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Abstract 

 Yttrium aluminum garnet doped with cerium (YAG:Ce) is currently the phosphor 

of choice for LED lighting applications, due to its broad spectrum emission and relatively 

high efficiency at common LED operating temperatures. For applications where higher 

temperatures are reached, such as high-powered LED lighting, a decline in the 

luminescent efficiency of this phosphor is observed. This phenomenon is referred to as 

thermal quenching and can be explained by several nonradiative decay processes within 

the phosphor. This research investigated the luminescent properties of a sample of 

YAG:Ce with a 2.1% cerium concentration at various temperatures in order to better 

understand the relationship between temperature and luminescence in this material. 

Through measurements of continuous luminescence, excitation, and response to pulsed 

excitation, the properties of this material were determined and compared to previous 

findings as well as computer models. After fitting this data to various models, and 

considering previously published research, it was determined that the primary 

mechanism of thermal quenching in this sample is concentration quenching. By 

comparing the model for concentration quenching to the experimental data, it was found 

that, on average, energy transferred between 2.2 cerium ions before ending up in a killer 

center.  
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Chapter 1: Introduction 

 

Motivation 

 The work in this thesis is focused on mechanisms relevant to the efficiency with 

which a molecular system in an excited electronic state will emit light. Historically, 

thermal emission from incandescent bulbs was the primary source of electric lighting. In 

the middle part of the 20th century, fluorescent lighting gained popularity for its high 

efficiency compared to the incandescent lights used previously. This form of lighting 

involves a tube filled with a gas, typically mercury, with a phosphor coating on the inside 

of the fluorescent tube. When current is passed through the gas in these tubes, the 

mercury ions emit ultraviolet radiation. This radiation is absorbed by the phosphor 

coating, which then emits light in the visible spectrum. The phosphors are comprised of 

electrically insulating materials, typically powders consisting of small crystals doped with 

small amounts of rare earth and or transition metal ions. Most modern LED based 

lighting relies on the same principle, using a phosphor coating to absorb the blue light 

emitted by the LED which then emits a broader spectrum of light.  

 Currently, the phosphors used in LED lighting must satisfy three conditions. First, 

the phosphor must strongly absorb the blue light emitted by the LED. Second, the 

phosphor must emit light in a spectral region which combines with the blue light from the 

LED to create white light. Thus, the emission should consist of radiation in the spectral 

region from the green to the red. Third, to ensure the efficient operation of the light, at 

least 90% of the photons absorbed by the phosphor should lead to the emission of a 

photon in the visible range. Furthermore, the phosphor must exhibit this level of 

efficiency at the operating temperature of the light, about 400K. Creating phosphors 
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which satisfy these constraints is challenging. Many phosphors are known to satisfy the 

first two of these conditions, but are often inefficient at higher temperatures.  

 Currently, the phosphor of choice in LED lighting applications consists of yttrium 

aluminum garnet crystals in which some of the yttrium ions have been replaced by 

cerium ions. This phosphor exhibits very high efficiency even at temperatures beyond 

400K, making it a good choice for lighting applications. However, as the concentration of 

cerium is increased in this phosphor, the efficiency is found to decrease. Similarly, as 

temperature is increased beyond 400K, the efficiency of this phosphor decreases 

rapidly, especially in samples with higher cerium concentrations. The goal of this 

research is to investigate and develop a better understanding of the observed decrease 

in efficiency at high temperatures. The remainder of this chapter will discuss some 

processes relevant to these phosphors, namely absorption, emission, and the 

mechanisms by which the temperature can affect the efficiency of the phosphor. 

 In order to gain a better understanding of the phosphor investigated in this work, 

several tests were conducted. Continuous luminescence measurements, taken with a 

constant wavelength of excitation, offer insight into the emission spectrum of the 

phosphor at a range of temperatures. Response to pulsed excitation measurements, 

which allow for the observation of luminescent decay after the sample is excited with a 

short pulse, offer insight into the probabilities per unit time of radiative versus 

nonradiative decay, and consequently the luminescent efficiency of the phosphor. 

Excitation measurements, taken with a variable wavelength of excitation, provide 

information on the wavelengths of light which trigger luminescent decay processes in the 

phosphor. All of these measurements were taken at a range of temperatures in order to 

develop a better understanding of the thermal dependence of the characteristics of the 

phosphor in question. 
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 The development of a more comprehensive understanding of the thermal 

properties of this phosphor, and of thermal quenching processes in general, may inform 

decisions about which phosphors are most effective for a given application. Furthermore, 

a better understanding of the thermal quenching processes at play in this phosphor may 

be valuable for future research on similar phosphors. 

 

The nature of emission 

 In 1900, German physicist Max Planck proposed a model to explain the emission 

lines observed in blackbody radiation. Planck’s work led to the discovery that the 

radiation emitted at a particular frequency,	𝜈, by a blackbody could only take on values 

according to the formula 

                                  𝐸 = 𝑛ℎ𝜈,    n=1,2,3….    (Eq. 1.1) 

where h is Planck’s constant. Thus, the energy of the emitted light is said to be 

quantized. One quantum of light is known as a photon. 

 Building off the quantization of energy, Danish physicist Neils Bohr created a new 

model of the atom. Bohr postulated that electrons orbit the nucleus in shells which are 

discrete in radius. In this model, the configuration of electrons within these orbits 

determines the energy state of the atom. This model was further refined in 1926, when 

Austrian physicist Erwin Schrödinger introduced his own quantum mechanical model of 

the atom. This model described the behavior of electrons with the concept of an electron 

cloud, a statistical model describing the likelihood of finding an electron at any given 

location. Schrödinger’s wave equations lead to the notion of an orbital, or a probability 

distribution of an electron in space. Each orbital represents a discrete energy level.  

 Like all natural systems, the atom tends to remain in its lowest energy state 

unless energy is introduced to the system. This state of lowest energy is known as the 

ground state, represented by E1 in figure 1.1. When light of the appropriate frequency is 
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impingent on the system, photons can be absorbed, exciting electrons to higher energy 

orbitals, and increasing the energy of the atom. This process is called absorption and is 

represented by the blue arrow in figure 1.1. The excited energy state, E2 in figure 1.1, is 

metastable, meaning that the electron will remain in that state for a relatively short time 

after absorption, before returning to the lower energy state. If the atom returns to the 

lower energy state by the emission of a photon, the process is referred to as 

luminescence, represented by the red arrow in figure 1.1. 

 

Figure 1.1: Arrows representing absorption (left) and emission (right) between two 
energy levels 

 

 The wavelength of the light emitted by a material in this process is dependent on 

the difference in energy between the involved states. The energy of the emitted photon 

is given by the equation  

 

                    𝐸! − 𝐸" = ℎ𝑣                                 (Eq. 1.2) 
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Referring to equation 1, the emission in equation 2 represents the case of n=1. Thus, the 

luminescence is said to be in the form of a single photon. The frequency of the emitted 

photon can be used to find the wavelength of the light using the equation  

 

𝜆 = #
$
                                                (Eq. 1.3) 

 

Where 𝜆 and c represent the wavelength and speed of light respectively.  

 

Quenching mechanisms 

 The emission of light, as shown in figure 1.1, is not the only mechanism by which 

an atom can make a transition from the excited state to the ground state. The energy 

stored in the excited state could instead be transformed into heat. In most systems, 

these two mechanisms are both present and are in competition with one another. 

Typically, the rate of luminescent decay to the lower energy state is independent of 

temperature, while the rate of decay resulting in the release of heat can be strongly 

dependent on temperature. This is due to the fact that, with increasing temperature, the 

vibrational energy in the system increases, and so too does the probability of several 

forms of nonradiative decay. In most systems, the luminescence decreases with 

increasing temperature. In such a system, the luminescence is said to be thermally 

quenched. There are several mechanisms by which thermal quenching can occur. In this 

section, three such mechanisms are explored.  

 

Thermal ionization 

 Thermal quenching by way of thermal ionization is the result of the movement of 

a valence electron of the dopant ion within the host crystal. When electrons have 
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sufficient energy, they can jump from the excited state into the conduction band of the 

host crystal or to nearby killer centers. Killer centers are impurities or vacancies in the 

crystal to which free electrons can transfer, converting this energy into heat.1 Figure 1.2 

illustrates these two mechanisms, with the jump directly to a killer center shown in part a, 

and the ionization of an electron to the conduction band and then to a killer center shown 

in part b. Referring to figure 1.2a, an electron in the excited energy state E2 has 

insufficient energy to transfer the electron to the killer center. However, when the 

temperature of the system is increased, the thermal energy available to the electron is 

sufficient to allow for the transfer of the electron to the killer center, from which it can 

decay nonradiatively, represented by the dotted arrows in figure 1.2. Similarly in figure 

1.2b, at high temperatures, the electrons will be sufficiently energetic to make the jump 

to the conduction band, allowing them to move freely throughout the crystal. This 

mobility increases the likelihood that they will make their way to a killer center. The 

transfer of the excited electrons to these killer centers prevents the radiative decay from 

the excited state to the ground state, decreasing luminescent output. Because, at higher 

temperatures, electrons in the excited state are more likely to make the jump either to 

the conduction band or to a killer center, the luminescence is said to be thermally 

quenched. 

 

 
1 Lin, Y.; Bettinelli, M.; Karlsson, M. Chem. Mater. 2019, 31, 11, 3851 
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Figure 1.2: Thermal ionization to killer center (a) and to conduction band (b) 

 

 

Nonradiative crossover relaxation 

 Nonradiative crossover relaxation is made possible by the fact that the potential 

energy curves of the excited and ground states intersect. These curves represent the 

potential modes of vibrational energy accessible to the electron, and are shown in figure 

1.3. When more thermal energy is present in the system, the vibrational energy of the 

electrons increases, allowing them access vibrational modes higher in these parabolas. 

The point of intersection of the two energy curves shown in figure 1.3 is known as the 

crossover point. When the vibrational energy of an electron in the excited state is 

sufficient, the electron reaches the crossover point and may return to the ground state in 

a nonradiative way.2 Figure 1.3 below illustrates the conditions which make this 

crossover relaxation possible. It is worth noting that the electron can also tunnel from the 

V1 parabola to the V2 parabola via tunneling. 

 

 
2 Lin, Y.; Bettinelli, M.; Karlsson, M. Chem. Mater. 2019, 31, 11, 3851 
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Figure 1.3: Configurational coordinate diagram representing crossover relaxation 

 

Figure 1.3 represents the energy curves of two states with energy on the y-axis and a 

normal coordinate on the x-axis. This diagram shows the presence of a crossover point 

at which the energies of the two states are equal. At this point, crossover relaxation is 

possible. The difference between the minimum energy of an atom in the excited state 

and the energy at which such a relaxation is possible is given by ∆𝐸 in this diagram. This 

energy gap can be bridged by the thermal energy in the system, in which case the decay 

from the excited state to the ground state will not be accompanied by any luminescence. 

With increasing temperature, this crossover relaxation becomes increasingly likely, and 

the overall luminescent efficiency of the sample is diminished.  

 

Concentration quenching 

 As the name suggests, concentration quenching is related to the concentration of 

dopant in the sample. This type of thermal quenching is the result of nonradiative energy 
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transfer between like ions and ultimately to killer centers.3 This nonradiative energy 

process is the result of interactions between dopant ions, and depends inversely on the 

distance between the dopant ions. Consequently, samples with higher dopant 

concentrations experience this form of quenching much more acutely. The energy 

transfer process between like ions to a killer center is represented in figure 1.4. The 

energy can migrate through the crystal, with ion to ion energy transfer occurring several 

times, before reaching a killer center, where the energy is released as heat. 

 

 

 

Figure 1.4: Energy transfer between ions to a killer center 

 

Because energy must be conserved in these energy transfers, they can only take place 

when there is an overlap between the absorption and emission spectra of the sample. 

These spectra widen with increasing temperature, increasing the probability of ion-to-ion 

energy transfer. Figure 1.5 shows the overlap between the emission and absorption 

spectra in Ce3+ which makes crossover relaxation possible.  

 

 

 
3 Lin, Y.; Bettinelli, M.; Karlsson, M. Chem. Mater. 2019, 31, 11, 3851 
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Figure 1.5: Modeled emission and absorption lines of cerium at 1000K 

 

YAG:Ce 

Cerium doped yttrium aluminum garnet (YAG:Ce) is a popular phosphor material 

used in the creation of white LED lights. A common LED-based device used in lighting 

applications employs a gallium nitride (GaN) LED, which emits blue light with 

wavelengths in the 450nm to 480nm range.4   However, this blue light is not visually 

pleasing to the human eye, which has become accustomed to the wide spectrum light 

present in the natural world. Furthermore, the human eye is not very sensitive in the blue 

range, making blue LEDs appear dim. To address this problem, a material which 

luminesces when excited by the radiation produced by the LED can be introduced into 

 
4 Lin, Y.; Bettinelli, M.; Karlsson, M. Chem. Mater. 2019, 31, 11, 3851 
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the system. YAG:Ce has proven to be effective for this application because it strongly 

absorbs the wavelengths of light produced by a blue LED, and efficiently luminesces to 

produce light over a wide spectrum centered in the yellow range. This yellow light, 

combined with the portion of blue light which passes through the phosphor, creates a 

much warmer and more visually pleasing light than the LED itself.5  

The emission from YAG:Ce is the result of transitions of Ce3+ ions between their 

ground state, in the 4f orbital, and the excited state in the 5d orbital.6 7 8 In Ce3+, there is 

only one electron in the 4f orbital. For electrons in the 4f orbital, spin-orbit coupling, the 

interaction of the spin of the election with its orbital motion, is the primary determinant of 

the energy, as the electrons in this orbital are shielded from the fields from the host 

crystal by the outer electron shells.  Based on the spin of the electron,	the 4f state is split 

into two energy levels: 2𝐹!
"
 and 2𝐹#

"
.9 In this notation the subscript denotes the total 

angular momentum of the ion in these states, which can be calculated with the 

expression 𝑗 = 𝑙 ± 𝑠 , where j is the total angular momentum, l is the orbital angular 

momentum quantum number, and s is the spin angular momentum quantum number. In 

the f orbital, l = 3, and for the electron, s = 1/2. With these values it can be determined 

that two energy states exist with total angular momenta of 5/2 and 7/2. The crystal field 

produced by the nearby ions further splits these states, though this effect is minor. The 

4f energy states of the lanthanide series of rare earth metals are shown below in figure 

1.6. Cerium appears as the first element on the left in the figure and is notable for its 

relatively simple set of energy levels.  

 Unlike the 4f state, the 5d states of cerium are not shielded from the fields of the 

host crystal. As such, the energy levels of electrons in this orbital are very sensitive to 
 

5 Bachmann, V.; Ronda, C.; Meijerink, A. Chem. Mater. 2009, 21, 2077 
6 Ghrib, T.; Al-Otaibi, A.L.; Almessiere, M.A.; Ashahi, A.; Masoudi, I. Thermo. Acta. 2017, 654, 6 
7 Bachmann, V.; Ronda, C.; Meijerink, A. Chem. Mater. 2009, 21, 2077 
8 Lin, Y.; Bettinelli, M.; Karlsson, M. Chem. Mater. 2019, 31, 11, 3851 
9 Lin, Y.; Bettinelli, M.; Karlsson, M. Chem. Mater. 2019, 31, 11, 3851 
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the crystal field, with the spin-orbit coupling playing a secondary role. Interactions 

between the electrons and the crystal, as well as other dopant ions within, decrease the 

energy of the excited state. To gain insight into the magnitude of the effect of the crystal 

field on the energies of the cerium states, one can look to the work of Lin et al., who note 

that while the 4f and 5d states are separated by an energy of 6.12eV for a free ion of 

trivalent cerium, the energy difference is much lower when the cerium is contained in a 

crystal.10 This is demonstrated by the observed excitation spectra of YAG:Ce, which has 

a peak around 2.76eV, much lower than that of a free cerium ion. Following absorption 

to the upper 5d level, 5d* in figure 1.7, the system relaxes to the lower 5d level in a time 

on the order of picoseconds. The cerium ion then decays to either the 2𝐹!
"
 or 2𝐹#

"
 level, 

emitting a photon.  

 

 

 

 

 
10 Ibid. 
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Figure 1.6: 4f energy states of the trivalent lanthanide series 
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Figure 1.7: Configurational coordinate diagram of Ce3+ in YAG 
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Chapter 2: Experimental Methods 

 

Continuous Luminescence Apparatus 

 The spectrum of light emitted by a material depends on the material’s 

composition, the energy with which it is excited, and the temperature of the specimen. 

The objective of these experiments was to determine the temperature dependence of 

the emission spectrum from Ce:YAG. In order to investigate this relationship, the energy 

used to excite the sample was held constant for all experiments while the temperature 

was varied. The emission spectra were observed at each temperature. The sample, 

YAG:Ce with 2.1% cerium concentration, was excited using light of known wavelength(s) 

from appropriate sources.  

Two sources were employed in these measurements: an ILC Technology R300-5 

xenon lamp, and a Kimmon IK Series helium cadmium (He-Cd) laser. The laser 

produced light with a wavelength of 325nm which was focused directly onto the sample 

with a quartz lens. The xenon lamp was focused onto the entrance slit of a Jarell Ash 

KYC 22T5 ¼ meter spectrometer (spectrometer 1 in figures 2.1 and 2.2), which was set 

to allow light with wavelengths near 440nm to pass. This 440nm light was then focused 

on the sample with a single quartz lens. Figures 2.1 and 2.2 shown below illustrate the 

configurations for continuous emission measurements using the He-Cd laser and the 

xenon lamp respectively. 

For measurements at temperatures up to 300K, the sample was mounted in a 

Cryo Industries refrigerator, model number REF-2302-204(N). This unit consists of a 

Sumitomo cold head, model number CH-204SFF-N, driven by a Sumitomo model HC-4A 

compressor. This refrigerator is capable of cooling the sample to temperatures as low as 

8K. Temperature was adjusted using a LakeShore model 335 temperature controller, 
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which was used to adjust the temperature of the sample in the range of 8K to 300K. This 

temperature controller monitored the temperature of the sample via two temperature 

sensors mounted to the sample holder. The temperature was adjusted by passing a 

current through a heater wire wrapped around the cold head near the sample.  

For measurements at temperatures above 300K, the sample was mounted in a 

glass oven, which had two quartz windows. The oven was heated by passing current 

through a heater wire which was wrapped around the oven. The temperature inside the 

oven was monitored by an Extech Instruments temperature probe, model TP873, which 

uses a type K thermal couple.  

The light emitted by the sample was focused with a single biconvex lens into the 

entrance slit of an Acton Research Corporation SpectraPro -500 0.5m triple grating 

monochromator (spectrometer 2 in figures 2.1 and 2.2). Prior to entering the 

monochromator, the light was periodically chopped at a frequency of 300Hz by an 

EG&G Parc model 194A chopper. The monochromator was set to scan over a 

wavelength range from 450nm to 700nm. Mounted on the exit slit of the monochromator 

was photomultiplier tube detector contained in a Teledyne PD-438 housing. The 

photomultiplier tube, which has a response time of 2ns, was held at 1000V. The signal 

from the detector was sent to a Stanford Research Systems lock-in amplifier, model 

number SR810DSP. This unit amplified signal at a frequency determined by the 

reference input, which was connected to the chopper. The output signal from the lock-in 

amplifier was sent to a National Instruments digital to analog converter, model USB 

6008. The digital signal was then sent to a computer.  
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Figure 2.1: Setup for continuous luminescence measurements using He-Cd laser 

 

 

 

 

Figure 2.2: Setup for continuous luminescence measurements using xenon lamp 
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Excitation Apparatus 

 While the continuous luminescence experiments aimed to measure the spectrum 

of light emitted by the sample, the goal of an excitation measurement is to determine 

which wavelengths of the light incident on the sample lead to emission. To achieve this, 

the wavelength of incident light is scanned over a wide range of wavelengths, while the 

emitted light is monitored at a fixed wavelength. The sample was excited in these 

measurements using the xenon lamp was focused onto the entrance slit of the Jarell Ash 

¼ meter spectrometer which scanned in a wavelength range from 250nm to 525nm. To 

provide the best resolution from this spectrometer, the smallest available slits were used, 

with a width of 1mm. After passing through the monochromator, the light was focused 

onto the sample using a single quartz biconvex lens. The light emitted by the sample 

was focused through the chopper into the entrance slit of the SpectraPro -500 

monochromator, which was set to a fixed wavelength of 575nm. These measurements 

were conducted in the temperature range from 8K to 300K. The detection, amplification, 

and recording of the output signal was identical to the method described for the 

continuous luminescence measurements. This setup is identical to that shown in figure 

2.2, where the wavelength of light permitted through spectrometer 1 is varied while that 

of spectrometer 2 is held constant. 

 

Response to pulsed excitation apparatus 

 The lifetime of an excited atomic system is defined as the average length of time 

that the system remains in its excited state before returning to the ground state. For 

these measurements, the sample was excited with a laser pulse, and the emission was 

monitored as a function of time after the pulse. For the laser pulse, a frequency doubled 

YAG:Nd laser pulse at 532nm with a pulse width of 25ns was used. This pulse was 

produced by a Schwartz Electro-Optics Titan-P Ti-Sapphire laser. The laser beam was 



 23 

focused onto the sample, which was mounted in the same refrigerator and oven 

assemblies used in the continuous emission measurements. The light emitted by the 

sample was focused onto the entrance slit of the SpectraPro monochromator. The slits 

of the monochromator were adjusted to maximize the signal without saturating the PMT 

detector. The signal from the detector was sent into the 50W input of a Tektronix 

DPO4104B Digital Phosphor Oscilloscope, with a bandwidth of 1GHz. The laser pulse 

and trigger input into the oscilloscope were synchronized by a Signal Recovery model 

9650A Digital Delay Generator. The oscilloscope allowed for the signal from the detector 

to be displayed as a function of time following each pulse. The oscilloscope was set to 

average over 512 pulses, increasing the signal to noise ratio by a factor of over 22. 

These measurements were carried out at temperatures ranging from 8K to 725K. 

 

 

Figure 2.3: Setup for lifetime measurements 
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Ruby measurements 

To gain familiarity with the equipment, as well as insight into the precision of the 

instruments, experiments were conducted on a material of known luminescent properties 

prior to any measurements. The material used for these experiments was ruby, a variety 

of aluminum oxide notable for its red color, due to the presence of chromium. This 

material has been studied extensively, and data on the characteristics of the emission 

spectrum it creates are readily available. By measuring these emission spectra at a 

range of temperatures and comparing them to accepted values and theoretical models, 

the accuracy and precision of the setup could be determined. 

 

The relationship between linewidth and temperature in ruby 

 In June 1963, the Journal of Applied Physics published a paper by D.E. 

McCumber and M.D. Sturge entitled Linewidth and Temperature Shift of the R Lines in 

Ruby. This paper investigates the relationship between temperature and the linewidth of 

emission lines in ruby. The paper gives an expression for linewidth as a function of 

temperature: 

 

𝛤!(𝑇) = 𝛤!(0) + 𝛼!(
𝑇
𝑇"
)#) 𝑑𝑥

$
$!
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This function11 gives linewidth as a function of three terms, described by McCumber and 

Sturge as follows: the “Raman” term, with the coefficient 𝛼%, which accounts for the 

scattering of phonons by impurity in the ruby; the the “direct-process” term, which factors 

in single phonon emission and absorption causing transitions between two elevated 

energy states; and a residual linewidth term, 𝛤%(0). The article notes that, for the 

temperature range in question, the “direct-process” term is negligible, so 𝛽"! can be set 

equal to zero.12 The article gives the Debye temperature, the ruby’s highest normal 

mode of vibration, given here as 𝑇&, as 760K. The coefficient for the “Raman” term and 

the residual linewidth term are given for each peak independently in the article, leaving 

temperature as the only remaining variable in the equation.13 With this expression, the 

observed linewidths could be compared to a theoretical value, offering insight into the 

limitations of the equipment used.  

 Comparing the values of linewidth predicted by this expression to those observed 

experimentally, it was determined that the experimental setup records emission lines 

which follow the trend described by the expression above, but which are consistently 

much wider. These results are plotted below in figures 2.4 and 2.5. 

 

 
11 McCumber, D.E.; Sturge, M.D. J. Appl. Phys. 1963, 34, 1682 
12 Ibid. 
13 Ibid. 
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Figure 2.4: Observed vs. theoretical linewidth of ruby emission at 693nm peak 

 

 

Figure 2.5: Observed vs. theoretical linewidth of ruby emission at 694nm peak 
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As figures 2.4 and 2.5 illustrate, the apparatus used consistently recorded wider 

emission lines at both wavelengths than were predicted by the function proposed by 

McCumber and Sturge. The mean differences between the predicted and observed 

values of the linewidths for the peaks at 693nm and 694nm were 2.16cm-1 and 2.65cm-1, 

respectively. The root mean square errors between predicted and observed values at 

these two peaks were found to be 1.8543cm-1 and 2.7413cm-1, respectively. 

 Because the trends of the lines are very similar, it can be deduced that the cause 

of this error is the resolution of the equipment used for the observation. Specifically, the 

error can likely be attributed to the relatively lower spectral resolution of the 

spectrometer used as compared to that used by McCumber and Sturge in their research, 

which accurately reproduced the predicted values.  

 

Measurements from Hg lamp 

 To better determine the resolution of the spectrometer used in these 

measurements, the emission spectrum of a mercury lamp was measured. The Hg lamp 

was used as a light source in these measurements because it exhibits extremely narrow 

emission lines which have been well documented. By comparing the linewidth of the 

emission measured by the SpectraPro spectrometer with the known widths of the 

emission lines of Mercury, the resolution of the spectrometer could be determined. 

 Using the same experimental setup that was used for the continuous emission 

measurements of the sample, a spectrum of the light from the Hg lamp was taken. This 

emission spectrum is plotted below in figure 2.6. 
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Figure 2.6: Hg lamp emission spectrum 

 

From this spectrum, the full width half maximum values of these two emission peaks 

were measured. The two most prominent peaks in this range were observed at 

wavelengths of 576.940 nm and 579.043 nm. The accepted values for these peak 

locations are 576.959 nm and 579.066 nm respectively.14 The proximity of these 

observed peaks to their accepted locations shows that the experimental apparatus was 

calibrated well, finding peaks within 0.03 nm of their true location. The full width at half 

maximum (FWHM) values of these peaks were found experimentally to be roughly the 

same, 2.193cm-1 and 2.177cm-1 for the peaks at 576.9nm and 579.0nm, respectively. 

 
14 Strong Lines of Mercury (Hg), WWW Document, 
(https://physics.nist.gov/PhysRefData/Handbook/Tables/mercurytable2.html) 
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These are much wider than those observed by Sansonetti et al., who found linewidths 

less than 0.3cm-1 from a similar lamp.15 

 

Convolution 

 To reconcile the differences between the theoretical linewidths prescribed by 

McCumber and Sturge and those observed by the experimental apparatus used for 

these measurements, the information gathered from the Hg lamp spectrum was 

considered. The signal observed by a spectrometer can be represented as the 

convolution of the spectral resolution of the apparatus and the true signal with the 

following equation.16 

 

𝑆!(𝜆) = 𝑆"(𝜆) ∗ 𝑅(𝜆) 

 

𝑆'(𝜆) represents the observed signal as a function of wavelength, and the right-hand 

side is the convolution of the true signal 𝑆((𝜆), and the spectral resolution of the 

instrument, 𝑅(𝜆), both as functions of wavelength.  

 To apply this equation to the experimental results from the ruby measurements, 

the right-hand side can be solved and compared to the observed linewidths. Because 

the true linewidth of Hg emission is known to be extremely narrow, the assumption is 

made in these calculations that the emission lines observed in the Hg lamp 

measurements can be used as de facto resolution measurements. Using the expression 

given by McCumber and Sturge in their research for the linewidth of ruby, both terms on 

 
15 Sansonetti, C.; Salit, M.; Reader, J. Appl. Optic. 1996, 35, 75 
16 Part 5: Spectral Resolution, WWW Document, (https://bwtek.com/spectrometer-part-5-spectral-
resolution/) 
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the right-hand side of this equation are known, and the convolution of the two can be 

compared to the observed linewidths.  

 To convolve the resolution from the Hg lamp with the Hg emission lines found by 

McCumber and Sturge, gaussians were created for both curves. Using MATLAB, these 

two gaussians were convolved with one another, and the linewidth of the resultant curve 

was measured. The linewidth predicted by McCumber and Sturge, adjusted for the 

spectral resolution of the apparatus used in these measurements is plotted below 

alongside the observed linewidth below in figure 2.7.  

 

 

Figure 2.7: Linewidth adjusted for spectral resolution, 693nm peak 
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From figure 2.7, one observes that adjusting values for linewidth predicted by McCumber 

and Sturge to account for the spectral resolution of the apparatus provides a much better 

fit to the experimental findings. The root mean square error between the adjusted 

theoretical values and those found experimentally is found here to be 0.2909 cm-1, a 

significant improvement from the pre-adjustment value of 1.8543 cm-1. 

 The findings from the measurements taken on the ruby sample, combined with 

those from the mercury lamp, provide insight into the limitations of the experimental 

apparatus used in for this research. The differences between the observed and 

theoretical values of linewidth in the ruby sample, and the extent to which adjustment for 

spectral resolution resolved them, indicate that the spectral resolution of the 

spectrometer is significant limitation of this setup. The proximity of the observed Hg 

emission peaks to their accepted locations speaks to the accuracy of the spectrometer 

used, as these peaks were found less than a twentieth of a nanometer from their 

accepted values.  
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Chapter 3: Experimental Results 

 

Continuous Luminescence 

 The results of the continued luminescence measurements followed several 

notable trends. Figure 3.1 illustrates the luminescence measurements under excitation 

at 325nm at various temperatures, including the minimum and maximum temperatures 

used. 

 

 

Figure 3.1: Luminescence spectra for various temperatures 
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It is clear from this plot that the intensity of luminescence decreased at higher 

temperatures. This decrease was quite significant, with the maximum intensity at 725K 

about one fifth of the peak intensity at 8K. The peak intensity is plotted against 

temperature below in figure 3.2.   

 

Figure 3.2: Intensity at peak vs. temperature 

 

 

Figure 3.2 illustrates a trend that seems obvious in figure 3.1: peak intensity decreases 

with increased temperature. However, it can be seen in figure 3.2 that this downward 

trend does not begin until the temperature of about 400K. Similar conclusions can be 

drawn from the relationship between temperature and the integrated area under the 
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peak. This relationship is shown in figure 3.3. The trend shown in this figure is very 

similar to that seen in figure 3.2. Again, a steep decline in luminescent intensity is 

observed as temperature increases beyond 400K.  

 

 

 

Figure 3.3: Integrated intensity vs. temperature 

 

 Another relationship revealed by this data is that between temperature and the 

full width at half of the maximum intensity (FWHM). This is the same metric which was 

studied in ruby earlier in this work, and describes how broad the emission spectrum is. 
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Figure 3.4 shows FWHM as a function of temperature. This figure demonstrates a clear 

trend of increasingly broad emission spectra with increasing temperature.  

 

 

Figure 3.4: Full width at half maximum intensity vs. temperature 

 

 The sample also demonstrates a temperature dependence on the wavelength of 

maximum luminescent intensity. A slight trend of increasing wavelength at peak intensity 

with increasing temperature can be observed in figure 3.1 as the peaks appear to move 

to the right with increasing temperature. This trend is illustrated in figure 3.5, where the 

wavelength of the peak is plotted against temperature.  
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Figure 3.5: Wavelength at peak intensity vs. temperature 

 

Response to pulsed excitation 

 Rather than measuring the luminescence of the system under steady state 

conditions, as in the continuous luminescence measurements, it is of interest to 

understand how the system responds to excitation with a short pulse. For this 

experiment, a laser pulse at a wavelength of 532nm was used to excite the sample. The 

intensity of this laser pulse is plotted as a function of time in figure 3.6. Also included in 

the figure is a double Gaussian fit to the laser pulse, as the asymmetry of the pulse 

required a second gaussian to fit the data well. The full width of the pulse at half the 
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maximum intensity (FWHM) was found to be 40ns. About 80ns after the beginning of the 

pulse, the intensity has effectively returned to zero. 

 

 

Figure 3.6: Laser pulse and double gaussian fit 
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Figure 3.7: Normalized decay curves at various temperatures 

 

Sample results from the pulsed excitation measurements are shown in 3.7. These 

results illustrate response curves which remain mostly unchanged from 8K to 200K but 

becomes steeper at higher temperatures. The noise seen in these plots can most likely 

be attributed to the fact that the photomultiplier tube saturated at signal levels higher 

than about 50 mV, rather than any characteristics of the sample itself. Despite this noise, 

the trend of increasingly rapid decay at higher temperatures is clear here. To better 

understand this trend, the response curves were analyzed to find the lifetime of the 

sample. 
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These response curves show three characteristics. First, a rapid rise in intensity is 

observed during the first ~30ns, at which point a peak occurs. This portion of the curve 

represents the feeding of the excited state of the cerium ions. Next, for approximately 

the next 50ns, the laser continues to excite the cerium ions, though the decay of the 

cerium ions becomes more dominant with time, hence the decrease in intensity of the 

response curve. After about 80ns, the cerium ions are no longer being excited, so this 

part of the curve represents purely the decay of cerium ions from their excited state. 

Finally, at times beyond a few hundred nanoseconds, the decay curve flattens out, 

representing a much slower decay process at work.  

The third part of the curve can be used to calculate the average time the cerium 

remains in its excited state, which is known as the lifetime of the excited state. To extract 

the lifetime data from the response to pulsed excitation curves, the following procedure 

was used.  

 

1. Plot the data on a semi-log plot. An example of this is shown for the decay 

pattern at 475K in figure 3.8.    

2. Identify a linear region of the response curve beginning at least 80ns after the 

beginning of the rise of the pulse. This linear region should be present if the 

decay can be represented by a single exponential. (See the red line in figure 3.8) 

3. Determine the slope of this line. The lifetime is simply the negative inverse of the 

slope. 

 

By slightly adjusting the bounds of the linear region, lifetime values were determined at 

temperatures ranging from 8K to 725K. These lifetimes are shown in figure and are 

provided in table 3.1. Other methods of determining the lifetimes were utilized and will be 

discussed in the next section. 
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Figure 3.8: Illustration of linear fit used to determine lifetime, 475K 

 

Figure 3.9: Lifetime vs. temperature 
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Table 3.1: Lifetimes found from each method 

Temperature (K) Lifetime determined 

by linear fit (ns) 

Lifetime determined 

by exponential fit 

(ns) 

Lifetime determined 

by integration (ns) 

8 91.50 84.70 65.18 

25 81.83 80.31 65.28 

50 76.82 75.87 64.23 

75 82.75 80.81 63.27 

100 83.37 81.50 62.79 

125 79.42 76.81 61.52 

150 79.01 79.15 61.00 

175 80.25 80.24 60.21 

200 78.08 78.64 59.93 

225 78.28 76.59 60.68 

250 80.31 81.03 60.84 

275 81.73 79.81 60.54 

300 77.11 78.20 63.45 

325 77.90 73.23 66.87 

350 78.09 83.08 58.33 

375 76.38 76.52 60.69 

400 74.92 85.44 59.76 

425 70.18 67.05 56.32 

450 67.76 73.76 57.97 
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475 64.48 76.38 56.02 

500 63.47 62.24 51.63 

525 59.21 61.39 46.41 

550 48.69 49.67 39.32 

575 42.84 40.81 31.26 

600 35.31 32.21 24.08 

625 28.25 28.22 21.34 

650 18.41 24.49 17.91 

675 13.37 22.38 15.25 

700 8.77 19.31 10.29 

725 8.97 19.77 10.50 

 

Much like the results of the continuous luminescence measurements, little change in the 

lifetime was observed at temperatures below 400K. At temperatures above 450K, a 

rapid decline in the lifetime of the sample was observed. Figure 3.8 illustrates the same 

trend that was observed in figure 3.6: a decline in observed lifetimes with increased 

temperatures above 300K which becomes increasingly precipitous above 500K. 

 

Excitation 

 Measurements of the excitation spectrum in the sample were made at 

temperatures of 8K, 100K, 200K, and 300K at wavelengths between 250 nm and 525 

nm. The excitation spectra measured are shown in figure 3.10. 
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Figure 3.10: Excitation spectra at each temperature tested 

 

This data reveals several interesting trends. With increasing temperature, an increase in 

intensity of emitted light was observed. This trend is most clearly visible in the first peak, 

centered around 350 nm in figure 3.10. An increase in the wavelengths at which the 

sample was most excited was also observed and is clear in the first peak in the above 

figure. While the locations of the peak excitation wavelengths shift to higher wavelengths 

with increasing temperatures, the beginning of these peaks does not appear to shift as 

rapidly. Rather, the peaks appear to broaden towards higher wavelengths. The sharp 

peaks observed above 450nm are due to spectral lines of the xenon lamp which was 

used to excite the sample. 
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Chapter 4: Discussion 

 

Continuous luminescence measurements 

 

Discussion of the emission spectrum 

 The emission spectrum of YAG:Ce is comprised of two separate emission bands 

as a result of the two energy levels present in the 4f state. The higher and lower energy 

emission bands represent decay from the 5d state to the 2𝐹!
"
 and 2𝐹#

"

 energy levels 

respectively.17 At low temperatures, the higher energy peak can be identified in the 

luminescence spectrum as a minor feature in the spectrum around 525nm. The two 

emission bands present in YAG:Ce are shown below in figure 4.1, where two gaussians 

were fitted to the emission spectrum taken at 8K.   

 
17 Bachmann, V.; Ronda, C.; Meijerink, A. Chem. Mater. 2009, 21, 2080 
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Figure 4.1: Fitted gaussians representing the emission bands in YAG:Ce, plotted 
alongside the experimental data taken at 8K 

 

With increasing temperatures, these emission bands become increasingly broad, making 

it virtually impossible to differentiate between the two. The broadening of spectral lines 

with increasing temperature is not exclusive to YAG:Ce. This phenomenon is known as 

thermal broadening and is the result of the motion of the atoms in a material, which 

increases with increasing temperature.18 

 

 

 

 

 
18 Lin, Y.; Bettinelli, M.; Karlsson, M. Chem. Mater. 2019, 31, 11, 3851 
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Shift in peak wavelength 

 One of the most consistent trends observed in the continuous luminescence 

measurements was a shift towards longer wavelengths with increasing temperatures. 

This trend is illustrated in figure 3.5. A possible explanation for this decline in the higher 

energy portion of the emission is related to the observed broadening of both the 

luminescence and absorption spectra. Overlap between absorption and emission peaks 

can lead to the reabsorption of emitted radiation by the sample, decreasing the amount 

of radiation released. Bachmann et al. assert that reabsorption of radiation diminishes 

the high energy portion of the luminescence, especially in samples with high Ce3+ 

concentration.19 The broadening and shifting of the excitation band of cerium near 

500nm seen in figure 4.10, as well as the emission spectra shown in figure 4.1, show an 

increasing overlap between the absorption of the high energy emission band with 

increasing temperature.  

 Because the experimental apparatus used in these measurements did not allow 

for the entire excitation spectra to be measured, the overlap between the excitation and 

emission spectra cannot be determined from this data. However, the broadening of both 

spectra is evident from the experiments, providing evidence to support the reabsorption 

explanation for the observed shift in the luminescence spectra towards lower 

temperatures. 

 

 

 

 

 

 
 

19 Bachmann, V.; Ronda, C.; Meijerink, A. Chem. Mater. 2009, 21, 2080 
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Response to pulsed excitation measurements 

 

Methods of calculating lifetime 

 In chapter 3, only one method of calculating lifetime from the experimental 

response curves was discussed. This method, the linear fitting of the response curves 

plotted logarithmically, was the primary method employed for the calculation of lifetimes, 

but two other techniques were used to test the consistency of the results. Because the 

response curves became increasingly non-exponential at high temperatures, these 

methods were employed to better understand the limitations of the lifetime 

measurements found by linear fitting. The first of these methods was quite similar to the 

linear fitting and consisted of fitting an exponential function to a larger portion of the 

response curve. The second method involved the integrated area beneath the response 

curves. 

 To determine lifetime by integration, several steps had to be completed. First, 

the response curve had to be cropped so as to exclude any of the laser pulse from the 

data. With this accomplished, the integrated area under the response curve was 

determined. The response data was then normalized with respect to the integrated area, 

yielding the probability of radiative decay at each point in time. This portion of the 

calculation is represented mathematically as follows.  

𝜏#$% = ) 𝑓(𝑡)𝑡	𝑑𝑡
&

'
 

In the above equation, f(t) is the response curve normalized such that the area under the 

curve is equal to 1. 
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Efficiency 

 Lin et al. point to luminescence efficiency as a useful metric in the investigation of 

thermal quenching. The luminescence efficiency of a material is given in this article as a 

function of the lifetime with the following equation.20 

𝜂 = )
)$

                                        (Eq. 4.2) 

In this expression, 𝜂 represents luminescence efficiency, 𝜏 is the calculated lifetime, and 

𝜏* is the lifetime in the absence of any nonradiative losses.  

To calculate the luminescent efficiency of the sample from the lifetimes found 

experimentally in this research, this expression was evaluated for the measured 

lifetimes. Using the highest lifetime observed at 8K as 𝜏*, the luminescence efficiency 

was determined for each temperature. These results are plotted below in figure 4.2  

 

Figure 4.2: Luminescence efficiency vs. temperature 
 

20 Lin, Y.; Bettinelli, M.; Karlsson, M. Chem. Mater. 2019, 31, 11, 3851 
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Clearly, the trend of this data is the same as that of the lifetimes plotted against 

temperature, with a steady decline at temperatures above 350K. At the maximum 

temperatures measured, luminescence efficiency below 10% is observed,  

 A quenching temperature, 𝑇+*%, is defined by Lin et al. as the temperature at 

which the luminescence efficiency drops below 50%. In this research, the quenching 

temperature is found between 550K and 575K. These findings are very different than 

those found in previous research, as both Lin et al. and Bachmann et al. found values of 

𝑇+*% greater than 700K.21 22 Discrepancies between published and observed data will be 

discussed at the end of this chapter.  

 

Modeling concentration quenching 

 Bachmann et al. conducted research on YAG:Ce with dopant concentrations 

ranging from 0.033% to 3.333% to better understand the thermal quenching observed in 

this material. In their research, Bachmann et al. contend that, for samples with higher 

dopant concentration (>1%), concentration quenching is the dominant mechanism 

responsible for thermal quenching.23 To develop a model for thermal quenching, the 

following terms are defined. The probability per unit time of emitting a photon, 𝑃(-., is 

defined as 

      𝑃(-. =
"
)$

                                  (Eq. 4.3) 

The probability per unit time of decaying either radiatively or nonradiatively, 𝑃%'%/(-., is 

given by 

𝑃(-. + 𝑃%'%/(-. =
"
)
                                          (Eq. 4.4) 

 
21 Lin, Y.; Bettinelli, M.; Karlsson, M. Chem. Mater. 2019, 31, 11, 3851 
22 Bachmann, V.; Ronda, C.; Meijerink, A. Chem. Mater. 2009, 21, 2080 
23 Bachmann, V.; Ronda, C.; Meijerink, A. Chem. Mater. 2009, 21, 2080 



 50 

Combining equations 4.3 and 4.4 with equation 4.2, one obtains  

𝜂 = !

!"
!"#"$%&'

!%&'

		                                            (Eq. 4.5) 

Based on the work of Lin et al. and Bachmann et al., it is assumed that the quenching 

observed in this sample is primarily the consequence of concentration quenching, an 

equation was tested to model this phenomenon. As discussed in chapter 1, this process 

involves energy transfer from one cerium ion to another, which can occur several times. 

Assuming that N such transfers occur leading to the energy being lost at a killer center, 

equation 4.5 can be written as  

 

𝜂 = (

()*+∗-01(/)1
2                                    (Eq. 4.6) 

where 𝛼 and N are parameters to be fit to the data. Equation 4.6 gives the luminescent 

efficiency,	𝜂,	as a function of the probability of energy transfer from one cerium ion to the 

next, 𝑃34(𝑇), a coefficient relating to the radiative lifetime of the sample, 𝛼, and N, the 

average number of cerium ions through which energy must transfer before ending up in 

a killer center. The energy transfer process requires the conservation of energy, and is 

expressed by Mishra and Collins as the overlap of the normalized emission and 

absorption spectra of the material.24 𝑃34(𝑇) is a function describing the calculated 

overlap of the normalized emission and absorption bands of an ion using a model where 

the energy states of cerium are represented as in figure 1.7. By raising this term to the 

power of N, the probability of energy jumping between N cerium ions before returning to 

its ground state can be found. By applying the condition that N must be an integer and 

using the calculated values of 𝑃34(𝑇), N and 𝛼 were varied to find values which closely fit 

the experimental data. This fitting is shown in figure 4.3. The values found to fit the 
 

24 Mishra, K. C.; Collins, J.; ECS J. Solid State Sci. Technol. 2021, 10, 066003 
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experimental data most closely were 𝛼 = 85, and N = 8. This implies that energy must 

transfer between cerium ions an average of 8 times before it will enter a killer center. 

This model fits the data quite well, with a root mean square error of 0.0427 and an R2 

value of 0.9801.  

 

 

Figure 4.3: Concentration quenching model plotted alongside experimental results 

  

 

 

 

 

 



 52 

 

Comparing lifetime measurements to difference equation 

As one can see in table 3.1, a great deal of variation was observed in the 

lifetimes, dependent on how they were measured. To gain more insight into these decay 

curves, a difference equation was created to describe the response of the sample to 

excitation with a laser pulse as a function of time.  

𝑛!(𝑡 + ∆𝑡) = 𝑛!(𝑡) +𝑊(𝑡)∆𝑡 −
𝑛!(𝑡)
𝜏

∆𝑡 

This equation gives the portion of Ce3+ ions in the excited 5d state (𝑛!) as a function of 

time. Here, 𝜏 represents the lifetime of the sample and the laser pulse which causes this 

excitation is given by 𝑊(𝑡).  

In order to find a function 𝑊(𝑡) which matched the laser pulse, two gaussian 

curves were fitted to a measurement taken of the laser pulse itself. This fitting was 

shown in figure 3.6. The fitted function matched the laser pulse, and acts as the driving 

portion in the difference equation. With the laser pulse portion of the equation fitted, the 

difference equation could be evaluated over time. To evaluate this equation, it was 

iterated through in steps of length ∆𝑡 with an initial value of 𝑛!(0) = 0. Using the lifetime 

values found by fitting the data with a linear function, the plotted difference equation was 

compared to the experimental data. Two examples of these comparisons are shown in 

figures 4.3 and 4.4, which represent lifetime measurements at temperatures of 8K and 

600K, respectively. The fits found by this difference equation are reasonably good, 

indicating that this model of exponential decay, along with the calculated lifetimes, fit the 

data fairly well. However, the quality of this fit was not sufficient to draw any conclusions 

about the processes at play. 
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Figure 4.3: Difference equation vs. experimental results, 8K 

 

Figure 4.4: Difference equation vs. experimental results, 600K 
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Modeling nonradiative relaxation rate with the Arrhenius equation 

 Lin et al. use the Arrhenius equation to approximate nonradiative crossover 

relaxation.25 This approximation uses the Arrhenius equation to model the rate of 

nonradiative relaxation, holding the radiative relaxation rate constant. The equation is 

given by  

𝜏 =
1

𝑅( + 𝐴%( ∗ exp G
−∆𝐸
𝑘𝑇 I

 

In this equation, 𝑅( represents the rate of radiative transition between the 5d to 4f states, 

𝐴%( is described as the attempt rate of the nonradiative transition, 𝑘 is the Boltzmann 

constant in units of cm-1/K, ∆𝐸 represents the thermal energy required for crossover 

relaxation for electrons in the 5d state. Under the assumption that lifetimes observed at 

the minimum temperature represent purely the radiative lifetime of the sample, the 

constant 𝑅( is found as 1/	𝜏( ,	the inverse	of the radiative lifetime. By fitting this equation 

to the lifetime data found at each temperature point, values of ∆𝐸 and 𝐴%( could be 

found. Fitting the Arrhenius equation to this data yielded a ∆𝐸 value of 3580 cm-1, and 

𝐴%( as 77.56 s-1. This fitting had an R-square value of 0.9786. The Arrhenius equation 

fitting is shown, along with the experimental lifetime data, in figure 4.5. 

 

 
25 Lin, Y.; Bettinelli, M.; Karlsson, M. Chem. Mater. 2019, 31, 11, 3851 
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Figure 4.5: Lifetime from fitted Arrhenius equation compared to observed data 

 

Previous research indicates that, for samples with high dopant concentration, 

concentration quenching is the dominant mode of thermal quenching. Consequently, the 

variables found by fitting this model for crossover relaxation to the lifetime data likely do 

not represent the same characteristics of the material which they would in the case of 

crossover relaxation. The value of ∆𝐸 found here most likely does not describe the 

difference between the minimum 5d energy and the crossover point. Instead, this value 

more can be understood more accurately as the average energy required for the 

processes responsible for concentration quenching to take place.   

 

Comparison with published findings 

Continuous luminescence measurements 

 Referring back to figures 3.1-5, several characteristics of the relationship 

between luminescence and temperature can be observed. The relationship between 

integrated luminescent intensity and temperature found here can be compared to 
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published data. The experimental results show an increase in luminescent intensity from 

8K to about 375K, followed by steep decline at higher temperatures. While Zych et al. 

studied the emission of this material under gamma excitation, they did observe a similar 

increase in intensity at lower temperatures which reached a maximum value around the 

same temperature.26  The findings of Zych et al., however, did not include the same 

rapid decline at higher temperatures, and may be affected by the different source of 

excitation used.  

 Bachmann et al. took continuous luminescence measurements on this sample at 

temperatures starting at 300K and observed a decline in luminescent intensity much like 

that observed in this research. Bachmann et al. note that for a sample with a cerium 

concentration of 3.33%, luminescent intensity at 520K had dropped to half of its value at 

300K.27 These findings are in line with the luminescence measurements taken in this 

research, which saw luminescent intensity decrease to 50% of its maximum value at 

around 525K-575K. It should be noted that the concentration of the sample in this 

research was lower than the 3.33% sample studied by Bachmann et al., with a 

concentration of 2.1%. 

 

Excitation measurements 

 The most notable trend seen in the measurements of the excitation spectra of 

this sample was a broadening of the excitation bands towards higher wavelengths. 

Broadening occurs in the research by Bachmann et al., but the excitation spectra found 

in this research do not broaden towards higher wavelengths exclusively, as was seen in 

this research.  

 

 
26 Zych E.; Brecher C.; Glodo J. J. Phys. Cond. Mater. 2000, 1947-1958, 12(8) 
27 Bachmann, V.; Ronda, C.; Meijerink, A. Chem. Mater. 2009, 21, 2077-2078 
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Pulsed excitation measurements 

 The response to pulsed excitation curves observed in this research followed the 

general trend observed in previous research, but several key differences were noted. 

Beginning with the calculated lifetime at low temperatures, Bachmann et al. observed a 

lifetime of 67ns at low temperatures for a sample of 3.33% Ce3+.28 This is significantly 

lower than the low temperature lifetimes calculated from the response curves observed 

in this work, which were generally found to be about 80ns. The decrease in lifetime 

occurs at around the same temperature in this research as was observed in Bachmann 

et al., but the thermal quenching observed in this research was much more complete at 

higher temperatures. Bachmann et al. observed lifetimes diminished by less than 50% at 

700K,29  while the lifetime was found to be around 10% of its unquenched value at 700K 

in this research. The lifetime of this sample at 700K was calculated to be 8.77ns when 

found by linear fitting, and 19.21ns when found by fitting an exponential to the response 

curve. These values are far from the ~33ns lifetimes observed by Bachmann et al. at the 

same temperature.  

 Some error in these measurements can likely be attributed to the trigger 

mechanism used for the oscilloscope. Because the timescale is so short for response to 

pulsed excitation data, even very small variations in the time from the trigger pulse being 

sent to the laser hitting the sample can be significant in the data. The oscilloscope was 

triggered off the same pulse as the laser in these measurements, but small variations 

could exist in the time between the trigger pulse and the laser firing. Such variations 

cause the response curve to move slightly in time on the oscilloscope, which would 

 
28 Bachmann, V.; Ronda, C.; Meijerink, A. Chem. Mater. 2009, 21, 2081 
29 Ibid. 
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appear in the averaged measurements as a broader response curve. Also, work done by 

Bachmann et al. shows a nonexponential decay pattern at higher temperatures, where 

concentration quenching is strong. Thus, determining a single value for the lifetime 

becomes problematic. 
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Chapter 5: Conclusions and Future Work 

 

 From the data gathered and the analysis conducted in this work, in conjunction 

with published research on the topic, it is concluded that concentration quenching is the 

primary mechanism of thermal quenching in the sample studied. This conclusion is 

bolstered by published research, which has pointed to concentration quenching as the 

dominant factor in samples of high dopant concentration, as well as the models created 

to describe the lifetime measurements in this work. 

 Looking to the research of Bachmann et al., who studied not only the 

temperature dependence of luminescence in YAG:Ce but also the concentration 

dependence, one can see the significant role played by concentration quenching in this 

process. For samples with low dopant concentration (0.033% and 0.333%), Bachman et 

al. observed almost no decline in luminescent efficiency until temperatures above 600K, 

but saw efficiency begin to decrease at temperatures as low as 425K for a sample with a 

Ce3+ concentration of 3.333%.30 These findings are strongly indicative of the dominant 

role played by concentration quenching in samples of high dopant concentration, as 

neither thermal ionization nor crossover relaxation should change as a function of 

concentration. Therefore, it can be inferred that the roles of crossover relaxation and 

thermal ionization are negligible at temperatures below 600K. 

 The models tested in this work further support this claim, as the model for 

concentration quenching fit the data very well. The concentration quenching model fit the 

data marginally better than the crossover relaxation model. The concentration quenching 

model suggests an average of 8 energy transfers among the cerium ions occur prior to 

the energy reaching a killer center. 

 
30 Bachmann, V.; Ronda, C.; Meijerink, A. Chem. Mater. 2009, 21, 2081 
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 The findings presented in this research offer insight into the thermal properties of 

luminescence in YAG:Ce. For future research to improve upon the experimental 

methods used here, the following takeaways should be considered. 

 The process of measuring and analyzing the samples response to pulsed 

excitation is difficult to perfect, as this data can be thrown off by several factors. Two 

major factors affected these measurements in this research: the laser pulse width, and 

the trigger mechanism for the oscilloscope. Future researchers would benefit from the 

use of a laser with as short of a pulse as possible, as the resultant response curves will 

be more representative of the luminescence of the sample itself. Furthermore, it is 

advisable to avoid triggering the oscilloscope from the same trigger pulse as the laser, 

as small delays in the laser firing will cause movement in the response curve on the 

oscilloscope. Instead, it is suggested that the oscilloscope is triggered by the laser pulse 

itself, which can be achieved using a diode as the trigger. For the analysis of this data, 

regardless of the method used, it is critical that the fitting to find lifetime does not begin 

until after the laser pulse has been completed.  

 The excitation measurements taken in this research were very limited, which 

prevented the calculation of the overlap between excitation and emission. The 

spectrometer used for these measurements was incapable of going past 525nm, which 

prevented the measurement of the complete excitation spectra. Furthermore, the 

equipment used made excitation measurements extremely laborious and time 

consuming, a major factor given the time constraints of this project. Future researchers 

are advised to take these measurements at each temperature tested with a more 

capable spectrometer, as the overlap between excitation and emission spectra plays a 

significant role in both concentration quenching and reabsorption.  
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