHAPTER V

SUMMARY

Configurational Coordinate Model

The QMSCC models used to predict thermal quenching of lugaierlet materials is
an effective tool for the evaluation of phosphor materialsuse as thermographic phos-
phors. Previous work has shown that this model works welpfedicting the quenching
temperature of several other phosphor materials, such &0#&" , Al,Os: Ti®*, and
LiSrAIFg : Cr3t (4) (40) (23). The model assumes that only one vibrationaleris domi-
nate and therefore can be described by a single configuahtioordinate. This interaction
coordinate describes the motion of two bonded atoms, whoclthis work, was the motion
between the rare-earth ion and the neighboring oxygen atbis.simplification of vibra-
tional motion greatly reduces the computational compyesitthe problem. Both ground
and excited states are assumed to be harmonic and therglfooé a parabolic relationship
between energy and the configurational coordinate. Thaygrdithe excited states is de-
termined from the peak wavelength of the excitation bantie. cbnfigurational coordinate,
or the parabola offset, of the excited states is determieedngtrically from the width of
the excitation band. In general, broad band excitationsate large parabola offset, where
as narrow line excitation bands indicate small parabolsedffThe ability to determine the
location of energy states from readily-available spectedih is advantageous, compared to
calculating energy states from first principles. Transsgibetween states are calculated us-
ing Manneback’s recursion formulas, which exactly deteethe Condon overlap integral
(20). The input parameters needed to determine the ovartagrals are obtained from
spectral data. The temperature-dependence of the luneinescs determined by using the

summed thermal weights described in equation 2.16. Thertotaradiative rate between
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two states is determined by summing over all resonant vdrat initial and final states
for a particular energy transition and then multiplying byan-radiative frequency factor,
Nu- The total radiative rate is summed over all initial and fisi@tes for a given energy.
However, the thermal weights form a normalized distribogoimming to unity such that
the total radiative is approximateRy,y.

In order to determine the lifetime of a particular transitiat is nessecary to de-
termine the population of the excited states. By knowingchlstate was excited in the
experiment, the steady state equations for the excitedsséaie used to calculate excited
state populations (in ratios). Although this model is semipirical, the QMSCC accu-
rately predicts trends within phosphor materials, as shiovidigure 4.10. In this work, we
have shown that the QMSCC accurately predicts the quen¢bmperature for Ce-doped
YAG and for Eu-doped pyrochlores.

Unfortunately, the QMSCC model does not always accurateglipt thermal quench-
ing after thermal quenching begins (i.e. at temperaturgisdnithan the quenching temper-
ature), as shown in Figure 4.10. One reason for the discogpemuld be because the
frequency factor for radiative and non-radiative transis,N,, andR,y is considered con-
stant. These constants are taken from the electronic pasfithe transition integral and
have been shown to vary over several orders of magnitudel@pyovements in predicting
thermal quenching may result from the variation or exaatulation of the frequency fac-
tor for both radiative and non-radiative transitions. Adunhal improvements could come
from variation ofhw in both the initial and final states. In this work, we have assd that
hw, = hw,. Physically, equal force constants means that the foroedsst atoms is exactly
the same in the ground state as in the excited state. In fesciretical studies have shown
that variation of the force constants in initial and finatesadoes not improve the ability of
the model to predict thermal quenching (23). However, exicih into high energy states,
such as charge transfer statesdenrbitals for CE* , greatly alters the equilibrium bond

distance (increases the parabola offset) and it is unlitkelythe force constants are equal
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for these high energy states.

Thermographic Phosphors

Comparison of the experimental results with the calcula¢sdlts of the QMSCC
model reveal important relationships between 4f energiestaf the rare-earth elements
and energy states that are highly influenced by the latticendJrare-earths for thermo-
graphic phosphors is highly advantageous because theb#élsrof the lanthaniods are
highly shielded from the surrounding environment. As a Itesbe energies of the 4f
— 4f transitions remain relatively constant, regardlesshef lattice. However, the in-
tense yellow-green emission from €eis the result of a transition from the high-energy
d-orbitals. Unlike the 4f-orbitals, thd-orbitals are highly influenced by the surrounding
lattice. Furthermore, the splitting of the two lowesbrbitals greatly influences the thermal
guenching of thel; — 4f transition. We have shown that the splitting of the two lowes
d-orbitals decreases as gallium is substituted into the Y&@ck. The decrease in splitting
reduces the quenching temperature.

The intense narrow-line, red emission from>Eds the result of a 4f-4f transition:
5Dy — 4f. However, the rate at which tmDy is filled greatly influences the thermal
quenching. TheéDy is fed from the charge transfer state, which is highly inflesh by
the lattice. The quenching temperature of the Eu-dopedgoees in this work was ap-
proximately 300°C and did not exhibit any visible emission after 6@D. The quenching
temperature of other Eu-doped pyrochlores has been as §i§GeC and visible emis-
sion was observed until well above 1000 (17). Comparison of the excitation spectra
for pyrochlores indicates that Eu-doped materials witthhegergy charge transfer states
also exhibit high quenching temperatures. The reason tshtgh-energy charge transfer
states provide a high “bridge” for energy to transition tghwer levels of the intermittent
5D; states.

The design of phosphor materials for high-temperaturerberetry should exploit
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the relative positions of the energy states. The resultsepted in this work have shown
that high energy states, such as the charge transfer stétedorbitals, play a key role in
the thermal quenching properties of materials. For Ce-dopaterials, our results indicate
that materials which cause the splitting of therbitals to increase will cause the emission
from thed; — 4f transition to thermally quench at higher temperatures. éxample,
materials which substitute large atoms on the A-site of et lattice, such as &t or
La3t , exhibit a red-shift in the G& emission, which indicates that tideorbital splitting
has increased. These materials may prove to have highecljugntemperatures. The
5Dy — 4f emission line of E&* is dependent on the location of the charge transfer state.
We suggest that the reason higher quenching temperatubaeeved in materials such
as YBG; : Eu and the pyrochlores studied by (17) is because theseiaiateave high-
energy charge transfer states. Tuning Ematerials to maximize the energy of the charge

transfer state may improve thermal quenching propertidisesmographic phosphors.
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