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Abstract 

Persistent luminescence (PersL) is an optical phenomenon found in inorganic materials, 

where a luminescent center, e.g., Eu2+ or Cr3+, is substituted into a host inorganic crystal 

structure, producing visible light on the order of minutes to hours. The mechanism 

driving PersL is generally agreed to arise from a relationship between the host 

structure’s bandgap and any lattice defects stemming from anion vacancies, anti-site 

defects, and co-dopants, e.g., Dy3+, that form electron traps. Research has primarily 

focused on establishing methods to improve the long luminescent lifetimes of known 

persistent luminescent phosphors (PLPs) and the extension of these materials into 

medical diagnostic applications. However, the PLPs available today have a limited range 

of emission wavelengths, low efficiency, and lack chemically stability. Developing novel 

PLPs requires a fundamental understanding of the relationship between the crystal 

structures and chemical compositions that bring about these distinctive optical 

properties. Until recently, it was thought that the 5d-orbitals present from a co-dopant 

were mainly responsible for creating electron traps; yet, thermoluminescence 

experiments proved a co-dopant was not necessary to observe PersL. This supports the 

notion that lattice defects are the main electron traps driving PersL.  

The work presented herein addresses this question using a combination of experimental 

and computational chemistry tools to identify the intrinsic nature of the electron traps and 

their relationship to the optical properties. Detailed structural studies were first employed 

using high resolution synchrotron X-ray diffraction to show compositional control in a 

solid solution, while X-ray absorption spectroscopy revealed distortions around the 

luminescent center are linked to anti-site defects. Next, thermoluminescence 

spectroscopy and computational modeling provided the link between chemical 
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composition and presence of lattice defects to the efficiency of PersL. Finally, a novel 

synthesis approach to particle size reduction demonstrated an improvement to PersL by 

inducing surface defects while maintaining chemical composition. The results highlight 

the importance of investigating the connection between lattice defects, structural 

properties, e.g., local polyhedral distortion, and optical properties such as PersL. 

Together, a stronger fundamental understanding of crystal structures and compositions 

of PLPs will advance the discovery of novel materials. 
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Figure 5.2 Cr K edge XANES spectra for Zn(Ga1-δAlδ)2O4:Cr3+ (δ = 0 – 1). Dashed 
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continuum, D is the first constructive interference. Lorentzian fitted peaks are grey. 
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Chapter 1 

Introduction 

1.1 Persistent Luminescent Phosphors 

The phenomenon known as persistent luminescence (PersL) is a unique optical 

response whereupon the absorption of a photon the excited state slowly relaxes to the 

ground state on time scales far exceeding the expected length. This process, which is 

interchangeably referred to in the literature as phosphorescence, afterglow, or long-

lasting phosphorescence, can occur for seconds, to as long as hours, or even days.1,2 

PersL is observed in crystalline inorganic semiconducting or insulating materials, called 

a host structure, that contain a luminescent center, which is an element generally a 

transition metals or rare-earth ion. The luminescent center undergoes electronic 

transitions that can be observed in the visible region of the electromagnetic spectrum. 

The resulting interaction between the host crystal structure and the luminescence center 

give rise to PersL and make up this class of persistent luminescent phosphors (PLPs).3  

The discovery of PersL dates back at least one thousand years to the ancient Chinese; 

they mixed colors with a particular type of pearl shell or use in artwork and noticed the 

presence of visible light emitting from their paintings.4 The Bologna stone, also known as 

the Bologian Phosphor, found by Vincenzo Casariolo, is the first scientific example of a 

PLP reported in 1602.4 The naturally occurring afterglow that was observed was later 

attributed to impurities identified as BaS.5 However, the intentional incorporation of 

impurities, also known as “killers,” to induce long emission lifetimes was first introduced 

by substituting CaS with bismuth in 1866.4,6 Long luminescent lifetimes were significantly 

advanced by the discovery of Cu+ and Co2+ substituted ZnS in the early 20th century.4,6  
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The long luminescent lifetime produced in ZnS:Cu+,Co2+ enabled the material to become 

commercially available in products such as luminous paints and watch dials ushering in 

an area of investigating new applications.3,6 Additional use in emergency signage and 

novelty items like children’s toys have since been created with the discovery of the 

transformative PLP, green-emitting SrAl2O4:Eu2+,Dy3+, which was first reported in 

1996.3,7 To date, there are now several commercially available PLPs with various 

emission colors, including blue emitting CaAl2O4:Eu2+,Nd3+ and Sr2MgSi2O7:Eu2+,Dy3+, 

and red emitting Y2O2S:Eu3+, Mg2+, Ti4+ (Table 1.1).8 In recent years, the use of PLPs 

has extended into bioanalytical applications that have been of great importance in the 

advancement of medical devices and imaging.9-13 

Table 1.1 Overview Of Significant Persistent Luminescent Phosphors Studied 
Over The Last Century 

Host material 
Luminescent 

center 
Co-dopant λem-max (nm) Lifetime 

ZnS* Cu+ Co2+ 530 >3 h 
CaS Bi3+ -- 448 ∽20 min 
CaGa2S4 Eu2+ -- 555 >30 min 
Y2O2S2* Eu3+ Mg2+,Ti4+ 570-710 ∽3 h 
Ca2Si5N8

† Eu2+ Tm3+ 610 >1 h 
SrAl2O4*

† Eu2+ Dy3+ 520 nm >30 h 
CaAl2O4 Eu2+ Nd3+ 440 >5 h 
Sr4Al25O14

† Eu2+ Dy3+ 490 >20 h 
Sr2MgSi2O7* Eu2+ Dy3+ 470 >10 h 
ZnGa2O4

† Cr3+ -- 650-750 >1 h 
MgGa2O4 Cr3+ -- 505 >15 min 
Zn3Ga2Ge2O10

† Cr3+ Pr3+ 696-713  >360 

 *indicates commercially available †indicates bioanalytical applications 

 

Medical diagnostics, e.g., bioimaging or immunochromatographic lateral flow assays 

(LFAs), rely on photoluminescent labels, also called optical reporters or biomarkers, to 

provide diagnostic results relating to anatomical or physiological information in living 

systems as well as disease detection.8,13,14 Until recently, the optical reporters such as 
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quantum dots, organic fluorophores, and gold nanoparticles have been the most widely 

used source of photoluminescent labels. However, these materials have many 

drawbacks including autofluorescence, photobleaching, and tissue attenuation that can 

be overcome if the optical reporter is a PLP.13-15 PLPs as optical reporters have benefits 

for use in medical diagnostic tests stemming from the long lifetime, high emission 

intensity, and high signal-to-noise ratios they offer.8  

Listed in Table 1.1 are PLPs that  have been successfully used as in vivo and in vitro 

biomarkers due to their red (λem ≈ 610-700 nm) to near-infrared (NIR)  emission (λem 

≥700 nm) such as, Ca0.2Zn0.9Mg0.9Si2O6:Eu2+,Dy3+,Mn2+, Ca2Si5N8:Eu2+,Tm3+, 

ZnGa2O4:Cr3+, and Zn3Ga2Ge2O10:Cr3+
.
14,16-18 In light of the successful integration of 

PLPs in bioimaging, furthering the application to medical devices was achieved when 

SrAl2O4:Eu2+,Dy3+ was reported as an optical reporter in a lateral flow immunoassay.13 

Further expansion of the technology included the development of a medical device using 

smartphone time-gated imaging.12 Moreover, SrAl2O4:Eu2+,Dy3+ has also been shown to 

be a useful in vivo biomarker.19,20 Improvements in the synthesis of PLPs to produce 

particle sizes appropriate for bioanalytical applications and novel PLPs that tune 

emission wavelengths and lifetime decays has since become a major research focus.21-

25 

1.2 Overview of Significant Persistent Luminescent Phosphors 

For much of the early 20th century, ZnS:Cu+ was the most well-known and studied PLP.26 

When co-doped with Co2+, it produces a green emission, λem ∽530 nm, and improved 

the long luminescent lifetime compared to the copper-only analog.3,6 The commercial 

production of ZnS:Cu+,Co2+ yield the first generation of “glow-in-the-dark” children’s toys, 
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watch dials, and luminous paints.6,7 However, ZnS:Cu+,Co2+ lacked efficient emission 

intensity and emission lifetime to further expand its applications. To overcome the 

shortcomings of emission intensity, radioisotopes, namely tritium (H3) and promethium 

(Pm147) were added to applications such as luminous paint.7 Although successful in 

producing long luminescent lifetimes and brighter emission intensities in luminous paint, 

the isotopes proved to be environmentally toxic. As a result, there was an increasing 

demand for radioactive-free PLPs.7,26  

In the search for new PLPs, the alkaline earth aluminates AEAl2O4:Eu2+ (AE = Ca, Sr, 

Ba) are among the most widely investigated.26,27 Out of the three compositions, 

SrAl2O4:Eu2+ produces the most efficient and intense emission and the longest 

luminescent lifetime.1,26,27 The monoclinic phase of SrAl2O4 crystallizes in space group 

P21 (No. 4) containing a series of [AlO4] tetrahedra forming a three-dimensional corner 

connecting network with two independent crystallographic sites for the Sr atoms that 

form a six coordinated polyhedron, [SrO6] (Figure 1.1a).28 Upon the substitution of Eu2+ 

onto the Sr2+ site, a broad photon emission corresponding to two peaks is produced due 

to Eu2+ occupying the two crystallographically independent sites of Sr2+. Substitution on 

the Sr(2) site results in a blue emission, λem ≈ 450 nm, which thermally quenches at 150 

K, whereas substitution on the Sr(1) site generates a green emission, λem ≈ 520 nm, 

Figure 1.1b.29-31  

SrAl2O4:Eu2+ potential as a persistent luminescent phosphor was first realized in 1971 

when photoconductivity and “glow curve” measurements were conducted. In this work 

the presence of lattice defects in the crystal structure were found to “trap” electron holes 

with continued excitation that were slowly released through thermal excitation generating 

long luminescent lifetimes of ≈ 70 min.31 The addition of Dy3+ as a co-dopant was 



5 
 

reported to not only improve the intensity of the emission but also extend the observable 

lifetime.7 In the decades since the discovery, SrAl2O4:Eu2+,Dy3+ has gone on to become 

the most studied and commercially applicable PLP, quickly replacing ZnS:Cu+,Co2+.26,27 

 

Figure 1.1 (a) The structure of SrAl2O4:Eu2+ contains a three-dimensional network of 
corner-connecting tetrahedra with two independent Sr2+ sites sitting in the interstitials. 
(b)Photoluminescence spectra of SrAl2O4:Eu2+ depicting a broad excitation spectrum 
(dashed line) that emits two peaks due to the two Sr2+ sites, λem ≈450 nm and λem ≈520 
nm (solid line collected at 80K). 
 

The exceptionally long luminescent lifetime of SrAl2O4:Eu2+,Dy3+ coupled with its intense 

emission enables a vast range of applications for this PLP not only for emergency 

signage or novelty application, but there has also been significant interest in 

bioanalytical applications.8,27 However, this requires the preparation of high quality, pure 

PLPs with submicron sized particles. Researcher have turned to a variety of synthesis 

methods to achieve this goal including, but not limited to, sol-gel,32,33 combustion,34,35 

hydrothermal,36 and reverse micelle routes.24 Although moderately successful, to 

produce a pure monoclinic phase of SrAl2O4:Eu2+,Dy3+, reaction temperatures ≥1300°C 



6 
 

are required, which creates large agglomerated particles. The solution based methods 

investigated, often produce phase impurities that include the blue emitting polymorph 

Sr4Al14O25:Eu2+,Dy3+.24,27 Therefore, mechanical milling to physically reduce the particle 

have also been investigated, but found that milling caused oxidation of Eu2+ to Eu3+, 

hindering the luminscence.37,38  

In light of the fact that SrAl2O4:Eu2+,Dy3+ is the most well-known PLP due to its 

exceptional optical properties and array of subsequent applications, it has been the 

subject of extensive research into the mechanism that drives PersL.28,29,39 The focus of 

determining the PersL mechanism has generally centered on the role of the 5d-orbitals 

of the co-dopant, namely Dy3+, and the oxidation state of Eu and Dy. While previously 

investigated via X-ray absorption spectroscopy (XAS),40,41 research has more recently 

turned to first principle calculations to investigate the presence of anion vacancies and 

their role in the mechanism in SrAl2O4:Eu2+ and isostructural CaAl2O4:Eu2+.42,43 

Combining these efforts have provided valuable insight into what drives persistent 

luminescence in PLPs. 

Another class of PLPs widely investigated is the alkaline earth Åkermanite structure type 

with the general formula AE2MgSi2O7:Eu2+ (AE = Ca, Sr, Ba).26 Of these, 

Sr2MgSi2O7:Eu2+,Dy3+ generates the longest reported long luminescent lifetime out of the 

series.44 The PLP crystallizes in the tetragonal space group P4̅21m (No. 113) and 

contains only one crystallographic site for Sr2+, which occupies space between five-

membered rings of alternating corner-connected [SiO4] and [MgO4] tetrahedra (Figure 

1.2a).45 Substituting Eu2+ on to the Sr2+ gives rise to a reported emission wavelength λem 

≈ 470 when excited by λex ≈ 365 nm, shown in Figure 1.2b, and a lifetime of >10 h.44,46  
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Figure 1.2 (a) The structure of Sr2MgSi2O7:Eu2+ contains five-membered rings of 
alternating corner-connecting tetrahedra of [SiO4] and [MgO4]. Sr2+ occupies one 
crystallographic site that sits in the middle of the five-membered rings. (b) 
Photoluminescence spectra depict a broad excitation peak (dashed line) that produces a 
single emission peak at λem ≈ 470 nm (solid line). 

Due to the single crystallographic site for AE2+ in this structure type, there is an 

interesting opportunity to study the effects of crystal field splitting on long luminescent 

lifetimes, as well as, in depth analysis of the optically stimulated luminescence (OSL) of 

the trapping-detrapping-retrapping mechanism of electrons.25,47,48 Additionally, local 

structure investigation of the Eu2+ site via X-ray absorption spectroscopy (XAS) 

confirmed there is no Eu+ or Dy4+ present in the system, providing valuable insight into 

the persistent luminescent mechanism.49,50 Also, extensive research into how co-

dopants affect the performance and their contribution to the mechanism of persistent 

luminescence in Sr2MgSi2O7:Eu2+ has been completed.51,52 The wealth of information 

provided by studying this PLP has made it one of the valuable PLPs known from a 

fundamental science standpoint.  
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Even though Eu2+ substituted PLPs have been at the forefront of investigations, another 

class of PLPs that has proven to be of enormous value are the spinel-type crystal 

structures substituted with Cr3+ as the luminescent center. The most widely studied 

phase is ZnGa2O4:Cr3+, which crystallizes in the cubic closed packed structure, space 

group Fd3̅m (No 227), with eight tetrahedrally coordinated Zn2+ sites and sixteen 

octahedrally coordinated Ga3+ sites per formula unit (Figure 1.3a).53-55 Substituting Cr3+ 

onto the Ga3+ site gives rise to a red emission, λem-max ≈ 695 nm (solid line) when excited 

by λex ≈ 400 nm or 550 nm (dashed line), Figure 1.3b.55-57 Long luminescent lifetimes 

have been reported to be ≥1 h which can be enhanced by the addition of co-dopants 

such as Bi3+.55,58,59 Interestingly, the NIR emission produced by the Cr3+ has led to 

applications such as in vivo imaging of tumors and grafted cells.11,60 Furthermore, 

ZnGa2O4:Cr3+ has been successfully modified with substitution of Sn4+ and Ge4+ onto the 

Ga3+ site to produce novel PLPs such as Zn3Ga2Ge2O10:Cr3+ which has a reported 

lifetime >360 h.59,61 These gallogermanates, when co-doped with Pr3+, have also been 

shown to be effective for in vivo bioimaging.22 
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Figure 1.3 (a) The structure of ZnGa2O4:Cr3+ is a cubic closed packed system with 
edge-sharing octahedra and corner-connected tetrahedra. (b) Photoexcitation spectra 
from Cr3+ results in two peaks, λex ≈ 400 nm and 550 nm (dashed line) and an emission 
spectra (solid line) in the NIR with several distinct peaks. 

More importantly, the unique characteristic of the emission spectra and the relationship 

with the observed persistent luminescence in ZnGa2O4:Cr3+ has spurred significant 

research into this material.53 The consequence of lattice defects within the crystal 

structure has been investigated to the extent that the emission at λ = 695 nm has been 

identified as an anti-site defect responsible for the persistent luminescence.62 Further 

research into the local structure, which includes electron paramagnetic resonance 

(EPR), 17Ga NMR, and XAS have established the nature of the defects and their role in 

the trapping-detrapping of electrons.59,62-65 Although great strides in understanding the 

role of lattice defects in the persistent luminescence has been accomplished, more work 

in understanding their role is needed.  
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1.3 Mechanism of Persistent Luminescence 

1.3.1 Photoluminescence of Eu2+ Substituted Persistent Luminescent Phosphors The 

photoluminescence of persistent luminescent phosphors (PLPs) follows a modified 

Jablonski diagram for Eu2+ substituted in a crystal structure, shown in Figure 1.4. 

Photoexcitation is achieved by exciting an electron in its 4f-orbitals (ground state) into 

the 5d-orbitals via an external energy source (typically ultraviolet-visible light). The 

electron in the excited state then relaxes via non-radiative relaxation to the lowest 

energy 5d-orbitals, where it will either continue to non-radiatively relax through internal 

conversion or a photon is emitted. If the material emits a photon, the emission lifetime is 

dependent on the spin-orbit coupled transition of the luminescent center.66 

 

Figure 1.4. Modified Jablonski diagram 
illustrating the luminescence mechanism of 
Eu2+. 

 

Typically, the emission lifetime of Eu2+ is estimated to be ≈0.5 μs – 1 μs in the spin-orbit 

coupled transition from 6Pj → 8S7/2.
67,68 However, in persistent luminescent phosphors, 
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emission lifetimes have been reported on the order of minutes and in some cases 

hours.1 Early reports of PLPs, including ZnS and SrAl2O4:Eu2+, suggested that lattice 

defects in the crystal structures trapped charge carriers, e.g., electrons or holes upon 

excitation.6,31 The eventual thermal release of these electrons produced observable long 

emission lifetimes. The true mechanism that gives rise to persistent luminescence is still 

under debate; however, there is general agreement on the trapping-detrapping of an 

electron after it has been photoionized into the conduction band.1  

1.3.1.1 The Matsuzawa model The first suggested mechanism of persistent 

luminescence was reported for SrAl2O4:Eu2+ and considered that lattice defects act as 

the trap states and holes as the charge carries.31 Photoconductivity measurements 

suggested the lattice defects arose from Sr2+ vacancies that acted as hole donors.7 

Holes acting as the main charge carrier trapped by lattice defect was further supported 

using photoconductivity experiments when SrAl2O4:Eu2+ co-doped with Dy3+, as 

illustrated in Figure 1.5.7 
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Figure 1.5 Persistent luminescent mechanism of SrAl2O4:Eu2+,Dy3+ as proposed by 
Matsuzawa et al. An electron in Eu2+ is excited from the 4f-orbital to 5d-orbital. Its hole 
is conducted through the VB and is trapped by the 4f-orbital of Dy3+. Thermal energy 
(kT) releases the hole and it is recombined with the relaxed electron to produce a 
photon. Excitation and trapping are black lines, thermal release and relaxation are red. 
Electron filled black circle, hole is open circle. 

 

When Dy3+ acts as a co-dopant, an electron from Eu2+ is promoted to the 5d-orbitals and 

is reduced to Eu+; its hole is then carried through the valence band to the 4f-orbitals of 

Dy3+ oxidizing it to Dy4+. Applying thermal energy (kT) to the trapped hole releases the 

electron that subsequently with Eu+ to produce a photon and return to Eu2+.7 The 

suggested oxidation of Dy3+ to Dy4+ was accepted because there was known stability of 

the tetravalent state of Nd in phosphors containing fluorine.69 It was further supported 

because of the low transition energy of 4f → 5d-orbitals and their high charge-transfer 

energies.7 

This model was accepted for many years and subsequent experimental methods, such 

as thermoluminescence (TL),70 photoconductivity,71 and EPR72 were used to validate the 

model. However, with a lack of experimental evidence to support it, further research was 
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conducted to explain how PLPs exhibit their extraordinary lifetimes. Nevertheless, in the 

years that followed, many new PLPs were discovered and this model was used to 

describe their persistent luminescent lifetimes.26 

1.3.1.2 The Dorenbos Model The continued investigation into the PersL mechanism was 

required because the Matsuzawa model could not explain the long luminescent lifetime 

of singly doped SrAl2O4:Eu2+.26 Further, reports disputing the reduction of Eu2+ to Eu+ 

and the oxidation of Dy3+ to Dy4+ also called this model into question.41 In particular, 

theoretical calculations of the lanthanide energy levels in SrAl2O4:Eu2+ as well as several 

other inorganic phosphors such as, YPO4:Eu3+ and CaGa2S4:Eu2+, established localized 

energy levels of the rare earth luminescent center.40 Figure 1.6 shows the energy 

scheme for SrAl2O4 where n is the number of electrons in the rare earth 4f-orbitals, EVC 

is the energy required to promote an electron into the conduction band, Ev is the energy 

level of the top of the valance band, and Eex is the energy of the creation of an electron-

hole pair.40 The energy scheme of the RE2+ ions show the 5d-orbitals (red line) lie within 

a favorable energy window, allowing an electron to be promoted into the conduction 

band via photoionization. Additionally, it revealed the 4f-orbitals of Eu2+ were not in an 

energy window favorable for an hole to act as a charge carrier. This was because for 

Dy3+’s 4f-orbitals to act as a trap state, they needed to lie above the valence band; in 

reality, they lie just below it. 
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Figure 1.6 Energy schemes of rare earth 4f-orbitals (RE2+ black triangles and RE3+ 
blue triangles) ions required to promote an electron into the conduction band (Evc). n is 
the number of electrons, Eex is the energy required to produce an electron-hole pair, 
and EV is the top of the valence band. 

 

Based on this information the proposed Dorenbos model is presented in Figure 1.7. In 

this model it was shown that an electron upon continuous excitation would be 

photoionized through the 5d-orbitals into the conduction band. The electron would then 

be trapped by an additional rare earth (RE) co-dopant. In doing so, Eu2+ would become 

oxidized and the rare earth co-dopant would become reduced, which is contrary to the 

Matsuzawa model. Further, experimental evidence suggested that a trap state was 

present at approximately 0.95 eV when Dy3+ was used as a co-dopant in SrAl2O4:Eu2+.73 

This was consistent with calculations of the energy levels of 5d-orbitals present in Dy3+ 

↔ Dy2+ by Dorenbos (Figure 1.6).40 However, the Donrebos model, similar to the 

Matsuzawa model, neglected the potential for trap states in the absence of a RE co-

dopant. 
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Figure 1.7 Persistent luminescent mechanisms as proposed by Dorenbos. An 
electron in Eu2+ is excited from the 4f-orbital to 5d-orbital and is photoionized into the 
CB. The electron is trapped in the 5d-orbital of a RE co-dopant. The hole remains in 
the 4f-orbital. Thermal energy (kT) releases the electron and it is recombined with its 
hole to produce a photon. Excitation and trapping are black lines, thermal release and 
relaxation are red. Electron filled black circle, hole is open circle.  

 

1.3.1.3 The Clabau Model Although the Dorenbos model did not consider the presence 

of lattice defects in PLPs, the model did verify the location of the 5d-orbitals of Eu2+, 

which was undoubtedly an important advancement in understanding the PersL 

mechanism. In an effort to consider the role of lattice defects, more specifically anion 

vacancies, EPR was conducted on SrAl2O4:Eu2+ under excitation by UV light.28,74 In this 

study, a decrease in Eu2+ concentration was observed during excitation, followed by an 

increase upon termination of the UV light source. This suggested that Eu2+ was oxidized 

during excitation and was, therefore, participating in the electron trapping-detrapping 

process.26,28,74 The Clabau model was thus proposed and presented in Figure 1.8. 
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Figure 1.8 Persistent luminescent mechanism as proposed by Clabau et al. An 
electron in Eu2+ is excited from the 4f-orbital to 5d-orbital is trapped in a anion vacancy 
(VO). The hole remains in the 4f-orbital. Thermal energy (kT) releases the electron and 
it is recombined with its hole to produce a photon. Another electron from Eu3+ is 
excited via CT and its hole is trapped in a cation vacancy (VSr). CT releases the hole 
and it recombines to produce a photon. Excitation and trapping are black lines; 
thermal release and relaxation are red. Electron filled black circle, hole is open circle. 

 

Clabau et al. considered the persistent luminescence mechanism in the absence of a 

rare earth co-dopant; the 5d-orbitals of Eu2+ were placed close to the bottom of the 

conduction band, similar to the Dorenbos model. The Clabau model, however, differs in 

two critical ways: first an Eu2+ electron is excited but not photoionized into the conduction 

band, and secondly, the presence of Eu3+ in the structure, due to inefficient reduction of 

Eu2+ during synthesis, is considered to be participating in not only a trapping-detrapping 

mechanism via charge transfer (CT), but also the emission of a photon. This model 

suggested that the second low temperature peak, at 450 nm, was produced by the 

recombination of a Eu3+ hole having been trapped by a cation vacancy, presumably Sr2+. 

Simultaneously, an excited Eu2+ electron is trapped via direct transfer to anion 

vacancies, which is followed by the recombination of its hole and subsequent emission 
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of the room temperature photon observed at 520 nm. The flaw in this model is in the 

presence of an a second emission peak at low temperatures. Reports of thermal 

quenching of SrAl2O4:Eu2+ and extensive crystallographic studies confirmed that the 

peak observed at 450 nm is due to SrAl2O4:Eu2+ having two crystallographic sites for 

Sr2+. When a luminescent center is substituted into this host structure, it can lie on either 

of the sites and the difference in polyhedron size of the two sites gives rise to the two 

observable peaks.29 However, the Clabau model did successfully provide information in 

regards to the mechanism in the absence of a co-dopant by showing how lattice defects 

participate in the PersL mechanism.  

1.3.1.4 Ab Initio Model from Density Functional Theory (DFT) Experimental efforts on 

other Eu2+ substituted phosphors, such as AE2MgSi2O7:Eu2+,Dy3+ (AE= Ca and Sr) and 

CaAl2O4:Eu2+,Nd3+, began to support a mechanism that combined the information gained 

from Dorenbos and Clabau. Moreover, investigation into the oxidation states of Eu2+ and 

Dy3+ using synchrotron X-ray absorption (XAS) and EPR established that there was no 

reduction of Eu2+ to Eu+ and no oxidation of Dy3+ to Dy4+.49 The combination of these 

results allows one to confidently reject the mechanism suggested by Matsuwaza; 

however, the results of his photoconductivity experiments cannot be ignored. Recently, 

ab initio studies of CaAl2O4:Eu2+,Nd3+ were conducted to verify the favorability of the 

vacancy formation in persistent luminescence and the impact of a trivalent rare earth co-

dopant.43 The results of these calculations confirmed the theory of combining the 

previous experimentally driven mechanisms. Figure 1.9 presents the suggested trapping 

mechanism calculated using DFT. 
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Figure 1.9 Persistent luminescence model proposed by Qu et al. An electron in Eu2+ 
is excited from the 4f-orbital to 5d-orbital and is photoionized into the CB. The electron 
is trapped in the either an anion vacancy (VO

2+) or the 5d-orbital of Nd3+. The hole 
remains in the 4f-orbital. Thermal energy (kT) releases the electron and it is 
recombined with its hole to produce a photon. Cation vacancies (VCa and EuCa + VCa) 
lie close to the top of the VB do participate in the mechanism. Excitation and trapping 
are black lines; thermal release and relaxation are red. Electron filled black circle, hole 
is open circle. 

 

Qu et al. were able to show that cation and anion vacancies form simultaneously, with 

the anion (VO
2+) forming close to the bottom of the conduction band and the cation (VCa) 

forming close to the top of the valance band.43 This finding validated both experimental 

EPR measurements, which suggest the formation of VO acting as trap states, and the 

theoretical model of the presence of 5d-orbitals of the trivalent rare earth. More 

importantly, it shows that there are lattice defects, in this case combinations of two 

separate cation vacancies, lying close to the top of the valance band. The vacancy, 

EuCa+VCa, is likely a similar vacancy observed in the SrAl2O4:Eu2+, Dy3+ 

photoconductivity experiment that showed a trap state lying close to the valance band. 

The conclusion of the ab initio calculations seemed to confirm both VO and 5d-orbitals of 
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a co-dopant will form in energetically favorable windows from the bottom of the 

conduction band to act as electron trap states in PLPs. However, the VCa do not act as 

trap states and instead act to stabilize the VO
2+, while Nd3+ can both trap electrons and 

act as an electron donor. 

1.3.2 Photoluminescence of Cr3+ Substituted Persistent Luminescent Phosphors When 

Cr3+ acts as a luminescent center, the excitation and emission of a photon occurs within 

the 3d-orbitals, whereas in Eu2+ excitation and emission is a 4f ↔ 5d transition. 

Typically, Cr3+ is substituted onto octahedrally coordinated polyhedra, and therefore, can 

be best described using a Tanabe-Suagno diagram for a 3d3 transition metal in an 

octahedron (Oh). Visualized in Figure 1.10, is the spin-allowed transitions of an excited 

electron in this coordination environment, 4A2 → 4T1 (
4F) and 4A2 → 4T2 (

4F). Figure 1.10b 

illustrates the spin-forbidden transition of the emission, 2E → 4A2, in an octahedral 

environment and results in a near-infrared (NIR) phosphorescent emission. It is worth 

noting the 5d → 4f (6Pj → 8S7/2) spin-allowed transition of Eu2+ is considered as a 

fluorescence transition because the electron that relaxes to the ground state is in a 

singlet state when in the 5d-orbitals. This is contrary to Cr3+, which undergoes an 

intersystem crossing and the excited electron thus relaxes from a triplet (2E) state to a 

singlet state (4A2).Therefore, terminology becomes critical: photon emission in the 

absence of an intersystem crossing is a florescence mechanism and leads to emission 

lifetimes of <10-10 to 10-7 sec whereas an intersystem crossing produces a 

phosphorescent mechanism with emission lifetimes of 10-5 to 10+3 sec. Nevertheless, 

due to the persistent luminescence mechanism, both fluorescent and phosphorescent 

materials can generate emission lifetimes on the order of minutes. 
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Figure 1.10 Tanabe-Sugano diagrams for a 3d3 transition metal in Oh coordination. The 
3d-orbitals are split into double degeneracy (eg) and triple degeneracy (t2g). (a) is the 
spin-allowed transition from the ground state to the first excited state: 4A2 → 4T1 (4F) 
(purple arrow) and 4A2 → 4T2 (

4F) (green arrow) and electron (half arrow) is excited to an 
eg orbital . (b) The spin-forbidden relaxation of an electron from the first excited state, 2E 
→ 4A2 (red arrow) and all electrons lie in t2g orbitals. 
  

1.3.2.1 Persistent Luminescent Mechanism of Cr3+ Investigations into the Cr3+ PersL 

mechanism has largely revolved around experimental evidence such as XAS, EPR, and 

TL. The spinel-type structure of ZnGa2O4:Cr3+ has been studied with these methods at 

great length.55,62-64,75 Crystallographic evidence based on powder X-ray diffraction 

(PXRD), coupled with Rietveld refinements and nuclear magnetic resonance (NMR) 

spectroscopy, has shown there is a slight inversion of the Zn and Ga sites.59 This 

inversion is believed to be the origin of trap states found within the host structure.59,62,65 

Figure 1.11 visualizes a generalized understanding of the PersL mechanism in 

ZnGa2O4:Cr3+. In this case, an electron-hole pair in their ground state (4A2), next to an 

anti-site defect ([Cr3+, GaZn
+ + ZnGa

ꟷ]N2), are excited to 4T1(
4F) excited state. The pair is 

then trapped by the anti-site defect, or trap state. Thermal energy (kT) is applied to 



21 
 

release the electron-hole pair that relax to the 2E where a photon is emitted in the form of 

NIR light.62,65  

 

Figure 1.11 A general proposed model of the persistent luminescent mechanism of 
ZnGa2O4:Cr3+. An electron is excited from 4A2 → 4T1 (

4F), it is trapped in a trap state, 
thermal energy (kT) releases it, and the 2E → 4A2 transition releases a photon. 
Excitation and trapping black arrows, relaxation and detrapping are red arrows.  

 

A secondary trapping mechanism can arise when an electron is excited to the lower 

energy excited state (4T2). The possible mechanism is shown in Figure 1.12. These trap 

states are considered to be closer to the excited electron-hole pair and therefore require 

less energy to populate and depopulate the trap.62,65  
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Figure 1.12 A proposed secondary model of the persistent luminescence mechanism 
in ZnGa2O4:Cr3+. An electron is excited from 4A2 → 4T2 (

4F), it is trapped in a trap state, 
and the 2E → 4A2 transition releases a photon. Excitation and trapping black arrows, 
relaxation and detrapping are red arrows. 

 

It is generally agreed that, for Cr3+, PersL arises from lattice defects; however, the 

influence of co-dopants in these materials remains to be understood. Interestingly, 

investigation into the local structure of some spinel-type structures reveal that an 

increase in lattice defects quench PersL in Cr3+ PLPs, which is contrary to the findings in 

Eu2+ substituted PLPs. Thus, a robust investigation of local structure environments of 

these PLPs will provide valuable insight into the properties that drive PersL. 

1.4 Trap States 

1.4.1 Types of Trap States Giving Rise to Persistent Luminescence A persistent 

luminescent phosphor’s ability to produce its unique long luminescent lifetime revolves 

around a charge carrier, i.e., electron, hole, or electron-hole pair, to be “trapped” in a so-

called trap state.1,26 The relationship between the trap state and a host structure’s 
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conduction band becomes a critical pathway for depopulation of the trap states at room 

temperature.76 Depopulation of a trap state is induced by an activation energy (EA), or 

trap depth, available at room temperature. A trap should ideally lie ≥0.4 eV to ≤1.0 eV 

with respect to the bottom of the conduction band, or the conduction band minimum 

(CBM), with an ideal trap depth of 0.65 eV.76,77 Thus, shallow traps, those <0.4 eV, will 

depopulate immediately at room temperature, whereas those >1.0 eV require more 

energy than is available and will remained trapped.76 Therefore, the extensive effort has 

gone into investigating the source of trap states and the ability to control their position 

since the discovery of PLPs. Classically, the origin of trap states have been described in 

two ways: firstly, lattice defects in the host crystal structure, and second, unpopulated 

orbitals from a co-dopant.26,28,40,76,78-80  

The long luminescent lifetimes of PLPs with a single luminescent center, i.e., Eu2+ or 

Cr3+, has been observed in common PLPs such as, SrAl2O4:Eu2+, Sr2MgSi2O7:Eu2+, and 

ZnGa2O4:Cr3+.25,31,52,55 Thermoluminescence measurements reveal trap depths lying 

within the established range needed to produce PersL for each of the three examples. 

This evidence supports the notion that lattice defects present in the crystal structure give 

rise to the observable long luminescent lifetimes. Lattice defects present in PLPs have 

been identified to be vacancies, or point defects; these defects and can be classified as 

either as Schottky defects, which are unoccupied anion or cation sites, Frenkel defects, 

which are a displaced atom onto an interstitial site, or anti-site defects, where two atoms 

of different types change positions.42,43,81 Efforts to establish the type of lattice defects 

were carried out using computational methods for SrAl2O4:Eu2+ and CaAl2O4:Eu2+. In 

both studies, formation energies of anion and cation vacancies in the form of Schottky 

defects were calculated and revealed not only favorable conditions for the formation of 
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anion vacancies, but also their relative EA to the CBM.42,43 Furthermore, it was shown 

that ZnGa2O4:C is composed of anti-site defects, an inversion of the Zn and Ga sites, as 

well as Frenkel defects of the Zn atoms paired with Schottky defects of the oxygen 

atoms.81 The favorable energy formation of these defects in ZnGa2O4:Cr3+ rely on their 

proximity to the [CrO6] polyhedron, suggesting trap states that form closer to the Cr3+ are 

likely to be populated and depopulated more easily, and those further from the Cr3+ 

require more energy to be populated and depopulated, leading to longer luminescent 

lifetimes.65,81 Although lattice defects have been shown to act as trap states and produce 

PersL, the intrinsic nature of their formation is still a matter in need of investigation.  

In addition to the presence of lattice defects, substituting a co-dopant, which is usually a 

second or even third luminescent center, can act as a both a charge donor and a trap 

state.28,40 Co-dopants are normally a trivalent rare earth ions, e.g. Dy3+ or Nd3+; however, 

transition metals like Cr3+ have been shown to be effective as well.7,52,82,83 In the case of 

SrAl2O4:Eu2+, when boric acid (H3BO3) is used as a flux to aid in the synthesis of a pure 

phase product, B3+ has also been shown to induce trap states.84 Identifying the most 

appropriate co-dopant that improves luminescent lifetimes has been achieved by 

determining the relationship between the ground state energy levels of the 4f-orbitals of 

the rare earth elements (RE2+ is red and RE3+ is black) and their trap depths (blue), 

(Figure 1.13).52 Here, the ground state energies are with respect to the VBM and the trap 

depths are with respect to the CBM in Sr2MgSi2O7:Eu2+,RE3+. In this study, the main trap 

depths were determined to be from lattice defects, i.e., anion vacancies, and follow a 

similar trend in energy formation as the 4f-orbitals of rare earth elements. The 

conclusion postulated that the addition of a co-dopant would enhance the long 
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luminescent lifetime by providing charge carriers to populate the trap states created by 

the anion vacancies instead of the creation new trap states.52  

 

Figure 1.13 Energy scheme of Sr2MgSi2O7:Eu2+,RE3+ depicting the relationship between 
defect driven trap states (solid blue dashed) and the rare earth ions (RE2+ red circles and 
RE3+ blue circles) in their ground states (4f-orbitals). Defect and RE2+ energy levels are 
with respect to the bottom of the CB. RE3+ energy levels are with respect to the top of 
the VB. 
 

However, TL of CaAl2O4:Eu2+,RE3+ (RE3+ = La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, 

Yb, Lu, Y) indicated the development of additional trap states upon incorporation of a co-

dopant.82 Nevertheless, the overarching conclusion made from studies with co-dopants 

is their ability to improve the quality of the PersL observed in PLPs.  

1.4.2 Thermoluminescence and Quantifying Trap States The most efficient and reliable 

method to determine the number of trap states and their EA or depth from the CBM is the 

use of TL.76,85 TL, also called “heat experiments” at the time of their discovery, was a 

simple experiment consisting of observing the photoluminescence of two different 

samples, one at room temperature and one placed in boiling water. The results showed 
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the sample in boiling water “parted with light” more quickly.4 The more formal method of 

observing visible light emission when applying heat began in the early 20th century and 

was predominantly used by geologists as a dating technique or radiation dosimetry.26,85 

Presently, it has become a widely used characterization technique in the study of 

persistent luminescence. 

Today, the TL technique involves placing a sample in a temperature controlled 

environment followed by ensuring all trap states are emptied by either placing the 

sample in complete darkness for periods ≥12 h or heating the sample to a sufficiently 

high temperature.26,85 The sample is then cooled with the use of liquid nitrogen to the 

desired starting temperature, often ≈80 K – 100 K, and excited with an energy source, 

typically UV-Vis light, for set period of time. The excitation source is then terminated and 

after a short delay, the temperature is increased at a rate of  (K/s). This causes 

trapped electrons or electron-holes to be released and produce a photoemission at a 

wavelength appropriate for the sample being studied. The resulting curve is called a TL 

spectra, or “glow-curve,” and is plotted as a function of temperature.76,85 

Due to the nature of the TL spectra often being asymmetrical with more than one peak, 

proper analysis must be done with great care. In the early development of TL, this 

phenomenon was thought to stem from an inverse relationship with the EA and the 

maximum temperature of the TL spectra (Tm); however, is not based on the behavior of 

charge carriers in trap states.26 Considering the charge carriers in any given PLP is an 

electron or electron-hole pair, a more appropriate description states the intensity of the 

TL spectra (I) is proportional to the concentration (n) and frequency factor (s) of the 

charge carrier being trapped times an exponential that contains the trap depth (Equation 

1.1).86,87 
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𝐼 ∝  𝑠𝑛 ∗  𝑒(−𝐸𝐴/𝑘𝑇)  (1.1) 

 

Expanding Equation 1.1 to include  and Tm leads to Equation 1.2 and is referred to as 

first order kinetics, although it has been found some PLPs fit better to second order 

kinetics, where n is squared (n2). The limitation of this equation is that it considers all 

charge carriers, i.e., electrons, to recombine with their hole and give off their 

emission.26,76,85  

𝐸𝐴

𝑘𝑇𝑚
2  ∝  𝑠𝑛 ∗  𝑒(−𝐸𝐴/𝑘𝑇) 

(1.2) 

 

In fact it has been found that a “retrapping” mechanism exists, where a charge carrier is 

released from a trap state, re-excited, and “retrapped.”29,87,88 Using the “initial rise” 

method of analysis, this is taken into account because according to Equation 1.2, the Tm 

is dependent on . In this experiment, a sample is heated at varying rates to reveal 

shifting Tm, so only the “low temperature” side of the TL spectra is evaluated by plotting 

the spectra as ln(Tm
2

⁄ ) versus (1/Tm).88 The benefit of using the initial rise method 

results in an accurate description of trap depth regardless of the order of kinetics; 

however, isolating and determining the low-temperature side of a peak can be difficult, 

and assumes only one peak is present.  

A second method of analyzing TL spectra is by using the “peak shape method.”77 In this 

method, the order of kinetics is considered general by taking into account the full width 

at half maximum (), low-temperature half maximum, or the high-temperature half 

maximum. Equation 1.3 shows the resulting equation for : 
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EA = 2kTm (
1.26Tm


  1) (1.3) 

 

This approach can be easily modeled by deconvolution of a TL spectra using a 

Gaussian function and fitting each peak to reveal the necessary variables. It can be 

estimated that accuracy of this method is within a 5% error of the actual trap depth.76,77 

Either approach is considered to be an appropriate method for quantifying the 

approximate trap depth; however, it is difficult to compare results using the two different 

methods.26,29,88,89 As a result, careful consideration of experimental parameters is 

necessary to evaluate whether the resulting trap depths are accurate. 

1.5 Research Goals 

The aims of the research presented in this thesis are to investigate the intrinsic 

properties of persistent luminescent phosphors to understand what drives long 

luminescent lifetimes. Insight into how chemical composition effects structural changes 

is an essential fundamental query that will lead to the discovery of new persistent 

luminescent phosphors. By utilizing control of chemical composition through solid 

solutions, several key characteristics can be studied. First using Eu2+ as the luminescent 

center, crystal field splitting theory is employed to demonstrate the tunability of emission 

wavelength without a change to persistent luminescence. Next, using Cr3+ as the 

luminescent center, tuning the optical bandgap is shown to increase the number of 

lattice defects with increasing band gap energy that has an adverse effect on persistent 

luminescence. Probing the local structure of Cr3+ substituted solid solution will give 

insight into structural disorder and its role in persistent luminescence. A computational 

approach to understanding lattice defects in SrAl2O4 and SrAl2O4:Eu2+ establishes that 

vacancies will occur in favorable energy windows in the optical bandgap as an intrinsic 
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property. Finally, the development of a novel synthesis approach to size particle size 

reduction shows how an alternative way to increase lattice defects and improve 

persistent luminescence by maintaining chemical composition and emission quality. 

Thus, proving that lattice defects in the form of anion or cation vacancies, anti-site 

defects, and surface defects are a necessary structural property of persistent 

luminescent phosphors. 

1.6 Organization of the Thesis 

Chapter 2 describes both experimental and computational methods explored to conduct 

in the research presented in this thesis. 

Chapter 3 is a detailed investigation into the solid-solution (Sr1-δBaδ)2MgSi2O7:Eu2+,Dy3+ 

(δ = 0, 0.125, 0.25, 0.375). Here, it is established that the emission wavelength can be 

tuned without impacting persistent luminescence thus, providing an alternative phosphor 

for use in point-of-care diagnostics. 

[Finley, E.; Cobb, A.; Duke, A.; Paterson, A.; Brgoch, J. Optimizing Blue Persistent 
Luminescence in (Sr1−δBaδ)2MgSi2O7:Eu2+,Dy3+ via Solid Solution for Use in Point-of-
Care Diagnostics. ACS Appl. Mater. Inter. 2016, 8, 26956-26963.] 

Chapter 4 investigates how the substitution of Al3+ on to the Ga3+ site in ZnGa2O4 

quenches the persistent luminescence. In this study the change of chemical composition 

was explored to show how lattice defects impact the observable lifetime in persistent 

luminescent phosphors.  

[Finley, E.; Brgoch, J. Deciphering the Loss of Persistent Red Luminescence in 
ZnGa2O4:Cr3+ Upon Al3+ Substitution. J. Mater. Chem. C 2019, 7, 2005-2013.] 

Chapter 5 probes the local structure of Cr3+ in the solid solution Zn(Ga1-δAlδ)2O4:Cr3+ with 

the use of synchrotron X-ray absorption spectroscopy. The results suggest that an 
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increase in distortion of the Cr3+ polyhedron is directly related to the presence of anti-site 

defects.  

Chapter 6 is a computational approach to investigate the intrinsic nature of lattice 

defects in a persistent luminescent phosphor. Here, DFT calculations were used to 

determine the formation energy of anion and cation vacancies in SrAl2O4 and 

SrAl2O4:Eu2+ to establish what drives persistent luminescence. 

[Finley, E.; Mansouri Tehrani, A.; Brgoch, J. Intrinsic Defects Drive Persistent 
Luminescence in Monoclinic SrAl2O4:Eu2+. J. Phys. Chem. C 2018, 122, 16309-16314.] 

Chapter 7 investigates how to reduce the particle size of SrAl2O4:Eu2+,Dy3+ using a novel 

solution-based synthetic approach. Here, a reverse-micelle solution-based method was 

coupled with microwave-assisted heating to reduce the particle size, while maintaining 

phase purity and optical properties. 

[Finley, E.; Paterson, A. S.; Cobb, A.; Willson, R. C.; Brgoch, J. Reducing Particle Size 
of Persistent Luminescent SrAl2O4:Eu2+,Dy3+ via Microwave-Assisted, Reverse Micelle 
Synthesis. Opt. Mat. Express 2017, 7, 2597-2616.] 

Chapter 8 features the main points and reviews the conclusions made in this thesis.  
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Chapter 2 

Experimental Procedures and Computational Methods 

This chapter serves as an overview of the experimental and computational techniques 

followed throughout this thesis. Details specific to each chapter are included in the 

respective experimental methods sections. 

2.1 Experimental Synthesis 

2.1.1 Starting Reagents Starting materials for all syntheses are listed in Table 2.1 and 

were used as purchased. Materials were stored in closed containers in the Brgoch 

Laboratory under ambient conditions unless specified to the contrary. Moisture sensitive 

materials were stored in a vacuum desiccator in closed containers. Organic materials 

were stored in appropriate flame resistant cabinets. 
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Table 2.1 Starting materials for all synthesis methods 

Compound  Source Purity 

Al2O3 Sigma-Aldrich 
Alfa Aesar  

99.99% 
99% 

Al(NO3)3
** Sigma-Aldrich ≥98% 

BaCO3 Johnson Mathey  98% 

1-butanol ** Sigma-Aldrich ≥98% 

C7H16
** Sigma-Aldrich ≥98% 

C19H42BrN (CTAB)** Sigma-Aldrich ≥98% 

Cr2O3 Alfa Aesar  99% 

Dy(NO3)3
* Sigma-Aldrich ≥99.9% 

Dy2O3
* Sigma-Aldrich 99.99% 

Eu(NO3)3
* Sigma-Aldrich ≥99.9% 

Eu2O3
* Sigma-Aldrich 

Materion Advanced Chemicals 
99.99% 
99.9% 

Ga2O3 Alfa Aesar  99.95% 

H3BO3
* Sigma-Aldrich,  99.99% 

MgO Sigma-Aldrich  99.99% 

(NH4)2CO3
** Sigma-Aldrich ≥98% 

NH4OH** Em Science 28%-30% 

SiO2 Sigma-Aldrich  99.5% 

SrCO3 Alfa Aesar 99.9% 

Sr(NO3)2
* Sigma-Aldrich ≥99% 

ZnO Alfa Aesar  99.9% 

*indicates storage in desiccator  
**indicates storage in Willson Research Group’s Laboratory 

 

2.1.2 All Solid-State Method Starting materials were weighed out in stoichiometric ratios 

and combined in a two-step process of hand grinding in an agate mortar and pestle for 

30 min followed by mechanical mixing for 45 min. For mechanical milling, the starting 

reagents were placed on a shaker mixer/mill (SPEX 8000M) in polystyrene vials with 

polystyrene beads (SPEX SamplePrep) as the mixing media. The resulting powders 

were then pressed into 8 mm pellets and placed in 5 mL alumina crucibles (AdValue) for 

reaction using a high-temperature tube furnace or microwave-assisted heating.  
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2.1.3 Reverse Micelle Method This solution-based synthetic route creates a reaction of 

precursor powders where the elements for the desired final product, in this case 

SrAl2O4:Eu2+,Dy3+, are reacted as ions in an aqueous solution and are precipitated to 

give a homogeneous distribution of the elements. Unlike a sol-gel reaction, where the 

precipitation is allowed to occur freely throughout the solution, this approach confines 

the reaction in the micelles, enabling the reduction of particle sizes in the final product. 

The reactions follow Equations 2.1 and 2.2. Here, precursor particles of 

SrAl2O4:Eu2+,Dy3+ were prepared by dissolving the starting metal salts in DI water 

(Millipore Milli-Q system). Molar concentration of the aqueous metal salt solutions were 

kept at ≈475 mM, with 150.4 mM Sr(NO3)2, 316.7 mM Al(NO3)3, 1.7 mM Eu(NO3)3, and 

7.0 mM Dy(NO3)3 to obtain the final nominal stoichiometry of (Sr0.95Eu0.01Dy0.04)Al2O4.. 

Sr(NO3)2 (aq)+ (NH4)2CO3 (aq)

         
→    SrCO3 (s)+ 2NH4

+
+ 2NO3

-
 (2.1) 

Al(NO3)3 (aq)+ 3NH4OH (aq)

         
→    Al(OH)3 (s)+ 3NH4

+
+ 3NO3

-
 (2.2) 

The aqueous solution needed for the precipitating agents was then prepared with 170 

mM (NH4)2CO3 dissolved in stock 28%-30% NH4OH. Two separate flasks containing the 

organic components for the emulsions were also prepared with 50 wt% n-heptane, 24 

wt% 1-butanol, and 26 wt% CTAB.  

To prepare the two required microemulsions the following process was followed: one 

solution was made by pouring the metal salt solution into a flask containing CTAB/n-

heptane/1-butanol, and the second by adding the precipitating agent solution to the 

remaining flask with CTAB/n-heptane/1-butanol.1,2 The ratio of the aqueous solution to 

the organic CTAB/n-heptane/1-butanol mixture that was used to form a stable emulsion 

was approximately 1:4 by mass, giving an approximate [H2O]/[CTAB] molar ratio of ≈15. 
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The two emulsions were stirred separately for ≈20 min until no clumps of CTAB 

remained and each emulsion was a homogenous, transparent solution. The formation of 

these emulsions is considered to be an endothermic reaction, and placing the 

suspensions on a hot plate at 37°C helped dissolve the CTAB. Next, the two 

microemulsions were combined into a single flask, and placed on a magnetic stir plate at 

room temperature. The mixture gradually turned from transparent to cloudy as the 

reaction proceeded. 

The reaction was allowed to proceed for 24 h. The final solution was poured into a 

separatory funnel that was subsequently disrupted by the addition of a 50% v/v EtOH/DI 

H2O solution at a volume ratio of 1:1 of 50% EtOH to microemulsion solution. Phase 

separation occurred when the mixture was stirred and allowed to sit for 10 min. The final 

precursor particles were isolated and washed three times with 50% EtOH/DI H2O to 

remove excess NH4 dissolved salts and any remaining organics. A final wash in acetone 

was completed, and the product was dried at 100°C for 24 h. Lastly, a 4 wt% H3BO3 flux 

was added to the final precursor powder. 

2.1.4 Tube Furnaces Powders prepared via an all solid-state method were reacted in 

Lindberg/Blue™ programmable furnaces. Two different temperature profiles were used. 

The first employed  a low temperature furnace with a maximum operating temperature of 

1200°C, which uses a K-type thermocouple, whereas the  second furnace has a 

maximum operating temperature of 1500°C with an R-type thermocouple. In both cases, 

SiC heating elements (I Squared R Element Co., Inc.) are the primary source of heating. 

All reactions employed a heating and cooling rate of 3°C/min in either a reducing 

atmosphere of industrial grade 95% N2/5% H2 (Matheson Tri-Gas) or in flowing air. 
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2.1.5 Microwave Heating An important step in particle size reduction is the choice in 

sintering method. High-temperature solid-state furnaces often require long reaction times 

up to 24 h at high-temperatures leading to large, agglomerated particles.  An alternative 

is to employ microwave-based heating to prevent crystal growth and agglomerate 

formation by quickly reacting starting materials in less than 20 min while still producing 

phase-pure products. 3,4  

In this work, a commercial microwave (Panasonic NN-SN651B, 1200 W) produced 

phase-pure SrAl2O4:Eu2+,Dy3+ phosphors by using a two-step heating process comprised 

of an initial heating step at 960 W for 9 min and a second step at 480 W for 5 min. The 

samples were pressed into 8 mm pellets and loaded into a 5 mL alumina crucible 

(AdValue Tech).  To create the necessary reducing conditions, a 42 mm diameter 

alumina disk (AdValue Tech) was placed on top of the crucible. The reaction vessel was 

then centered in a larger 50 mL alumina crucible (AdValue Tech) with 6.5 g of activated 

carbon (Darco, 12 mesh-20 mesh, Sigma-Aldrich) packed into the annular space. To 

facilitate proper heating of the reaction vessel, a cylindrical insulation block was 

prepared by adapting a Thermo Scientific 1” diameter furnace tube adapter for a 1500°C 

Lindberg/Blue™. A 51 mm diameter hole ≈48 mm deep was drilled into the middle of the 

block; a ≈30 mm x 75 mm deep hole remained in the bottom of the furnace tube adapter 

which was plugged firebrick (Skyline Components, LLC). To maintain a uniform 

temperature distribution an insulation lid was constructed out of firebrick, ≈50 mm thick x 

105 mm diameter. The entire set-up is placed in the microwave off-center to promote 

adequate heat distribution. 
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2.2 Characterization 

2.2.1 X-ray Powder Diffraction To verify phase purity of all samples prepared, powder X-

ray diffraction is employed  to confirm the crystal structure and phase-purity after 

concluding the synthesis of all compounds. All final products are ground in an agate 

mortar and pestle to ensure small homogeneous particles (∽10 μm) and then placed on 

a zero-background silicon sample stage. Samples should be flattened but not pressed to 

avoid the likelihood of preferred orientation, which can result in misidentification of 

phases. Powder X-ray diffraction is first conducted on a PanAnalytical X’Pert powder 

diffractometer with Cu Kα (λ = 1.54183 Å), scanning from 10 2θ to 80 2θ over 7 min, to 

check for phase purity. These powder patterns were manually indexed by comparing the 

collected diffractograms against known diffractograms from a database in the HighScore 

software program.5  

Upon validation of targeted phase, final products were sent to X-ray powder diffraction 

the 11-BM at the Advanced Photon Source at Argonne National Laboratory via their 

mail-in service obtain high-resolution synchrotron powder diffractograms.6,7 The final 

diffractograms obtained were analyzed using the General Structure Analysis System 

(GSAS) by first doing a Le Bail refinement to verify phase purity and acquire accurate 

lattice parameters and peak shapes.8,9 These refinement data are then used to conduct 

Rietveld refinements to ascertain structural details including  atomic positions, atomic 

displacement parameters, and to detect any statistical atomic mixing. A Chebyshev 

function was used to fit the background and peak shapes were described using a 

Psuedo-Voigt function. The resulting crystal structures can be visualized using 

VESTA.10,11 
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2.2.2 Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) Analysis of 

elemental composition in a compound is important to support the results of a desired 

synthesis. ICP-OES is a flame technique that excites electrons in a range of 6,000 K to 

10,000 K from a specific atom or ion, allowing for a quantitative analysis of molar ratios. 

It is particularly useful for analysis of atoms in a bulk sample. The composition of the 

reverse micelle precursors was analyzed using ICP-OES (Agilent 725) to determine the 

exact ratios of Sr to Al in three separate reactions. For this analysis, all samples were 

prepared by digestion in HF and HNO3. 

2.2.3 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy 

(EDS) SEM-EDS is a powerful tool to analyze a sample’s particle size, morphology, and 

elemental composition when used in combination. An SEM utilizes an electron beam 

that is scanned across the surface of a sample to produce micrographs down to 1 nm 

under optimal conditions. Additionally, EDS coupled with the same electron beam of the 

SEM will excite the inner shell within the sample; this leaves a hole that is filled by an 

electron in a higher energy shell. The difference between the two energy levels results in 

a signature X-ray signal unique to each elemental. A JOEL JSM-6330F field emission 

SEM was used to visualize particle size distribution at 200× magnification with a beam 

focus and accelerating voltage of 15 eV and an emission current of 12 μA. An AMETEK 

EDAX Octane Pro established the semi-quantitative compositions of the reverse micelle 

and solid state materials. Because the samples analyzed in this work are insulators, all 

powders were first coated with 25 nm of carbon to limit charging in the SEM. 

2.2.4 Particle Size Measurements Laser diffraction spectroscopy (Malvern Mastersizer 

2000) was used to determine equivalent spherical diameter of particles analyzed in this 

thesis. This technique was chosen for its ability to measure a wide range of size 
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distributions from >100 nm to >1 μm by measuring the diffraction patterns of a blue and 

red laser as they pass through the sample.12 The angular variation of the diffraction 

patter indicates the overall size distribution of the sample by volume/mass.12 The particle 

size reported is the diameter volume percentage as either the 10th, 50th, or 90th 

percentile (d0.1, d0.5, or d0.9).
12 Here, samples were mixed 50 mg of product in 5 mL of 

ethanol and sonicating for 2 h to fully disperse the particles being analyzed. 

Measurements were collected five times with a 30 s integration and averaged together to 

provide the 50% diameter volume percentage (d0.5). 

2.2.5 Photoluminescence and Long Luminescent Lifetime All samples that were 

evaluated for their optical properties were prepared by first thoroughly grinding the 

powder followed by mounting the samples on a quartz slide using two part silicon potting 

compound (Momentive and United Adhesives). The components of the potting 

compound were measured out in either a 3:1 ratio (RTV615A:RTV615B) or a 1:1 ratio 

(OP4036A:OP4036B). Regardless of potting compound used, samples are then weighed 

out in a 10:1 ratio of silicon to sample and thoroughly mixed to produce a homogenous 

mixture before drop casting onto the quartz slide. After mounting, the slides were placed 

in a 150C oven for 10 – 15 min to cure the mixture and adhere the sample to the slide. 

To observe photoemission and excitation spectra and long luminescent lifetime, samples 

were placed in a steady-state PTI Quanta-Master spectrofluorimeter that is equipped 

with a 75 W xenon arc lamp. Emission spectra were observed using excitation 

wavelengths of  = 365 nm for Eu2+ containing PLPs and  = 400 nm for Cr3+ containing 

phosphors. Excitation spectra were collected by using the emission maximum 

wavelength of each sample.  
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Room temperature long luminescent lifetimes, also called persistent luminescence 

lifetimes, were measured by exciting the sample ( = 365 nm for Eu2+ and  = 254 nm 

for Cr3+) for 10 min. Temperature dependent long luminescent lifetimes were collected 

by heating samples from 295 K to 500 K with 25 K increments in a Janis cryostat (VPF-

100). Samples were excited at ex = 365 nm for 10 min for each heating increment. The 

shutter was then manually closed and the emission decay was collected at the emission 

maximum wavelength of the sample. The signal was collected using the time-dependent 

option in the FelixGX software The decays were collected for either 30 min or 1 hour, 

whichever achieved a zero background decay. All emission decays were fit using a tri-

exponential equation to evaluate the time components of each sample (Equation 2.3) 

where I is the normalized intensity, A1, A2, and A3 are pre-exponential constants, 1, 2, 

and 3 are luminescent decays, and t is the time.  

𝐼 =  𝐴1𝑒
−𝑡
1  +  𝐴2𝑒

−𝑡
2  +   𝐴3𝑒

−𝑡
3  (2.3) 

To achieve a proper fit, the data was first normalized to the maximum intensity. The 

fitting parameters were set to a bi-exponential with a fitting criterion of 500 iterations and 

a tolerance of 1 x 10-15 where the fit was allowed to run until converged. The resulting fit 

was evaluated for goodness of fit by visually inspecting the fit with the observed data in 

addition to examining the adjusted-R2 (R2
adj) and standard error for each variable. Since 

a bi-exponential rarely accounted for the fastest time component, 1, which resulted in 

R2
adj < 0.95, a third exponential was added. The fit was again set to the same fitting 

criterion and allowed to converge. The fitting parameters, A3 and 3, were examined to 

ensure they did not fall within the standard error of A2 and 2, an indication the data was 

over fit and a bi-exponential was appropriate. After the initial determination of the 
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appropriate number of exponential equations for each dataset, the data was truncated to 

eliminate over fitting due to high signal to noise ratios. Once R2
adj ≥ 0.98 was achieved 

and the residual plot was evenly distributed over the zero line, the data was fit to both 

the bi-exponential and tri-exponential equations to re-evaluate which equation was most 

accurate. All standard errors for 1, 2, and 3 fit to be statistically relevant and R2
adj ≥ 

0.98 to be considered a reasonable fit.  

2.2.6 Thermoluminescence To quantify the position of an electron trap, 

thermoluminescence spectroscopy is employed. For these measurements, samples 

were placed in the fluorimeter (PTI instruments) using the same cryostat (Janis VPF-

100) as in long luminescent lifetime measurements. Each sample was kept in total 

darkness for a period 12 h to ensure all traps are emptied. The samples were then 

cooled with liquid nitrogen (LN2) to 100 K and irradiated for 10 min with ex = 365 nm for 

Eu2+ and ex = 254 nm for Cr3+. Irradiation was then terminated by manually closing the 

excitation shutter. Heating before heating was started after a delay of ~5 min . Samples 

were subsequently heated with a ramp rate of 5 K/min from 100 K to either 500 K (Eu2+) 

or 600 K (Cr3+). The resulting thermoluminescence spectra were collect at the maximum 

wavelength of the emission spectra for each sample using the time-dependent option in 

FelixGX. For example, the maximum emission observed in SrAl2O4:Eu2+ is em-max = 520 

nm; thus, the thermoluminescence spectra was collected at this wavelength. The 

resulting spectra were “smoothed” using the function provided in FelixGX to improve the 

signal to noise ratio. 

The “peak shape method” was used to analyze the thermoluminescence spectra and 

determine the trap depth.13,14 Each spectrum was deconvoluted using a Gaussian 
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function to reveal the number of electron traps present. The Peak Analyzer-Fit Peaks 

Pro option in Origin 8.6 was used to deconvolute the TL spectra. Peaks were selected 

manually and fit using a fitting criterion of 500 iterations and a tolerance of 1 x 10-15. 

Peaks are added until an R2
adj ≥ 0.95 was reached and the residual plot was evenly 

distributed over the zero line. To prevent overfitting of the data, the peaks were 

evaluated and compared to results reported in literature. To evaluate each resulting 

peak, Equation 2.4 and 2.5 were employed, where EA is the activation energy (trap 

depth), Tm is the maximum temperature of the peak,  is the full width at half maximum 

(FWHM), kB is the Boltzmann constant 8.617×10−5 eV/K, μg is a geometric factor. μg is 

calculated using the FWHM and σ = Tm – T2, where T2 is the low temperature half 

maximum. In a Gaussian peak, μg = 0.50 assuming second order kinetics.13  

𝐸𝐴 =  [2.52 + 10.2(𝜇𝑔 −  0.42)] (
𝑘𝐵 𝑇𝑚

2

𝜔
)− (2𝑘𝐵𝑇𝑚) (2.4) 

𝜇𝑔 = 
𝜎

𝜔
 (2.5) 

 

For new phosphors not previously reported, TL spectra should also be collected at 

varying ramp rates: 1K/min, 3K/min, 5K/min, and 10K/min. In this case, each spectrum 

should result in an equal number of trap states and trap depths that are nearly identical, 

for example SrAl2O4:Eu2+ shown in Figure 2.1. A standard error of 5% is applied 

because a beneficial result of utilizing the peak shape  method has been determined to 

result in trap depths that are within this margin of error of the real trap depth.13,15,16 In this 

example, each ramp rate produced five trap states that are at a similar Tm and calculated 
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EA are in reasonable agreement, such that there are three shallow traps (<2.5 eV) and 

two deeper traps (> 3.5 eV).  

 

Figure 2.1 Calculated trap depths as a function of Tm of SrAl2O4:Eu2+ from varying ramp 
rates resulting from TL. 
 

2.2.7 Diffuse Reflectance The optical bandgap of a persistent luminescent phosphor was 

experimentally observed using diffuse reflectance. The measurements were completed 

using an Agilent Technologies Cary 5000 with a diffuse reflectance attachment. Teflon 

pucks were used to measure the background in the range of 200 nm to 2000 nm prior to 

measuring the targeted samples. After determining the background, powder samples 

(∽2.0 g) were pressed into a 6.5 cm (2.5 in) sample holder and were placed in the 

instrument along with a Teflon reference. The measurements were completed in the 

reduced slit mode between 200 nm and 2000 nm. The resulting spectra were then 

transformed using the Kubelka-Munk function shown in Equation 2.6 where R∞ is the 

absolute reflectance, K is the absorption coefficient, and S is the scattering coefficient.17 
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𝐹(𝑅∞)  =  
(1 − 𝑅∞)

2

2𝑅∞
= 
𝐾

𝑆
 (2.6) 

The resulting spectra are then used to create a Tauc which determines the estimated 

optical bandgap for either a direct or indirect bandgap material. After converting the data 

from wavelength, as collected, to electron volts (eV), Equation 2.7 can be used. Here 

F(R∞) is the measured absorbance, h is Plank’s constant, ν is the photon frequency, n is 

equal to either ½ for a direct allowed transition or 2 for an indirect allowed transition, and 

A is a proportional constant.18 

(hνF(R∞))1/n = A(hν – Eg) (2.7) 

2.2.8 X-ray Absorption Spectroscopy The local structure of an atom or ion can be probed 

using X-ray absorption spectroscopy (XAS). The XAS experiment consists of an X-ray 

that is used to excite a core electron (1s or 2s electron) and is promoted to a higher 

energy unoccupied orbital, leaving behind its electron-hole.19 The hole is then filled by an 

electron from a higher energy that decays into its place, emitting a photon. The resulting 

XAS spectrum has two regions, X-ray absorption near edge structure (XANES) and the 

extended X-ray absorption fine structure (EXAFS).19 XANES is a measurement near the 

absorption edge, while EXAFS is the oscillatory data beyond the absorption edge. 

XANES provides information about the oxidation state and structural disorder of the ion 

of interest. EXAFS, on the other hand, gives details about coordination environment, 

interatomic distances, and site occupancies.19 

XAS experiments require high-energy X-rays, usually synchrotron radiation. The 

research presented here employed the Materials Research Collaborative Access Team 

(MRCAT) at the Advanced Photon Source, Argonne National Laboratory on the 10-BM 
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A,B beamline.20,21 Sample preparation was done by finely grinding and sieving bulk 

powders to a 325 mesh (Cole Palmer). It is important to note that ensuring bulk 

powders consisting of small homogenous particles will result in higher signal-to-noise 

ratios, making it easier to analyze the data.19 The powders were then spread in a thin 

even layer over Kapton Tape™.  

Data collection for the Cr K edge (5989 eV) was done in fluorescence mode due to the 

low concertation of Cr3+ (≤0.005 moles) in the samples.20,21 Data analysis was then 

conducted using the Demeter software suite and its components Athena and Artemis.22 

Scattering paths are calculated by FEFF6 within the Artemis software.22 To calculate the 

FEFF, an optimized crystallographic information file (.cif) was loaded using the “Feff 

calculations” tab. Within the FEFF under the “Atoms” tab all the atoms in the unit cell are 

listed, selecting an atom from this list calculates the scattering paths for that atom.22 For 

the Cr K edge presented in this work, Cr was manually added in place of a cation in the 

desired coordination environment and chosen as the core atom. Athena was used 

calibrate the data to the second derivative.22 The data is then normalized and 

background subtracted to EO (absorption edge) equal to 5989 eV. The resulting XANES 

spectra are then plotted for analysis. Artemis is used to employ the EXAFS equation 

(Equation 2.8).19,22 

𝜒(𝑘) =  ∑
𝑁𝑗𝑓𝑗(𝑘) 𝑒𝑥𝑝[−2𝑘

2𝜎𝑗
2] 𝑒𝑥𝑝 [−

2𝑅𝑗
𝜆
]

𝑘𝑅𝑗
2 𝑠𝑖𝑛 [2𝑘𝑅𝑗 + 𝛿𝑗(𝑘)]

𝑗

 (2.8) 

The variables used to describe the data are: Nj, degeneracy (coordination number) of 

the neighboring ion, Rj, the interatomic distance with the neighboring atoms, and σ2, the 

Debeye-Waller factor, or the disorder in the scattering path. The remaining terms, fj(k) 
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and δ(k), are the amplitude and phase shift of the spectrum.19,22 The data was fit using 

the Fourier transform of the equation into frequency space; this plots the spectra into the 

most likely distance of the nearest-neighbors. An accurately described fit results in 

values of 0.002 Å2 ≥ σ2 ≤ 0.03 Å2, ΔR 1 ≥ 1, and a reduced χ2 ≤ 0.05.  Fourier 

transform was performed using a Hanning window and the parameters are listed in 

Table 2.2.19,22 

Table 2.2 Fourier transform parameters. The 
first near neighbor was used for phase 
correction and ε(k) = 0. 

 min max step 
Forward 
(k-range) 

3.0 Å1 10.0 Å1 1.0 

Reverse 
(r-range) 

1.0 Å 4.0 Å 0.5 

 

2.3 Density Functional Theory (DFT) Calculations 

2.3.1 The Vienna ab initio Simulation Package (VASP) To account for multi-electron 

systems unmanageable by analytically solving the Schrödinger equation, DFT suggests 

valence electrons, primarily responsible for bonding, and core electrons, combined with 

the nucleus compose an inert core, can be treated as two independent densities by 

following the Hohenburg-Kohn theorems.23 Therefore, the wave functions can be 

approximated by reducing the number of variables from 3N (N = number of electrons in a 

system) to 3, or the x, y, and z directions, thereby making the calculation computationally 

cheaper while maintaining accuracy.24 

VASP is a computer program used to implement DFT utilizes pseudopotentials to model 

exchanges and correlations between the valence electrons and the inert core.25,26 The 

plane wave basis set with an energy cutoff and projector augmented wave (PAW) 
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pseudopotentials were used to improve calculation efficiency and maintain an accurate 

description of the valence electrons enabling easier convergence.26-28 Additionally, the 

exchange-correlation energy was characterized using the generalized gradient 

approximation (GGA) by way of Perdew-Burke-Ernzerhof  (PBE), which improves the 

accuracy of the calculation by taking into account the electron-electron interactions.29 

Implementing this method allows for structure optimizations to determine electronic 

properties, including bandgap (Eg), density of states (DOS), and total formation energy 

(E). Notably, the highly correlated 4f-orbitals are also not correctly modeled by DFT 

when using only the PBE functional due to the on-site Coulomb interactions of the 

localized 4f orbitals. Therefore, these calculations also require the functional requires 

manual input of the Hubbard parameter (U) and the exchange parameter (J).30 

Moreover, the GGA-PBE functional is also known for underestimating the Eg of a system 

by ∽40% when compared to most experimental values.31 This underestimation is due to 

incorrectly modelling the Coulomb self-repulsion.31,32 To overcome this, Hartree-Fock 

exchange terms were included creating a screened-hybrid DFT functional (HSE06).33-35 

2.3.2 Formation Energy Calculations for Point Defects To calculate a point defect in a 

system, a supercell with dimensions 2 x 1 x 1 (56 atoms) in a defect free structure was 

generated and optimized first by implementing GGA-PBE or PBE + U ( for rare-earth 

substituted systems). Then, a screened-hybrid exchange-correlation functional (HSE06) 

functional was used to calculate the total energy.29,34 Following sufficient structure 

optimization, a point defect was created by manually removing one atom from each of 

the crystallographically independent anion and cation sites. These structures were then 

optimized using the same optimization parameters as the defect free structure. The total 
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energies (E) calculated by HSE06 were used to determine the formation energy, 

ΔE(α,q), of a point defect in a crystalline lattice can be determined using Equation 2.9. 

∆𝐸𝑣𝑎𝑐(𝛼, 𝑞)  =  𝐸𝑉𝛼,𝑞 − 𝐸𝑝𝑒𝑟𝑓𝑒𝑐𝑡 + 𝜇𝛼  +  𝑞[𝐸𝑉𝐵𝑀(𝑝𝑒𝑟𝑓𝑒𝑐𝑡) ± ∆𝑉 +  𝐸𝐹] (2.9) 

Here, α is either a cation or an anion, q is the charge of the defect, EVα,q
 is the total 

energy of defect-containing supercell at a given charge state , Eperfect is the total energy 

of the defect-free supercell, EVBM(perfect) is the valence band maximum of the perfect 

structure, and ∆V is used to align the VBM of the charged defect structure to the perfect 

structure. The band alignment, ∆V, is accomplished by taking the energy difference of 

between the 1s core-electron of the cation furthest from the defect site in the neutrally 

charged system and the 1s core electron from the cation furthest from the defect site in 

the charged system.36 To determine the 1s electron the “ICORELEVEL” tag is set equal 

to 1 and the HSE06 is run one time.25 The result is the chemical potential μ
α
 of atom α, 

and EF the Fermi energy with reference to VBM.37 The chemical potential can be treated 

by determining its minimum and maximum values based on extreme experimental 

conditions, e.g. oxygen-poor and oxygen-rich, and thermodynamic stability.  Elemental 

components of the phase being studied first undergo electronic and structural relaxation 

using GGA+PBE, and then HSE06 is implemented to calculate the total energy per 

atom. The thermodynamic stability of μ
α
 was then bound to avoid the formation of the 

binary components, e.g., binary oxides, or the decomposition into the elemental 

components. The boundary conditions for a ternary phase, AB2O4, composed of oxide 

reactants, AO and B2O3, can be set using Equations 2.10a, 2.10b, and 2.10c.36-38 
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Δ𝐻(𝐴𝐵2𝑂4) = 𝜇𝐴 + 2𝜇𝐵 + 4𝜇𝑂 (2.10a) 

𝜇𝐴 + 𝜇𝑂  ≤  Δ𝐻(𝐴𝑂) (2.10b) 

2𝜇𝐵 + 3𝜇𝑂 ≤ Δ𝐻𝐵2𝑂3 (2.10c) 

 

The enthalpy (ΔH) values are calculated from DFT and the ranges of the chemical 

potentials are derived and plotted accordingly, and the stability range of the AB2O4 is 

determined based on the chemical potentials. 
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3.1 Introduction 

Persistent luminescence has been studied at great length to understand the mechanism 

in which a material is excited with a high energy light source followed by photon 

emission that can last for seconds to hours.1 Because the emission after excitation 

arises from a trapping and detrapping, the lifetimes of persistent luminescence materials 

are often orders of magnitude longer than the spin-forbidden transitions in 

phosphorescent molecules and metal-chelate compounds.2 In fact, materials such as 

alkaline earth aluminates produce an emission bright enough for detection by eye up to 

10 hours after excitation.2-4 Currently, the primary application for persistent luminescence 

materials are in safety signs, emergency displays, and luminescent paints, with green 

emitting SrAl2O4: Eu2+, Dy3+ the most widely used compound.1,4-7  

Inorganic persistent phosphors have also been applied as optical reports in a lateral flow 

assay (LFA) as an alternative to traditional organic fluorophores or gold nanoparticles.8 

Smartphone-based bio-sensing technology has since been developed with the use of 

persistent phosphors allowing more sensitive point-of-care diagnotics.9 
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 These devices use SrAl2O4:Eu2+,Dy3+ as the reporter because its luminescent lifetime 

and intensity enable excellent detection limits with a smartphone camera. However, 

alkaline earth aluminates tend to degrade in aqueous environments10 and require 

encapsulation of particles in a water-resistant barrier prior to use in most bio-sensing 

applications.8 The development of alternative persistent phosphors may not only allow 

the replacement SrAl2O4:Eu2+,Dy3+ in some applications but if the emission color is 

sufficiently distinct it may also provide a pathway for creating multiplexed assays. Dual 

reporter systems are increasingly used in diagnostics for several reasons including 

enabling healthcare providers to better diagnose diseases that manifest with similar 

symptoms, decreasing sampling error, and lowering cost by detecting multiple analytes 

in parallel in a single test.11  

Alkaline earth silicates are one category of persistent luminescent materials that have 

the added advantage of chemical stability that is lacking in the alkaline earth 

aluminates.10,12-15 The series of silicates, AE2MgSi2O7:Eu2+ (AE = Ca, Sr, Ba) that 

crystallize in the Åkermanite-type structure have all been reported as efficient 

phosphors.16,17 The Ba2+ forms in the monoclinic space group C2/c (no. 15)16,18-20 while 

the Ca2+ and Sr2+ analogues are isostructural and form in tetragonal space group P4 ̅21m 

(no. 113).12,16,17,21-23 The most prominent compositions out of these phases for persistent 

luminescence are Ca2MgSi2O7:Eu2+ and Sr2MgSi2O7:Eu2+, which produce respective 

emissions in the blue (470 nm) and green (535 nm) regions of the visible spectrum.17 

Preparing a solid solution between Ca2+ and Sr2+ shows that the emission wavelength is 

tunable and the persistent luminescent lifetimes (PersL) can be enhanced when co-

substituted with Dy3+.17,18,23 Sr2MgSi2O7:Eu2+,Dy3+ has since been optimized to push the 

persistent luminescent lifetime in excess of 10 hours.1,12,18,24 Ca2MgSi2O7:Eu2+,Tb3+ and 
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Ba2MgSi2O7:Eu2+,Tm3+ also show PersL with a reported lifetime greater than 5 hours.1 

Considering the long lifetimes and blue-green emission, these disilicate compounds are 

ideal targets as alternative persistent luminescent materials.  

In this work, Sr2MgSi2O7:Eu2+
 was specifically selected for investigation as a potential 

optical reporter because the crystal structure contains only one crystallographically 

independent position for Sr2+, and, therefore, produces a narrow emission when 

substituted with Eu2+.15,25 Replacing the broad spectrum emission from SrAl2O4:Eu2+,Dy3+ 

with this narrower blue-green emitting PersL phosphor should allow improved spectral 

resolution. Moreover, substituting the larger Ba2+ onto the smaller Sr2+ site is a viable 

route to blue-shift the emission wavelength by modifying the crystal field splitting. The 

solid solution (Sr1-δBaδ)2MgSi2O7:Eu2+ (δ = 0, 0.125, 0. 250, 0.375) and its Dy3+ co-

substituted analogue are thus investigated here  blue-shifting the emission with minimal 

effect to its PersL. Limiting the green component of this phosphor series will allow the 

development of a multiplexing LFA by combining (Sr1-δBaδ)2MgSi2O7:Eu2+ with 

SrAl2O4:Eu2+,Dy3+ for smartphone-based time-gated imaging. The results show the 

PersL emission can be easily measured using smartphone-based diagnostics and that 

the different compositions can be readily discriminated based on their optical signature 

allowing the potential for future multiplexing LFA studies.  

3.2 Experimental 

3.2.1 Sample Preparation Polycrystalline powders with the nominal compositions [(Sr1-

δBaδ)1.99 Eu0.01]MgSi2O7 and [(Sr1-δBaδ)1.96 Eu0.01Dy0.03]MgSi2O7 (δ = 0, 0.125, 0. 250, 

0.375)  were synthesized via high-temperature solid state synthesis using the starting 

reagents: SrCO3 (Alfa Aesar 98%), BaCO3 (Johnson Mathey 98%), MgO (Sigma-Aldrich 
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99.99%), SiO2 (Sigma-Aldrich 99.5%), Eu2O3 (Materion Advanced Chemicals 99.9%), 

and Dy2O3 (Sigma-Aldrich 99.99%). Additionally, a 5wt% of boric acid (Sigma-Aldrich 

99.98%) was incorporated as a flux. All powders were first ground with an agate mortar 

and pestle for approximately 30 minutes then placed in a shaker mill (Spex 8000M) for 

30 min. The mixtures were heated in a reducing atmosphere of 5% H2/95% N2 at 1150°C 

for 6 hours with heating and cooling ramp rates of 3°C/min. They were subsequently 

ground and annealed at 1000°C for 4 hours with the same reducing atmosphere and 

ramp rates as the initial heating.  

3.2.2 X-ray Diffraction Phase pure samples were confirmed using high-resolution 

synchrotron X-ray powder diffraction at room temperature with a calibrated wavelength 

of λ = 0.414221 Å using beamline 11-BM at the Advanced Photon Source, Argonne 

National Laboratory. Crystallographic data were determined by Rietveld refinements 

using the general structural analysis system (GSAS).26,27 A shifted Chebyshev function 

was used to calculate the background, while a pseudo-Voigt function was used for 

determining peak shape. 

3.2.3 Optical Characterization Emission and excitation spectra and persistent 

luminescence (PersL) lifetimes were measured at room temperature with 75 W xenon 

arc lamp steady state fluorimeter (PTI Instruments). For the PersL lifetimes, samples 

were heated to 150°C and cooled to room temperature in the dark followed by irradiation 

with an excitation wavelength of 365 nm for 10 min followed by a 30 s delay after the 

excitation source was turned off. Upon opening the shutter, the samples were measured 

with an emission wavelength of 460 nm for one hour. PersL lifetimes were determined 

from an average of three independent sample measurements.  
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Thermoluminescence was conducted by placing samples in a Janis cryostat (VPF-100) 

to control the temperature between 100 K and 500 K. The samples were isolated in total 

darkness for a minimum of 12 hours and initially heated to 500 K to ensure all trap states 

were emptied then allowed to cool to room temperature. The cryostat was then cooled to 

100 K and then the sample was irradiated for 10 minutes at 365 nm using a Xe arc lamp. 

Upon turning off the lamp, a 30 s delay was used before the cryostat was ramped to 500 

K with a ramp rate of 5 K/min. The thermoluminescence emission was measured at 465 

nm.  

3.2.4 Time-gated Smartphone Imaging A software application developed for the iOS 9 

smartphone platform was used to image the samples.9 An Apple iPhone 5 was used with 

camera settings of ISO 2000, an irradiation time of 3.3 seconds followed by an ≈100 

millisecond delay. Five images were captured in a cycle and averaged together. Image 

processing tools in MATLAB 2015a and an in-house developed script were used to 

evaluate the red, green, and blue channel intensity profiles of each sample. 

3.3 Results and Discussion 

3.3.1 Structure Solution for (Sr1-δBaδ)2MgSi2O7  (δ = 0, 0.125, 0.25, 0.375) Strontium 

magnesium disilicate crystallizes in tetragonal space group P4 ̅21m (no. 113)16, with the 

Åkermanite structure type. Substituting Ba2+ for Sr2+ in the crystal structure forms a solid 

solution following (Sr1-δBaδ)2MgSi2O7:Eu2+
  (δ = 0, 0.125, 0.25, 0.375), which can be 

achieved via solid state synthesis. Synchrotron X-ray powder diffraction, shown in Figure 

3.1a, confirms the entire solid solution is phase pure with the exception of an 

unidentified, minor impurity in the δ = 0.25 sample. The crystal structure is maintained 

across this range with the expected shift in the lattice parameters to smaller Q-spacing 
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following the larger unit cell volume with increasing Ba2+ concentration. Previous reports 

of this solid solution suggest the crystal structure will maintain the tetragonal space 

group up to 80% Ba2+ substitution before converting to the monoclinic space group.19-21  

Samples with 50% and 75% Ba2+ were also synthesized here; the sample with 50% Ba2+ 

formed the tetragonal space group as expected although subsequent 

photoluminescence measurements showed an anomalous broad emission peak with a 

specific increase  in the green portion of the visible spectrum while the 75% Ba 

concentration did not form the tetragonal space group.19-21 Thus, the composition range 

of the samples examined in this study was limited to 0 ≤ δ ≤ 0.375. 

 

Figure 3.1. (a) Synchrotron X-ray powder diffraction data (Sr1-δBaδ)2MgSi2O7
 (δ = 0, 

0.125, 0. 250, 0.375) shows the solid solution can be prepared phase pure. The 
calculated pattern was determined from [16]. (b) Rietveld refinement shown for δ = 0. 
Experimental data is black, refinement is orange, and the difference is blue. The rare-
earth ions were excluded in the refinement due to their low substitution concentration. 
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Table 3.1.  Rietveld Refinement Data of Sr2MgSi2O7
 

Using 11-BM Synchrotron Radiation. The rare-earth ions 
were excluded in the refinement due to their low 
substitution concentration. 

Formula Sr2MgSi2O7 

Radiation type; λ (Å) 11-BM; 0.414221 

2θ range (deg) 0.5-49.95 

Temperature (K) 295 

Space group; Z P4 ̅21m (No. 113); 2 

Lattice parameters  
a (Å) 
c  (Å) 

 
 8.0071(1)  
 5.1674(2) 

Volume (Å3) 331.30(1) 

Calculated Density (g cm-3) 3.686 

Formula weight (g mol-1) 735.420 

Rp 0.0829 

Rwp 0.1179 

χ2 4.453 

 

 

Rietveld refinement of all phases prepared produces the crystallographic parameters 

with the Sr2MgSi2O7:Eu2+
 results listed in Table 3.1 and Table 3.2 and the refinement 

plotted in Figure 3.1b. The data for the remaining compositions are provided in the 

Supporting Information. All of the refinements are in excellent agreement with the 

previously reported crystal structure.16 The unit cell, shown in Figure 3.2, contains 

Table 3.2. Atomic Coordinates and Isotropic Displacement Parameters of 
Sr2MgSi2O7:Eu2+ as Determined by Rietveld Refinement of 11-BM Synchrotron X-ray 
Diffraction Data. The rare-earth ions were excluded in the refinement due to their low 
substitution concentration. 

Atom Wyck. site x y z Uiso (Å
2) 

Sr 4e 0.3345(3) 0.1655(3) 0.5078(9) 0.0087(6) 

Mg 2a 0 0 0 0.006(3) 

Si 4e 0.1381(9) 0.3620(9) 0.943(2) 0.011(3) 

O(1) 2c 1/2 0 0.156(7) 0.013(1) 

O(2) 4e 0.140(2) 0.360(2) 0.255(4) 0.020(7) 

O(3) 8f 0.079(2) 0.188(2) 0.7978(4) 0.010(4) 
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alternating [SiO4] tetrahedra and [MgO4] tetrahedra that are corner connected to form 

layers of five-membered rings. These layers stack along the c-direction creating two 

dimensional sheets of polyhedral units.15 The structure also contains only one 

crystallographic site for Sr2+ that sits between the [SiO4] and [MgO4] layers and is 

coordinated by 8 oxygens atoms, three of which are crystallographically independent on 

Wyckoff site 4e. The presence of only one alkaline-earth cation site in the crystal 

structure is ideal for phosphors because it tends to produce a narrow spectral emission. 

Moreover, this crystal structure and coordination environment provides an adequate 

setting for substitution of Ba2+ on to the Sr2+ site. 

 

 

Figure 3.2. Crystal structure of (Sr1-δBaδ)2MgSi2O7 by 
Rietveld refinement with [SiO4] tetrahedra highlighted.  

 

The unit cell volume of the solid solution follows Végard’s law (Figure 3.3a) with the 

lattice parameters and cell volume increasing linearly as the larger Ba2+ (r8-coord = 1.42Å) 

is substituted onto the smaller Sr2+ site (r8-coord = 1.26Å).28 The most significant change in 

the crystal structure arises in the polyhedral volume of the Sr2+/Ba2+ cation site. As 

shown in Figure 3.3b, the unit cell volume increase is dictated entirely by the substitution 
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of the larger Ba2+ cation in the [SrO8] polyhedra while the [SiO4] and [MgO4] polyhedral 

units remain constant regardless of δ. The increase in average (Sr/Ba)–O bond length 

from δ = 0 to δ = 0.375 is 2.12%, which is comparable to the change in unit cell volume. 

The largest increase occurs for the (Sr/Ba)–O(3) bond with a 3% increase across the 

substitution range, while the smallest change in bond length is the (Sr/Ba)–O(2) contact. 

This increase in bond length with the addition of Ba2+ will affect crystal field splitting and 

ultimately change the luminescent properties of Eu2+
 in the crystal structure.  

 

Figure 3.3. (a) Unit cell volume and (b) polyhedral 
volume increase linearly with in Ba2+ concentration. The 
(Sr/Ba)-O coordination environment is shown.  
 

3.3.2 Photoluminescence The substitution of Eu2+ for Sr2+/Ba2+ as the luminescent center 

is ideal in this crystal system to induce optical properties because the atoms are 

isovalent and similar in ionic size.28,29 Incorporating Eu2+ as the luminescent center in 

Sr2MgSi2O7:Eu2+ produces an excitation maximum wavelength (λex) at approximately 

365 nm that in turn generates an efficient photon emission with a maximum wavelength 

(λem) at 470 nm. Figure 3.4a shows the excitation spectra of the solid solution changes 
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minimally upon the addition of Ba2+ while Figure 3.4b shows that when excited with a 

λex = 365 nm there is an observable blue shift in the emission wavelength from λem = 472 

nm (δ = 0) to λem = 460 nm (δ = 0.375). The emission corresponds to the relaxation from 

the Eu2+ 5d excited state to the 4f ground state (2Dj → 8S7/2) of a single luminescent 

center. Plotting the color points of this solid solution on a 1931 Commission 

Internationale de l’Eclairage (CIE) diagram, Figure 3.4c, further supports the significant 

blue-shift with the addition of Ba2+. Because Ba2+ is larger than Sr2+ there will be an 

increase in bond lengths around the luminescent center. This increase leads to a 

decrease in the crystal field splitting of the Eu2+ 5d-orbitals producing a greater 

separation of these states from the 4f-orbitals. Consequently, this change causes a 

greater energy difference between the excited state and the ground state, which gives 

rise to the observed shift in the emission spectra.29,30 
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Figure 3.4. The (a) excitation, (b) emission spectra for (Sr1-δBaδ)2-xMgSi2O7:Eu2+ (δ = 
0, 0.125, 0. 250, 0.375). Emission spectra were collected at λ = 365 nm and the 
excitation spectra were collected at the λmax of emission spectrum for each sample. 
The Gaussian fit is solid gray (c) CIE 1931 diagram showing blue shift and reduction in 
green emission.   

 

Considering these compounds are known to show PersL,12,14 the effect of solid solution 

formation on the photon emission lifetime was also examined. The (long lifetime) decay 

curves for the solid solutions, shown in Figure 3.5, are analyzed according to Equation 

3.1,24 where I is the normalized intensity; A1, A2, and A3 are pre-exponential constants; 

τ1, τ2, and τ3 are luminescent decays and t is the time. 

𝐼 = 𝐴1𝑒
−𝑡
𝜏1 + 𝐴2𝑒

−𝑡
𝜏2 +  𝐴3𝑒

−𝑡
𝜏3  (3.1) 
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Figure 3.5. PersL of  (Sr1-δBaδ)2MgSi2O7:Eu2+ (δ = 0, 
0.125, 0. 250, 0.375) fit to a triple exponential. Circles 
indicate raw data and solid gray line is the fit.  

 

Fitting to a tri-exponential provided the best agreement across the entire range of data 

collected; thus, three different long lifetimes are present in these compounds. Table 3.3 

shows the decay times of τ1, τ2, and τ3 (in minutes) as the average taken from three 

measurements on each sample. There is very little variation in time throughout the solid 

solution suggesting the substitution of Ba2+ has little effect on the PersL. These data 

reveal that it is possible to modify the emission color of this series of phosphors through 

the preparation of a solid solution without losing any of the PersL qualities.  
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Table 3.3. Average long lifetime decay 
times of (Sr1-δBaδ)2MgSi2O7:Eu2+. 

δ 
1 
(min) 

2
 (min) 

3 
(min) 

0 
0.125 
0.250 
0.375 

0.37(1) 
0.36(1) 
0.38(1) 
0.39(1) 

1.49(5) 
1.51(6) 
1.62(1) 
1.68(5) 

9.2(8) 
9.4(8) 
10.0(2) 
10(1) 

 

Although the PersL lifetimes occur within a desirable range for use in LFA bio-sensing 

applications, the intensity of the photon emission is also a factor. Therefore, to enhance 

the emission intensity the addition of a rare-earth co-dopant was explored. The use of 

co-dopants is often employed to enhance the optical properties and lifetimes of PersL 

phosphors, specifically the incorporation of Ce3+, Nd3+ and Dy3+.15,31 In this work, Dy3+ 

was selected for co-substitution with Eu2+ because it was determined to have a longer 

lifetime when compared to  Ce3+ or Nd3+.15  To ensure the presence of the trivalent rare-

earth ion did not alter the optical properties relative to the Eu2+-only compounds, the 

emission and excitation spectra of the Eu2+,Dy3+ co-substituted samples were also 

collected, shown in Figure 3.6a and Figure 3.6b. The excitation spectra of all 

compositions are comparable to the Eu2+-only compounds and there are no additional 

peaks in the emission spectra. Likewise, the blue shift in the emission spectra is also 

observed as the concentration of Ba2+ is increased. Plotting the color points for the solid 

solution on a CIE diagram in Figure 3.6c shows that increasing Ba2+ again causes a 

blue-shift in the emission spectrum.  
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Figure 3.6.  (a) excitation, (b) emission spectra for (Sr1-δBaδ)2MgSi2O7:Eu2+,Dy3+(δ = 0, 
0.125, 0. 250, 0.375) Emission spectra were collected at λ = 365 nm and the excitation 
spectra were collected at the λmax of emission spectrum for each sample. The 
Gaussian fit is solid gray. (c) CIE diagram showing blue shift across the solid solution. 

 

The PersL for the solid solution was also fit to Equation 3.1 with the results shown in 

Figure 3.7 and lifetimes given in Table 3.4. The presence of Dy3+ indeed contributes to 

the PersL of this material as previously reported with the average long lifetimes 

occurring for 3 minutes longer than the Eu2+-only samples.15,31 Incorporating the trivalent 

rare-earth ion in the structure induces additional defect states that can act as 

luminescent trapping centers, thus increasing the long lifetime as well as the emission 

intensity of these materials.  
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Figure 3.7 . PersL of (Sr1-δBaδ)2-xMgSi2O7:Eux
2+ (δ = 0, 

0.125, 0. 250, 0.375) fit to a triple exponential. Circles 
indicate raw data and solid gray line is the fit.  

 

Table 3.4. Average lifetime decay of 
(Sr1-δBaδ)2-xMgSi2O7:Eu2+,Dy3+ (δ = 0, 
0.125, 0. 250, 0.375)  of each sample 
measured three times 

δ 
1 
(min) 

2
 (min) 

3 
(min) 

0 
0.125 
0.250 
0.375 

0.50(2) 
0.48(3) 
0.45(8) 
0.49(2) 

2.37(5) 
2.2(2) 
2.3(2) 
2.3(1) 

12.8(1) 
12.7(7) 
12.3(8) 
12.8(7) 

 

3.3.3 Thermoluminescence To investigate the origin of the persistent luminescent 

lifetime, thermoluminescence (TL) measurements were conducted on the solid solutions 

of the Eu2+-only and Eu2+,Dy3+ co-substituted samples. The presence of trap states is 

evident when a luminescent emission peak appears as a sample is heated at a constant 

rate even without concurrent excitation.32 The location, intensity, and shape of the peak 

is dependent on the heating rate, the wavelength of 
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 irradiation, and the delay between terminating the irradiation and initiating heating.33 To 

observe PersL, a trap depth should be greater than 0.4 eV at room temperature because 

traps shallower than this energy will detrap (empty) at lower temperatures.32,34 

Alternatively, traps greater than 1 eV are considered too far below the conduction band 

for thermal release at room temperature. Therefore, the optimal trap depth reported for 

PersL at room temperature is often considered to occur at ≈0.65 eV.2,33 Here, the “peak 

shape method” of analysis was used to quantify the trap depths from the TL peaks by 

deconvolution of the data using a Gaussian function ensuring the trap depths are within 

5% of the actual trap depth.34  

The location of the trap depths are determined by solving for the activation energy (EA) 

as shown in Equation 3.2.14,15,35 Second order kinetics are expected; however, value of 

the coefficient (cω) is more accurately determined when using the geometric factor, μg. In 

this case, μg = 0.5 which is found by Equation 3.3, where σ = T2 – Tm and ω the full width 

at half maximum of the TL spectrum. T2 is the low-temperature half maximum, Tm is the 

maximum temperature and kB is the Boltzmann constant.35-37 Here, ω is used because it 

is provided by the deconvolution of the experimentally measured peaks. The full 

deconvolutions of all compounds prepared here are provided in Supporting Information. 

 

𝐸𝐴 = [2.52 + 10(𝜇𝑔 − 0.42)] (
𝑘𝐵𝑇𝑚

2

𝜔
) − (2𝑘𝐵𝑇𝑚) (3.2) 

𝜇𝑔 =  
𝜎

𝜔
 (3.3) 
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Figure 3.8. Thermoluminescence peaks and the corresponding temperatures for (Sr1-

δBaδ)2-xMgSi2O7
 (δ = 0, 0.125, 0. 250, 0.375). Eu2+ only is shown for plots a, c, e, and g 

while Eu2+,Dy3+ is shown as plots b, d, f, and h. 

 

Figure 3.8 shows the presence of TL peaks occurring between 240 K and 371 K, which 

supports that trap states are present in all of these phases and is likely the origin of 

PersL. The trap depths calculated from these peaks are presented in Table 3.5. In the 

Eu2+-only samples, the presence of TL peaks are likely due to intrinsic defects occurring 

in the crystal structure that give rise to trap states. The solid solution co-substituted with 

Dy3+ has an additional peak above 300 K arising from the inclusion of Dy3+ and is 

consistent with previous reports of Sr2MgSi2O7:Eu2+,Dy3+.12,19 All of the phases 

regardless of composition produce trap depths between 0.40 eV and 0.89 eV, which is 

near the ideal value of ≈0.65 eV for PersL to occur at room temperature. Interestingly, 

when δ = 0.375 there are also very deep traps present, >1 eV. These should only weakly 

contribute to the observed PersL because the activation energy required to empty these 

traps is not sufficient at room temperature. Nevertheless, peak location and trap depth 
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vary only slightly across the solid solution supporting the minor changes in PersL 

lifetimes with the substitution of Ba2+ for Sr2+. The combination of tunable emission 

wavelength and only minor variations in the luminescence lifetimes allows the emission 

color to be optimized as the optical reporter in an LFA. 

Table 3.5. TL peaks and their corresponding 
trap depths for (Sr1-δBaδ)2-xMgSi2O7

 (δ = 0, 
0.125, 0. 250, 0.375). Eu2+ only is shown for 
plots a, c, e, and g, while Eu2+,Dy3+ is shown as 
plots b, d, f, and h 

Plot Temperature (K) Trap Depth (eV) 

a 
240 
277 

0.44 
0.49 

b 
247 
251 
364 

1.28 
0.40 
0.45 

c 287 0.83 

d 
243 
291 
363 

0.59 
0.48 
0.46 

e 288 0.43 

f 
249 
355 

0.82 
0.42 

g 
269 
284 

0.41 
2.69 

h 
243 
252 
371 

2.05 
1.10 
0.60 

 

3.3.4 Smartphone-Based Time-Gated Imaging For the incorporation of PersL phosphors 

as optical reporters in this point-of-care diagnostic testing format, it is essential the 

materials can be excited using a smartphone flash (usually a blue LED-based package) 

and that the smartphone camera can detect the PersL phosphor emission. This analysis 

can be completed using smartphone-based time-gated imaging which allows a 

predetermined and controlled delay between the excitation of a reporter and the 

detection of the emission intensity.9 The short delay offers the ability to excite the 
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reporter while providing adequate time for background from scattered excitation light and 

autofluorescence to fade before capturing the image of the reporter’s luminescence. A 

software application designed for smartphones has been developed that sets the delay 

to approximately 100 ms. SrAl2O4:Eu2+,Dy3+ has already been demonstrated as a 

successful reporter in this format and show that images captured by smartphone-based 

time-gated imaging require significant emission intensity at approximately one second 

after termination of the excitation source (the smartphone flashlight).8,9  

The long lifetimes measured for both of the solid solutions prepared in this study indicate 

the emission intensity should be sufficient for detection by the smartphone-based time-

gated imaging application. Measuring the photon emission with an iPhone 5 (iOS 9) 

produced the images shown in Figure 3.9. The smartphone images can then described 

using an RGB color model to determine the intensity profiles of the red, blue, and green 

channels present during the emission. The intensity profiles of the blue and green 

channels of the solid solutions are plotted in Figure 3.9. The red channel has a minimal 

intensity in these phases and is omitted for clarity. When only Eu2+ is substituted in the 

crystal structure; the green channel intensity decreases with an increase in the Ba2+ 

concentration, while the blue channel retains its intensity. This is in agreement with the 

blue-shift in the luminescence spectrum upon incorporation of the larger Ba2+ cation. 

Interestingly, the samples co-substituted with Eu2+,Dy3+ also maintain the intensity of the 

blue channel regardless of δ; however, the decline in the green channel is only observed 

when δ = 0.375.  

The images collected by the smartphone application for each of the powder samples 

show the effect of reducing the green-component on the overall intensity. The 

compounds containing both blue and green components appear significantly brighter as 
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the smartphone camera’s spectral sensitivity varies across the visible spectrum. 

Consequently, replacing the bright green PersL phosphor SrAl2O4:Eu2+,Dy3+ would 

require the bright blue-green emitting Dy3+ co-substituted samples due to their similar 

spectral response and equivalent brightness. However, if the desired application is 

multiplexing, the intensity of the green channel of the co-substituted samples may be too 

bright to distinguish the disilicate from SrAl2O4:Eu2+,Dy3+
; thus, differentiating these two 

compounds in a multiplexed assay may prove difficult. This is best illustrated through a 

direct comparison between SrAl2O4:Eu2+,Dy3+ and (Sr0.625Ba0.375)2MgSi2O7:Eu2+ as well as  

SrAl2O4:Eu2+,Dy3+ and (Sr0.625Ba0.375)2MgSi2O7:Eu2+,Dy3+ in a single point-of-care 

diagnostic test. 

 

Figure 3.9. Time-gated luminescence imaging acquired with a smartphone-based bio-
sensing platform and intensity profile scan. (a) Sr1-δBaδ)2-xMgSi2O7:Eu2+  and (b) Sr1-

δBaδ)2-xMgSi2O7:Eu2+,Dy3+. Blue line represents the blue channel intensity and green 
line is the green channel intensity. 

 

Simultaneously imaging SrAl2O4:Eu2+,Dy3+ and (Sr0.625Ba0.375)2MgSi2O7:Eu2+ (Figure 

3.10a) as well as SrAl2O4:Eu2+,Dy3+ and (Sr0.625Ba0.375)2MgSi2O7:Eu2+,Dy3+ (Figure 3.10b) 

shows that the different optical properties of the two PersL phosphors can be resolved 
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using the color profile collected by the smartphone-based time-gated imaging. 

SrAl2O4:Eu2+,Dy3+ has a more intense green channel whereas 

(Sr0.625Ba0.375)2MgSi2O7:Eu2+ and the co-substituted analogues have a more intense blue 

channel. In the case of the co-substituted samples, a significant green component 

remains in the emission that could make partitioning these two signals difficult. 

Conversely, even though the (Sr0.625Ba0.375)2MgSi2O7:Eu2+ has less of a green 

component its overall lower intensity may limit detectability at the low concentrations of 

PersL phosphors used in LFAs.8 Nevertheless, these images and color profile scans 

substantiate the possibility of combining multiple phosphors in point-of-care assays 

adapted for use in the smartphone-based bio-sensing application.  

 

 

Figure 3.10. Comparison of spectral response between 
SrAl2O4:Eu2+,Dy3+ and (a) (Sr1–δ Baδ)2MgSi2O7:Eu2+  and 
(b) (Sr1–δ Baδ)2MgSi2O7:Eu2+,Dy3+ using time-gated 
luminescence. The images were acquired with a 
smartphone-based bio-sensing platform. 
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3.4 Conclusions 

The solid solutions (Sr1-δBaδ)2MgSi2O7:Eu2+ and (Sr1-δBaδ)2MgSi2O7:Eu2+,Dy3+ (δ = 0, 

0.125, 0. 250, 0.375) were made via solid state synthesis as pure phase polycrystalline 

powders. Synchrotron X-ray diffraction showed a linear increase in the lattice 

parameters as well as in the cell volume with the increasing substitution of Ba2+ for Sr2+. 

Photoluminescent measurements supported that changes in coordination environment 

around the Sr2+/Ba2+ cations follow crystal field splitting with a blue-shift as the Ba2+ 

concentration is increased. Persistent luminescent lifetimes showed little change across 

the solid solution due to the consistent position of the traps as determined by 

thermoluminescence. This supports that it is possible to tune the color of a PersL 

compound via crystal field splitting without any major effect on its lifetime properties.  

Integrating these PersL phosphors with a smartphone-based bio-sensing application 

showed that it is possible to capture images of all compositions prepared using a 

combination of the smartphone flash for excitation and the smartphone camera. The 

resulting image analysis showed that (Sr1-δBaδ)2MgSi2O7:Eu2+ has a substantial decrease 

in the emission intensity of the  green channel with increasing Ba2+ concentration. A 

comparison between SrAl2O4:Eu2+,Dy3+ and (Sr0.625Ba0.375)2MgSi2O7:Eu2+ and 

(Sr0.625Ba0.375)2MgSi2O7:Eu2+,Dy3+ reinforced the ability to detect the disilicate phases 

even in the presence of a the well-known green-emitting PersL phosphor. Although the 

particles sizes produced using the high-temperature route tend to be large, this simple 

synthetic approach allowed a quick comparison that was necessary to confirm 

Sr2MgSi2O7:Eu2+ is a suitable alternative to SrAl2O4:Eu2+,Dy3+ while 

(Sr0.625Ba0.375)2MgSi2O7:Eu2+ is viable option in multiplexed assays. Transitioning to a soft 
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chemical synthetic method is now required to produce nanosized persistent 

luminescence materials for their direct incorporation in any biosensing format.  
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3.7 Supporting Information 

(a) (Sr0.875Ba0125)2MgSi2O7 (b) (Sr0.75Ba0.25)2MgSi2O7 

  
  

(c) (Sr0.625Ba0.375)2MgSi2O7 

 
 
Figure 3.S1. Rietveld refinement shown for δ = 0.125, 0.25, 0.375 Experimental data is 
black, refinement is orange, and the difference is blue. All are in excellent agreement 
with the calculated pattern. 
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Table 3.S1. Rietveld Refinement of (Sr1-δBaδ)2MgSi2O7 ( δ = 0.125, 0.25, 0.375) Using 
Synchrotron Radiation 

Formula (Sr0.875Ba0.125)2MgSi2O7 (Sr0.75Ba0.25)2MgSi2O7 (Sr0.625Ba0.375)2MgSi2O7 

Radiation type, λ 
(Ȧ) 

11-BM 0.414221 

2θ range (deg) 0.5-50 

Temperature (K) 295 

Space group; Z P4 ̅21m (No. 113), 2 

Lattice 
parameters  
a (Ȧ) 
c (Ȧ) 

  
8.0249(4)  
5.1831(3) 

 
8.0447(2)  
5.2037(3) 

  
8.0687(1)  
5.2296(2) 

Volume (Ȧ3) 333.79(2) 336.77(2) 340.47(1) 

Calculated 
Density (g cm-3) 

3.785 3.827 3.929 

Formula weight 
(g mol-1) 

760.90 776.063 805.601 

Rp 0.0974 0.1110 0.0703 

Rwp 0.1520 0.1538 0.0917 

χ2 7.967 4.911 3.311 
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Table 3.S2. Atomic Coordinates, Isotropic Displacement Parameters, and Occupancies 
as Determined by Rietveld Refinement of 11-BM Synchrotron X-ray Diffraction Data 

(a) (Sr0.875Ba0.125)2MgSi2O7 

Atom 
Wyckoff 
position 

x y z Occupancy Uiso (Å
2) 

Sr 4e 0.3344(4) 0.1656(4) 0.5089(1) 0.872(2) 0.0058(8) 
Ba 4e 0.3344(4) 0.1656(4) 0.5089(1) 0.128(2) 0.0441(8) 
Mg 2a 0 0 0 1 0.0070(5) 
Si 4e 0.1368(1) 0.3632(1) 0.9420(3) 1 0.0123(4) 

O(1) 2c 1/2 0 0.142(1) 1 0.025(2) 
O(2) 4e 0.1415(4) 0.3585(4) 0.2470(7) 1 0.029(1) 
O(3) 8f 0.0784(3) 0.1855(3) 0.7975(5) 1 0.011(6) 

 

(b) (Sr0.75Ba025)2MgSi2O7 

Atom 
Wyckoff 
position 

x y z Occupancy Uiso (Å
2) 

Sr 4e 0.3346(4) 0.1645(4) 0.5087(1) 0796(6) 0.00810(9) 
Ba 4e 0.3346(4) 0.1645(4) 0.5087(1) 0.204(6) 0.00810(9) 
Mg 2a 0 0 0 1 0.0067(6) 
Si 4e 0.1368(1) 0.3632(1) 0.9450(3) 1 0.0066(5) 

O(1) 2c 1/2 0 0.150(1) 1 0.014(2) 
O(2) 4e 0.1380(3) 0.3620(3) 0.2553(6) 1 0.010(1) 
O(3) 8f 0.0804(3) 0.1885(3) 0.8096(5) 1 0.0108(7) 

 

(c) (Sr0.625Ba0.375)2MgSi2O7 

Atom 
Wyckoff 
position 

x y z Occupancy Uiso (Å
2) 

Sr 4e 0.3342(2) 0.1657(2) 0.5091(8) 0.655(4) 0.00850(6) 

Ba 4e 0.3342(2) 0.1657(2) 0.5091(8) 0.345(4) 0.00850(6) 
Mg 2a 0 0 0 1 0.0049(3) 
Si 4e 0.1368(1) 0.3630(9) 0.9477(2) 1 0.0086(3) 

O(1) 2c 1/2 0 0.1498(6) 1 0.0078(9) 
O(2) 4e 0.1381(2) 0.3619(2) 0.2466(4) 1 0.0155(8) 
O(3) 8f 0.0776(2) 0.1915(2) 0.8128(3) 1 0.0137(5) 
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Figure 3.S2. Thermoluminescence spectra showing the deconvolution of the trap states 
(Sr1-δBaδ)2-xMgSi2O7

 (δ = 0, 0.125, 0. 250, 0.375). Eu2+ only is shown for plots a, c, e, and 
g while Eu2+,Dy3+ is shown as plots b, d, f, and h. 
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Figure 3.S2. (cont) Thermoluminescence spectra showing the deconvolution of the trap 
states (Sr1-δBaδ)2-xMgSi2O7

 (δ = 0, 0.125, 0. 250, 0.375). Eu2+ only is shown for plots a, c, 
e, and g while Eu2+,Dy3+ is shown as plots b, d, f, and h. 
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4.1. Introduction 

The interest in persistent luminescent phosphors has grown significantly due to 

impressively long luminescent lifetimes enabling their use in a growing number of 

applications such as in-vivo imaging,1 bioanalytical assays,2,3 emergency signage, and 

children’s toys. The expansion of these materials to new applications is possible with 

improvements to the long luminescent lifetime, improved intensity of the visible emission, 

and the discovery of new persistent luminescent phosphors. The research in this area 

has generally centered on expanding their potential uses as well as enhancing the 

luminescent lifetimes by synthesizing submicron sized particles,4,5 utilizing solid-

solutions,6,7 and the addition of co-dopants, e.g, Dy3+, to modify the optical properties.8-10 

A majority of these efforts have focused explicitly on the green-emitting 

SrAl2O4:Eu2+,Dy3+, which is the most widely employed persistent luminescent 

phosphor,11 as well as the red emitting ZnGa2O4:Cr3+,12 and the blue-emitting 

Sr2MgSi2O7:Eu2+,Dy3+, among others.13 Although improvements to the long 

luminescence lifetimes of these materials have all been investigated through these 

various synthesis approaches, the “design” of new persistent phosphors remains limited 

by a lack of understanding of what drives persistent luminescence. 
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The currently accepted mechanism of persistent luminescence involves the presence of 

trap states in a host crystal structure.14-16 In a host structure, the substitution of a cation 

ion with a luminescent center, e.g, Eu2+ or Cr3+, induces an emission in the visible 

wavelengths when excited by light energy.17,18 The continued excitation of the 

luminescent center promotes an electron into the conduction band via photoionization.17 

The photoionized electron is then held by the trap states.8,17 These trap states have 

been suggested to arise from defects, like anion vacancies, or the presence of d-orbitals 

from a co-dopant.6,13,19 The relationship between the existence of defects and their 

location from the bottom of the conduction band has been proven using both 

experimental and computational methods.20-23 First principle calculations on monoclinic 

SrAl2O4:Eu2+ have shown these defects stem from anion vacancies, which are likely to 

form as an intrinsic property of the material.19 Further, experimental results from electron 

paramagnetic resonance (EPR) spectroscopy and computational studies further indicate 

persistent luminescence in the spinel-type structure of the red-emitting ZnGa2O4:Cr3+ 

stem from anti-site defects that act as trap states.7,24-26  

The subsequent thermally induced release of the trapped electron from a trap state 

leads to the observed long luminescent lifetimes. The ability for persistent phosphors to 

trap and then release (depopulate) an electron or an electron-hole pair is not only 

dependent on the presence of trap states but also on their energetic position with 

respect to the bottom of the host structure’s conduction band.14,27,28 Therefore, there is a 

close relationship between the position of the conduction band and the position of the 

trap states. This is best illustrated through bandgap engineering studies, which have 

suggested that an increase in Ga3+ in Y3Al5-xGaxO12:Ce3+,Cr3+ (x = 0−5) would decrease 

the bandgap (Eg) resulting in a longer persistent luminescent lifetime.29 This research 
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showed the trap states were attributed to the presence of the Cr3+ 3d-orbitals while 

thermoluminescence measurements revealed the position of the 3d-orbitals within the 

bandgap remained in a constant energy window across the entire solid solution, even 

though the optical bandgap changed.29 Additionally, the experimental and computational 

analysis of garnets, Lu3(GaxAl1-x)5O12 (x = 0–1), Y3Al2Ga3O12, and Y3Ga5O12, substituted 

with a single luminescent center (Pr3+ or Ce3+) have also found relationships between 

defects and the Eg.
30-32 The ab initio investigation of Lu3Al5-xGaxO12:Ce3+, established that 

anti-site defects of LuAl could be buried in the conduction band with the substitution of 

Ga3+ onto the Al3+ by decreasing the Eg. This is contrary to a thermoluminescence study 

of Lu3Al5-xGaxO12:Pr3+ that found a decrease in the number of trap states with Ga3+ 

substitution.31,33 The basis of this finding was that the formation energy of the anti-site 

defects decreased with increasing Ga3+ substitution and therefore an observable 

increase in defects should have been measured.33 However, photoconductivity 

experiments of Y3Al5O12:Ce3+, Y3Al2Ga3O12:Ce3+, and Y3Ga5O12:Ce3+ discovered defects 

that can act as trap states remain in the same energy window with respect to the bottom 

of the conduction band regardless of composition.32
 Consequently, in the search for new 

materials, understanding defect formation and the relationship with Eg will provide 

valuable insight into persistent luminescent phosphors. 

The spinel-type crystal structures provide an ample opportunity to study persistent 

luminescence because there is a large diversity of compositions allowing a systematic 

study of the optical properties as a function of composition.12 This wide range of 

compositions has led to the discovery of multiple persistent luminescent phosphors.12 

When a transition metal, like Cr3+ or Mn2+, is used as a luminescent center long 

luminescent lifetimes have been observed.12 For example, MgAl2O4:Cr3+ has a reported 
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long lifetime of two hours while Mg2SnO4:Mn2+ achieved an observable lifetime of five 

hours.30,34 In both cases, the long luminescent lifetimes were attributed to the presence 

of anti-site defects that act as trap states.30,34  

Although more than one spinel has been reported to show persistent luminescence, not 

all spinel structures show the same response. In ZnAl2O4, when Cr3+ is substituted for 

Al3+, the compound does not exhibit persistent luminescence.25 This lack of persistent 

luminescence is possibly due to an absence of anti-site defects, that unlike isostructural 

ZnGa2O4:Cr3+ contains an estimated 3% inversion of the Zn and Ga sites and shows 

persistent luminescence.7,25,35 Here, this relationship between the presence of defects 

and the observation of persistent luminescence is systematically probed by preparing a 

solid solution between ZnGa2O4:Cr3+ and ZnAl2O4:Cr3+. Zn(Ga1-δAlδ)2O4:Cr3+ (δ = 0, 0.25, 

0.50, 0.75, 1) crystallizes in the cubic space group, Fd3m, across the entire range of δ, 

which allows a systematic study of the change in optical properties as a function of 

composition. It can be shown that increasing the aluminum content increases the 

number of defects; however, it does not necessarily lengthen long luminescent lifetime. 

An examination of the relationship between the defects and Eg shows trap states 

induced by defects that participate in persistent luminescence become shallower with an 

increase in Al3+ concentration. The presence of shallower trap states, therefore, could be 

responsible for the quenching of persistent luminescence with increasing Al3+ across the 

solid solution. 

4.2. Experimental 

4.2.1 Sample Preparation Pure phase, polycrystalline samples, with the nominal 

compositions Zn(Ga1-δAlδ)2-xO4:Cr3+ (δ = 0, 0.25, 0.50, 0.75, 1; x = 0.005) were prepared 

via high-temperature solid-state synthesis. The starting materials were weighed out in 
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stoichiometric ratios using the following reagents: ZnO (Alfa Aesar 99.9%), Ga2O3 (Alfa 

Aesar 99.95%), Al2O3 (Alfa Aesar 99%), Cr2O3 (Alfa Aesar 99%), and 4 wt% boric acid 

(Sigma Aldrich 99.98%) as a flux. The starting powders were mixed thoroughly using a 

shaker mill (Spex 8000M) in a polystyrene vial with 9.5 mm methacrylate balls as 

grinding media for 45 min. The starting powders were then pressed into 8 mm pellets 

and heated in air for 10 h at 1300°C with heating and cooling rates of 3°C/min. The 

products were subsequently ground into fine powders using an agate mortar and pestle. 

4.2.2 X-ray Diffraction The purity of the final products was confirmed first using a 

PanAnalytical X’Pert powder diffractometer using Cu Kα radiation (1.54183 Å). Next, 

high-resolution synchrotron X-ray powder diffraction measurements (11-BM, Advanced 

Photon Source, Argonne National Lab) were collected at room temperature with a 

calibrated wavelength of λ = 0.4126760 Å. Rietveld refinements of the synchrotron data 

were completed on all samples to confirm the crystal structures using the general 

structural analysis system (GSAS).36,37 Peak shape was determined with a pseudo-Voigt 

function, and the background was calculated from a shifted Chebyshev function.6 

4.2.3 Optical Characterization The optical bandgap was experimentally determined via 

diffuse reflectance using an Agilent Technologies Cary 5000 with a diffuse reflectance 

accessory. The diffuse reflectance data were converted following Kubelka-Munk to 

F(R∞). The optical bandgap was then estimated using a Tauc plot for either a direct or 

indirect bandgap depending on composition. A 75 W xenon arc lamp steady-state 

fluorimeter (PTI Instruments) was used to measure the photoluminescence emission and 

excitation spectra in addition to the persistent luminescence at room temperature. 

Persistent luminescent lifetime measurements were collected by first isolating each 

sample in total darkness for a period of 12 h to ensure depopulation of any trap states. 
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The samples were then irradiated for 10 min with an excitation wavelength of λex = 254 

nm followed by a 10 s delay after the excitation source was turned off. The lifetime 

decay was then collected at an emission wavelength of λem = 695 nm for 30 min. 

Thermoluminescence was obtained using a Janis cryostat (VPF-100) to control 

temperatures between 100 and 600 K. Again; the samples were isolated in total 

darkness for ≥ 12 h to ensure all trap states were depopulated. The cryostat was then 

cooled to 100 K and subsequently irradiated with an excitation wavelength of λex = 254 

nm for 10 min followed by a 5 min delay after turning off the excitation source. The 

thermoluminescence spectra were collected at an emission wavelength of λem = 695 nm 

with a ramp rate of 5 K/min. 

4.3. Results and Discussion 

4.3.1 Synthesis and Characterization of the Solid Solution Zn(Ga1-δAlδ)2O4 (δ = 0, 0.25, 

0.50, 0.75, 1) The solid solution Zn(Ga1-δAlδ)2O4 (δ = 0, 0.25, 0.50, 0.75, 1) was 

produced using high-temperature solid-state synthesis by combining oxide powders and 

heating at 1300°C for 10 h in air. Phase purity was confirmed first with laboratory powder 

X-diffraction followed by synchrotron X-ray powder diffraction (shown in Figure 4.1a). 

Rietveld refinements of each composition prepared (Figure 4.S1) show the crystal 

structure always adopts the spinel-type structure crystallizing in the cubic space group 

Fd3m (no. 227).38,39 The diffraction peaks shift to higher Q-spacing indicating smaller 

lattice parameters with increasing aluminum concentration, as expected based on the 

smaller ionic radii of Al3+ (r6-coord = 0.535 Å) compared to Ga3+ (r6-coord = 0.620 Å).40 The 

subsequent crystallographic parameters, which were extracted from the Rietveld 

refinements are listed in Table 4.1 and Table 4.2 for ZnGa2O4 and ZnAl2O4.
38,39 The 
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crystallographic information for the intermediate values of δ can be found in supporting 

information Table 4.S1 and 4.S2. 

1 2( ) (1 )n n n

oa a X a X     (4.1) 

To validate the incorporation of aluminum, Vegard’s law was analyzed and states that in 

a cubic system the lattice parameters will vary linearly with continuous substitution in a 

solid solution according to Equation 4.1, where 𝑎𝑜
𝑛 is the lattice parameter of the system, 

𝑎1
𝑛 is the lattice parameter of Al, 𝑎2

𝑛 is the lattice parameter for Ga, X is the mole fraction 

of Al and n is a power to describe variance in the system.41-43 When n = 3, Retger’s rule 

of additive volumes can be used to describe linearity of a solid solution’s unit cell 

volume.42,44 Thus, looking at Figure 4.1b and 4.1c there is a clear linear relationship, 

which can be attributed to the substitution of the smaller ionic radii of Al3+ compared to 

Ga3+, in both the unit cell volume (Figure 4.1b) and volume of the [GaO6/AlO6] 

polyhedron (Figure 4.1c). Interestingly, the Zn-O bond lengths also change with 

increasing Al3+ content; for example, when δ = 0.50 there is a 1.7% decrease in length 

compared to δ = 0 that becomes an even larger difference of 2.5% when δ = 1. The 

change in the [ZnO4] tetrahedra is even more notable with a 5.2% difference in δ = 0.50 

and a 5.5% difference in δ = 1. These significant changes in polyhedral volume and 

bond length should lead to an increase in the optical bandgap as well as changes in the 

crystal field splitting that should be observable by photoluminescence spectroscopy.45 
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Figure 4.1. (a) Rietveld refinement of synchrotron X-ray powder diffraction data for the 
solid solution Zn(Ga1-δAlδ)2O4 (δ = 0, 0.25, 0.50, 0.75, 1) the solid line is the fit, and the 
circles are the observed data. A decreasing linear regression of the (b) unit cell 
volume and (c) [GaO6/AlO6] polyhedron volume is shown as a function of Al3+. 

 

 

 

 

 

 

 

 

  

Table 4.1. Rietveld Refinement Data for the End Members of 
Solid Solution from 11-BM Synchrotron X-Ray Diffraction 

Formula ZnGa2O4 ZnAl2O4 

Radiation type, λ (Ȧ) 11-BM, 0.4126760 
0.5-50 

295 

Fd3̅m (No. 227); 8 

2θ range (°) 

Temperature (K) 

Space group; Z 

Lattice parameter, a (Ȧ) 8.334655(2) 8.089110(3) 

Volume (Ȧ3) 578.979(1) 529.300(1) 

Calculated Density (g cm 

−3) 6.6168 4.601 

Formula weight (g mol −1) 2150.528 1466.720 

Rp 0.1039 0.0838 

Rwp 0.1299 0.1160 

χ2 3.703 6.926 
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Table 4.2 (a) Crystallographic Data of ZnGa2O4 from Rietveld Refinement 
Resulting from 11-BM Synchrotron X-ray Diffraction Data, (b) 
Crystallographic Data of ZnAl2O4 from Rietveld Refinement Resulting from 
11-BM Synchrotron X-ray Diffraction Data 

Atom Wyck. site x y z Uiso (Å) 

(a)      
Zn 8a 1/8 1/8 1/8 0.009(5) 
Ga 16d 1/2 1/2 1/2 0.009(3) 
O 32e 0.26357(7) 0.26357(7) 0.26357(7) 0.00116(2) 

(b)      
Zn 8a 1/8 1/8 1/8 0.00258(3) 
Al 16d 1/2 1/2 1/2 0.00107(5) 
O 32e 0.26332(4) 0.26332(4) 0.26332(4) 0.00170(1) 

 

The refined unit cells of ZnGa2O4 and ZnAl2O4 are visualized in Figure 4.2. Spinel-type 

structures, which have the general formula AB2O4 (A = divalent metal, B = trivalent 

metal), form a cubic closed packed structure with eight tetrahedrally coordinated A sites 

and sixteen octahedrally coordinated B sites. This packing creates 64 tetrahedral and 32 

octahedral interstitial voids for the anions to occupy. This is in contrast to the inverse 

spinel where the B sites will occupy the tetrahedrally coordinated positions and eight A 

and eight B sites uniformly occupy the sixteen octahedrally coordinated positions. In the 

crystal structures studied here, the Zn atoms occupy the tetrahedral site [ZnO4], and Ga 

or Al atoms occupy the octahedral site [GaO6/AlO6]; thus, these compounds are both 

normal spinels.  
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Figure 4.2. The crystal structure for (a) ZnGa2O4 and (b) 
ZnAl2O4 as determined by Rietveld refinement with 
either Ga or Al octahedral sites highlighted 

 

4.3.2 Optical Properties The substitution of Al3+ onto the Ga3+ is known to increase Eg 

because of the change in bond lengths45,46 To establish this change, and how it may 

ultimately impact the optical properties of these materials, diffuse reflectance 

measurements were conducted on the solid solution. Previous experimental reports of 

the change in Eg with Al3+ substitution have suggested that both the ZnGa2O4 and 

ZnAl2O4 are direct bandgap materials.45,46 However, a computational study on these two 

end-member compounds found that ZnGa2O4 has an indirect bandgap whereas ZnAl2O4 

has a direct bandgap.47,48 The experimental Eg was, therefore, determined from a Tauc 

plot after applying the Kubelka-Munk transformation following Equation 4.2. 

1/
)) ( )( (

n

g
A h Eh F R 


    (4.2) 

Here, h is Plank’s constant, ν is the photon frequency, F(R∞) is the measured 

absorbance, n is equal to either ½ for a direct allowed transition or 2 for an indirect 
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allowed transition, and A is a proportional constant.49 The bandgaps were then 

determined by considering both n = ½ and n = 2 for each composition. The resulting 

data, plotted in Figure 4.3, show that δ = 0, 0.25, 0.50, and 0.75 are best fit by n = 2 and 

Eg increases as the Al3+ concentration is increased. The ZnAl2O4 (δ = 1) is best 

described as a direct bandgap (n = 1/2), which is in agreement with the computational 

models. The Eg determined by fitting the Tauc plot are provided in Table 4.3.46 The 

observed increase in Eg and decreasing polyhedral volume (Figure 4.1c) follows the 

inverse relationship between bond length and Eg.
45 

 
Figure 4.3. Diffuse reflectance of the optical bandgap 
(Eg) for Zn(Ga1-δAlδ)2O4 (δ = 0 – 0.75) n = 2 black dashed 
lines and black y-axis and ZnAl2O4 n = ½ blue dashed 
line and blue y-axis. 
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Table 4.3. Bandgap values across the 
solid solution determined from diffuse 
reflectance measurements 

δ Eg (eV) 

0 4.2 

0.25 4.6 

0.50 4.8 

0.75 5.2 

1.00 5.3 

 

The substitution of Cr3+ onto the Ga3+/Al3+ site in Zn(Ga1-δAlδ)2O4:Cr3+
 (δ = 0, 0.25, 0.50, 

0.75, 1) yields excitation spectra with two broad peaks when collected at an emission 

wavelength of λem = 695 nm (Figure. 4.4a) The optical properties arising from the Cr3+ 

substitution can be described by the Tanabe-Sugano diagram in a 3d3 Oh coordination 

environment.28,50 The two peaks can be assigned to the spin-allowed electronic 

transitions of 4A2 → 4T1 (4F) (λex ≈ 436 nm) and 4A2 → 4T2 (4F) (λex ≈ 552 nm).45 

Moreover, examining the excitation spectra with increasing Al3+ concentration shows 

there is a blue shift, suggesting an increase in the crystal field strength around the Cr3+.45 

This is due to a larger energy gap between the ground state (4A2) and the excited states 

(4T1 and 4T2). 
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Figure 4.4. (a) Excitation spectra of the solid solution Zn(Ga1-δAlδ)2O4:Cr3+; δ = 0 gray, δ 
= 0.25 orange, δ = 0.50 green, δ = 0.75 purple, δ = 1 yellow. The deconvoluted peaks 
are the filled excitation curves for δ = 0. (b) Linear trend of the deconvoluted peaks with 
increasing Al3+ concentration showing a decrease in energy for 4A2 → 4T1 (c) Linear 
trend for 4A2 → 4T2. 
 

To support the change in the crystal field upon atomic substitution, the Racah parameter 

(B) is calculated using Equation 4.3, 4.4, and 4.5 and solving for 10Dq/B (Table 4.4). 

Across the solid solution there is an overall linear decrease in the value, which further 

supports a stronger crystal field.45 However, this assumes perfect Oh symmetry in the 

Cr3+ polyhedra. Upon closer inspection of the data, this is clearly not the case 

considering a shoulder is visible in 4A2 → 4T1 transition. Deconvoluting the peak reveals 

two peaks separated by ≈30 nm (δ = 0). Figure 4.4b shows a linear decrease in 

wavelength with increasing aluminum for both peaks starting at λex ≈ 406 nm (filled dark 

gray) and 436 nm (filled light gray). This additional peak likely arises from a splitting of 

the 4F transition due to a slight trigonal distortion around the Cr3+ polyhedron, which is 

D3d symmetry and not Oh.
45,51,52 Therefore, increasing crystal field strength increases the 

trigonal distortion.25,45 The distortion of the [CrO6] is also believed to be the reason for 
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the complex emission spectrum that gives rise to several characteristic peaks.28,50 

Finally, fitting the third peak assigned to 4A2 → 4T2 (Figure 4.4c) exhibits the same 

decrease in wavelength with increasing aluminum concentration beginning at λex ≈ 552 

nm. 

2

2 4

210 ( ) ( )Dq E T E A    (4.3) 
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   (4.5) 

 

Table 4.4. Calculated Racah Parameter (B) And 
Crystal Field Strength (10Dq/B) for Zn(Ga1-

δAlδ)2O4 (δ = 0, 0.25, 0.50, 0.75, 1) 

δ B (cm-1) 10Dq/B (cm −1) 

0 629.54 28.75 

0.25 648.58 28.02 
0.50 648.53 28.42 

0.75 668.83 28.00 

1.00 685.80 27.54 

 

Although there is a shift in excitation wavelength upon Al3+ substitution, the emission 

spectra across the solid solution remains nearly constant because the energy gap 

between 2E and 4A2 is not influenced by the change in crystal field strength, despite a 

shift in excitation energy upon Al3+ substitution.45 In Figure 4.5, several emission peaks 

are observed, in agreement with previous reports of Cr3+ substituted in ZnGa2O4 and 

ZnAl2O4.
10,35,50,53 The emission peaks on either side of the R- and N-lines are the phonon 

sidebands (PSB) that lie between 650 nm - 675 nm and 710 nm - 730 nm called the anti-
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Stokes are Stokes PSB, respectfully.54 The spin forbidden Cr3+ electronic transition of 

the 2E → 4A2 is split into two R-lines, R1 and R2, that are observed at λem ≈ 685 nm and 

690 nm.45,54 This splitting of the R-lines is attributed to the trigonal distortion of the Cr3+ 

polyhedron in an ideal unperturbed environment.54 Interestingly, the emission peak at 

λem ≈ 695 nm is associated with the long luminescent lifetime and is known as the N-line; 

it is due to Cr3+ in a perturbed environment arising from lattice defects surrounding 

Cr3+.25 The peak width of the N-line has been associated with the presence of lattice 

defects and lattice disorder.25,50,55 Moreover, the relative intensity of the N-line compared 

to the R-line is also an indicator of lattice defects, where an observed increase in the 

intensity of the N-line suggests more anti-site defects.25,35 Indeed, a study of 

MgGa2O4:Cr3+, ZnGa2O4:Cr3+, and ZnAl2O4:Cr3+ revealed that the N-line became more 

intense in the more disordered samples.25 To this extent, because the N-line is 

responsible for persistent luminescence, an intense and broad N-line relative to the R-

line would produce a long luminescent lifetime. This is observed in δ = 0. To examine 

this relationship more closely the intensity ratio of the R- and N-line was determined as 

well as the full width at half maximum (FWHM) of the N-line. These data are shown in 

Table 4.5. 

Table 4.5. The intensity ratio of the R and 
N-lines and the change in peak width of 
the N-line for Zn(Ga1-δAlδ)2O4 (δ = 0, 0.25, 
0.50, 0.75, 1) 

δ FWHM (cm −1) N/(R+N) 

0 80.30 0.51 
0.25 90.57 0.43 
0.50 151.64 0.36 
0.75 106.00 0.38 
1 64.16 0.50 
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A closer look at these emission peaks as a function of composition reveals that going 

from δ = 0 to δ = 0.50, the N-line broadens and then narrows with continued Al3+ 

substitution. Additionally, when δ = 0 and 1 the intensities of the R and N-lines are nearly 

the same; however, the FWHM for δ = 0 is broader whereas for the intermediate 

compositions (δ = 0.25, 0.50, and 0.75) have a significantly more intense R-line 

compared to the N-line. The FWHM broadens with increasing δ up to δ = 0.50 and then 

begins to narrow. In combination, these data suggest there is more disorder in the 

compounds that contain a partial substitution of Al3+ for Ga3+. Thus, it is likely that there 

will be a change in the persistent luminescence as a function of composition.  

 
Figure 4.5. Emission spectra of Zn(Ga1-δAlδ)2O4:Cr3+ (δ = 0, 0.25, 0.50, 0.75, 1) with 
an excitation wavelength of λex = 400 nm. R-lines are highlighted and are assigned to 
the spin-forbidden transition of 2E → 4A2, and the N is highlighted and is responsible 
for long luminescent lifetimes. 

 

The presence of defects creates trap states, whereupon continuously excited electrons 

will travel through the conduction band and become trapped leading to persistent 

luminescence.12 In ZnGa2O4:Cr3+, these traps stem from anti-site defects of the cation 
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ions (ZnGa
−  and GaZn

+ ) that occur with approximately 3% of Ga3+ occupying the [ZnO4] 

tetrahedra.7,24,25,35 When Cr3+ is substituted on the Ga3+ site, and an electron is excited it 

forms an electron-hole pair.28 This pair is then trapped by the anti-site defect according 

to Equations 4.6 and 4.7.28  




0 0 +
Zn + Ga Zn + GaZn Ga Ga Zn   (4.6) 

 


+ + 0 0
(e - h ) + Zn + Ga Zn + GaGa Zn Zn Ga   (4.7) 

The subsequent thermally induced release of these electrons from the trap states gives 

rise to persistent luminescence.12 Measuring the long luminescent lifetime decay curves, 

shown in Figure 4.6, of the N-line (λem = 695 nm) was successful for δ = 0, 0.25, and 0.5 

while the Al3+ compositions of δ = 0.75 and 1 did not exhibit a measurable persistent 

luminescence. Thus, the first three compositions were fit to a tri-exponential equation 

(Equation 4.8) where I is the normalized intensity, A1, A2, A3 are pre-exponential 

constants, t is time, and τ1, τ2,τ3 are luminescent decay times in minutes. 

31 2

1 2 3

tt t

e e eI A A A
 

 

    (4.8) 
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Figure 4.6 Samples were excited by λex = 254 nm for 10 
min. Circles are the observed data, and the black lines 
are the fit. 

 

The results of the three fits are shown in Table 4.6. It can be seen that as the Al3+ 

concentration is increased, there is a decrease in the long lifetime. Interestingly, this is in 

contrast with the increase in the disorder predicted from the luminescence spectra. 

There is very little change going from δ = 0 to δ = 0.25; however, when aluminum is δ = 

0.50 there is a significant decrease in the persistent lifetime. This quenching of the 

lifetime may stem from changes in the concentration of lattice defects. A similar 

observation was made in the case of the isostructural Zn1-xMgxGa2O4:Cr3+ (x = 0.1 – 0.5) 

system, where with increasing Mg2+ concentration the long lifetime was decreased. 

Here, it was also shown that with increasing Mg2+ concentration there was an increase in 

lattice defects present, which is in agreement with the observations of this research.56 

Additionally, MgGa2O4:Cr3+ has a reported 44% inversion of the Mg and Ga sites and 

also shows a significant loss of persistent luminescence.25,57 Therefore, it can be 

concluded that the increase in lattice defects across the Zn(Ga1-δAlδ)2O4:Cr3+ solid 
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solution acts as a quenching mechanism, hindering persistent luminescence. A further 

increase in anti-site defects prevents persistent luminescence as observed in δ = 0.75. 

Much like in the case of MgGa2O4:Cr3+, this inhibits persistent luminescence entirely.25,57 

Unfortunately, directly studying the concentration of anti-site defects in ZnGa2O4 using 

the crystal structure data available here is not possible because of the similar X-ray 

scattering power of Zn and Ga.  

Table 4.6. Long Luminescent Lifetimes of 
Zn(Ga1-δAlδ)2O4:Cr3+ (δ = 0, 0.25, 0.50). No 
long lifetimes were measured for δ = 0.75 and 
δ = 1 

δ τ1 (min) τ2 (min) τ3 (min) 

0 0.118(5) 0.72(2) 6.0(2) 
0.25 0.135(3) 0.81(2) 5.7(2) 
0.50 0.06(3) 0.37(5) 2.4(2) 

 

To further understand why the long luminescent lifetime changes as a function of 

aluminum concentration, thermoluminescence (TL) measurements were conducted. The 

thermoluminescence spectra are measured as a function of temperature and describe 

the location of the trap states, which arise from defects, with respect to the bottom of the 

conduction band. Trap states that lead to long lifetimes are defined as lying >0.40 eV but 

<1.0 eV below the bottom of the conduction band; the ideal depth is 0.65 eV.58,59 The 

position of the trap states can be extracted from the thermoluminescence data by 

deconvoluting the spectra using a Gaussian function; the resulting trap state energies 

are within 5% of the actual trap depths when employing the “peak shape method”.58-60  

Following Equation 4.9, the trap depths can be quantified by an activation energy (EA) 

using μg as the geometric factor, kB as the Boltzmann constant, and Tm as the maximum 
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temperature of the TL emission. μg can be found with, σ = T2 – Tm: T2 is the low 

temperature half maximum, and ω is the FWHM of the TL emission (Equation 4.10).  

2

[2.52 10( 0.42)] (2 )B m

A g B m

k T
k TE 



 
    

 
 (4.9) 
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    (4.10) 

ZnGa2O4:Cr3+ has previously been reported to have two traps with depths of 0.49 eV and 

0.91 eV.61 A separate report using the initial rise method for a Bi3+ co-doped sample for 

Zn(Ga1-xAlx)2O4:Cr3+,Bi3+ (x = 0, 0.02, and 0.04) estimated three traps with depths of 0.46 

eV, 0.48 eV, and 0.50 eV.53  

Figure 4.7 shows the trap states contributing to the long luminescence lifetimes 

observed for δ = 0, δ = 0.25, and δ = 0.50. The peaks located at 323 K (δ = 0), 413 K (δ 

= 0.25), and 421 K (δ = 0.50) have trap depths that are in reasonable agreement with 

previous reports, and are produced in Table 4.7. Increasing aluminum concentration 

shifts the peaks to slightly higher temperatures, also consistent with literature, which 

reported values of 333 K (x = 0), 348 K (x = 0.02) and 363 K (x = 0.04).53 The presence 

of additional peaks in δ = 0.25 and δ = 0.50 can be attributed to the increase in the 

aluminum concentration and is consistent with the widening of the emission peak at λem 

= 695 nm observed in Figure 4.6. Typically, the long lifetime of a persistent luminescent 

phosphors increases with increasing number of traps and deepening of the traps; 

however, this is not the case for this system. Therefore, the combination of additional 

trap states and the loss of persistent luminescence with increasing Al3+ are consistent 

with the optical properties observed in Zn1-xMgxGa2O4:Cr3+ and MgGa2O4:Cr3+.56,57 

However, the relationship to the change in Eg need to be considered. The fully 
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deconvoluted thermoluminescence spectrum for each sample is shown in the supporting 

information, Figure 4.S2. 

 

Figure 4.7. Thermoluminescence (TL) spectra of peaks 
contributing the long lifetimes for Zn(Ga1-δAlδ)2O4:Cr3+ 
(a)δ = 0, (b) δ = 0.25, and (c) δ = 0.50. 

 

Table 4.7. TL Peaks and Corresponding Trap 
Depths for Zn(Ga1-δAlδ)2O4:Cr3+ (δ = 0, 0.25, 0.50) 

δ T (K) trap depth (eV) 

0 323 
324 

0.48 
0.18 

0.25 123 
145 
365 
413 
456 

0.19 
0.11 
0.22 
0.43 
0.54 

0.50 132 
155 
169 
205 
421 
522 

0.16 
0.40 
0.19 
0.19 
0.48 
0.72 
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4.3.3 Relating Bandgap to Trap Depth The Eg and the location of trap states in Zn(Ga1-

δAlδ)2O4:Cr3+ (δ = 0, 0.25, 0.50) can be visualized in Figure 4.8. As previously stated, 

increasing the Al3+ concentration increases the Eg energy due to the shortening of bond 

lengths from the smaller Al3+ ionic radii. Plotting the change in Eg along with the positions 

of the trap states in Figure 4.7 demonstrates that with increasing Al3+ concentration the 

traps become more shallow, i.e., closer to the conduction band. This change in trap state 

position is likely the cause of the decrease in persistent luminescence because it is more 

energetically favorable to trapping and de-trapping of an electron. 

 

Figure 4.8. Trap depths that are participating in 
persistent luminescence with respect to the bottom of 
the conduction band for δ = 0, 0.25 and 0.50. 

 

In fact, in the previously reported study of Zn1-xMgxGa2O4:Cr3+ and MgGa2O4:Cr3+, the 

loss of long luminescent lifetime was also observed with increasing lattice defects. That 

work postulated the quenching of the lifetime is due to a direct recombination pathway of 

the electron-hole pair; however, there is no experimental evidence to support the claim. 
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Nevertheless, the findings in this study are consistent with observations of the previous 

work in that there is a dependence on lattice defects to induce persistent luminescence, 

but when they become too numerous a quenching of the lifetime will be observed. In the 

case of Zn(Ga1-δAlδ)2O4:Cr3+ when δ = 1 there is no experimentally observed inversion of 

cation ion site according to Rietveld refinements and thermoluminescence, hence, the 

lack of persistent luminescence.25,35 This is also likely the case for δ = 0.75 because 

there was no measurable long luminescence lifetime or thermoluminescence to support 

an increase in lattice defects. 

4.4 Conclusion 

A solid solution Zn(Ga1-δAlδ)2O4:Cr3+ (δ = 0, 0.25, 0.50, 0.75, 1) was prepared using high-

temperature solid state synthesis. Rietveld refinements from synchrotron X-ray powder 

diffraction data show that both Vegard’s law and Retger’s law were followed with 

increasing substitution of Al3+ onto the Ga3+ site. This substitution also showed an 

increase in the optical bandgap which was determined from diffuse reflectance. 

Moreover, a blue shift in the photoluminescence excitation spectra is observed. Fitting 

the excitation spectra and determining the crystal field strength shows an overall 

decrease in 10Dq/B, suggesting more aluminum creates a stronger crystal field 

environment. The emission spectra for the whole solid solution indicate a change in the 

N-line (λem = 695 nm) that broadens going from δ = 0 to δ = 0.50 signifying a change in 

the lattice defects.  

The change in relative intensity between the R and N-lines is also an indication of an 

increase in lattice defects with the intensity of the N-line in δ = 0.25, 0.50 decreasing with 

the increase in Al3+ concentration. Measuring the long luminescent lifetimes revealed a 
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decrease in the emission decay with increasing aluminum concentrations with δ = 0.75 

and 1 exhibiting no long luminescent lifetime. To investigate the quenching of the long 

luminescence lifetimes, thermoluminescence was conducted to measure the trap states 

of the materials and determine their location with respect to the bottom of the conduction 

band. The measured trap depths of δ = 0 were consistent with previous reports, as was 

a shift in the TL emission spectra with increasing Al3+ concentration. Furthermore, there 

was an increase in the number of trap states going from δ = 0 to δ = 0.50 indicating an 

increase in the number of lattice defects. Combining this result with the long lifetimes 

supports the claim that with increasing lattice defects there will be a loss of persistent 

luminescence. Therefore, it reasonable to conclude that although defects are necessary 

to induce persistent luminescence, there is a threshold to the number before they begin 

to have a reverse effect.  
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4.7 Supporting Information 

  

(a) ZnGa2O4 (b) Zn(Ga0.740(1)Al0.260(1))2O4 

  

(c) Zn(Ga0.497(1)Al0.503(1))2O4 (d) Zn(Ga0.238(1)Al0.762(1))2O4 
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(f) ZnAl2O4 

Figure 4.S1. Rietveld refinement shown for (a) δ = 0, (b) δ = 0.25, (c) δ = 0.50, (d) δ = 
0.75, and (f) δ = 1 Experimental data is indicated by black circles, refinement is the solid 
color, and the difference is gray. Each refinement is in good agreement with the 
calculated pattern. 

 

Table 4.S1. Rietveld Refinement of  Zn(Ga1-δAlδ)2O4 (δ =  0.25, 0.50, 0.75) 
from 11-BM Synchrotron X-Ray Diffraction 

Formula δ =0.25 δ = 0.50 δ= 0.75 

Radiation type, λ 
(Ȧ) 

11-BM 0.4126760 
0.5-50 

295 

Fd3 ̅m (No. 227); 8 

2θ range (deg) 

Temperature (K) 

Space group; Z 

Lattice parameters 
(Ȧ) 

a = 8.274091(2) a = 8.21351(2) a = 8.150408(3) 

Volume (Ȧ3) 566.449(1) 554.098(3) 541.425(1) 

Calculated Density 
(g cm-3) 

5.782 5.413 4.997 

Formula weight (g 
mol-1) 

1972.508 1806.310 1629.164 

Rp 0.0604 0.0943 0.0848 

Rwp 0.0774 0.1480 0.1165 

χ2 2.0214 6.796 6.996 
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Table 4.S2. Crystallographic Data of Zn(Ga1-δalδ)2O4 (δ =  0.25, 0.50, 0.75)  from 
Rietveld Refinement Resulting from 11-BM Synchrotron X-ray Diffraction Data 

(a) Zn(Ga0.740(1)Al0.260(1))2O4 

Atom Wyck. site x y z Uiso (Å) Occup. 
Zn 8a 1/8 1/8 1/8 0.00407(3) 1 
Ga 16d 1/2 1/2 1/2 0.00359(3) 0.740(1) 
Al 16d 1/2 1/2 1/2 0.00271(3) 0.260(1) 
O 32e 0.26357 

(7) 
0.26357(7) 0.26357(7) 0.0068(1) 1 

(b) Zn(Ga0.497(1)Al0.503(1))2O4 

Zn 8a 1/8 1/8 1/8 0.00314(7) 1 
Ga 16d 1/2 1/2 1/2 0.00249(7) 0.497(1) 
Al 16d 1/2 1/2 1/2 0.00249(7) 0.503(1) 
O 32e 0.26323(3) 0.26323(3) 0.26323(3) 0.0039(2) 1 

(c) Zn(Ga0.238(1)Al0.762(1))2O4 

Zn 8a 1/8 1/8 1/8 0.00289(4) 1 
Ga 16d 1/2 1/2 1/2 0.00219(6) 0.238(1) 
Al 16d 1/2 1/2 1/2 0.00219(6) 0.762(1) 
O 32e 0.26332(4) 0.26332(4) 0.26332(4) 0.0044(1) 1 
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Figure 4.S2. Thermoluminescence spectra showing the deconvolution of the trap states 
for Zn(Ga1-δAlδ)2O4:Cr 3+  (a) δ = 0, (b) δ = 0.25, and (c) δ =  0.50. 
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CHAPTER 5 

Exploring the Local Structure in Cr-substituted Zn(Ga1-δAlδ)2O4 Persistent 
Luminescent Phosphors 

 
Erin Finley and Jakoah Brgoch 

Department of Chemistry, University of Houston, Houston, TX 77204 

5.1 Introduction 

Persistent luminescence is a phenomenon observed in inorganic phosphors where a 

luminescent center, e.g., Cr3+ or Eu2+, can emit visible light for minutes to hours after the 

termination of an excitation source.1 Due to the extraordinarily long luminescent lifetimes 

of these materials, a wide range of applications have been developed including 

emergency signage,2 medical diagnostics,3-7 and novelty items such as wristwatch dials 

or toys. Their diverse range of functions have led to the discovery of persistent 

luminescent phosphors with a range of emission colors and lifetimes, chemical 

compositions, and structure types that most notably include a blue-emitting 

Sr2MgSi2O7:Eu2+,Dy3+, a green-emitting SrAl2O4:Eu2+,Dy3+, an orange-emitting 

Ca2Si5N8:Eu2+,Tm3+, and a near IR-emitting ZnGa2O4:Cr3+.8-10 

The mechanism that drives persistent luminescence is widely agreed to include an 

electron from the luminescent center being photoionized into the conduction band with 

continued excitation.11-15 The electron is then trapped by a “trap state,” which stems from 

a defect within the crystal structure or the presence of 5d-orbitals from a co-dopant such 

as Dy3+.12-15 When energy (usually thermal) is then applied to the material, the electrons 

held in the trap states are slowly released leading to longer than expected luminescent 

lifetimes. Evidence of this mechanism has involved work to understand the relationship 

between co-dopants and trap states in an attempt to further extend the persistent 
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luminescence or improve emission intensity.11,16,17 Research has also shown the 

presence lattice defects (anion vacancies or anti-site defects) are essential in the 

persistent luminescent mechanism has increasingly gained attention.18-20 For example, 

first principle calculations revealed the presence of anion vacancies were responsible for 

the observed emission lifetimes in SrAl2O4:Eu2*, CaAl2O4:Eu2+,Nd3+ whereas anti-site 

(Zn/Ga) defects were the reason for the long luminescence lifetimes in in 

ZnGa2O4:Cr3+.18-20 Experimental investigations have also been central for understanding 

the relationship between defects and optical properties. In one study, the local structure 

of Eu2+ was analyzed using synchrotron X-ray absorption spectroscopy (XAS)21,22 and 

electron paramagnetic resonance spectroscopy (EPR)23 to show that oxygen vacancies 

contributed to the trapping of electrons in Sr2MgSi2O7:Eu2+,Dy3+. Moreover, 71Ga solid-

state NMR of ZnGa2O4:Cr3+ confirmed anti-site defects were present with EPR showing 

the resulting trap states lie next to the first cationic neighbor with respect to Cr3+.24,25 

Interest in Cr3+ substituted spinel-type phosphors have become a central research focus 

with a specific interest on understanding how the local coordination environment around 

the luminescent ion influences persistent luminescence. Recent work has revealed that 

the most likely origin is due to the presence of anti-site defects influencing the 

polyhedron of Cr3+ in the structure.9,25,26  These spinel structures provide an attractive 

platform to further study the implications of structural defects around Cr3+ because they 

can be studied as a function of chemical composition.24,27,28 The family of normal spinel-

type structures, AB2O4 (A = divalent cation and B = trivalent cation) form in a cubic 

closed packed structure, space group Fd3m (no. 227), with eight A sites and sixteen B 

sites whereas an inverse spinel has eight of the trivalent B atoms occupying the eight A 

sites and the divalent A atoms evenly distributed with the remaining eight B atoms over 
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the sixteen B sites. Within this family of spinel-type structures, persistent luminescence 

has been extensively investigated for three compounds: ZnGa2O4:Cr3+, ZnAl2O4:Cr3+, 

and MgGa2O4:Cr3+.25-27,29-32 The compound ZnGa2O4:Cr3+ exhibits the longest reported 

lifetime lasting for ≥5 h, MgGa2O4:Cr3+ shows a lifetime of ≤15 min, and ZnAl2O4:Cr3+ 

does not have a measureable persistent luminescent lifetime.27,29-31  

Interestingly, ZnAl2O4:Cr3+ crystallizes as a nearly perfect normal spinel with Zn almost 

exclusively occupying the A sites and Al occupying the B sites, which is different from 

ZnGa2O4:Cr3+, which has been suggested to contain ∽3% Zn/Ga inversion, i.e., anti-site 

defects.24 This is in contrast to MgGa2O4:Cr3+, which shows ∽44% Mg/Ga inversion.30,31 

There is an apparent connection between the concentration of the anti-site defects and 

the luminescent lifetimes; therefore, the relationship between persistent luminescence 

and anti-site defects should be probed. Recent work using photon emission and 

thermoluminescence spectroscopies  to study Zn(Ga1-δAlδ)2O4:Cr3+ showed there is, in 

fact, a dependence on the number of lattice defects stemming from the different 

concentrations of δ.33 Additionally, a study of (Zn1-δMgδ)Ga2O4:Cr3+ using ERP and XAS, 

of Cr3+ indicated a correlation between anti-site defects and local structure by identifying 

a decrease in bond length between Cr-O with increasing number of defects.27 

The substitution of Cr3+ in these spinel-type crystal structures not only induces defects 

leading to the formation of trap states, but it also causes the normally octahedrally 

coordinated B site to trigonally distort reducing the point group symmetry from Oh to 

D3d.
34 This distortion can be observed in the photoemission of ZnGa2O4:Cr3+ and 

ZnAl2O4:Cr3+, where assuming Oh symmetry there is a spin-forbidden photon emission, 

2Eg → 4A2g. Detailed analysis of this photon emission at 77 K revealed a splitting of the 

emission peak into two distinct peaks confirming a lowering of the symmetry from Oh (
2Eg 
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→ 4A2g) to D3d (Eg → 4A2g and 2Ag → 4A2g), where the gallate (≈40 cm1) had a greater 

splitting of the Eg and 2Ag versus the aluminate (≈6 cm1).34-36 An examination of the 

relationship between the trigonal distortions of Cr3+ in ZnGa2O4:Cr3+, ZnAl2O4:Cr3+, and 

MgGa2O4:Cr3+ and anti-site defects was subsequently conducted using EPR.31 The study 

revealed that strain broadening, which is an indication of anti-site defects, increased 

following MgGa2O4:Cr3+ > ZnGa2O4:Cr3+ > ZnAl2O4:Cr3+. This result provided further 

evidence that was consistent with the known inversion of these materials and the 

observed splitting of the Eg and 2Ag states.31,35 The EPR study also showed the zero 

field splitting of the 4A2 ground state with ZnAl2O4:Cr3+ > MgGa2O4:Cr3+ > ZnGa2O4:Cr3+ 

suggesting decreasing trigonal distortion on the C3 axis.31,35 Interestingly, the zero field 

splitting trend corresponds to the loss of long luminescent lifetimes reported with this 

family of spinel-type structures such that as zero field splitting increases there is a 

decrease in lifetime.25-27,29-31 The combination of these results suggest that the 

relationship between the C3 axial distortion of Cr3+ and anti-site defects are linked to the 

efficiency of persistent luminescence. 

In the research presented here, the local structure surrounding the Cr3+ ion is 

investigated across the solid solution Zn(Ga1-δAlδ)2O4:Cr3+ (δ = 0 – 1) using XAS and its 

ensuing components: X-ray absorption near edge structure (XANES) and extended X-

ray absorption fine structure (EXAFS). The previously reported optical properties of this 

solid solution revealed there was a significant quenching of the long luminescent lifetime 

with increasing aluminum concentration from δ = 0 – 0.50, with the persistent 

luminescence completely quenched at δ = 0.75.33 The loss of persistent luminescence in 

this series was indirectly attributed to an increase in the number of lattice defects that 

became shallower as Al3+ concentration increased up to δ = 0.50.33 The XANES spectra 
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confirm the main oxidation state of Cr in this system is 3+ and resides in a [CrO6] 

octahedron. Moreover, fitting the data reveals changes in peak shape that indicates 

distortions in the octahedron arising from anti-site defects. Combining these results with 

additional EXAFS fitting and the aforementioned optical properties indicate that as the 

Al3+ concentration increases to δ = 0.50 there is a [CrO6] octahedral distortion that is 

accompanied by an increase in the concentration of lattice defects.  

5.2 Experimental 

5.2.1 Sample Preparation and Characterization Polycrystalline samples, with the 

nominal compositions Zn(Ga1-δAlδ)2-xO4:Cr3+ (δ = 0, 0.25, 0.50, 0.75, 1; x = 0.005) were 

prepared via high-temperature solid-state synthesis. The starting materials were 

weighed out in stoichiometric ratios using the following reagents: ZnO (Alfa Aesar 

99.9%), Ga2O3 (Alfa Aesar 99.95%), Al2O3 (Alfa Aesar 99%), Cr2O3 (Alfa Aesar 99%), 

and 4 wt% boric acid (Sigma Aldrich 99.98%) as a flux. These powders were first mixed 

using a shaker mill (Spex 8000M) in a polystyrene vial with 9.5 mm methacrylate balls as 

grinding media for 45 min and then pressed into 8 mm pellets. The pellets were then 

heated in air for 10 h at 1300°C with heating and cooling rates of 3°C/min. The products 

were subsequently ground into fine powders using an agate mortar and pestle for 

characterization.33 Phase purity of each product was then confirmed by indexing the 

diffractograms collected using a PanAnalytical X’Pert powder diffractometer equipped 

with Cu Kα radiation (1.54183 Å), shown in Figure 5.1.  
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Figure 5.1 Powder X-ray diffraction of Zn(Ga1-δAlδ)2O4:Cr3+ (δ = 0 – 1). The whole 

solid solution forms in the space group Fd3m (no. 227) in agreement with the 
calculated pattern.37 Shift of peaks to higher angle indicate smaller unit cell 
parameters confirming incorporation of Al3+ into the system. 

5.2.2 Density Functional Theory Calculations Structure optimization for the full range of δ 

was conducted using the Vienna Ab initio Simulation Package (VASP).38 All calculations 

employed a plane-wave basis set with projector augmented wave (PAW) potentials.39,40 

The atomic positions and unit cell volumes were relaxed within the Generalized Gradient 

Approximation (GGA) and the exchange and correlation described using the Perdew-

Burke-Ernzerhof (PBE) functional.41 Total energy calculations used a plane-wave cutoff 

energy of 500 eV, convergence condition of 1 x 10−8 eV electronic relaxation, 1 x 10−6 eV 

structural relaxation, and a 2 x 2 x 2 -centered Monkhorst-Pack k-point mesh. The 

crystal structures were visualized using Vesta.42 

5.2.3 X-ray Absorption Spectroscopy XANES and EXAFS measurements were carried 

out in conjunction with the research presented here employed the Materials Research 

Collaborative Access Team (MRCAT) at the Advanced Photon Source, Argonne 
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National Laboratory on the 10-BM A,B beamline.43,44 Samples were finely ground and 

sieved to a 325 mesh (Cole Palmer) and spread thinly over Kapton Tape™. The data 

were collected on the Cr K edge, 5989 eV in fluorescence mode between 5000 eV – 

7000 eV. Analysis was conducted using the Athena and Artemis software packages.45  

5.3 Results and Discussion 

5.3.1 XANES Spectra of the Cr K Edge X-ray absorption spectroscopy was conducted 

using the solid solution Zn(Ga1-δAlδ)2O4:Cr3+ (δ = 0 – 1) to investigate the local structure 

environment of Cr3+. Owing to the low concentrations of Cr3+ substitution in this crystal 

structure, refining the specific crystallographic details surrounding the luminescent cation 

is not easily done using conventional, average structure methods like powder X-ray 

diffraction. Thus, XAS is a valuable tool for determining structural properties in persistent 

luminescent materials because these are atom specific measurements.46 XAS 

experiments result in two spectra with distinct features; first, the XANES region provides 

information about orbital mixing and oxidation state whereas the second, EXAFS region 

provides details about interatomic distances, site occupancies, and coordination 

environment.45-47 
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Figure 5.2 Cr K edge XANES spectra for Zn(Ga1-δAlδ)2O4:Cr3+ (δ = 0 – 1). The four 
prominent features A-B is the 1s→3d transition, C 1s-to-continuum, D is the first 
constructive interference. Lorentzian fitted peaks are grey. The dashed line is a guide 
for the eye to show the shift in energy of the C peak. 

In this work, the XANES spectra were collected for the Cr K edge in Zn(Ga1-δAlδ)2O4:Cr3+ 

(δ = 0 – 1), plotted in Figure 5.2. In the pre-edge range, ≤5989 eV, there are no intense 

peaks, which indicate Cr exists primarily in its 3+ oxidation state.48,49 A closer analysis 

indicates there are four prominent features in the XANES data, labeled A, B, C, and D. 

First is the A (absorption edge at 5989 eV) and B features represent the 1s → 3d 

photoelectronic transition of Cr3+.50 Next is the C feature and identified is the electronic 

transition of an electron from the 1s-to-continuum and shows a shift to higher energy 

(eV) with increasing Al3+ concentration, which is consistent with an increase in the optical 

bandgap as Al3+ increases.33,51,52 Finally, is the D feature which is the first constructive 

interference with neighboring atoms.32 

To gain qualitative insight into how these features change with varying composition the 

B, C, and D features were fit using a Lorentzian function and are listed in Table 5.1, 

resulting in three distinct peaks. The A feature was fit using an arctan step function and 



127 
 

was set to a 5989 eV, the value of the absorption edge, for all values of δ. Firstly, peaks 

B and D have a constant energy centroid across the whole range of δ, whereas peak C 

shifts to a higher energy with increasing Al3+ concentration. The shift in energy is a result 

from the increased electronegativity of Al3+ compared to Ga3+.50   

Table 5.1. XANES peak fitting results for Zn(Ga1-

δAlδ)2O4:Cr3+ (δ = 0 – 1) 

 Centroid (eV) Height (E) Width (E) 

(a) B 
0 5993(1) 1.3(3) 3.7(3) 
0.25 5993(4) 2(1) 5.3(3) 
0.50 5993(5) 5(4) 8.5(3) 
0.75 5993(1) 3.6(7) 6.5(2) 
1 5993.4(8) 4.0(5) 6.7(2) 
(b) C 
0 5998.7(1) 11.1(3) 7.5(3) 
0.25 5998.99(9) 10(1) 7.3(6) 
0.50 5999.4(1) 8(4) 6.5(7) 
0.75 5999.58(9) 8.6(7) 6.4(1) 
1 5999.8(1) 8.2(5) 6.1(1) 
(c) D 
0 6013.5(4) 3.1(2) 8.4(8) 
0.25 6013.8(4) 3.0(2) 9.1(9) 
0.50 6013.8(5) 3.0(3) 10(1) 
0.75 6013.7(4) 3.2(2) 11(1) 
1 6013.8(5) 3.1(2) 11(6) 

Next, the height variation in the signal, which arises from changes in valence orbitals, 

remains constant for peak D, it increases in peak B, and it decreases in peak C. The 

increase in peak B is due the increasing presence of the lower energy 3p-orbitals that 

stems from the shifting of energy of the C  peak.50 The decrease in the intensity in peak 

C is attributed to a decrease in the number of unoccupied orbitals above the Fermi 

level.50 Finally, the peak widths in XANES have been ascribed to distortions in the [CrO6] 

octahedron when comparing ZnGa2O4:Cr3+ and ZnAl2O4:Cr3+, where a broader peak for 

ZnGa2O4:Cr3+ was reported suggesting the broader the peak the more anti-site defects 

were present.27,32 From these data it is evident that peak B becomes broader up to δ = 

0.50 and then narrows going to δ = 0.75 and δ = 1. These observation are consistent 
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with an increase in the number of lattice defects that were also observed in a 

thermoluminescence study.33 Alternatively, Peak C narrows and D widens with 

increasing Al3+ concentration, likely due to a change in the atomic interactions between 

Cr3+ and its neighboring atoms with varying δ. This is similar to the previous report of 

ZnGa2O4:Cr3+ and ZnAl2O4:Cr3+ that reported the changes in peak width and intensity 

and ascribed the changes to shifts in the CrO bond lengths.32 To support these claims, 

it is essential to investigate the Cr3+ local structure by examining the EXAFS region and 

extract a more precise coordination environment around Cr3+.  

5.3.2 EXAFS Spectra of Cr K Edge To further explore how the local symmetry distortions 

observed in the XANES spectra are changing as a function of δ, the EXAFS spectra of 

the solid solution was investigated. The processed data are plotted in Figure 5.3. 

Looking closely at the first coordination shell, the first near neighbor is the CrO 

interaction, which is an octahedrally coordinated Cr atom ([CrO6]), located at ≈1.5 Å. The 

next region is the second and third coordination shells between 2.0 Å and 3.5 Å. They 

are assigned to the first cationic neighbor, CrGa or CrAl, which is the B atom in an 

octahedrally coordinated environment (Cr[Ga/AlO6] ≈2.6 Å), and the second cationic 

neighbor, CrZn, the A atom in a tetrahedrally coordinated environment (Cr[ZnO4] ≈3.5 

Å).46,47,53-55 When δ = 0 there is an intense broad peak centered at ∽2.6 Å as expected 

for occupation of [GaO6] octahedron and [ZnO4] tetrahedron.31,55 Increasing the 

aluminum concentration decreases this peak’s intensity and causes a significant 

broadening by δ = 0.25. Then the peak becomes noticeably asymmetric at δ = 0.50. 

Further increasing Al3+ to δ = 0.75 shows the EXAFS peak begins to become bimodal, 

which is an indication of the two distinct coordination environments of the second and 

third coordination shells. Finally, for δ = 1, there are two independent peaks centered at 
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∽2.5 Å and ∽3.0 Å.31 This change in the peak shape is attributed to the site mixing 

between Ga3+ and Al3+. This is due to the smaller ionic radii of Al3+ (r6-coord = 0.535 Å) 

compared to Ga3+ (r6-coord = 0.620 Å) that results in an overserved shortening of the 

interatomic distance between CrAl.56 Noting that because the ionic radii of Zn2+ (r6-coord 

= 0.600 Å) is nearly the same as Ga3+ the narrower, more intense peak observed in δ = 

0 is seen.56 Thus, as the smaller Al3+ concentration increases the two shells (second and 

third) become more resolved as a result of the difference in ionic radii. Moreover, it is 

consistent with the observations made in the XANES region with the widening of peak D. 

 

Figure 5.3 EXAFS spectra across the solid solution 
Zn(Ga1-δAlδ)2O4:Cr3+ (δ = 0 – 1) with k3-weighted Fourier 
transform of the magnitude.  

To determine the interatomic distances of CrO, CrGa/Al, and CrZn, the EXAFS data 

were fit using the IFEFFIT software for the R-range (radial distance) of 1 Å to 4 Å using a 

Hanning window for the full range of δ.45 It is straight forward to model the data of the 

end members of the solid solution; however, modeling statistical atomic mixing using 

IFEFFIT is problematic because it is complicated to generate the complex scattering 
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paths needed to describe these situations.45 The intermediate values of δ in this spinel-

type structure, i.e., δ = 0.25, 0.50, and 0.75, all contain statistical mixing of the Ga/Al 

position (B site). As a result, ordered models where the symmetry of the B site is 

reduced must first be created for use an as input, starting structure models for IFEFIT. In 

this work, the ordered models were constructed using the program “Supercell.”57 A 

supercell approach is classic method for approximating atomic disorder in a material by 

lowering the point symmetry and reducing Wyckoff multiplicity of each site. The result is 

a straightforward way to mimic atomic disorder. The “Supercell” program also creates a 

large number of structures by enumerating all possible combinations of local 

environments are probed. The ordered crystal structures generated can then optimized 

using DFT to determine the lowest energy structure, which is likely the best model for 

the experimentally observed mixing. For Zn(Ga1-δAlδ)2O4 (δ = 0.25, 0.50, and 0.75) the 

lowest total DFT calculated energies calculated are visualized in Figure 5.4. These 

structures were used to calculate the scattering paths in IFEFFIT as a starting point for 

the EXAFS fitting.  
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Figure 5.4 Unit cells of the solid-solution from DFT calculations [GaO6] (green) and 

[AlO6] (blue) octahedron are highlighted, Zn2+ (black), and O2 (orange). (a) ZnGa2O4 
(b) Zn(Ga0.75Al0.25)2O4 (c) Zn(Ga0.50Al0.50)2O4 (d) Zn(Ga0.25Al0.75)2O4 and © ZnAl2O4. 

 

The final EXAFS fits across the full range of δ are presented in Figure 5.5. The resulting 

fits are in good agreement with the observed data, as well as the previous report of 

ZnGa2O4:Cr3+ and ZnAl2O4:Cr3+.32 The fit parameters including, the degeneracy of the 

absorbing atom (N), radial distance (R) of the atomic neighbors, the difference in Reff 

(calculated R) and R (ΔR), and the Debye-Waller factor (σ2) are provided in Table 5.1. 

Notably, σ2, which measures the disorder in the path, is quite large for Cr-O path in δ = 

0.50 supporting the presence of disorder in the crystal structure, as expected. The 

parameter N, as previously mentioned, is the degeneracy of the absorbing atoms. In 

other words, it is the number of atoms that are the same. For example, when N = 6 for 

the first near neighbor of Cr3+ that means there are six oxygen atoms as the first 

neighbor. The varying values of N for the first cationic neighbor for δ = 0.25, 0.50, and 

0.75 are a result of site mixing between gallium and aluminum; however, total an N = 6 

that is consistent with [Ga/AlO6] octahedron assigned to the second coordination shell. 



132 
 

Likewise, N = 6 for CrO and CrZn are consistent with [CrO6] octahedral and [ZnO4] 

tetrahedra.53 

 

Table 5.2 Structural parameters around Cr3+ determined by fitting 
the Cr K edge EXAFS. 

 N R (Å) ΔR (Å) σ2 (Å2) 

(a) δ = 0 𝜒𝑟𝑒𝑑
2  = 53.90 R-factor = 0.018 

CrO 6 1.961 -0.0284(8) 0.001(1) 

CrGa 6 2.945 -0.005(8) 0.0017(9) 

CrZn 6 3.428 -0.03(1) 0.003(2) 

(a) δ = 0.25 𝜒𝑟𝑒𝑑
2  = 74.96 R-factor = 0.020 

CrO 6 1.966 -0.039(8) 0.000(9) 

CrGa 5 2.956 -0.01(2) 0.003(1) 

CrAl 1 2.814 -0.2(1) 0.003(1) 

CrZn 6 3.419 -0.06(3) 0.004(2) 

(b) δ = 0.50 𝜒𝑟𝑒𝑑
2  = 83.55 R-factor = 0.022 

CrO 6 2.009 0.019(9) 0.019(2) 

CrGa 2 2.963 0.02(6) 0.002(9) 

CrAl 4 2.872 -0.07(3) 0.001(7) 

CrZn 6 3.459 0.01(2) 0.004(3) 

(c) δ = 0.75 𝜒𝑟𝑒𝑑
2  = 188.61 R-factor = 0.037 

CrO 6 1.997 0.01(1) 0.009(2) 

CrGa 2 2.529 -0.4(2) 0.02(2) 

CrAl 4 2.903 -0.04(3) 0.001(5) 

CrZn 6 3.409 -0.04(2) 0.004(3) 

(b) δ = 1 𝜒𝑟𝑒𝑑
2  = 99.04 R-factor = 0.034 

CrO 6 1.988 0.017(1) 0.001(1) 

CrAl 6 2.899 0.02(2) 0.002(2) 

CrZn 6 3.395 0.04(1) 0.004(2) 
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Figure 5.5 Cr K edge EXAFS of for in Fourier transform 
k2-weighted R-space of (a) magnitude and (b) real. Black 
circles are the observed data, solid line is the fit. Dashed 
line is a guide for the eye to show the peak shift.  

 

Examining the changes in the radial distance across the solid solution the first near 

neighbor revealed a particularly interesting change as a function of δ. A closer look at 

Figure 5.5a reveals that a shift to longer values of R with increasing Al3+ concentration is 

occurs for δ = 0.25 and 0.50. Once δ = 0.75 there is a small shift to a shorter value of R, 

and finally another shift to smaller R when δ = 1. This could be an indication of distortion 

in the polyhedron of CrO. Plotting R across the solid solution for the CrO bond (first 

near neighbor or [CrO6] octahedron) is shown in Figure 5.6a. The difference in the 

calculated radial distance (Reff) and the fit radial distance is described by ΔR (Figure 

5.6b).46 To accurately describe the value of R, ΔR should not be ≥±0.5 Å.46 The CrO 

bond shows an increase in the R with increasing Al3+ up to δ = 0.50 and then decreases 

for δ = 0.75 and again when δ = 1.  
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Figure 5.6 (a) Radial distance (R) of CrO as a function 
of δ in Zn(Ga1-δAlδ)2O4:Cr3+ (δ = 0 – 1). (b) Difference in 
the calculated distance and the fit as a function of δ. 

 

Examining the results of the EXAFS fitting presented here suggest that as Al3+ increases 

to δ = 0.50 there will be an increase in the number of lattice defects, presumably anti-site 

defects, that will distort the [CrO6] octahedron lengthening the CrO bond. Recalling the 

thermoluminescence measurements of this solid solution, Zn(Ga1-δAlδ)2O4:Cr3+ (δ = 0 – 

1), which recently confirmed an increase in the number of trap states for δ = 0 < 0.25 < 

0.50, and was also supported by observations made using florescence spectroscopy.33 

Additionally, the reported EPR data showing an increase in the zero field splitting along 

the C3 axis of ZnAl2O4:Cr3+ > MgGa2O4:Cr3+ > ZnGa2O4:Cr3+ supporting a distortion that 

corresponds to changes in the observed persistent luminescence.31 In combination, the 

data suggest a correlation between the distortion observed in the local structure of the 

Cr3+ luminescent center and the increase in the number of trap states that lead to the 

quenching of long luminescent lifetimes.  
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5.4 Conclusion 

The spinel-type structure of the solid solution Zn(Ga1-δAlδ)2O4:Cr3+ (δ = 0 – 1) was 

investigated to explore the changes in local structure around the luminescent center, 

Cr3+. The synthesis of the full solid solution was achieved via high-temperature solid-

state synthesis at 1300C in air for 10 h. The final phase pure products were confirmed 

with PXRD and used to conduct XAS experiments. The XANES spectra show four 

prominent regions, A, B, C, and D. A and B are the absorption of a 1s → 3d 

photoelectron transition consistent with the presence of Cr3+. A distinct peak, labeled C, 

the 1s-to-continuum, shifted to higher energies with increasing Al3+ concentration 

consistent with an increase in the optical bandgap and the increasing electronegativity of 

aluminum. Fitting three of the prominent features in the XANES region revealed a 

change in peak intensity of the B peak that increases up to δ = 0.50 then decreases 

again to δ = 1. Peak C has shift to higher energy that becomes less intense and 

narrower with increasing Al3+ concentration.  

Finally, peak D remains constant in both peak location and intensity; however it 

becomes broader with increasing Al3+ concentration. Explicitly examining the first 

coordination shell shows the CrO interaction is centered at ≈1.5 Å, while the second 

and third shells (2.5 Å – 3.5 Å) show a change of peak shape. These peaks decrease in 

intensity and become increasingly asymmetrical with increasing Al3+ until two distinct 

peaks are observed at δ = 0.75 and 1. Fitting the EXAFS spectra of each composition 

revealed a trend in the R of CrO that is consistent with the change in peak B’s intensity 

from the XANES data. The resulting R values imply that an increase in distortion along 

the C3 axis in the [CrO6] octahedron occurs up to δ = 0.50, which also supports an 
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increase in the number of lattice defects present. These results combined with 

previously reported optical properties support the hypothesis that lattice defects are an 

essential property to persistent luminescent phosphors and that a distortion in local 

coordination environment can induce defects. However, when a maximum is reached 

they will have an adverse effect.  
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6.1 Introduction 

The signature long luminescent lifetimes of persistent luminescent phosphors (PLPs) are 

critical for an array of applications spanning chemistry, engineering, and even design. 

They have found use in deep tissue in vivo imaging,1 point-of-care diagnostics,2,3 

luminous paint,2 emergency signage,4 and novelty items such as watch dial faces and 

children’s toys. PLPs produce a range of colors from orange emitting Ca2Si5N8:Eu2+,Tm3+ 

to blue emitting CaAl2O4:Eu2+,Nd3+ and Sr2MgSi2O7:Eu2+,Dy3+.5 Among them, however, 

SrAl2O4:Eu+2,Dy+3 is the most widely used due to its impressive long luminescent lifetime 

of ≈70 min6 when substituted with Eu2+, while the addition of the co-dopant Dy3+ pushes 

the lifetime reportedly to 30 hours.7  

The origin of the long luminescent lifetimes in PLPs is the subject of extensive research 

focusing specifically on the mechanism that produces this optical phenomenon, often in 

an effort to find pathways that further extend their lifetimes.5,8 It is widely accepted that 

the persistent luminescent mechanism involves the excitation of an electron from its 

ground state to an excited state, which is further photoionized into the conduction band 

through continued excitation.8 This excited state electron is subsequently “trapped” by a 

defect in the crystal structure that is alleged to arise due to vacancies or the presence of 
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d-orbitals from a rare-earth co-dopant such as Dy3+. The trapped electrons are then 

slowly released by applying energy to the system, typically thermal energy, leading to 

photoemission and the observed long luminescent lifetimes.9,10  

Investigations into the source of these traps have largely focused on the presence of d-

orbitals from the trivalent rare-earth co-dopant based on experimental studies8,11 or ab 

initio calculations.12 However, as noted, SrAl2O4:Eu2+ surprisingly exhibits a long 

luminescent lifetime even in the absence of Dy3+,6 as do other well-known PLPs 

including Sr2MgSi2O7:Eu2+.13 This suggests that the observation of persistent 

luminescence is independent of the co-dopant’s d-orbitals, and that Eu2+ alone is 

sufficient to generate the long emission lifetime.13,14 Considering the persistent 

luminescence mechanism is undoubtedly related to the presence of trap states, 

alternative defects unrelated to the rare-earth co-dopant must be present in these crystal 

structures to produce the observed optical properties. This hypothesis is supported in 

particular by the recent implementation of an empirical fitting method to show that 

defects are likely to form in monoclinic SrAl2O4 even in the absence of a rare-earth 

luminescent center, like Eu2+,15 and is also supported by electron paramagnetic 

resonance data.16,17 Based on these reports, it is reasonable to conclude the formation 

of defects are intrinsic in PLP materials like SrAl2O4. However, to better understand the 

relationship between persistent luminescence and point defects, it is imperative to 

computationally study the formation energy and trap depth of vacancies in SrAl2O4 and 

SrAl2O4:Eu2+. 
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6.2 Computational Details 

Full structure optimizations and total energy calculations employed the Vienna ab initio 

simulation package (VASP) within the DFT framework.18 The plane wave basis set and 

projector augmented wave (PAW) potentials were used to define the electronic wave 

functions.19 A supercell with dimensions of 2 x 1 x 1 (56 atoms) was first optimized using 

the Perdew-Burke-Ernzerhof (PBE) exchange and correlation functional.20 A larger 2 × 2 

× 1 (112 atoms) supercell was also tested and found there to be less than a 3% 

formation energy difference, indicating the supercell size effect was negligible. 

Therefore, the 2 × 1 × 1 was selected as a compromise between computational cost and 

accuracy. Further, PBE+U method was used for the description of highly correlated Eu 

4f electrons in SrAl2O4:Eu2+, with U = 7.62 and J = 0.68.12 Full structural optimizations 

were performed with the electronic convergence criteria set to 1 x 10-8 eV while the ionic 

relaxation was set to 1 x 10-2 eV/Å. A cutoff energy of 500 eV was used and the 

integration of the first Brillouin zone was carried out using a Monkhorst-Pack k-point grid 

of 2 x 2 x 2.  

The resulting optimized crystal structure of the monoclinic SrAl2O4, shown in Figure 6.1a, 

contains two crystallographically independent cation ion sites that sit in the middle of a 

three-dimensional network of [AlO4] tetrahedra formed by eight crystallographically 

independent oxygen atoms.7 The HSE06 functional was then implemented to correct for 

the significant underestimation of the PBE band gap (Eg= 4.21 eV) compared to the 

experimental value (Eg = 6.5 eV).12 A reasonable calculated band gap value of 6.02 eV 

(Figure 6.1b) is achieved by implementing the 75%:25% mixture of PBE:Hartree-Fock 

and is maintained upon the substitution of Eu2+ into the system (Figure 6.1c).21  
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Figure 6.1. (a) Optimized 2×1×1 supercell showing the two independent crystallographic 

sites for Sr2+ (blue) and the [AlO4] tetrahedra highlighted in gray. (b) Total density of 

states (DOS) without Eu2+ and (c) total DOS with Eu2+ f-orbitals outlined in red, as 

determined by HSE06 with a calculated Eg = 6.02 eV. 

A defect crystal structure was then created by manually removing one atom at a time 

from each of the eight crystallographically independent oxygen sites or the two strontium 

sites, and then re-optimizing the vacancy containing crystal structure. The formation 

energies, ΔE(𝛼, 𝑞), of the cation and anion (α = Sr or O) defects at charge q can be 

calculated using the general equation (Eq. 6.1):  

∆𝐸𝑣𝑎𝑐(𝛼, 𝑞) = 𝐸𝑉𝛼,𝑞
− 𝐸𝑝𝑒𝑟𝑓𝑒𝑐𝑡 +  𝜇𝛼 + 𝑞[𝐸𝑉𝐵𝑀(𝑝𝑒𝑟𝑓𝑒𝑐𝑡) ± ∆𝑉 + 𝐸𝐹] (6.1) 

Here, 𝐸𝑝𝑒𝑟𝑓𝑒𝑐𝑡 is the total energy of the defect-free supercell, 𝐸𝑉𝛼,𝑞
 is the total energy of 

defect-containing supercell at a given charge state, 𝐸𝑉𝐵𝑀(𝑝𝑒𝑟𝑓𝑒𝑐𝑡) is the valence band 

maximum of the perfect structure, and ∆𝑉 is used to align the VBM of the charged defect 

structure to the perfect structure.12 The band alignment is accomplished by taking the 

energy difference between the 1s core-electron of the Sr atom that is furthest from the 

defect site in the neutral system and the 1s core-electron of the Sr atom that is furthest 
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from the defect site in the charged system.22 The terms 𝜇𝛼 and EF are defined as the 

chemical potential of atom α and the Fermi energy with reference to VBM (chemical 

potential of electron) respectively. These chemical potentials are determined by 

assuming an equilibrium between the crystal structure and a reservoir where atoms and 

electrons can be freely exchanged. The Fermi level is a variable bound to the values 

within the band gap. Moreover, since the determination of chemical potential is not trivial 

and depends on the experimental condition, it is also treated as a variable in these 

defect calculations.  

One way to treat the chemical potential is to determine its minimum and maximum 

values based on extreme experimental conditions and thermodynamic stability 

considerations. Here, 𝜇𝛼 is bound to avoid the formation of the binary oxides (Al2O3 and 

SrO) or decomposition into the elements, Al (𝐹𝑑3𝑚), Sr (𝐹𝑑3𝑚), and O2(g), thus, the 

boundary conditions are defined using Equations 6.2a, 6.2b, 6.2c.  

2 4( ) 2 4 22.24 eVSrAl O Sr Al OH           (6.2a) 

( ) 5.18 eVSr O SrOH        (6.2b) 

2 3( )2 3 16.03 eVAl O Al OH        (6.2c) 

Therefore, the vacancy formations energies are determined based on chemical 

potentials derived considering oxygen-rich (strontium-poor) atmosphere, μO = 0 and an 

oxygen-poor (strontium-rich), μSr = 0. The thermodynamic phase stability regions of Sr, 

Al, and O are shown in Figure 6.2 with the green region highlighting the stability 

boundary of SrAl2O4. The two black dots (Figure 6.2) represent the oxygen-rich and 

oxygen-poor conditions where μO-rich = -6.98 eV and μO-poor = -12.72 eV respectfully. 
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Similarly, the strontium-poor regime is calculated to be, μSr-poor = -7.79 eV and strontium-

rich regime is, μSr-rich = -2.05 eV. 

 
Figure 6.2. Chemical stability regime of Sr-O-Al phase space. The chemical potential 

(μO2(g)) is set to zero. Stability regime of SrAl2O4 is highlighted in green with the oxygen 

rich and poor limits indicated by black dots. 

6.3 Results and Discussion  

The role of defects in SrAl2O4:Eu2+ that lead to persistent luminescence is not well 

understood. Experimental observations from thermoluminescence and electron 

paramagnetic resonance data support the presence of either cation or anion 

vacancies.16,17,23 However, the extent to which they contribute to the mechanism which 

leads to the notable long lifetimes in SrAl2O4:Eu2+ can be investigated using 

computational methods by investigating the energetics of these potential atomic 

vacancies. Moreover, to further understand the formation of these vacancies considering 

strontium aluminate in the presence and absence of Eu2+ is necessary. Due to the 

computational cost, an initial screening of the most energetically favorable neutral defect 

(q = 0) in strontium aluminate was first conducted using the PBE functional for SrAl2O4 
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and SrAl2O4:Eu2+ using PBE+U (Table 6.1) based on the chemical potential models in 

Figure 6.2. The vacancy formation energies are determined using Eq. 6.1. 

Table 6.1. Formation energies, ΔEvac (eV) of potential 
vacancy sites in SrAl2O4  and SrAl2O4:Eu2+  as determined 
by α-rich (α = Sr or O for the respective vacancy) 
conditions by PBE and PBE+U 

Vacancy SrAl2O4 SrAl2O4:Eu2+   

Sr(1) 
Sr(2) 

9.603 
9.520 

8.111 
8.084 

O(1) 
O(2) 
O(3) 
O(4) 
O(5) 
O(6) 
O(7) 
O(8) 

6.024 
6.006 
6.023 
6.034 
6.097 
6.096 
6.123 
6.094 

6.029 
6.007 
6.024 
6.033 
6.098 
6.096 
6.136 
6.095 

It is clear based on the PBE vacancy formation energies that the strontium vacancies 

(VSr) produce a larger ΔEvac than any of the oxygen vacancies (VO), with VSr(1) being 

larger than VSr(2). Looking closer, the oxygen vacancies show that the formation energies 

are separated into two groups, with vacancies VO(1) through VO(4) forming at lower 

energies than VO(5) through VO(8) regardless of Eu2+ substitution. As a result of the 

discernable energy differences, all further hybrid calculations (HSE06) and analysis are 

focused specifically on the VSr(1) and VSr(2) vacancies as well as the VO(1) through VO(4) 

vacancies.   

Initially, the vacancy formation energies of the host in the absence of Eu2+ are 

considered in order to identify the most favorable vacancy sites.  The vacancy formation 

energies of VSr(1), VSr(2), VO(1), VO(2), VO(3), and VO(4) in SrAl2O4 are determined at the 

oxygen-poor and oxygen-rich conditions using the HSE06 functional are shown in Table 

6.2. The vacancy formation energy for VSr is the most favorable under an oxygen-rich 

regime compared to the formation of VO. Conversely, in an oxygen-poor regime the 
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formation energy of VO decreases considerably compared to the VSr. Considering the 

common synthesis method of the rare-earth substituted PLPs employs high-temperature 

solid state synthesis including a reducing atmosphere,24 usually 5% H2/95% N2, to 

reduce the oxidation state of the Eu2O3 starting materials from Eu3+ to Eu2+, this implies 

that anion vacancies and not cation vacancies are the favorable defect in any persistent  

luminescent phosphor that is prepared.  

Table 6.2. Formation energies of potential 

vacancy sites in SrAl2O4 as determined 

by HSE06 at the μα limits. 

Vacancy 
ΔEvac (eV) 
O-rich/Sr-

poor 

ΔEvac (eV) 
O-poor/Sr-

rich 

VSr(1) 

VSr(2) 

4.45 
4.57 

10.02 
10.03 

VO(1) 

VO(2) 
VO(3) 

VO(4) 

6.34 
6.33 
6.31 
6.27 

0.60 
0.58 
0.56 
0.53 

Given that anion defects are expected in strontium aluminate prepared under reducing 

conditions, identifying the energetic position of these defect levels will provide insight 

into the nature of the trap states. To determine these energetic positions, Equation 6.3 is 

employed to determine the Fermi level where the transition between different charge 

states (q) occur at equilibrium, and are called the thermodynamic transition levels 

(Є(q/q’); q = 0 or ± 1 and q’ = ±1 or ±2).  

𝜖(𝑞 ∕ 𝑞′) = [∆𝐸𝑣𝑎𝑐(𝛼, 𝑞) −  ∆𝐸𝑣𝑎𝑐(𝛼, 𝑞′) + (𝑞 − 𝑞′)(𝐸𝑉𝐵𝑀 +  ∆𝑉)]/(𝑞′ − 𝑞) (5.3) 

The resulting positions for the different calculated transition levels are illustrated in 

Figure 6.3.15 Often, these transition levels are defined by their proximity to the CBM or 

the VBM such that a deep Є(q/q’) lies in the middle of the Eg whereas a shallow Є(q/q’) 

lies either near the CBM or the VBM.22,25,26 In the case of persistent luminescence, the 
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position of the thermodynamic transition levels that can act as “trap states” and 

contribute to the long lifetimes must lie between 0.4 eV and 1 eV below the CBM.25,27 

The position is critical because if a trap state is too shallow (<0.4 eV from the CBM) the 

electron in this trap can be readily depopulated at room temperature preventing 

persistent luminescence. Conversely, a trap that is too deep (>1 eV from the CBM) will 

not allow the electron to be released with the thermal energy available at room 

temperature.28 An ideal trap has been established to occur ≈0.65 eV below the 

conduction band edge because it is deep enough to trap an electron effectively but not 

too deep to prevent slow release at room temperature.5,29 Thus, the calculated Є(q/q’) is 

expected to be at or around 0.65 eV based on the experimental observation of persistent 

luminescence in SrAl2O4:Eu2+.23 

 

 

Looking at the VSr(1) and VSr(2) in Figure 6.3, it is clear these trap states are close to the 

VBM and cannot act as electron trap states, but rather act as potential electron hole 

traps. Although these hole traps are in an energy window (<1 eV from the valence band) 

that could contribute to persistent luminescence, there is little evidence to support the 

role of hole traps in SrAl2O4.
10,15,30 Instead, the calculated position of the anion 

 

Figure 6.3. Thermodynamic transition levels, Є(q/q’), of 

energetically favorable vacancies. The strontium 

vacancies (VSr) form at EF <1 eV and oxygen (VO) from at 

EF >2 eV.  
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vacancies, specifically the Є(0/2+) thermodynamic transition levels for the VO(2) and VO(4) 

defects, each fall ≈0.50 eV below the CBM. These are in a nearly ideal position to act as 

an electron traps leading to persistent luminescence. All other Є(q/q’) values indicate 

they are either too deep or too shallow to participate in the accepted persistent 

luminescence mechanism. These results are in excellent agreement with a 

computational examination of the CaAl2O4:Eu2+,Nd3+ persistent luminescence 

mechanism that revealed that the cation vacancy was also positioned just above the 

VBM whereas the anion vacancy was closer to the CBM.9 

These thermodynamic transition level calculations provide information on the energetic 

position of the trap states; however, this does not consider the chemical potential, which 

can indicate favorability of formation of a specific vacancy charge state, e.g., neutral or 

2+, based on the synthesis conditions. The calculated formation energies of the different 

charge states were accordingly calculated as a function of Fermi level at the oxygen-

poor limit to mimic the most probable experimental conditions for rare-earth substituted 

persistent phosphors. As plotted in Figure 6.4, the most energetically favorable vacancy 

charge state is either a 2+ charged vacancy (VO
2+

) (solid blue line) or a neutral vacancy 

(VO
0

) (solid gray line) for all four types of anion defects. The 1+ charge states (dashed 

red line) are never energetically favorable. Examining the energy window close to the 

valence band shows that all of the oxygen vacancies should have a 2+ charge, whereas 

the vacancies near the conduction band are likely to be neutral (q = 0) vacancies. 

Noting, the negative formation energies determined close to the valence band, for 1+ 

and 2+ vacancies, are an indication that the vacancies are either not favorable or the 

extreme oxygen-poor limit used here for chemical potential is not feasible experimentally 
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as it leads to spontaneous formation of vacancies or destabilizing the formation of 

strontium aluminate.31  

Since these vacancies must be charged to accept electrons and act as a trap state, it is 

necessary for the positively charged vacancy to be the most favorable between ≈0.4 eV 

and 1.0 eV below the CBM. Based on these requirements, VO(2)
2+

 (Figure 6.4b) and VO(4)
2+

 

(Figure 6.4d) meet the criteria with formation energies of ≈5.5 eV (or ≈0.5 eV below the 

CBM) for the 2+ charged vacancies. Additionally, VO(3)
2+

 is ≈5.0 eV (≈1.0 eV below the 

CBM) indicating it too is likely to form at a favorable energy for trapping electrons. The 

VO(1)
2+

 is energetically favorable until ≈4.0 eV (≈2.0 eV from the CBM) making it too deep 

to act as trap states in the assumed persistent luminescence mechanism. Thus, it is 

reasonable to surmise that in unsubstituted SrAl2O4, anion vacancies will form under 

reducing conditions at energetically favorable depths that would allow them to act as trap 

states.  
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Figure 6.4. Formation energies of (a)VO(1), (b)VO(2), (c)VO(3), and (d)VO(4) in SrAl2O4 

charged point defects at the oxygen-poor bounds. The solid lines show point charge 

that is favorable at a given EF within Eg. Dashed lines show unfavorable point charge. 

In light of the favorable Є(0/2+) of VO(2)
2+

 and VO(4)
2+

 in unsubstituted SrAl2O4, the effect of 

Eu2+ substitution on the Sr2+ site of SrAl2O4 was also examined. Because the signature 

blue-green emission of SrAl2O4:Eu2+
 visible at room temperature is known to stem only 

from  Eu2+ occupying the Sr(1)2+ site, this is the only substitution site that was 

considered.8 Thus, the influence of the rare-earth in the crystal structure on the formation 

energy and Є(q/q’) of the four VO was also studied using the HSE06 functional on the 

optimized crystal structures. The formation energies of the four anion vacancy sites 

(VO(1), VO(2), VO(3), and VO(4)) upon addition of Eu2+ are nearly identical to the 

unsubstituted system (Table 6.3).  
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Table 6.3. Formation energies of (a)VO(1), 
(b)VO(2), (c)VO(3), and (d)VO(4) in SrAl2O4 
charged point defects at the oxygen-poor 
bounds. The solid lines show point charge 
that is favorable at a given EF within Eg. 
Dashed lines show unfavorable point 
charge. 

Vacancy ΔEvac (eV) 

O(1) 
O(2) 
O(3) 
O(4) 

0.60 
0.58 
0.57 
0.53 

However, the effect on the Є(q/q’) (Figure 6.5) exhibits changes to the location of the 

trap states for three of the vacancies; VO(1), VO(3), and VO(4). Nevertheless, VO(2) has a 

thermodynamic transition level, Є(0/2+), of 0.52 eV, which is approximately the same as 

the unsubstituted example, suggesting this defect will form at an applicable trap depth 

regardless of the presence of Eu2+. More notably, VO(1) creates a Є(0/2+) trap at nearly 

the ideal trap depth of 0.67 eV upon addition of Eu2+ . Remarkably, the formation of 

these two traps are experimentally supported by thermoluminescence measurements, 

which show traps at 0.55 eV, 0.60 eV, and 0.65 eV in SrAl2O4:Eu2+.30  

 

Figure 6.5. The thermodynamic transition levels, Є(q/q’), 

for each vacancy does increase, placing Є(0/2+) in an 

ideal location to be a trap state participating in Persistent   

luminescence. 

As with the unsubstituted system, the formation energy for each charge state must be 

considered as a function of Fermi level at the oxygen-poor limit. In each of the four 

vacancies a 1+ charged vacancy (red dashed line) is never favorable, while the VO
2+
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(blue line) is favorable close to the VBM and a VO
0

 (gray line) charge is favorable close to 

the CBM. These results are consistent with the observed formation energies in Figure 

6.4 of the unsubstituted system.  

 

Figure 6.6. Formation energies of (a)VO(1), (b)VO(2), (c)VO(3), and (d)VO(4) in 
SrAl2O4:Eu2+ charged point defects at the oxygen-poor bounds. The solid lines show 
point charge that is favorable at a given EF within Eg. Dashed lines show unfavorable 
point charge. 

However, the vacancy sites with charged vacancies in the “trap state energy window” of 

>0.4 eV to <1.0 eV changes from the unsubstituted system. Upon addition of Eu2+, VO(4)
2+

 

(Figure 6.6d) is favorable until ≈4.0 eV (2.0 eV from the CBM) which is too deep to be a 

viable vacancy for thermal release at room temperature. The same observation can be 

made for VO(3)
2+

 (Figure 6.6c) which changes to VO(3)
0

 at ≈4.5 eV (1.5 eV from the CBM). 

Examining VO(1)
2+

 (Figure 6.6a) and VO(2)
2+

 (Figure 6.6b) this charged state is favorable until 

≈5.5 eV (0.5 eV from the CBM) suggesting either of these two charge vacancies are 

suitable for trapping electrons that can be thermally released at room temperature. Due 

to these favorable formation energy of a 2+ for VO(2) it can be concluded this vacancy is 

likely to form in the absence of Eu2+ and remains in a favorable energy window upon the 
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addition of the rare-earth ion. Additionally, a vacancy, in this case VO(1), is influenced by 

the addition of Eu2+ to become favorable to trapping electrons that will lead to the 

observable long lifetimes in SrAl2O4:Eu2+. 

6.4 Conclusion 

In summary, first principle calculations were conducted on monoclinic SrAl2O4 and 

SrAl2O4:Eu2+ to explore the presence of point defects due to cation and anion vacancies 

and their potential relationship to persistent luminescence. The calculations show the 

thermodynamic transition level, Є(0/2+), for the VO(2) and VO(4) are at a nearly ideal trap 

depth of ≈0.50 eV below the CBM, while all other VO and VSr are either too shallow or too 

deep to be efficient for persistent luminescence in unsubstituted SrAl2O4. Furthermore, 

analysis of charged vacancies at the oxygen-poor limit indicate that VO
2+

 is more 

energetically favorable until ≈5.5 eV for both VO(2) and VO(4). Substituting Eu2+ in the 

crystal structure shows that the position of VO(2) remains constant while VO(1) moves to 

only 0.67 eV below the CBM when in an oxygen-poor environment. Thus, the addition of 

Eu2+ shifts the location of trap depths into an energy window where they can contribute 

to producing long luminescent lifetimes. Combining the results of the calculations on 

SrAl2O4 and SrAl2O4:Eu2+ establish that anion vacancies are present in both 

compositions, indicating these defects are favorable and likely intrinsic in the crystal 

structure. Moreover, when Eu2+ is present in the crystal structure the trap depths shift to 

favorable energetic positions that are responsible for strontium aluminates exceptional 

luminescent lifetime.  
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7.1. Introduction 

Monoclinic SrAl2O4:Eu2+,Dy3+, is a persistent luminescent phosphor that was primarily 

developed for applications such as safety signs or emergency displays and luminescent 

paints.1 The commercial production of strontium aluminate is generally done in bulk, 

using conventional solid state synthesis that involves combining metal oxide reagents, 

typically in the presence of a flux like boric acid, and heating the mixture to high 

temperatures (1300°C to 1500°C) for several hours in a mildly reducing atmosphere.2 

These long reaction times and high temperatures tend to produce highly agglomerated, 

relatively large (20 μm to 100 μm)3, and polydispersed particles. Size reduction by 

milling and sieving is then required to obtain smaller particles, although does not often 

results in a monodisperse product. Additionally, the mechanical milling is shown to 

negatively impact the phosphor’s optical properties by oxidizing Eu2+ to Eu3+ as well as 

the possibility of amorphous phases, which both change influence the optical properties.4 
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Recent research suggests that if monoclinic SrAl2O4:Eu2+,Dy3+ can be prepared as 

submicron particles, it may be of use for bioanalytical applications such as in vitro 

diagnostics.5,6 These applications require a small particle size to minimize gravitational 

sedimentation7 and an increase in surface-area-to-volume ratio for optimal binding of the 

recognition molecules.8,9 Moreover, a small particle size allows effective transport 

through porous media10 like membranes in lateral-flow assays,11 dipstick tests, and flow-

through assays,12 all of which could use monoclinic SrAl2O4:Eu2+,Dy3+ as an optical 

reporter for analyte detection.6 As a result, a process for targeting small particles of 

SrAl2O4:Eu2+,Dy3+ is extremely desirable.5  

Various synthetic strategies have been investigated for producing alkaline earth 

aluminate persistent phosphors with particle sizes less than 10 μm. Solution based 

synthesis methods like; sol-gel,13-15 reverse micelle,2,16,17 solvothermal,18,19 

combustion,3,20-24, spray pyrolysis,25-27 and molten salt methods,28 are often studied 

because these methods provide a considerable reduction in particle size of the phosphor 

precursor materials and a significant decrease in the required reaction temperature, both 

of which can limit particle size. Laser synthesis has also been shown to reduce particle 

size by limiting reaction time.29 Sol-gel30 and co-precipitation31 methods, in combination 

with microwave-assisted heating, limit crystal growth by using lower reaction 

temperatures and decreased reaction time. Unfortunately, many of these methods yield 

significant impurities of hexagonal SrAl2O4:Eu2+,Dy3+ and Sr4Al14O25:Eu2+,Dy3+ in the final 

products.26 Furthermore, it remains unclear if particles prepared using these alternative 

synthetic routes have comparable optical properties to the materials made by the more 

common high-temperature solid state methods.  
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Here, a process is reported that combines reverse micelle synthesis with microwave-

assisted heating to achieve nearly phase-pure monoclinic SrAl2O4:Eu2+,Dy3+. This route 

establishes a solution-based method to prepare persistent luminescent materials where 

the rapid microwave-based heating and reverse micelle precursors facilitates the 

reaction of the starting materials to desired product in less than 20 min while also limiting 

particle size. Comparing the photon excitation and photon emission spectra, the time-

gated luminescence, and the thermoluminescence of the solution-based persistent 

phosphors to an all solid state route indicates only minor changes to the optical 

properties. Finally, this report highlights the capability of using a low-cost consumer 

microwave oven that can be adapted to virtually any laboratory enabling the broader 

adoption of SrAl2O4:Eu2+,Dy3+ or other persistent phosphors as reporter compounds in 

laboratories that may not otherwise have access to high-temperature solid state 

synthesis equipment. 

7.2. Experimental  

7.2.1 Precursor Synthesis 

7.2.1.1 Reverse Micelle Preparation The reverse micelle synthesis used europium (III) 

nitrate pentahydrate (99.9%), dysprosium (III) nitrate hydrate (99.9%), strontium nitrate 

(≥99%), aluminum nitrate nonahydrate (≥98%), hexadecyltrimethylammonium bromide 

(CTAB; ≥98%), heptane, anhydrous 1-butanol, ammonium carbonate, and acetone were 

purchased from Sigma-Aldrich. Ammonium hydroxide (28%-30%) was obtained from EM 

Science (Gibbstown, N.J.), and 200 proof anhydrous ethanol from PHARMCO-AAPER. 

Deionized (DI) water was obtained from a Millipore Milli-Q system. 
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The precursor particles were prepared with a nominal stoichiometry of 

(Sr0.95Eu0.01Dy0.04)Al2O4 by dissolving the starting material salts in DI water. 
2 The total 

molar concentration of the aqueous metal salt solution was kept at ≈475 mM, with 150.4 

mM Sr(NO3)2, 316.7 mM Al(NO3)3, 1.7 mM Eu(NO3)3, and 7.0 mM Dy(NO3)3. An aqueous 

solution of precipitating agents was prepared with 170 mM ammonium carbonate 

dissolved in stock 28% to 30% ammonium hydroxide. Two different flasks containing the 

organic components for the emulsions (n-heptane, CTAB, and 1-butanol) were prepared 

with weight percentages of 50% n-heptane, 24% 1-butanol, and 26% CTAB.  

Two separate microemulsions were then prepared: one by pouring the metal salt 

solution into a flask containing CTAB/n-heptane/1-butanol, and the other by adding the 

precipitating agent solution to the remaining flask with CTAB/n-heptane/1-butanol.2,17 

The ratio of the aqueous solution to the organic CTAB/n-heptane/1-butanol mixture that 

was used to form a stable emulsion was approximately 1:4 by mass, giving an 

approximate [H2O]/[CTAB] molar ratio of ≈15. The two different emulsions were stirred 

for at least 20 min until no clumps of CTAB remained and each emulsion appeared to be 

a homogenous, transparent solution. Formation of these emulsions is apparently 

endothermic, and placing the suspensions on a hot plate at 37°C helped dissolve the 

CTAB. The metal salt emulsion and precipitating agent emulsion were combined into a 

single flask and placed on a magnetic stir plate at room temperature. The solution 

gradually turned from transparent to cloudy as the reaction proceeded. 

After reacting for 24 h, the solution was poured into a separatory funnel. The 

microemulsion was disrupted by addition of a 50% v/v ethanol/water solution at a volume 

ratio of 1:1 of 50% ethanol to microemulsion solution. The contents of the separatory 

funnel was stirred and allowed to sit for at least 10 min to allow phase separation to 
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occur. After isolating the precursor particles, they were washed at least three times with 

50% ethanol/water to remove excess ammonia, dissolved salts, and organics. The 

particles were washed a final time in acetone, and dried at 100°C for 24 h. Before 

reaction of the precursor powders in the microwave, a 4 wt% boric acid (Sigma-Aldrich, 

99.99%) flux was added to the starting material.17 

7.2.1.2 All Solid-State Preparation For comparison, homogeneous polycrystalline 

powders were synthesized via an all solid state synthesis with starting reagents of SrCO3 

(Alfa Aesar, 99.9%), Al2O3 (Sigma-Aldrich, 99.99%), Eu2O3 (Sigma-Aldrich, 99.99%), and 

Dy2O3 (Sigma-Aldrich, 99.99%) and ground thoroughly with an agate mortar and pestle 

for approximately 30 min. A 4 wt% flux of boric acid (Sigma-Aldrich, 99.99%) was added 

prior to heating. 

7.2.2 Synthesis Procedure  

7.2.2.1 Microwave-Assisted Heating The reverse micelle and all solid state starting 

materials were both reacted using microwave-assisted heating. The samples were 

loaded into a 5 mL alumina crucible (AdValue Tech) that was centered in a larger 50 mL 

alumina crucible (AdValue Tech) with 6.5 g of activated carbon (Darco, 12 mesh-20 

mesh, Sigma-Aldrich) packed into the annular space and covered by an alumina disk 

(AdValue Tech) to maintain a reducing atmosphere produced by the hot carbon. Heating 

by a commercial microwave (Panasonic NN-SN651B, 1200 W) produced phase-pure 

materials with optimal luminescence intensity by using a two-step heating process 

comprised of an initial heating step at 960 W for 9 min and a second step at 480 W for 5 

min. The resulting phosphor powders were first ground by hand with an agate mortar 
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and pestle and then sieved using a 3 in. sieve shaker to a 325 mesh size (Cole-Parmer; 

Performer III) to break up any agglomerates prior to characterization. 

7.2.2.2 High-Temperature Furnace Heating A series of different compounds were 

prepared using the traditional high-temperature furnace heating route as a standard. 

Separate samples that used started materials from the reverse micelle preparation as 

well as from the all solid state preparation were heated at 1300°C for 5 hours with a 

heating and cooling ramp rate of 3°C/min in a reducing atmosphere of 5% H2/95% N2. 

The resulting phosphor powders were first ground by hand with an agate mortar and 

pestle and then sieved using a 3 in. sieve shaker to a 325 mesh size (Cole-Parmer; 

Performer III) to break up any agglomerates prior to characterization. 

7.2.3 Characterization The composition of the reverse micelle precursors was analyzed 

prior to the microwave-assisted reaction using Inductively Coupled Plasma-Optical 

Emission Spectroscopy (Agilent 725 ICP-OES) to determine the exact ratios of Sr to Al. 

Samples were prepared by digestion in HF and HNO3 for analysis. The phase purity of 

the reacted powders was verified via powder X-ray diffraction using a PANalytical X’Pert 

PRO diffractometer at room temperature with an average wavelength of λ = 1.5406 Å. 

Phase purity and crystallographic information were determined by Rietveld refinement, 

which was completed using the General Structure Analysis System (GSAS).32,33 Particle 

size analysis was carried out by mixing 50 mg of sample in 5 mL of ethanol and 

sonicating for 2 h; laser diffraction spectroscopy (Malvern Mastersizer 2000) was used to 

determine equivalent spherical diameter. Measurements were collected five times with a 

30 s integration and averaged together to provide the 50% diameter volume percentage 

(d0.5). A JOEL JSM-6330F field emission Scanning Electron Microscope (SEM) was 

used to visualize particle size distribution at 200× magnification with a beam focus and 



165 
 

accelerating voltage of 15 eV and an emission current of 12 μA. An AMETEK EDAX 

Octane Pro energy dispersive X-ray spectroscopy (EDS) established the semi-

quantitative compositions of the reverse micelle and solid state materials. Samples were 

coated with 25 nm of carbon to limit charging in the SEM. All crystal structure drawings 

were created using VESTA.34 

7.2.4 Optical Properties Photon excitation and emission spectra were collected using a 

PTI QuantaMaster 400 equipped with a 75 W Xe steady state lamp (PTI Instruments). 

Temperature dependent photoluminescence, luminescence lifetime decays, and 

thermoluminescence (TL) were carried out using a Janis cryostat (VPF-100) to control 

the temperature measurements. Temperature dependent photoluminescence was 

measured between 80 K and 500 K in 30 K intervals. Temperature dependent 

luminescence lifetime decays were measured by first irradiating the sample for 10 min at 

365 nm followed by a 15 sec delay after shutting off irradiation. TL measurements 

between 100 K to 500 K. Samples were first heated to 500 K and then cooled to 100 K 

prior to being irradiated for 10 min at 365 nm using the Xe lamp. A 3 min delay was 

employed after turning off the lamp before the temperature of the cryostat was ramped 

at a rate of 5 K/min. The TL emission was collected at λem = 520 nm.  
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7.3. Results and Discussion 

7.3.1. Microwave-Assisted, Reverse Micelle Synthesis of Persistent Phosphors 

Reverse micelle synthesis affords the advantages of a sol-gel route where the elements 

for the phosphor host and the luminescent centers start as ions in aqueous solution and 

are then precipitated to give a precursor material with a more homogenous distribution of 

the component elements at small scales. Instead of allowing precipitation to occur freely 

throughout the solution, as in a conventional sol-gel approach, the reverse micelle 

synthesis continues to confine the reactions within aqueous nanodroplets formed by 

micelles.24,35 The reaction works by preparing two separate emulsions. One solution is 

an aqueous solution of dissolved metal salts of the elements needed for the phosphor 

host. A separate solution is prepared containing an aqueous solution of precipitating 

agents such as ammonium carbonate or ammonium hydroxide. After combining the 

emulsions, the micelles collide in solution and exchange reactants, causing precipitation. 

The precipitation reactions used for preparing strontium carbonate and aluminum 

hydroxide as precursors for the strontium aluminate host are given by Equation 7.1 and 

Equation 7.2. Figure S7.1 shows the resulting X-ray diffraction pattern confirming the 

formation of SrCO3. 

Sr(NO3)2 (aq) +  (NH4)2CO3 (aq)

     
→ SrCO3 (s) +  2NH4

+ +  2NO3
−          (7.1)  

Al(NO3)3 (aq) +  3NH4OH (aq)

     
→ Al(OH)3 (s) +  3NH4

+ +  3NO3
−          (7.2)  

 A significant volume of work has been published on synthesizing materials and 

inorganic nanoparticles with reverse micelles,35 examining the effect of surfactants and 

co-surfactants on the resulting particle size distribution, and modeling the complexities of 

the reaction kinetics and dynamics. Reverse micelle synthesis of nanoparticles has also 
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been demonstrated to be highly scalable with the successful scale-up of manganese 

zinc ferrite nanoparticle synthesis from a bench-top setup to a 30 L pilot plant.36 One 

established system for reverse micelle synthesis is the use of cetyltrimethylammonium 

bromide (CTAB) as a surfactant with 1-butanol as a co-surfactant, and an organic such 

as n-heptane or a similar solvent for the organic component.24,37,38 The 

CTAB/butanol/heptane system was previously described for the synthesis of Sr4Al14O25 

and other strontium aluminates with a reaction temperature of 1200°C.2,17 Another study 

reported the synthesis of nano-sized SrAl2O4:Eu2+,Dy3+ using a related microemulsion 

route and high-temperature (1000°C) calcination to obtain a mixture of polymorphs, i.e., 

the product contained both hexagonal and monoclinic space groups.16  

One limitation of these solution-based synthetic methods is that the stoichiometric ratio 

of metals in the final precursor material is determined by the extent of precipitation of the 

metal salts, and so it is not necessarily equal to the initial molar concentration of the 

metal salts in solution. Therefore, measuring the molar concentrations of Sr and Al in the 

resulting precipitates (precursor powders) is essential to ensure that the reverse micelle 

protocol results in the correct stoichiometry for SrAl2O4. Analysis by ICP-OES (Table 7.1) 

revealed that there was an excess amount of Al present in the precursor material when 

the initial metal salt solution started with an exact 1:2 mole ratio of Sr to Al salts. Hence, 

two additional solutions were prepared with excess Sr(NO3)2 to account for the presence 

of the additional Al. As shown in Table 7.1, using 5% excess Sr(NO3)2 in the reverse 

micelle synthesis improved the molar ratio while 10% excess Sr(NO3)2 produced the 

exact, desired stoichiometry. Therefore, all subsequent reactions used samples that 

started with 10% excess Sr(NO3)2 to ensure the formation of the stoichiometric 

SrAl2O4:Eu2+,Dy3+. 
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Table 7.1. ICP-OES of reverse micelle precursors establishing the 
amount of excess Sr(NO3)2 required to produce the desired 
stoichiometric ratios of Sr:Al. 

sample Sr (μg/g) Al (μg/g) Sr:Al mole ratio 

0% excess Sr(NO3)2 9.1 6.3 1:2.3 
5% excess Sr(NO3)2 9.5 6.3 1:2.1 
10% excess Sr(NO3)2 10.2 6.4 1:2 

Once the starting reverse micelle precursor powders are prepared, they must be reacted 

to achieve the final product. The most common method for reaction is to perform high-

temperature calcination or sintering (1300 °C to 1500 °C) under a reducing atmosphere 

(5%H2/95%N2). This heating environment can require reaction times up to 24 hours and 

may produce large crystal growth and particle agglomeration. Instead, rapid microwave-

assisted heating has also been shown as an effective method to produce high quality 

inorganic phosphors.23 The advantage of microwave heating is that the time required to 

produce a pure phase product can be reduced to less than 20 minutes, limiting crystal 

growth and agglomerate formation. In this approach, microwave heating programs must 

first be optimized to ensure ideal distribution of heat throughout the material. A program 

that is too long may melt the starting materials, while heating for too little time will 

produce inhomogeneous, impure products. Once a program is determined, in this case, 

a two-step process with an initial heating step and then a holding step as described in 

the experimental section, numerous batches from the same starting precursors can be 

prepared with identical results.  

To illustrate the reliability and consistency of the microwave-assisted heating, five 

batches, each consisting of ≈50 mg of the reverse micelle precursor, were reacted and 

examined via powder X-ray diffraction. Figure 7.1 shows the phase forms in the desired 

monoclinic space group P21 (No. 4), and was produced as a major phase with a minor 

Al2O3 impurity, likely from the alumina crucible. This impurity can be disregarded 
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because it lacks optical properties that could have an impact on the optical properties of 

strontium aluminate. The diffraction patterns show that the microwave-assisted synthetic 

route is consistent in converting the precursor material to the desired product repeatedly, 

without any indication of hexagonal SrAl2O4:Eu2+,Dy3+ or other related strontium 

aluminates. 

 

Figure 7.1. XRD patterns of microwave-assisted reverse 
micelle SrAl2O4:Eu2+,Dy3+ showing batch-to-batch 
consistency of the microwave heating process. Black is 
the calculated pattern.39 “+” is an Al2O3 impurity. 

 

To compare the reverse micelle synthesis pathway with conventionally prepared 

materials, a sample was also made using the all solid state method by weighing out 

stoichiometric amounts of the respective oxide reagents and mixing them by hand 

grinding with a mortar and pestle. This all solid state sample was reacted following the 

same microwave-assisted heating protocol as the reverse micelle sample to also yield 

nearly phase-pure material. Elemental composition was analyzed by SEM-EDS to 

determine that no elemental impurities were present in either product. A semi-
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quantitative EDS analysis of the reverse micelle sample estimates the mole ratio 

between Sr and Al to be approximately 1:2.6 while the solid state sample is 1:2.3. The 

excess Al measured in the EDS is likely from the Al2O3 impurity also detected in the X-

ray powder diffraction.  

 

Figure 7.2. (a) Reverse micelle and (b) solid state synthesis Rietveld refinements 
show the reverse micelle is comparable to the traditional solid state synthesis. Black 
circles are for observed data, solid lines are the refined pattern, and “+” is the Al2O3 
impurity. 

Because impurities like hexagonal SrAl2O4 and Sr4Al14O25 are often present in the 

products of these solution based methods, Rietveld refinements of the reverse micelle 

(Figure 7.2a) and the all solid state (Figure 7.2b) prepared materials via microwave-

assisted heating were conducted. The refinement data and associated crystallographic 

parameters are listed in Table 7.2 and Table 7.3. The refinements show excellent 

agreement with the observed data, supporting there are no impurities beyond Al2O3.  

SrAl2O4:Eu2+,Dy3+ crystallizes in monoclinic space group P21 with two independent 

crystallographic Sr2+ sites, both at Wyckoff position 2a, that are 7-coordinated to oxygen 

(six of which are crystallographically independent).40 There are also four 
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crystallographically independent Al3+ forming [AlO4] tetrahedra connected in a three-

dimensional, corning-sharing framework.40 The refined unit cell of the reverse micelle 

product is visualized in Figure 7.3 with the [AlO4] tetrahedra and the two 

crystallographically independent [SrO7] polyhedral highlighted.  

The similarity between the crystal structures is confirmed by comparing the refined unit 

cell parameters and atomic positions, which are nearly identical regardless of synthesis 

method. Further, the two synthesis methods produce nearly identical polyhedral unit 

volumes indicating a consistent local composition. In fact, the difference in polyhedral 

volumes between the two synthetic pathways for [Sr(1)O7] is only ≈0.348 Å3 with the 

reverse micelle being slightly larger whereas the polyhedral volumes of [Sr(2)O7] is even 

closer, differing by only 0.017 Å3. Combining the information obtained from ICP-OES, 

SEM-EDS, and powder X-ray diffraction, it can be concluded that the reverse micelle 

synthesis produces a nearly (structurally) identical monoclinic SrAl2O4:Eu2+,Dy3+. Finally, 

to substantiate that microwave heating generates equivalent samples to conventionally 

prepared products, a separate set of compounds were reacted using high-temperature 

furnace heating and analyzed using the same techniques (presented in the Supporting 

Information). These data reveal that the traditionally prepared samples are in excellent 

agreement with the compounds prepared using microwave-assisted heating.  
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Table 7.2. Rietveld refinement results for reverse 
micelle and solid state synthesis of SrAl2O4:Eu2+,Dy3+ 
using powder X-ray diffraction. 

Formula: SrAl2O4:Eu2+,Dy3+ Reverse micelle Solid state 

radiation type, λ (Å) Cu, 1.5406 Å 

2θ range (°) 18-60 

temperature (K) 295 

space group; Z P21 (No. 4); 2 

a (Å) 
b (Å) 
c (Å) 

8.4455(1) 
8.8252(1) 
5.15884(7) 

8.4458(2) 
8.8248(2) 
5.1570(1) 

β (°)  93.381(1) 93.349(2) 

V (Å3) 383.834(6) 383.71(1) 

calculated density (g cm-3) 3.558 3.559 

formula weight (g mol-1) 822.320 822.320 

Rp 0.0234 0.0301 

Rwp 0.0304 0.0387 

χ2 1.173 1.328 
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Table 7.3. Crystallographic results as determined by Rietveld refinement of 
powder X-ray diffraction. 

(a) Reverse micelle 

Atom Wyck.  x y z Uiso (Å
2) 

Sr(1) 2a 0.4923(4) 0.0046(9) 0.2552(6) 0.039(1) 
Sr(2) 2a 0.0278(3) 0.9968(9) 0.2053(5) 0.052(2) 
Al(1) 2a 0.179(2) 0.843(2) 0.742(2) 0.047(2) 
Al(2) 2a 0.802(2) 0.859(2) 0.742(2) 0.047(2) 
Al(3) 2a 0.698(2) 0.688(2) 0.221(2) 0.047(2) 
Al(4) 2a 0.696(2) 0.186(2) 0.797(2) 0.047(2) 
O(1) 2a 0.264(2) 0.160(2) 0.356(3) 0.013(1) 
O(2) 2a 0.747(2) 0.326(2) 0.516(4) 0.013(1) 
O(3) 2a 0.333(1) 0.489(2) 0.345(2) 0.013(1) 
O(4) 2a 0.272(1) 0.957(2) 0.878(2) 0.013(1) 
O(5) 2a 0.163(2) 0.279(2) 0.960(3) 0.013(1) 
O(6) 2a 0.208(2) 0.672(2) 0.911(3) 0.013(1) 
O(7) 2a 0.485(1) 0.227(1) 0.881(1) 0.013(1) 
O(8) 2a 0.997(1) 0.9029(9) 0.652(2) 0.013(1) 

 
(b) Solid state 

Atom Wyck.  x y z Uiso (Å
2) 

Sr(1) 2a 0.4937(7) 0.001(2) 0.251(1) 0.023(2) 
Sr(2) 2a 0.0286(7) 0.993(2) 0.201(1) 0.041(3) 
Al(1) 2a 0.196(3) 0.825(3) 0.738(4) 0.025(3) 
Al(2) 2a 0.799(3) 0.850(3) 0.747(3) 0.025(3) 
Al(3) 2a 0.694(4) 0.664(3) 0.246(5) 0.025(3) 
Al(4) 2a 0.691(3) 0.182(3) 0.785(5) 0.025(3) 
O(1) 2a 0.273(4) 0.191(4) 0.425(8) 0.004(3) 
O(2) 2a 0.737(7) 0.334(4) 0.564(8) 0.004(3) 
O(3) 2a 0.331(3) 0.466(4) 0.364(4) 0.004(3) 
O(4) 2a 0.259(3) 1.020(6) 0.883(4) 0.004(3) 
O(5) 2a 0.168(3) 0.301(3) 0.940(6) 0.004(3) 
O(6) 2a 0.223(3) 0.675(3) 0.884(6) 0.004(3) 
O(7) 2a 0.491(4) 0.236(3) 0.894(4) 0.004(3) 
O(8) 2a 1.005(5) 0.871(3) 0.688(5) 0.004(3) 
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Figure 7.3. The 2 independent polyhedra (a) [Sr(1)O7] 
and (b) [Sr(2)O7] are shown to the left of the unit cell (c) 
of SrAl2O4 in the monoclinic space group P21 with the 
[AlO4] tetrahedra highlighted.  

7.3.2 Particle Size Analysis The use of solution-based routes can generate nano-sized 

precursor powders and allow shorter reaction times leading to a decrease in product’s 

particle size.41 This is advantageous for materials used in bioanalytical applications 

where particle sizes <500 nm are often targeted because of the increased surface-to-

volume ratios.5 Therefore, targeting particles with a diameter between 250 nm and 1μm 

is of scientific importance. To achieve this size range in SrAl2O4:Eu2+,Dy3+, extensive 

post processing is often required, which can cause changes in the optical properties due 

to the oxidation of Eu2+ to Eu3+.4 Therefore, it is necessary to identify a procedure for 

preventing destructive post processing. Here, SEM micrographs of the samples 

synthesized using both approaches were collected at 200× magnification to demonstrate 

the difference in overall particle size between the two routes. The reverse micelle 

method (Figure 7.4a) clearly produced significantly smaller particles than the all solid 

state synthesis method (Figure 7.4b); both remain relatively polydispered. 
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Figure 7.4. SEM with a 200× magnification and the scale bar is 50 μm. (a) Reverse 
micelle synthesis visualizes the overall particle sizes are much smaller than the (b) solid 
state synthesis. Both starting materials were reacted using microwave-assisted heating. 

Because the SEM micrographs revealed a significant difference in particle size, laser 

diffraction spectroscopy was used to measure the distribution of particle volume/mass of 

all particles in a sample. The equivalent sphere diameter is reported for the 50th-

percentile (d0.5), or the percentage of particle sizes at or below that diameter. As shown 

in Figure 7.5a, the reverse micelle synthesis produces a much greater fraction of small 

particles compared to the solid state synthesis (Figure 7.5b). In fact, combining the 

microwave-assisted heating with the reverse micelle route leads to a nearly 70% 

decrease in the particle size relative to the all solid state powders reacted in the 

microwave. Comparing these data to the samples prepared via high-temperature 

furnace shows that conventional heating produces significantly larger particles for both 

the reverse micelle starting materials (d0.5 = 14.3 μm) and even larger particles (d0.5 = 

15.2 μm) for the all solid state method. Interestingly, the use of reverse micelle powders 

in conjunction with reacting in a conventional high-temperature furnace shows only a 6% 

decrease in particle size compared to starting from oxide powders. These data are 
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shown in Figure SI 7.3. Hence, for SrAl2O4:Eu2+,Dy3+ the advantage of the solution-

based route is only fully realized when coupled with microwave-assisted heating. This 

substantial decrease in particle size limits the need for extensive mechanical milling to 

reduce the particle size of SrAl2O4:Eu2+,Dy3+ powders, which is ideal because the milling 

process can generate impurities and ultimately the loss of any optical response.42  

 

Figure 7.5. Particle size analysis of the (a) reverse 
micelle synthesis showing that 50% of the equivalent 
sphere diameters (d0.5) are 4.2 μm or smaller and (b) the 
all solid state synthesis gives a d0.5 = 14.3 μm. 

7.3.3 Optical Characterization In light of the significant decrease in particle size 

measured for the reverse micelle and all solid state produced via microwave-assisted 

heating method, these two samples are the focus of the ensuing optical property 

measurements. The excitation spectra of the two syntheses, Figure 7.6a, indicated a 

nearly identical peak shape. Subsequently exciting the samples at λex = 365 nm 

produced identical emission peaks with a λem,max = 520 nm. The substitution of Eu2+ for 

the two crystallographically independent positions of Sr2+ in SrAl2O4 should produce two 

emission peaks, both of which follow the customary 5d→4f transition of Eu2+ from the 

first excited state, 7Hj , to the ground state, 8S7/2.
1 However, in SrAl2O4:Eu2+ the second 
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emission peak at 450 nm is not observed at room temperature.1 Calculating the color 

coordinates for the emission spectra using the 1931 Commission Internationale de 

l’Eclairage (CIE) diagram validated the reverse micelle (0.3218, 0.5605) and solid state 

routes (0.3107, 0.5552) are nearly identical, further confirming that photon emission is 

not affected by the synthesis method (Figure 7.6b). 

 

Figure 7.6. (a) Excitation and emission spectra of solid 
state (SS) and reverse micelle (RM) showing λem,max = 
520 nm for both synthesis pathways. (b) CIE diagram 
illustrating the calculated color coordinates have nearly 
identical visible emission. 

Although the observed steady state photoluminescence is nearly identical, further inquiry 

into potential optical differences was necessary. Typically, temperature-dependent 

luminescence is conducted on phosphors to determine their ability maintain emission 

intensity when being heated to high-temperatures.43,44 In the case of strontium 

aluminate, determining quenching temperature gives insight into the thermal stability of 

persistent lifetime behavior.1,45,46 Figure 7.6.7 visualizes the temperature dependence of 

both the reverse micelle (Figure 7.6.7a) and the all solid state (Figure 7.6.7b). Each 
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sample was heated to 500 K and subsequently cooled to 80 K to ensure all trap states 

were emptied prior to beginning the measurement. Emission spectra were then taken 

every 30 K. Interestingly, the reverse micelle prepared sample exhibits an improved 

quenching temperature (T50), the temperature at which the emission intensity has 

reached 50% of the initial intensity, by 68 K. This improved T50 could be due to additional 

trap states being occupied or an increase in the trapping and retrapping of electrons; 

however, additional research into the origin of this difference is required to identify the 

exact mechanism. Moreover, the emission seen at approximately λem = 450 nm does 

completely quench prior to room temperature for both the reverse micelle and the all 

solid state sample.1  

 

Figure 7.7. Temperature-dependent measurement of (a) RM and (b) SS emission 
spectra (top) and the relative integrated intensity of the quenching temperature (T50) of 
the combined emission peaks (bottom). 

Additionally, investigating the temperature dependence of the two synthesis pathways 

was completed by performing temperature-dependent long lifetimes measurements on 

the reverse micelle sample (Figure 7.6.8a) and the all sold state sample (Figure 7.6.8b). 
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Each lifetime was measured starting at room temperature and then at 25 K intervals until 

423 K with an irradiation time of 10 min and a 15 sec delay before beginning the 

measurement. This temperature range is of great importance for use in bioanalytical 

systems, both in vivo and in situ, because cells need to be maintained at a constant 

temperature of 310 K.47,48 Therefore, maintaining a sufficiently long lifetime at 

temperatures at or above 310 K is largely desirable. Each sample was prepared by first 

ensuring all trap states were emptied. The lifetime decay was then collected for one hour 

(3600 sec). The resulting data was fit to a tri-exponential, Equation 7.3 where; I is the 

intensity; A1, A2, and A3 are pre-exponential values; t is time; and τ1, τ2, and τ3 are the 

lifetime decay components.  

31 2

1 2 3

tt t
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(7.3) 

The three lifetime components are compared to temperature in Figure 7.8c (reverse 

micelle) and Figure 7.8d (solid state).  An increase in lifetime is expected as temperature 

increases due to the detrapping of deeper traps, and is clearly observed in both 

samples. However, the reverse micelle exhibits a longer lifetime than the all solid state 

sample, even at room temperature. Furthermore, the all solid state sample only exhibited 

two decay components at 423 K, which is consistent with its T50 observed in Figure 7.7b. 

This interesting result indicates that particle size has a slight influence on the long 

luminescence lifetime of SrAl2O4:Eu2+,Dy3+.  
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Figure 7.8. Temperature-dependent luminescent decay of the (a) reverse micelle and 
(b) solid state observed for 3600 seconds. The data fit to a tri-exponential (c) reverse 
micelle and (d) solid state show the reverse micelle has a longer lifetime then the all 
solid state sample. 

The origin for the change in lifetimes is most reliably determined by conducting TL 

measurements to identify and quantify the trap depths, which control the long lifetime in 

persistent phosphors. These measurements are particularly important because a change 

in TL emission is known to occur with a change in particle size for nanophosphors such 

as ZnS and Y2O3:Eu3+.49,50   Therefore, the reverse micelle and all solid state samples 

were examined using TL measurements between 100 K and 500 K. The overall shape of 

the TL spectra (Figure 7.8a) clearly differ, with a widening of the TL emission spectra 

and presence of multiple new features in the reverse micelle sample compared to the all 

solid state sample. 
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Deconvoluting the TL emission spectra with multiple Gaussian functions indicated there 

is not only one additional peak in the reverse micelle sample (Figure 7.9b) relative to the 

all solid state sample (Figure 7.9c) but also that the peaks occur in different positions. 

Each peak location, intensity, and shape is strongly dependent on the irradiation 

wavelength, heating rate, and time delay between initiating heating and termination of 

the excitation source.1,51 A semi-quantitative comparison between the two materials is 

best achieved by calculating the trap depth energies (within 5% of the exact trap depth52) 

using the deconvoluted TL spectra following the “peak shape method”53 (Equation 7.4), 

where EA is the activation energy (of the trap) Tm is the temperature maximum of the TL 

emission, and kB is the Boltzmann constant. The geometric factor (μg) is found according 

to Equation 7.5, where σ = T2 – Tm, T2 is the low-temperature half maximum and ω is the 

full width at half maximum of TL emission. 53,54 Because deconvolution provides ω, it is 

 

Figure 7.9. (a) TL emission curve cumulative fit of solid state (black) and reverse 
micelle (red), grey is the observed data. Peaks determined by deconvolution for (b) 
reverse micelle and (c) solid state. Peaks with traps < 0.4 eV or > 1 eV are dashed 
lines and peaks between 0.4 eV and 1 eV are solid lines. 
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directly calculated to be μg = 0.50, which is in agreement with second order kinetics as 

previously reported for monoclinic SrAl2O4:Eu2+,Dy3+.54 The calculated values are 

provided in Table 7.4. 
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Based on the EA calculated from the data in Figure 7.8 and reported in Table 7.4, it is 

possible to determine if these new traps affect the luminescence lifetimes. It is 

understood that the optimal depth for long persistent lifetime is ≈0.65 eV55-57 and that 

materials with trap depths greater than 1 eV are too deep for electrons to be detrapped 

at room temperature. Conversely, trap depths <0.4 eV are too shallow and will 

instantaneously detrap at room temperature. Therefore, trap depths calculated to have 

values 0.4 eV < EA > 1.0 eV are considered to contribute to a persistent luminescent 

lifetime.51,56  

Table 7.4. Calculated trap depths of reverse micelle and 
solid state synthesis from deconvolution of TL emission 
spectra. 

 Reverse micelle Solid state 

peak T (K) trap depth (eV) T (K) trap depth (eV) 

1 161 0.13 144 0.21 

2 236 0.19 179 0.12 

3 294 0.38 251 0.64 

4 333 0.64 299 0.22 

5 353 1.58 331 0.26 

6 379 0.67 403 0.48 

7 432 0.84 --- --- 

The increase in the number of traps observed likely arises from the presence of surface 

defects due to the smaller particle size. This new trap has a depth of 0.84 eV should 



183 
 

increase the luminescence lifetime; however, the reverse micelle sample also has a 

significantly deeper trap (trap 5) than in the solid state sample. Moreover, the changes in 

trap depth observed at 333 eV (RM) and 331 eV (SS) could be explained by a retrapping 

and detrapping behavior rather than a deeper trap. It is likely that combination of these 

changes negate any potential impact on the persistent luminescence lifetimes. 

Therefore, synthesizing smaller particles using the reverse micelle microwave-assisted 

synthesis will not affect most applications of monoclinic SrAl2O4:Eu2+,Dy3+. 

7.4. Conclusion 

A synthetic approach combining reverse micelle synthesis with microwave-assisted 

heating was developed to produce small particles of SrAl2O4:Eu2+,Dy3+. Because this 

solution-based route does not guarantee the desired starting stoichiometry, ICP-OES 

was employed to identify that 10% excess Sr(NO3)2 is necessary to acquire the correct 

Sr:Al stoichiometry for SrAl2O4. Subsequently, reacting multiple batches of these 

powders using microwave-assisted heating showed excellent reproducibility, which, in 

combination with the solution-based reverse micelle synthesis, provides an opportunity 

to scale-up this synthesis for mass production of these materials? Moreover, a direct 

comparison of the reverse micelle and an all solid state prepared materials show the 

crystal structures are nearly identical.  

The major difference between the two syntheses is in the particle size, with the reverse 

micelle synthesis producing a 70% decrease in the particle size compared to the all-solid 

state route. Even with the reduction of the particle size, the observed photon excitation 

and photon emission spectra were not affected. The temperature dependence of the 

photoluminescence and long lifetimes were considered and the reverse micelle showed 
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both an improved thermal quenching temperature and longer lifetimes. Finally, 

thermoluminescence revealed the reverse micelle pathway created an additional trap 

state that could contribute to a persistent luminescence, which may be due to surface 

defects because of the smaller particle size. The combination of these results highlights 

that future persistent luminescent materials like SrAl2O4:Eu2+,Dy3+ can be synthesized by 

employing soft chemical synthetic routes, like the reverse micelle approach 

demonstrated here, coupled with microwave-assisted heating to reduce particle size with 

an enhanced  overall optical performance. 
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7.7 Supporting Information 

Powder X-ray diffraction of precursors show formation of SrCO3 as predicted by 

balanced chemical equations 1 and 2. Rietveld refinements and resulting 

crystallographic information of the reverse micelle and solid state synthesis for reactions 

performed via high-temperature furnace heating, Particle size analysis for reactions 

performed via high-temperature furnace heating for reverse micelle and solid state 

synthesis routes. 

 

Figure 7.S1. Powder X-ray diffraction of precursor material from reverse micelle 
synthesis. Black is the observed data and blue is the calculated pattern from ICSD58 
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Figure 7.S2. (a) Reverse micelle and (b) solid state synthesis performed by high-
temperature furnace heating of Rietveld refinements. Show the reverse micelle is 
again comparable to the solid state sample. Black circles are for observed data, solid 
lines are the refined pattern. And “+” is the Al2O3 impurity. An additional unidentified 
impurity. 

 

 

Figure 7.S3. Particle size analysis of samples prepared via high-temperature furnace 
heating (a) reverse micelle synthesis and (b) solid state synthesis have comparable 
particle sizes. 
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Table 7.S1. Rietveld refinement results for reverse 
micelle and solid state synthesis of SrAl2O4:Eu2+,Dy3+ 
using powder X-ray diffraction of synthesis performed 
using a high-temperature furnace  

Formula: SrAl2O4:Eu2+,Dy3+ Reverse micelle Solid state 

radiation type, λ (Å) Cu, 1.5406 Å 

2θ range (°) 18-40 

temperature (K) 295 

space group; Z P21 (No. 4); 2 

a (Å) 
b (Å) 
c  (Å) 

8.4387(2) 
8.8171(2) 
5.1545(1) 

8.4486(2) 
8.8243(2) 
5.1579(1) 

β (°)  93.378(2) 93.344(2) 

V (Å3) 382.86(1) 383.89(1) 

calculated density (g cm-3) 3.567 3.557 

formula weight (g mol-1) 822.320 822.320 

Rp 0.0389 0.0391 

Rwp 0.0502 0.519 

χ2 1.263 1.562 
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Table 7.S2. Crystallographic results as determined by Rietveld refinement of 
powder X-ray diffraction. The samples were reacted using a high-temperature 
furnace.  

(c) Reverse micelle 

Atom Wyck.  x y z Uiso (Å
2) 

Sr(1) 2a 0.4917(7) 0.012(2) 0.256(1) 0.010(2) 
Sr(2) 2a 0.0309(8) 1.003(2) 0.199(1) 0.048(4) 
Al(1) 2a 0.204(4) 0.837(3) 0.707(5) 0.024(4) 
Al(2) 2a 0.791(4) 0.849(3) 0.727(6) 0.041(4) 
Al(3) 2a 0.677(5) 0.689(4) 0.226(9) 0.080(4) 
Al(4) 2a 0.684(3) 0.172(3) 0.795(5) 0.035(4) 
O(1) 2a 0.267(4) 0.173(4) 0.42(1) 0.01(4) 
O(2) 2a 0.730(5) 0.306(4) 0.58(1) 0.01(4) 
O(3) 2a 0.336(3) 0.489(5) 0.348(5) 0.01(4) 
O(4) 2a 0.262(3) 0.955(4) 0.874(5) 0.01(4) 
O(5) 2a 0.158(4) 0.283(4) 0.909(6) 0.01(4) 
O(6) 2a 0.198(4) 0.648(4) 0.912(6) 0.01(4) 
O(7) 2a 0.500(6) 0.238(3) 0.898(5) 0.01(4) 
O(8) 2a 1.003(4) 0.879(4) 0.650(6) 0.01(4) 

 
(d) Solid state 

Atom Wyck.  x y z Uiso (Å
2) 

Sr(1) 2a 0.490(1) -0.008(1) 0.253(2) 0.077(6) 
Sr(2) 2a 0.0288(8) 0.980(2) 0.207(1) 0.091(6) 
Al(1) 2a 0.201(3) 0.833(3) 0.722(5) 0.080(7) 
Al(2) 2a 0.780(4) 0.833(4) 0.721(6) 0.080(7) 
Al(3) 2a 0.670(4) 0.695(4) 0.215(6) 0.080(7) 
Al(4) 2a 0.685(4) 0.181(4) 0.799(6) 0.080(7) 
O(1) 2a 0.289(4) 0.171(4) 0.46(1) 0.056(6) 
O(2) 2a 0.751(4) 0.346(5) 0.610(7) 0.056(6) 
O(3) 2a 0.342(3) 0.471(5) 0.337(4) 0.056(6) 
O(4) 2a 0.271(4) 1.052(4) 0.878(6) 0.056(6) 
O(5) 2a 0.172(3) 0.303(4) 0.963(9) 0.056(6) 
O(6) 2a 0.214(4) 0.685(5) 0.909(9) 0.056(6) 
O(7) 2a 0.497(5) 0.246(3) 0.907(6) 0.056(6) 
O(8) 2a 0.984(5) 0.834(4) 0.665(7) 0.056(6) 
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CHAPTER 8 

Conclusions and Direction of Research 

The research presented in this thesis focused on investigating the characteristics of 

persistent luminescent phosphors that give rise to their long luminescent lifetimes. By 

identifying intrinsic properties such as anion vacancies that produce the desired 

response and their associated chemical handles, the design of new persistent 

luminescent phosphors can be realized.  

First, crystal field splitting theory was applied to a Eu2+ substituted solid solution, (Sr1-

δBaδ)2MgSi2O7:Eu2+ (δ = 0, 0.125, 0. 250, 0.375). In this case, the controlled substitution 

of Ba2+ onto the Sr2+ site established that emission wavelength could be tuned from λem 

= 472 nm (δ = 0) to λem = 460 nm (δ = 0.375) due to the increase of bond lengths. 

Conducting persistent luminescent lifetime measurements showed the luminescence 

lifetimes were maintained across the solid solution. Moreover, thermoluminescence 

spectroscopy revealed that the trap depths were also consistent. Since the inclusion of a 

co-dopant is known to improve the quality of the long luminescent lifetime, Dy3+ was 

added to the system. It was found that Dy3+ did not alter the emission wavelength of the 

solid solution; however, long luminescent lifetimes did increase by ≈3 min. Further 

analysis revealed this result arises from the presence of an additional trap state 

attributed to the unoccupied 5d-orbital of Dy3+, which is also consistent across the solid 

solution. The logical conclusion is that crystal field splitting in Eu2+ substituted systems 

can provide tunable emission wavelengths without negatively affecting persistent 

luminescence. Likewise, these materials also have a trap state that leads to long 
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luminescent lifetimes without the presence of a co-dopant, which suggests that lattice 

defects may be an inherent structural property of the persistent luminescent phosphors. 

The next investigation used crystal field splitting theory in a Cr3+ substituted solid 

solution of Zn(Ga1-δAlδ)2O4:Cr3+ (δ = 0- 1) to identify the relationship between persistent 

luminescence and a material’s optical bandgap. Here, the substitution of smaller Al3+ 

onto the Ga3+ site caused an increase in the optical bandgap. This change is a direct 

result of increasing crystal field strength, which arises from the shortening of bonds 

across the aluminogallate solid solution. There are also distinct changes to peak 

intensity and peak width are associated with an increase in lattice defects and disorder. 

Persistent luminescent lifetime measurements revealed an associated a quenching of 

the observable long luminescent lifetimes with aluminum substitution. Further analysis 

using thermoluminescence spectroscopy showed an increase in the number of trap 

states that also became more shallow with increasing Al3+ up to δ = 0.50. To better 

understand the impact of lattice defects on persistent luminescence, the local structure 

of Cr3+ in this solid solution was then investigated. Employing X-ray absorption 

spectroscopy, the radial distance (R) of the first near neighbor, the Cr-O bond length, 

increased up to δ = 0.50, indicating a distortion of the polyhedron of Cr3+ , which causes 

an increase in lattice defects near Cr3+ substitution site and is consistent with the trends 

observed in the experimental photoluminescence and thermoluminescence 

measurements, thus, validating the hypothesis regarding the need for lattice defects and 

their impact on persistent luminescence.  

Lattice defects were shown to be an integral structural component to observe persistent 

luminescence; however, their inherent nature needed to be determined. To achieve this 

goal, a computational study of SrAl2O4 and SrAl2O4:Eu2+ was conducted to determine the 
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formation energies of lattice defects, e.g., cation and anion vacancies. The intrinsic 

nature of the vacancies was identified by calculating the formation energies at the 

oxygen-poor limit, revealing that an anion vacancy with a 2+ (VO
2+

) would form in an 

energy window favorable to trapping electrons. Because a VO
2+

 formed in the absence 

and presence of Eu2+ in favorable energy windows for trapping electrons, it is likely this 

property is an imperative structural component of persistent luminescent phosphors.  

Finally, a novel synthesis method was developed that involved a reverse micelle solution 

combined with microwave-assisted heating to reduce particle sizes of SrAl2O4:Eu2+, 

Dy3+. The ideal particle size for a persistent luminescent phosphor for use in 

bioanalytical application is <500 nm; however, to achieve phase purity of SrAl2O4:Eu2+, 

Dy3+, reaction temperatures >1300C are often required, leading to large agglomerates 

>10 μm. Therefore, solution based synthesis methods were chosen owing to the known 

reduction in reaction time and temperature, which is useful for limiting crystallite growth.  

Using microwave-assisted heating in combination with a reverse micelle prepared 

precursors, SrAl2O4:Eu2+, Dy3+ showed a 70% reduction in particle size compared to an 

all-solid-state method. Optical property characterization showed an improvement to both 

the thermal stability of the photoemission and the long luminescent lifetime of the 

reverse micelle. Examining thermoluminescence revealed that reduction in particle size 

increased the number of trap states, further supporting the increase in persistent 

luminescence. This increase in trap states is likely a result of new surface defects that 

originated from the reduction of the particle size.   

In conclusion, the research presented resulted in an enhanced understanding of the role 

of structural properties, such as, lattice defects, in persistent luminescent phosphors and 
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their relationship with persistent luminescence. Future work using computational 

methods, in series such as the solid solution Zn(Ga1-δAlδ)2O4:Cr3+ (δ = 0- 1), will further 

aid in identifying the type of defects, e.g., anti-site or anion vacancies, that will most 

likely to induce persistent luminescence. Employing the knowledge generated through 

this work will allow researchers to target new compounds with a high probability of 

generating long luminesce lifetimes. 


