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Chapter 1 
 

General Introduction 

1.1. Luminescence 

The term “Luminescence” (“Lumineszenz” in German) was firstly proposed by a 

German physicist, Eilhard Wiedemann, for “all those phenomena of light which are 

not solely conditioned by the rise in temperature”. By the rise in temperature, he 

referred to the fact that all liquids and solids can emit more and more radiation with 

shorter and shorter wavelengths as their temperature is continuously raised above 

absolute zero (0 K), which is called black-body radiation.
1
 Black-body radiation is a 

type of electromagnetic radiation within or surrounding a body in thermodynamic 

equilibrium with its environment, which has a specific spectrum and intensity that 

depends only on the temperature (shown in Fig. 1.1).
2
  

 

Figure 1.1. Spectral irradiance as a function of different wavelengths and temperatures
2
 

 

In contrast to such kind of incandescence or “hot light”, luminescence is a kind of 

“cold light” or “cold-body radiation”, which is mainly caused by chemical reaction, 

mechanical action on a solid, absorption and emission of photons, bombardment by 

ionizing radiation, etc (shown in Table. 1.1). Note that in this dissertation, I only focus 

on two types of luminescence that are photoluminescence (PL) and 
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thermoluminescence (TL). 

PL is a kind of spontaneous electromagnetic radiation after the absorption of 

photons. The electron located at the ground state (equilibrium state with the lowest 

energy) can be excited to the excited state (disequilibrium state with higher energy) 

after absorbing certain photon energy, then the electronic transition of the electron 

from the excited state to the ground state gives a type of radiated photons, named as 

radiative transition. On the other hand, the electron located at the excited state also 

can relax to the ground state without radiation of photons but thermal energy or heat 

energy, which is named as non-radiative transition. Usually, the radiative transition is 

always accompanied by the non-radiative transition acting as a “contributor” to the 

luminescence. In my case, I wish to improve the possibility of the radiative transition 

against the non-radiative transition as possible as I can, so more absorbed photons can 

be transferred to be emitted photons not the thermal energy with high efficiency. 

TL is another kind of luminescence that is performed by a phosphor material [the 

word “phosphor” derives from the Greek “φωσφοροζ”, combining “φωσ” (light) and 

“φερω” (to carry), and meaning light carrying],
3
 when previously absorbed energy 

from electromagnetic radiation or other ionizing radiation is re-emitted as light upon 

heating. The excited electrons under pre-excitation (also named as “pre-charging”) 

can be trapped (electron trapping process), for extended periods of time by some 

localized defects (i.e. lattice defects or impurities) with certain energy levels. 

Quantum-mechanically, these energy levels are stationary states which possess no 

typical time dependence; however, they are not stable energetically. Heating the 

phosphor material enables the de-trapping process of the captured electrons in these 

localized defects inducing the luminescence at a given temperature. The typical 

characteristics of TL, especially the temperature dependence properties, make it 

crucial for the research of persistent luminescence as well as persistent phosphors. 

The mechanism of electron trapping and de-trapping processes will be discussed in 

detail in Section 2.3. 
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 Table 1.1. Different types of luminescence phenomena and excitation sources 

 

 

 

 

 

 

 

1.2. Persistent luminescence 

Persistent luminescence (PersL), also known as ‘‘glow-in-the-dark’’, which is the 

main topic of this dissertation, is a specific type of luminescence that can last for 

seconds, minutes or even hours after ceasing excitation sources [ultraviolet (UV) light 

in most cases and visible light in rare cases]. Although, the term “persistent 

luminescence” is somewhat arbitrary, many different names are given to describe this 

special luminescence phenomenon such as “long-lasting”, “afterglow”, 

“phosphorescence”, “long-lasting phosphorescence (LLP)”, etc. After voting by the 

participants in the 1
st
 International Workshop on Persistent Phosphors (Phosphors 

2011) held in Ghent, Belgium, “persistent luminescence” was selected to be the most 

suitable and preferably unique name for this luminescence phenomenon. Therefore, 

the phosphors showing PersL are referred to be “persistent phosphors”.
4 

PersL was once considered as a mysterious phenomenon in the ancient time, and 

firstly described in a Chinese miscellaneous note called “Xiang-shan Ye Lu” written 

by Wen Ying, published in the Song dynasty (960-1279 A.D.) (see Fig. 1.2). A cow 

painting, by an artist named Zhi-e Xu, could be remained visible during the night and 

was considered to have inexplicable magic. The special ink composed of persistent 

phosphors used in these paintings were apparently obtained from Japan, where raw 

materials, such as calcium from seashells and sulfur from volcanic activities, used for 

the synthesis of sulfide persistent phosphors occur naturally.
3
  

 

Luminescence Excitation sources 

Photoluminescence Photons 

Thermoluminescence Heat energy 

Mechanoluminescence Mechanical action 

Electroluminescence Electric current 

Cathodoluminescence Electrons 

Radioluminescence High energy particles 

Chemiluminescence Chemical reaction 
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Figure 1.2. Copy of the Chinese text describing the acquisition of a luminescent painting for a 

compilation of historical and folk tales
3
 

 

In 1602, an Italian shoemaker, V. Casciarolo observed bright PersL from a 

mineral barite in darkness, later to be known as the famous Bologna stone. According 

to present knowledge, the material actually was not the mineral barite itself but rather 

the reduced product, barium sulfide (BaS) with Cu
+
 impurity, and the luminescence 

mainly originates from the Cu
+
: 3d

9
4s→3d

10
 transition.

5
 At that time, during the 

decades following the discovery of the bright emission from the Bologna stone, this 

phenomenon did not cease to arouse the interest of both scientists and laymen, and 

even several books were written on this miraculous phenomenon (see Fig. 1.3).
6
 

 
Figure 1.3. The book “Litheosphorus Sive de Lapide Bononiensi” written by Fortunius Licetus 

(Bologna, Italy, 1640) on the persistent luminescence of the Bologna stone
6
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Until the end of the 20
th

 century, very little research was done on the development 

of persistent phosphors and the understanding of physical meaning behind. For many 

decades, zinc sulfide (ZnS) doped with copper (and later co-doped with cobalt) was 

the most famous and widely used persistent phosphor.
7
 It was used in many 

commercial products including watch dials, luminous paints and glow-in-the-dark 

toys, etc. However, the brightness and duration that could be achieved with this 

material was rather weak and short for practical purposes. In order to solve this 

problem, traces of radioactive elements such as promethium, radium or tritium were 

often introduced in the phosphors as doping ions to stimulate and improve the 

brightness and duration of the light emission under the continuous irradiation of α- 

and/or β-rays produced by radioactive decay of these radioactive ions.
8
 But still, the 

PersL performance of these materials is far behind the requirements of the real 

practical or industrial applications. 

By the 1990s, there was increased public concern regarding the health problems 

and environmental pollution caused by radioactive elements. In addition, there was a 

decrease in the annual sales of watches with persistent phosphors based on radioactive 

elements, while the demand for clocks with the storage-type (chargeable by indoor 

illumination, fluorescent lamp in most cases) persistent phosphors increased despite 

their relatively weak persistent luminance.
8
 Considering the potentially huge market 

behind of persistent phosphors, Nemoto & Co., Ltd. (根本特殊化学株式会社) in Japan, 

whose major business is the development, manufacture, and sales of persistent 

phosphors, decided to develop novel persistent phosphors with high brightness and 

long duration, especially without environment-unfriendly radioactive doping ions. 

Finally, on Mar. 12
th

, 1993. T. Matsuzawa’s R&D team successfully developed the 

well-known green persistent phosphor, SrAl2O4:Eu
2+

-Dy
3+

 with ten-fold higher 

brightness and longer duration compared with that of the ZnS-based persistent 

phosphors (see Fig. 1.4).
8,9

 In 1996, T. Matsuzawa and his co-workers published the 

milestone research article titled “A New Long Phosphorescent Phosphor with High 

Brightness, SrAl2O4:Eu
2+

-Dy
3+

” in the Journal of the Electrochemistry Society,
9
 and 

sent a big shockwave to the relatively unpopular field of PersL and persistent 

https://www.google.co.jp/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwiL5ceO_cfRAhVBNJQKHcS9CPUQFggaMAA&url=https%3A%2F%2Fwww.nemoto.co.jp%2F&usg=AFQjCNHG4LadLCeadWbavh_pW0YAAGWBrA&sig2=Y8IODn1GZXQ186BQyDi6_g
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phosphors at that time. Then, this phosphor rapidly replaced its predecessor, 

ZnS-based persistent phosphors in the business market which had been used for 

nearly one century. Although, even till now, the physical meaning and the PersL 

mechanism about this material is still an open question and under debate, this paper
9
 

marked the beginning of a renewed search for different and better persistent 

phosphors emitting in different wavelength regions, and has already been cited by 

1095 times (Web of Science, on Jan. 18
th

, 2017) during the past 20 years. 

 
Figure 1.4. Phosphorescence characteristics measured at 22°C after 10 min exposure to 200 lx of D65 

light (the standard light with the color temperature of 6504 K). A: SrAl2O4:Eu
2+

, B: SrAl2O4:Eu
2+

, Dy
3+

; 

C: SrAl2O4:Eu
2+

, Nd
3+

; D: commercially used ZnS:Cu, Co phosphors
9
 

 

1.2.1. Application of persistent luminescence in the visible light region 

The visible light is the portion of electromagnetic spectrum that is visible to 

human eyes, usually ranging from 380 to 750 nm (see Fig. 1.5). The spectrum does 

not, however, contains all the colors that human eyes can distinguish. For example, 

pink, magenta or purple are absent because they can be made only by a mixture of 

multiple wavelengths. Colors containing only one wavelength are also called pure 

colors or spectral colors, a typical example is the pure green color due to the 

Er
3+

:
4
S3/2→

4
I15/2 transition located at 555 nm observed in many different Er

3+
 doped 

phosphors. 
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It is worth noting that, although the visible light can be observed and distinguished 

by human eyes, the sensitivity or response of human eyes for different colors is quite 

different. Fig. 1.5 gives two visions of human eyes, one is the photopic vision and the 

other is the scotopic vision. Photopic vision is the vision of human eyes under well-lit 

conditions (luminance from 10 to 10
8
 cd/m²),

10
 which allows color perception, 

mediated by cone cells, and a significantly high visual acuity and temporal resolution. 

On the other hand, scotopic vision is the vision of human eyes under relatively low 

light conditions (luminance from 10
-3

 to 10
-6

 cd/m²).
10

 Since cone cells in human eyes 

are nonfunctional under low light conditions, the scotopic vision is produced 

exclusively through rod cells which are most sensitive to wavelengths of light around 

500 nm (green-blue) and insensitive to wavelengths longer than ~640 nm (red). The 

cover of sensitivity ranges from the scotopic vision to the photopic vision provides the 

vision throughout the whole visible light spectrum, and the maximum efficiency of 

the photopic vision is 683 lm/W at 555 nm (green). 

Figure 1.5. Visible light region V.S. scotopic and photopic visions of human eyes 
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As mentioned before, persistent phosphors emitting visible light have already been 

commercialized for watch dials, toys, and safety signage applications, such as 

emergency exit signs in buildings and guiding strips in the aisles of airplanes (see Fig. 

1.6).
11

 Since Red, Green, and Blue (RGB) are the three primary colors that can be 

added together in various ways to reproduce a broad array of colors. Developing 

persistent phosphors emitting RGB PersL with high brightness and long duration is 

particularly important for practical applications. Fig. 1.7 gives the photographs and 

corresponding PersL emission spectra of three representative persistent phosphors, 

Y2O2S:Eu
2+

-Mg
3+

-Ti
4+

 (red), SrAl2O4:Eu
2+

-Dy
3+

 (green) and Sr2MgSi2O7:Eu
2+

-Dy
3+

 

(blue) as an example.
6
 Bright RGB PersL was clearly observed from these pellet 

samples after ceasing the UV excitation source.  

It is also worth noting that, since the red color is much less sensitive to human 

eyes compared with blue and green colors, radiance (in unit of mW/Sr/m
2
) is more 

accurate than luminance (in unit of mcd/m
2
) to evaluate the “brightness” of different 

persistent phosphors, especially whose emitting wavelength is at the edge or out of the 

range of the visible light (i.e. UV or infrared).
12

  

 

Figure 1.6. Application examples of persistent phosphors (Nemoto & Co., Ltd.): (a) night-vision signs 

(b) emergency exit signs (c) watch dials
11
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Figure 1.7. RGB persistent phosphors: Y2O2S:Eu
2+

-Mg
3+

-Ti
4+

 (red), SrAl2O4:Eu
2+

-Dy
3+

 (green), 

Sr2MgSi2O7:Eu
2+

-Dy
3+

 (blue); (a) under day light (b) under UV excitation (c) in the dark (d) 

corresponding persistent luminescence spectra after ceasing the UV excitation
6
 

 

1.2.2. Application of persistent luminescence in the near-infrared region 

 Near-infrared (NIR) is an invisible radiant energy, electromagnetic radiation with 

longer wavelengths than those of visible light, extending from the nominal red edge of 

the visible light spectrum at ~700 nm to ~2500 nm. Most of the thermal radiation 

emitted by objects around room temperature (RT) at ~300 K is infrared and invisible 

(see Fig. 1.1). Typical applications including optical imaging, physiological 

diagnostics, functional neuroimaging, and telecommunication, etc are working within 

this very important and popular wavelength region. 

Optical imaging, also commonly referred as fluorescence imaging, is one of the 

most promising imaging techniques and is expected to be an alternative for other well 

established imaging techniques, such as magnetic resonance imaging (MRI), 

computed tomography (CT), electron tomography (ET), positron emission 

tomography (PET), and X-ray imaging, etc. The technique basically requires 

luminescent bio-markers/probes and advanced detection machines. Thus, the current 

interest in this research field is focused on the development of efficient optical 

detectors/sensors and the discovery of novel luminescent materials as fluorescent 

probes.  
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As typical fluorescent bio-markers/probes for bio-imaging, such as organic dyes, 

semiconductor quantum dots (QDs), fluorescent proteins, etc have already been 

widely used and studied for several decades. However, most of them suffer from a 

high photo-bleaching rate (photochemical destruction of a fluorophore under light 

exposure, especially UV light), poor signal-to-noise ratio (SNR) due to 

auto-fluorescence from living bodies (i.e. proteins are well known to give emission 

under UV light exposure), and poor bio-compatibility (organic dyes and most of the 

QDs are potentially toxic), which limits their practical applications in bio-fields.
13

 

In principle, these bio-markers/probes give emission by the usual fluorescence 

process, in which a high energy excitation source (i.e. UV light) is used to excite a 

fluorophore, and the emission thereby is observed in the visible light region, which is 

used for the visualization of different bio-information. However, when it comes to the 

in vivo bio-imaging, the performance of these bio-markers/probes becomes rather bad 

since the penetration depth of UV and visible light for living bodies is very limited 

(mm scale) so that high SNR from a considerable deep depth (cm scale) of the living 

body is usually difficult to be obtained (see Fig. 1.8).
14

 Therefore, NIR-to-NIR 

fluorescence bio-markers/probes (excitation and emission wavelengths are both in the 

NIR region) were recently proposed considering much deeper penetration depth for 

living bodies using NIR light than that of the UV or visible light.
15,16

  

Persistent phosphors, as mentioned before, can exhibit “self-sustained” PersL for 

even several hours after ceasing excitation sources. Hence, persistent phosphors with 

NIR PersL charged by UV light before injection into living bodies can be used as 

long-lasting bio-markers/probes for the in vivo bio-imaging.
 

The exclusion of 

real-time external illumination totally removes the auto-fluorescence as background 

noise, avoids the complicated background subtraction procedures and thus improves 

the SNR remarkably. In 2007, Q. le Masne de Chermont et al firstly reported and 

demonstrated the in vivo bio-imaging technique using NIR persistent phosphors 

(Ca0.2Zn0.9Mg0.9Si2O6:Eu
2+

, Dy
3+

, Mn
2+

) as shown in Fig. 1.9,
17

 this new generation 

excitation-free bio-imaging technique totally avoids the auto-fluorescence effects 

from living bodies (mouse), and gives a high SNR for the mouse imaging. 
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Figure 1.8. Interaction of light with tissue: the absorption coefficient of light in tissue is dependent on 

wavelength and results from absorbers such as hemoglobins, lipids and water. The insert shows 

auto-fluorescence spectra obtained in vivo at different excitation wavelengths. Note the much lower 

tissue auto-fluorescence at longer wavelengths. The mouse images at the bottom show experimentally 

measured photon counts through the body of a nude mouse at 532 nm (left) and 670 nm (right). Signal 

in the NIR range is ∼4 orders of magnitude stronger compared with that in the green range under 

otherwise identical conditions, illustrating the advantages for imaging with NIR photons
14

 

 

Seven years later, in 2014, the second generation NIR persistent phosphor 

(ZnGa2O4:Cr
3+

) was successfully developed by T. Maldiney, B. Viana, A. Bessière 

and C. Richard et al,
18

 and applied for in vivo bio-imaging (see Fig. 1.10). Compared 

with the previous Ca0.2Zn0.9Mg0.9Si2O6:Eu
2+

, Dy
3+

, Mn
2+

 persistent phosphor, the 

novel ZnGa2O4:Cr
3+

 persistent phosphor emits much brighter NIR PersL due to the 

highly efficient Cr
3+

: 
2
E (

2
G)→

4
A2 (

4
F) transition (R-line) and the anti-site defect 

related N2-line. The SNR was over 6 times in the liver zone of the mouse compared 

with that using a coventional QDs bio-probe because of the unique 

non-auto-fluorescence merit using persistent phosphors. This new bio-imaging 

technology has soon become quite attractive and motive the fast development of NIR 



Chapter 1. General Introduction 

12 

 

persistent phosphors.
19-23 

 

Figure 1.9. Principles of in vivo experiments and first in vivo images: (A) A suspension containing a 

proper amount of nano-particles (NPs) is excited with an UV lamp and is directly injected to an 

anesthetized mouse. The signal is then acquired with an intensified CCD camera. (B) Image of three 

injections of NPs. The different localizations are labeled with arrows, and the corresponding NP 

amounts are indicated. The acquisition was performed during the 2 min after injection. (C) Image of an 

intramuscular injection corresponding to a 90 s acquisition
17

 

 

 

Figure 1.10. In vivo comparison of negatively charged QDs and persistent luminescent nano-particles 

(PLNPs): a–c, after intramuscular (a) and after intravenous (b,c) injection in healthy mice
18
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It is also worth noting that, although this new bio-imaging technology has soon 

become a hot research topic while the most reported emission region of NIR persistent 

phosphors are located in the first biological window (NIR-I, 650-950 nm), partially 

due to the easy availability of commercial Si-detectors that work well in this region. 

Since the Rayleigh scattering (varies as λ
-4

, here λ is the wavelength) decrease 

with increasing wavelength, two more biological windows called the second (NIR-II, 

1000-1350 nm) and the third (NIR-III, approximately from 1500 nm to 1800 nm) ones 

are defined, which fall on either side of a strong water absorption band centered 

around 1450 nm (see Fig. 1.11). Compared with the NIR-I window, these two 

windows, give much lower scattering coefficient leading potentially to an improved 

resolution quality and deeper penetration depth.
24-27

 Moreover, thanks to the recent 

development of affordable InGaAs detectors that possess adequate sensitivity and 

high quantum efficiency in the wavelength region above 1000 nm and up to 1650 nm, 

the shift of the luminescent wavelength of the bio-imaging probe from the NIR-I to 

the NIR-II/III window is definitely demanded. However, even for NIR-to-NIR 

fluorescence bio-probes using real-time excited PL for in vivo imaging, only a few 

candidates are available for such a long wavelength. Therefore, the development of 

nontoxic and bio-compatible persistent phosphors suitable for the NIR-II/III window, 

still remains a big challenge.
15,16
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Figure 1.11. (a) Response curves of Si and InGaAs photo-diode detectors (b) the absorption spectrum 

of human skin showing the first (NIR-I), second (NIR-II) and third (NIR-III) biological windows
15

 

 

1.3. Outline of this dissertation 

In Chapter 1, we start from two applications of persistent phosphors (i) safety 

signage/night vision applications in the visible light region; (ii) in vivo bio-imaging 

applications in the NIR region. Brief histories, important progresses, some existing 

problems, and personal perspectives are introduced. As described in this part, 

although persistent luminescence was observed and firstly recorded in China nearly 

1000 years ago, the progress on the understanding of this mysterious “self-sustained” 

luminescence phenomenon and the development of new persistent phosphors with 

high brightness and long duration is rather slow. Until 1993, T. Matsuzawa et al from 

Nemoto & Co., Ltd. (Japan) dropped a bomb to this “unpopular” research field 
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because of the discovery of the super long green persistent phosphor, 

SrAl2O4:Eu
2+

-Dy
3+

. Since then, this “unpopular” research field becomes more and 

more “popular”, great efforts have been made on either understanding the mechanism 

of persistent luminescence or developing novel persistent phosphors with different 

emitting colors. As a result, numerous persistent phosphors emitting long persistent 

luminescence in the visible light region have been successfully developed, and some 

of them have been commercialized for watch dials, toys, and safety signage, etc that 

are now commonly used in our daily lives. On the other hand, in 2007, Q. le Masne de 

Chermont et al from France gave anthor shockwave to this research field since they 

demonstrated that NIR persistent phosphors can be used as a new generation 

bio-probes for in vivo bio-imaging with high signal-to-noise ratio. The merits of such 

kind of NIR perssistent luminescence nano-particles (PLNPs) like excitation-free, 

non-auto-fluorescence, long monitoring time, deep penetration for living bodies, etc 

describe a bright and pormising future for the in vivo bio-imaging, and thus motive the 

fast development of NIR persistent phosphors, especially in the recent 3-4 years 

In Chapter 2, basic knowledge on luminescence is summarized. Starting from the 

f-f and f-d transitions from lanthanide ions, and d-d transitions from transition metal 

ions (emphasized on Cr
3+

). The progress playing an important role in the dynamics of 

persistent luminescence, the electron trapping-detrapping process, is discussed. 

Finally, as the only disscussed crystal structure in this dissertation, garnet structure in 

the form of A3B2C3O12 is briefly introduced, its flexible structure for either doping 

with rare-earth ions in the A site or transition metal ions in the B, C sites acts as 

fundamentals in my research life. 

In Chapter 3, blue-light-chargeable Y3Al2Ga3O12 (YAGG):Ce
3+

-Cr
3+

 green 

transparent ceramic persistent phosphors with different thicknesses were fabricated by 

solid state reaction and vacuum sintering method. Compared with an opaque 

YAGG:Ce
3+

-Cr
3+ 

ceramic phosphor of the same composition, the corresponding 

transparent ceramic phosphors exhibited brighter persistent luminescence after 

ceasing blue light excitation (460 nm) due to a typical “volume effect” of transparent 

materials. The duration that the persistent luminescence intensity reaches 2 mcd/m
2
 of 
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the YAGG:Ce
3+

-Cr
3+

 transparent ceramic (846 min) with 2.8 mm thickness was 

nearly twice of that of the compacted pellet made of the most widely used 

SrAl2O4:Eu
2+

-Dy
3+ 

commercial powder (433 min).  

In Chapter 4, based on the vacuum referred binding energy (VRBE) diagram of 

the Y3Al2Ga3O12 (YAGG) host, Pr
3+

, Nd
3+

, Tb
3+

, Dy
3+

 ions were selected and 

co-doped with Cr
3+

 ions to develop novel persistent phosphors. Since the energy gaps 

between the ground states of Pr
3+

/Tb
3+

 and the top of valence band (VB) are large 

enough so that Pr
3+

/Tb
3+

 ions can be stable hole traps, collaborating with Cr
3+ 

electron 

traps to induce the long persistent luminescence. The persistent luminance duration 

upon 0.32 mcd/m
2
 of the YAGG:Pr-Cr and YAGG:Tb-Cr samples due to Pr

3+
 (orange) 

and Tb
3+

 (light green) emission could reach about 8 h and 12 h, respectively. However, 

because of the small energy gaps between the ground states of Nd
3+

/Dy
3+

 and the top 

of VB, Nd
3+

/Dy
3+

 ions cannot act as stable hole traps. Therefore, the persistent 

luminescent intensities of YAGG:Nd-Cr and YAGG:Dy-Cr samples are quite weak 

and dominated mainly by the deep-red transition of Cr
3+

.  

In Chapter 5, a novel red ceramic phosphor: Y3Al5-xGaxO12:Cr
3+ 

(YAGG:Cr
3+

, x 

from 0 to 5), showing bright persistent luminescence was developed by conventional 

solid-state reaction method. After ceasing UV illumination, the radiance of this 

material was nearly 5 times higher than that of the commonly used ZnGa2O4:Cr
3+

 red 

persistent phosphor. This behavior was mainly attributed to the efficient electron 

trapping and detrapping processes and one could adjust electron trap depth through 

different Ga
3+

 contents.  

In Chapter 6, we developed bright deep-red persistent phosphors of Cr
3+

-Eu
3+

 

co-doped Gd3Al5-xGaxO12 garnets (GAGG:Cr
3+

-Eu
3+

), in which only Cr
3+ 

ion shows 

emission bands centered at 730 nm after ceasing UV illumination and Eu
3+

 ion acts as 

an excellent electron trap capturing one electron to be Eu
2+

 with tunable trap depth by 

varying conduction band with Ga
3+

 content, x. The persistent radiance of the 

GGG:Cr
3+

-Eu
3+

 (x=5) sample at 1 h after ceasing UV light is approximately 25 times 

higher than that of the Cr
3+

 singly doped GGG sample, and is over 6 times higher than 

that of the widely used ZnGa2O4:Cr
3+

 red persistent phosphor.  
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In Chapter 7, we developed a persistent phosphor of Y3Al2Ga3O12 doped with 

Nd
3+

, Ce
3+

, Cr
3+

 ions (YAGG:Nd-Ce-Cr) exhibiting long (>10 h) persistent 

luminescence at multi-wavelengths of around 880, 1064, and 1335 nm due to f-f 

transitions of Nd
3+

 and at 505 nm due to the Ce
3+

:5d1→4f transition. The intense 

near-infrared (NIR) persistent luminescence bands from Nd
3+

 match well with the first 

(650~950 nm) and second (1000~1350 nm) bio-imaging windows. The NIR persistent 

radiance of the YAGG:Nd-Ce-Cr phosphor (0.33×10
-1 

mW/Sr/m
2
) at 60 min after 

ceasing blue light illumination was over 2 times higher than that of the widely used 

ZnGa2O4:Cr
3+

 red persistent phosphor (0.15×10
-1 

mW/Sr/m
2
).  

In Chapter 8, by utilizing efficient persistent energy transfer from Ce
3+

 to Er
3+

, we 

have successfully developed a novel garnet persistent phosphor of Y3Al2Ga3O12 

doped with Er
3+

, Ce
3+

, Cr
3+

 ions (YAGG:Er-Ce-Cr) exhibiting long (>10 h) 

near-infrared (NIR) persistent luminescence (PersL) in the broad range from 1450 nm 

to 1670 nm due to the typical Er
3+

:
4
I13/2→

4
I15/2 transition in garnet. The NIR PersL 

bands of Er
3+

 match well with the third bio-imaging window (NIR-III, approximately 

from 1500 nm to 1800 nm) and the response curve of InGaAs detectors. The photon 

emission rate (8.33×10
17 

cps/Sr/m
2
) of the YAGG:Er-Ce-Cr persistent phosphor at 10 

min after ceasing blue light illumination was over two times higher than that of the 

widely used ZnGa2O4:Cr
3+

 deep-red persistent phosphor (3.30×10
17 

cps/Sr/m
2
). We 

also show the first PersL imaging by a commercial InGaAs camera monitoring Er
3+

 

emission indicating that this material can be a promising candidate for in-vivo 

bio-imaging in the NIR-III window. 

In Chapter 9, we have successfully developed six different Cr
3+

 singly-doped 

garnets with cubic structure of A3B2C3O12: Y3Ga4.99Cr0.01O12 (YGG:Cr), 

Gd3Ga4.99Cr0.01O12 (GGG:Cr), Lu3Ga4.99Cr0.01O12 (LuGG:Cr), Y3Sc1.99Cr0.01Ga3O12 

(YSGG:Cr), Gd3Sc1.99Cr0.01Ga3O12 (GSGG:Cr) and Lu3Sc1.99Cr0.01Ga3O12 

(LuSGG:Cr), which exhibit persistent luminescence due to Cr
3+

 emission matching 

well with both the response curve of the Si detector and the wavelength region of the 

first biological window (NIR-I). The main emission band of Cr
3+

 in garnet hosts can 

be easily tunable from the sharp R-line emission due to the 
2
E (

2
G)→

4
A2 (

4
F) 
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transition in the strong crystal field strength to the broad band emission due to the 
4
T2 

(
4
F)→

4
A2 (

4
F) transition in the weak one when Lu

3+
 in the A site and Ga

3+
 in the B site 

are respectively replaced by larger cations, Y
3+

/Gd
3+

 and Sc
3+

. Especially the 

GSGG:Cr sample, its R-line emission was totally disappeared while only the broad 

band emission peaked at around 770 nm was observed, and its persistent radiance 

(0.54×10
-1 

mW/Sr/m
2
) at 60 min after ceasing the UV excitation was over three times 

higher than that of the widely used ZGO:Cr deep-red persistent phosphor (0.15×10
-1 

mW/Sr/m
2
) at RT. Furthermore, based on the knowledge of 4f energy levels of 

lanthanide ions in the host referred binding energy (HRBE) diagram of GSGG host, 

four trivalent lanthanides (Sm
3+

, Eu
3+

, Tm
3+

, Yb
3+

) whose 2+ GS located below the 

bottom of CB were selected as potential candidates to be an electron trap in order to 

enhance the Cr
3+

 PersL. Among them, Yb
3+

 could introduce a new electron trap with a 

TL glow peak located around 330 K overlapped with the intrinsic defect 

(photochromic center)-related electron trap in garnet host, and the persistent radiance 

of the GSGG:Cr-Yb sample (1.56×10
-1 

mW/Sr/m
2
) at 60 min after ceasing the UV 

excitation was enhanced to be nearly three times higher than that of the GSGG:Cr 

persistent phosphor (0.54×10
-1 

mW/Sr/m
2
) at RT.  
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Chapter 2 
 

Theoretical Background 

2.1. Luminescence center of lanthanide ions  

2.1.1. Rare earth elements 

Rare earth elements are a group of 17 elements in the periodic table including 15 

lanthanides (Ln) [from Lanthanum (La) to Lutetium (Lu)], as well as Scandium (Sc) 

and Yttrium (Y) (see Fig. 2.1).
1
 Scandium and Yttrium are considered to be rare earth 

elements because they tend to occur in the same ore deposits as the lanthanides and 

exhibit similar chemical properties. Note that, despite their name, rare earth elements 

sometimes are not really rare or even relatively plentiful in the Earth’s crust. A typical 

example is Cerium (Ce), which is the 25
th

 most abundant element at 68 parts per 

million (ppm), as abundant as copper (Cu). On the other hand, rare earth elements 

tend to occur together in nature and are difficult to separate from one to another, and 

also the highly concentrated minerals with rare earth elements are not often found in 

economically exploitable ore deposits, which make them usually more expensive than 

most base metals such as iron (Fe), copper (Cu), aluminum (Al), or nickel (Ni), etc. 

Figure 2.1. The periodic table of different elements
1
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2.1.2. Lanthanide ions 

In presentations of the periodic table, the lanthanides are customarily shown as an 

additional row below the main body of the table. The electron configurations of the 

lanthanides and their tri-valent state ions are described below: 

Ln (Z=57~71):1s
2
2s

2
2p

6
3s

2
3p

6
3d

10
4s

2
4p

6
4d

10
4f

n
5s

2
5p

6
5d

1
6s

2
=[Xe](4f)

n
5d

1
6s

2 

Ln
3+

 (Z=57~71):1s
2
2s

2
2p

6
3s

2
3p

6
3d

10
4s

2
4p

6
4d

10
4f

n
5s

2
5p

6
=[Xe](4f)

n
 

In general, the lanthanides exhibit tri-valent states (Ln
3+

) while some of them also 

show di-valent (i.e. Eu
2+

, Yb
2+

) and tetra-valent (i.e. Ce
4+

, Pr
4+

 or Tb
4+

) states 

according to different host materials or preparation conditions. All the Ln
3+

 ions have 

unfilled/filled electron shell structure 4f
n
 (n=1-14) (shown in Table 2.1), the 

partially/fully occupied 4f
n
 electrons of these Ln

3+
 ions are not in the outer shell and 

well shielded by the filled 5s
2
 and 5p

6
 orbitals (see Fig. 2.2), the ligand and/or crystal 

field environment thereby has only a very weak influence on the electronic cloud of 

Ln
3+

 ions even in solid crystal materials. Therefore, the energy levels of Ln
3+

 ions 

remain nearly unchanged in different material hosts, but exhibit only a minor 

deviation due to the nephelauxetic effect caused by the Ln-to-ligand bonding, which 

reduces the effective positive charge on nucleus compared with its free Ln
3+

 ion 

counterpart, and also makes effects on its energy levels by a few cm
-1

. Therefore, such 

weak interaction is mainly responsible for the fine spectral structure of Ln
3+

 ions, and 

the well-resolved energy levels of Ln
3+

 ions lead to sharp absorption and emission 

transitions in spectral shapes. 

Fig. 2.3 gives the typical 4f energy levels of different Ln
3+

 doping ions in a 

low-symmetry crystal, LaF3.
2 

This diagram gives a general idea of the 4f energy level 

locations of all Ln
3+

 ions and helps us for the analysis of unknown spectra in different 

material hosts, and also to determine or even predict the exact energy level positions 

of target Ln
3+

 ions.
3
 

It is also worth noting that, when one electron transit between the 4f and 5d 

orbitals, the electronic transition is named as the 4f
n↔4f

n-1
5d (f-d) transition. The f-d 

transition is often observed in di-valent (i.e. Eu
2+

, Yb
2+

) and tri-valent (i.e. Ce
3+

, Pr
3+

 

or Tb
3+

) lanthanide ions. Since the 5d orbital is in the outer shell and more dependent 
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on the ligand and/or crystal field environment than the 4f
n
 orbital in different material 

hosts, the f-d transitions usually exhibit broad bands in spectra due to the 

Frank-Condon offset between the two parabolas of 4f and 5d orbitals in the 

configuration coordinate diagram.
5
 

 

 Table 2.1. Atomic numbers, names, electron configurations and radii of lanthanide atoms as well as 

the corresponding tri-valent ions
3
 

 

Figure 2.2. Shielding effect of 4f orbitals by 5s and 5p orbitals
4
 

2.1.3. 4f energy levels of lanthanide ions 

A major outcome from the electronic spectra of Ln
3+

 ions is the assignment of 

these numerous 4f 
n
 energy levels, which is of particularly useful for their applications. 

Atomic No. Lanthanide Ln
3+

 (ground states) Radii of Ln
3+ 

(Å) 

58 Cerium (Ce) 4f
1
5s

2
5p

6
 (

4
F5/2) 1.034 

59 Praseodymium (Pr) 4f
2
5s

2
5p

6
 (

3
H4) 1.013 

60 Neodymium (Nd) 4f
3
5s

2
5p

6
 (

4
I9/2) 0.995 

61 Promethium (Pm) 4f
4
5s

2
5p

6
 (

5
I4) 0.980 

62 Samarium (Sm) 4f
5
5s

2
5p

6
 (

6
H5/2) 0.964 

63 Europium (Eu) 4f
6
5s

2
5p

6
 (

7
F0) 0.950 

64 Gadolinium (Gd) 4f
7
5s

2
5p

6
 (

8
S7/2) 0.938 

65 Terbium (Tb) 4f
8
5s

2
5p

6
 (

7
F6) 0.923 

66 Dysprosium (Dy) 4f
9
5s

2
5p

6
 (

6
H15/2) 0.908 

67 Holmium (Ho) 4f
10

5s
2
5p

6
 (

5
I8) 0.894 

68 Erbium (Er) 4f
11

5s
2
5p

6
 (

4
I15/2) 0.881 

69 Thulium (Tm) 4f
12

5s
2
5p

6
 (

3
H6) 0869 

70 Ytterbium (Yb) 4f
13

5s
2
5p

6
 (

2
F7/2) 0.858 

71 Lutetium (Lu) 4f
14

5s
2
5p

6
 (

1
S0) 0.848 
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For multi-electron free (gaseous) Ln
3+

 ions, the energy levels of each electronic 

configuration will be split into a series of energy levels, owing to the interaction 

between the electron orbital magnetic moment and the spin magnetic moment. These 

states can be described under the Russell-Saunders scheme by the multiplet 
2S+1

LJ  

composed of (2S+1)(2L+1) states, where S and L denote the total electron spin and 

orbital angular momenta, respectively. The values of L=0, 1, 2, 3, 4, 5, 6, 7, 8 are used 

to be designated by the letters S, P, D, F, G, H, I, K, L in spectroscopy. Due to the 

coupling of the orbital angular momentum and the spin angular momentum in 

quantum mechanics, these multiplets 
2S+1

L are usually composed of total 2J +1 

possible microstates, where J is the total (i.e. vector sum of S and L) angular 

momenta.
5
  

When it comes to the coupling scheme of the orbital angular momentum and the 

spin angular momentum, LS coupling (Russell-Saunders coupling) is the most 

commonly used coupling scheme for Ln
3+

 ions, in view of their much stronger 

electrostatic interaction between different 4f electrons relative to their spin-orbit 

interaction. In this model, the spin momenta si and orbital momenta li of all the 

electrons are first coupled by exchange interaction to form a total spin and orbital 

angular momenta S and L, respectively, and then the total spin angular momentum S 

couples with the total orbital angular momentum L into the total angular momentum J. 

According to this coupling scheme, the possible microstates can be descried by 
2S+1

LJ. 

For example, for 4f 
1
 configuration of Ce

3+
, there are two multiplets, that is, 

2
F5/2 and 

2
F7/2, where S=1/2, L=3, and J =5/2 or 7/2. For 4f

n
 configurations of other Ln

3+
 ions, 

the allowed spectroscopic multiplets or terms were summarized in Table 2.2.
3
 

It is worth noting that some qualitative rules are very helpful to understand the 

energy levels of Ln
3+

 ions. One of the well-known qualitative rules is Hund’s rule, 

which has the following guidelines: (1) the terms (or states) with the largest S values 

have the lowest energy values among all the terms of an electron configuration. 

Among these terms, those with the highest L values have the lowest energy values (2) 

for the terms in configuration with a number of electrons equal or exceeding that of 

the half-filled shell, the larger the J value, the lower the energy. On the other hand, if 
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the number of electrons lower than that of half-filled shell, then the smaller the J value, 

the lower the energy.
5
 

 

Table 2.2. Allowed spectroscopic multiplets or terms for 4f 
n
 electrons of tri-valent lanthanide ions

3 

 

 
Figure 2.3. Energy level diagrams of tri-valent lanthanide ions doped in a low-symmetry crystal LaF3

2
 

Ln
3+

 ions Configurations Spectroscopic multiplets or terms 

Ce
3+

, Yb
3+

 f
1
, f

13
 

2
F

1 

Pr
3+

, Tm
3+

 f
2
, f

12
 

1
S

1
, 

1
D

1
, 

1
G

1
, 

1
I

1
, 

3
P

1
, 

3
H

1 

Nd
3+

, Er
3+

 f
3
, f

11
 

2
P

1
, 

2
D

2
, 

2
F

2
, 

2
G

2
, 

2
H

2
, 

2
I
1
, 

2
K

1
, 

2
L

1
, 

4
S

1
, 

4
D

1
, 

4
F

1
, 

4
G

1
, 

4
I

1
 

Pm
3+

, Ho
3+

 f
 4
, f

10
 

1
S

2
, 

1
D

4
, 

1
F

1
, 

1
G

4
, 

1
H

2
, 

1
I
3
, 

1
K

1
, 

1
L

2
, 

1
N

1
, 

3
P

3
, 

3
D

2
, 

3
F

4
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3
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3
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3
H

4
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3
I

2
, 

3
K

2
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3
L

1
, 

3
M

1
, 

5
S

1
, 

5
D

1
, 

5
F

1
, 

5
G

1
, 

5
I

1 

Sm
3+

, Dy
3+
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 5
, f

9
 

2
P

4
, 

2
D

5
, 

2
F

7
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2
G

6
, 
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5
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H
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H

1 

Eu
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 6
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8
 

1
S

2
, 
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1
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1
D

6
, 

1
F

4
, 

1
G

8
, 

1
H

4
, 

1
I

7
, 

1
K

3
, 

1
L

4
, 

1
M

2
, 

1
N

2
, 

1
Q

1
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3
P

6
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3
D

5
, 

3
F

9
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3
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7
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3
H

9
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3
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, 

7
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2
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2
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S
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H
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I
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4
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, 

4
L

3
, 

4
M

1
, 

4
N

1
, 

6
P

1
, 

6
D

1
, 

6
F

1
, 

6
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1
, 

6
H

1
, 

6
I
1
, 

8
S

1 
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2.2. Luminescence center of transition metal ions (Cr
3+

) 

The wave-functions of five 3d electron orbitals are different as shown in Fig. 

2.4(a). For a free ion, the energies of the five 3d orbitals are identical, and are 

determined by an electron kinetic energy and a central field potential caused by the 

inner electron field so that these orbitals are degenerate. 

However, when the cation is incorporated into a crystal, the surroundings or 

environments of the cations are changed. For example, if the cation is surrounded by 

six anions (octahedral coordination), as the red dots shown in Fig. 2.4(b), the energies 

of x
2
-y

2
 and z

2
 orbitals are increased, because of the electron repulsion from the 

surrounding anions located at the orientation of x
2
-y

2
 and z

2
 orbitals. In order to keep 

energy reservation of the whole system, the energies of the other three orbitals are 

decreased. On the other hand, when the cation is incorporated into a tetrahedral crystal 

field with four anions as marked by blue dots [see Fig. 2.4(b) again], the energies of 

xy, yz, xz orbitals are higher than the other two orbitals, totally the opposite situation 

to that in the octahedral crystal field.
6
 

Figure 2.4. (a) Five sub-orbitals of the d orbital (b) interaction between the d-orbital-electrons of a 

central cation and surrounding anions with octahedral or tetrahedral coordination
6
 

 

Here, I take Cr
3+

 as an example to introduce the typical d-d transition of transition 

metal ions, and also Cr
3+

 is the only transition metal ion I focused on in this 

dissertation. 

The electronic configuration of Cr
3+

 is 3d
3
 in the outer d orbital. We notice that in 

a real crystal, the most common crystal field is either octahedral or tetrahedral fields. 
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As mentioned before, the lowest state (ground state) of a transition metal ion is triplet 

T2g orbital (xy, yz, xz) in a regular octahedral field and doublet E orbital (x
2
-y

2
, z

2
) in 

a regular tetrahedral field. Consider that when the Cr
3+

 ion with three d electrons 

incorporated into the octahedral field with a triplet ground state, each electron 

occupies one orbital with a parallel spin. If Cr
3+

 ions are forcibly incorporated into the 

tetrahedral field with double ground state, one electron shows different (anti-parallel) 

spin to the other two electrons. According to Pauling’s rule, the energy of ground state 

will lower when the electrons show parallel spin also when the orbitals are 

half-occupied. Generally, Cr
3+

 ions are stable only in the octahedral field. 

 According to the Tanabe-Sugano diagram
7,8

 of the 3d
3
 electronic configuration 

shown in Fig. 2.5, in which the energies (E) from the ground state level are plotted 

against the crystal field (Dq), both in the unit of B (Racah parameter). In the free ion, 

the ground state is the 
4
A2(

4
F) state, and the energy location of each level depends on 

the crystal field strength, which is descripted by Dq/B. Generally, the luminescence of 

Cr
3+

 is attributed from the lowest excited state to the ground state. When Cr
3+

 is 

incorporated into a weak crystal field, the emission is mainly due to the 
4
T2 (

4
F)→

4
A2 

(
4
F) transition (spin allowed). On the other hand, when Cr

3+
 is incorporated into a 

strong crystal field, the emission is mainly due to 
2
E (

2
G)→

4
A2 (

4
F) transition (spin 

forbidden), the so-called R-line (ruby-line). There is a cross-point region between the 

energy levels of 
4
T2 (

4
F) and 

2
E (

2
G) which represents the intermediate crystal field 

region between the weak and strong ones. Therefore, the emission band of Cr
3+

 is 

quite related to the crystal field strength of material hosts, and can be easily tunable 

from sharp line emission to broad band emission, which we call it “crystal field 

engineering” (see the detailed discussion in Chapter 9) 
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Figure 2.5. The Tanabe-Sugano (d
3
) diagram 

 

2.3. Electron trapping-detrapping processes 

Till now, despite the fast development and considerable research on persistent 

phosphors, the detailed mechanism of persistent luminescence is still an open question. 

The most acceptable one can be qualitatively explained by an electron 

trapping-detrapping process
9
: when persistent phosphors are excited by ultraviolet 

(UV) light (visible light in rare cases), electron-hole (e-h) pairs are generated, if the 

excited state is close to the bottom of the conduction band (CB) with small energy gap, 

the excited electron can “jump” into the CB with thermal activation energy. Then, the 

excited electron through CB is captured by the electron trap, which is usually called 

trapping process [see Fig. 2.6(a)]. The electron trap is a quasi-stable state and 

energetically unstable. However, directly relaxation to ground states is strictly 

forbidden; an energy barrier makes the state stable if necessary energy is not offered 

to the system. The quasi-stable state is generally induced by lattice defects in the host 

material or impurity ions introduced on purpose. They are usually termed “electron 

traps” or “electron trapping centers” in the field of persistent phosphors. 

The captured or stored electrons can be released by thermal stimulation to CB 
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being re-combined with holes followed by persistent luminescence, or more precisely 

to say is a kind of thermoluminescence (TL), which is called the detrapping process 

[see Fig. 2.6(b)]. During a series of processes, “trap depth (εT)” which represents the 

energy gap between the bottom of CB and the electron trap is crucial since it 

determines the behavior of persistent luminescence such as initial emission intensity 

and luminescence duration. 

 

Figure 2.6. Electron trapping (a) and detrapping (b) processes in persistent phosphors 

 

2.4. Garnet structure 

The history of garnets dates back to the Bronze Age, and they have been used for 

thousands of years as abrasives, because of their hardness, and as gemstones, related 

to their high refractive index and beautiful coloring through incorporation of transition 

metal ions into the octahedral or tetrahedral sites. The English word “Garnet” 

originates from the Latin ‘‘Granatum’’, which means many grains and is related to the 

pomegranate fruit, having many red seeds that resemble some of the dark red garnet 

gemstones in structure and color.
10,11

  

Garnet structure in the form of A3B2C3O12 is belonging to the cubic crystal system 

with space group of Oh
10

-Ia3̅d, in which three types of cation sites able to be occupied 

by different cation ions: (i) the A site, 24(c) dodecahedral site (D2 point symmetry) 

with a coordination number eight (CN=8), (ii) the B site, 16(a) octahedral site (S6 
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point symmetry) with a coordination number six (CN=6), and (iii) the C site, 24(d) 

tetrahedral site (S4 point symmetry) with a coordination number four (CN=4). 

Therefore, the garnet structure can be regarded as an interconnected dodecahedra, 

octahedra and tetrahedra with shared oxygen atoms at the corners of the polyhedra 

with a 160 atom body-centered unit cell as shown in Fig 2.7. 

Considering the high tolerability of these three cation sites (i.e. the larger 

dodecahedral sites are ideal for lanthanide ions while the smaller octahedral sites are 

of the appropriate size for Cr
3+

 ions), lanthanide ions and/or transition metal ions 

doped garnet materials have been widely used for many applications, such as Ce
3+

 

doped garnets for w-LEDs and scintillators,
12,13

 Nd
3+

, Cr
3+/4+

 doped garnets for the 

high power solid-state laser,
14,15

 and Yb
3+

 doped garnets for the quantum cutting and 

down-conversion,
16

 etc. 

In this dissertation, I make full use of this flexible crystal structure, and 

successfully developed different garnet transparent ceramic persistent phosphors 

emitting “bright” persistent luminescence in the visible light region as well as in the 

near-infrared (NIR) region (see Fig 2.8.) 

 

Figure 2.7. Schematic of the garnet crystal structure and the coordination atoms of  

polyhedrons for different sites
10
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Figure 2.8. Garnet transparent ceramic persistent phosphors prepared in Tanabe Lab (a) under 

fluorescent lamp (b) under UV (254 nm) lamp (c) in the dark; samples from left to right: 

Y3Al2Ga3O12(YAGG):Ce-Cr (chapter 3), Y3Al2Ga3O12(YAGG):Tb-Cr (chapter 4), 

Gd3Al2Ga3O12(GAGG):Ce-Cr, Y3Al2Ga3O12(YAGG):Pr-Cr (chapter 4), Y3Al2Ga3O12(YAGG):Cr 

(chapter 5), Gd3Ga5O12(GGG):Cr-Eu (chapter 6)  
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Chapter 3 

 

Fabrication of Ce
3+

-Cr
3+

 co-doped yttrium aluminium 

gallium garnet transparent ceramic phosphors with 

super long persistent luminescence 

 

Abstract:  

YAGG:Ce
3+

-Cr
3+

 transparent ceramics (TCs) with different thicknesses were 

fabricated by solid state reaction and vacuum sintering. Compared with an opaque 

YAGG:Ce
3+

-Cr
3+ 

ceramic phosphor of the same composition, the corresponding TC 

phosphors exhibited brighter persistent luminescence after ceasing blue excitation 

(460 nm) due to a typical “volume effect” of transparent materials. The duration that 

the persistent luminescence intensity reaches 2 mcd/m
2
 of the YAGG:Ce

3+
-Cr

3+
 TC 

was nearly twice of that of the compacted pellet made of SrAl2O4:Eu
2+

-Dy
3+ 

commercial powder.  

 

 

 

Photographs of YAGG:Ce
3+

 and YAGG:Ce
3+

-Cr
3+

 transparent ceramics (a) under fluorescent lamp (b) 

under 460 nm illumination (c) at 300 s after ceasing 460 nm illumination 
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3.1. Introduction 

Persistent luminescence represents the light emission lasting from several minutes 

to hours after ceasing excitation sources. Such kind of persistent phosphors have 

attracted a great attention in the last two decades after Matsuzawa et al. discovered the 

SrAl2O4:Eu
2+

-Dy
3+

 phosphors with the brightest and longest persistent luminescence 

among all the persistent phosphors ever reported.
1
 This phosphor emits green light at 

520 nm attributed to Eu
2+

:5d→4f transition and can efficiently be excited by UV light 

at 360 nm or fluorescent lamps containing violet light. Currently, white-light emitting 

diodes (w-LEDs), generally composed of blue LED chips and YAG:Ce
3+

 yellow 

phosphors, are replacing fluorescent lamps due to their high luminous efficiency, long 

lifetime, and low electric consumption as indoor illumination.
2
 Considering the fact 

that SrAl2O4:Eu
2+

-Dy
3+

 phosphors cannot efficiently be charged by visible light even 

by blue light,
3
 blue-light-chargeable long persistent phosphors have been a focus of 

potential applications such as night-vision signs and safety way guidance systems. 

Recently, we have reported a novel persistent ceramic phosphors with 

composition of Y3Al5-xGaxO12 (YAGG):Ce
3+

-Cr
3+

 (x=2.5, 3, 3.5) which can emit 

bright green emission due to Ce
3+

:5d1→4f transition lasting for several hours after 

ceasing the blue light excitation.
4
 In this material, the threshold of photoionization 

between 5d1 energy level of Ce
3+

 and the bottom of the conduction band (C.B) with 

photo-stimulation can be decreased by Ga
3+

 substitution in B, C sites of {A}3[B] 

2(C)3O12 garnet matrix, where {A}, [B], and (C) represent the cations at the 

dodecahedral, octahedral, and tetrahedral sites, respectively.
5
 Cr

3+
 ions can work as 

electron traps with ideal trap depth for persistent luminescence working at room 

temperature (RT). Furthermore, the trap depth, which represents the energy gap 

between the bottom of CB and the electron trap, can also be optimized via modifying 

Ga
3+

 substitution contents.  

In addition, Ga
3+

 substituted garnet belongs to the famous garnet family “yttrium 

aluminium garnet (YAG)” of cubic isotropic crystal for solid-state lasers,
6-7

 

scintillators
8-9

 and w-LED
10-11

 applications. Such garnet compositions can be realized 
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to be transparent ceramics (TCs) once high density and satisfactory optical 

transparency are obtained by advanced ceramic processing techniques.
12

 Recently, our 

group firstly fabricated Gd3Al2Ga3O12 (GAGG):Ce
3+

-Cr
3+

 TCs with yellow persistent 

luminescence using a simple one-step solid-state reaction method (directly sintered 

from raw oxide powder to target ceramics).
13

 Although, the thickness of the 

GAGG:Ce
3+

-Cr
3+

 TC was only 0.542 mm, it still performed longer persistent 

luminescence than that of the corresponding opaque one because the excitation light 

can penetrate through the sample and induce the carrier formation inside the TC 

sample due to its lower optical scattering coefficient than pellet or powder. 

In this paper, we obtained high optical quality YAGG:Ce
3+

 and YAGG:Ce
3+

-Cr
3+

 

TCs via one step solid-state reaction method using vacuum sintering process. 

Thickness effect of specimens was investigated for the new ceramic persistent 

phosphors and we found that the duration upon 2 mcd/m
2
 after 460 nm blue excitation 

for the 2.8 mm thickness TC specimen reaches more than 14 hours, which to the best 

our knowledge, is the longest persistent duration ever reported. 

 

3.2. Experimental procedures 

YAGG:Ce
3+

 and YAGG:Ce
3+

-Cr
3+

 TCs with composition of 

(Y0.995Ce0.005)3Al2Ga3O12 and (Y0.995Ce0.005)3Al1.999Ga3O12:Cr0.001 were fabricated by 

solid-state reaction method. The chemicals of Y2O3, Al2O3, Ga2O3, CeO2 (4N purity) 

and Cr2O3 (3N purity) were used as raw materials. The starting powder was mixed by 

ball milling method with ZrO2 ceramic balls and anhydrous alcohol for several hours. 

0.8-1.2 wt% tetraethyl orthosilicate (TEOS) and 0.8-1.5 wt% dispersant
10

 were added 

as sintering aid and surfactant during ball milling process, respectively. The mixed 

powder was dried at 80°C for 36 h and compacted to form a ceramic green body (ϕ20 

mm × 3-6 mm thick) under uniaxial pressing of 50 MPa without further cold isostatic 

pressing (CIP), then pre-heated at 800°C for 60 h in air to remove the organic 

substances, and finally sintered at 1600-1650°C for 10-20 h under vacuum 

atmosphere. The as-sintered specimens were double-mirror polished using a copper 
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plate and diamond slurry.  

The in-line optical transmittance of TCs was measured by UV–VIS-NIR 

spectrometer (UV-3600, SHIMADZU, Japan). Microstructure observations including 

surface and fractured surface of the as-sintered YAGG:Ce
3+

 and YAGG:Ce
3+

-Cr
3+

 

TCs were examined by scanning electron microscopy (SEM, JSM-890, JEOL, Japan). 

Before surface SEM observations, the polished specimens were thermally etched in 

air at 1400°C for 2 h. Photoluminescence (PL) and persistent luminescence (PersL) 

spectra were measured by a luminance-measurement setup composed of a CCD 

spectrometer (MCPD-BB, Otsuka Electronics, Japan), a fiber, and a collimator lens. A 

combination of a 300W Xe lamp (MAX-302, Asahi Spectra, Japan) and a band-pass 

filter (460 nm) was used as the excitation source. A 470 nm shot-cut filter was set in 

front of the CCD spectrometer to cut off excitation signals. Thermoluminescence (TL) 

glow curves monitoring the Ce
3+

 luminescence were measured using a combination of 

the Xe lamp with a 460 nm band-pass filter and a photomultiplier tube (R3896, 

Hamamatsu Photonics, Japan), which was combined with a 475 nm short-cut filter 

and a 600 nm long-cut filter to filter out all the light except the Ce
3+

 luminescence. 

The specimens were set in a cryostat (Helitran LT3, Advanced Research Systems, 

USA) to control temperatures. The ceramic specimen was firstly excited by UV light 

(250-400 nm) at 130 K for 10 min, after waiting for 10 min, then finally heated at 10 

K/min to 600 K. Persistent luminescent decay curves were obtained at 25°C using the 

same photomultiplier tube and filters as the TL measurement. Then, the decay curves 

were calibrated to the absolute luminance (in unit of mcd/m
2
) by using a radiance 

meter (Glacier X, B&W Tek Inc, Japan).  

 

3.3. Results and discussion 

Fig. 3.1(a) shows the photograph of the YAGG:Ce
3+

 and YAGG:Ce
3+

-Cr
3+

 TCs 

(both are 1.4 mm thickness) with yellow-green appearance, through which we can 

clearly recognize the words below by naked eye owing to their high optical 

transparency. The in-line optical transmittance of the YAGG:Ce
3+

 and 
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YAGG:Ce
3+

-Cr
3+

 TCs at 1200 nm reach to 76.6% and 75.4%, respectively. Two 

broad absorption bands are observed at about 450 and 340 nm due to the transitions 

from the 4f level to the lowest 5d1 and the second lowest 5d2 levels of Ce
3+

 ions, 

respectively. Besides, an additional broad band at about 620 nm appears in the Cr
3+

 

co-doped specimen ascribed to the transition from 
4
A2 to 

4
T2 of Cr

3+
. SEM 

microstructures of surface and fractured surface of the two specimens are shown in 

Fig. 3.1(b)-(e). Micro-pores randomly exist on the surface of the Cr
3+ 

co-doped 

specimen (see Fig. 3.1c), which may act as scattering centers (see Fig. 3.1b). The 

average gain size D  can be determined by linear intercept method
14

 as the structure 

consists of equiaxed grains of regular polyhedral shape with particular size 

distribution and only continuous grain growth occurs. Lines of equal length are ruled 

randomly in SEM photographs, the number of grains along those lines is counted and 

then average grain size D  can be estimated according to Eq. (1) where L  is the 

average intercept length over the number of grains counted along the lines. 

                          D  =1.56 L                                (1) 

The uniform grain sizes of the YAGG:Ce
3+

 and YAGG:Ce
3+

-Cr
3+

 TCs are calculated 

to be 8 and 6 μm, respectively. The fracture mode of the two specimens is mainly 

intercrystalline type. (see Fig. 3.1d and e).  

 

 

Figure 3.1. (a) Photograph and in-line optical transmittance of YAGG:Ce
3+

 and YAGG:Ce
3+

-Cr
3+

 

transparent ceramics as well as scanning electron microscope (SEM) photographs of the double 

polished surfaces of (b) YAGG:Ce
3+

 (c) YAGG:Ce
3+

-Cr
3+

 and fracture surfaces of (d) YAGG:Ce
3+

 (e) 

YAGG:Ce
3+

-Cr
3+

 transparent ceramics 
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PL and PersL spectra of the YAGG:Ce
3+

-Cr
3+

 specimen under and after 460 nm 

blue excitation are shown in Fig. 3.2. PersL spectra were recorded at various times 

after stopping blue irradiation for 5 min. The spectral shapes of PL and PersL are 

similar in showing two broad bands from about 470 to 700 nm. The main broad band 

centered at 515 nm is due to the 5d1→4f electronic transition of Ce
3+

 while a small 

broad band centered at around 700 nm is due to the 
2
E→

4
A2 transition of Cr

3+
. The 

persistent behavior of the YAGG:Ce
3+

-Cr
3+

 specimen can also be intuitively 

recognized by the inserted photographs at different irradiation conditions. 

 

Figure 3.2. Photoluminescence (PL) and persistent luminescence (PersL) of the YAGG:Ce
3+

-Cr
3+

 

transparent ceramic under and after 460 nm irradiation for 5 min 

 

Fig. 3.3 gives the photographs and persistent luminescent decay curves after 460 

nm blue irradiation for 5 min of YAGG:Ce
3+

 and YAGG:Ce
3+

-Cr
3+

 TCs with different 

thicknesses (1.4 mm, 2.1 mm, 2.8 mm) compared with the opaque YAGG:Ce
3+

-Cr
3+ 

ceramic pellet phosphor (Ga=3) and compacted ceramic pellet made of the 

SrAl2O4:Eu
2+

-Dy
3+ 

commercial powder (LumiNova GLL300FFS, Nemoto & Co. Ltd., 

Japan).
4
 The luminance after 5 min, 20 min, 60 min and duration upon 2 mcd/m

2
 of 
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those specimens are presented in Table. 3.1. It is indicated that the Cr
3+ 

co-doped 

specimens exhibit brighter persistent luminescence than the Ce
3+

 single doped one. 

The duration upon 2 mcd/m
2 

of YAGG:Ce
3+

-Cr
3+

 specimen (480 min) is over 26 

times longer than that of the YAGG:Ce
3+

 specimen (18 min) with the same thickness 

(1.4 mm). It is worth noting that 2 mcd/m
2 

is the minimum value used for emergency 

guidance signs set by Japan Industry Standard (JIS). When the thickness of the 

YAGG:Ce
3+

-Cr
3+

 TC is further increased from 1.4 mm to 2.8 mm, the persistent 

behavior increases notably as well, especially for the 2.8 mm thickness specimen, its 

luminance can reach to 88 mcd/m
2
 after ceasing excitation source for 60 min, and the 

duration is nearly 846 min which is about three times longer than that of the 

YAGG:Ce
3+

-Cr
3+ 

(Ga=3) pellet phosphor with the same chemical composition and 

even twice of that of the most famous and widely used green persistent phosphors: 

SrAl2O4:Eu
2+

-Dy
3+

.  

 

Figure 3.3. Photographs of YAGG:Ce
3+

 and YAGG:Ce
3+

-Cr
3+

 transparent ceramics (a) under 

fluorescent lamp (b) under 460 nm irradiation (c) 300 s after 460 nm irradiation and (d) corresponding 

persistent decay curves after 460 nm irradiation for 5 min (YAGG:Ce
3+

, YAGG:Ce
3+

-Cr
3+ 

and 

SrAl2O4:Eu
2+

-Dy
3+ 

ceramic pellets as references) 
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Table 3.1. Luminance and duration of YAGG:Ce
3+

 and YAGG:Ce
3+

-Cr
3+ 

transparent ceramics with 

different thicknesses after 460 nm irradiation for 5 min compared with YAGG:Ce
3+

, YAGG:Ce
3+

-Cr
3+ 

and SrAl2O4:Eu
2+

-Dy
3+ 

ceramic pellets 

 

 Compared with former results of YAGG:Ce
3+

-Cr
3+

 persistent phosphors,
4 

the 

corresponding TC of such material seems to show brighter persistent luminescence 

than other phosphors of powder or pellet. This behavior is quite in accordance with 

the result of the GAGG:Ce
3+

-Cr
3+

 TC made by our group.
13 

In the TC phosphors, not 

only the surface but also the interior of the TC specimen can be excited under 

irradiation owing to their lower optical scattering coefficient than that of powder or 

conventional opaque pellet. In powder and opaque specimens, only the surface part 

can efficiently be excited due to the strong scattering of the excitation light. For a TC 

persistent phosphor, the persistent luminance can be increased with increasing sample 

thickness, which is regarded as “volume effect”.  

On the other hand, we found that the Ce
3+

 single doped TC specimen also 

performed much higher persistent luminescence than the result reported before (see 

Table. 3.1).
4
 Such difference was mainly attributed to the preparation condition 

difference between air sintering and vacuum sintering for the two specimens since in 

the reductive atmosphere during vacuum sintering, oxygen vacancies (VO
˙̇
) are 

usually formed and act as additional electron traps to capture the excited electrons 

through the CB and release them with thermal stimulation. In YSGG:Ce
3+

 persistent 

phosphors,
15

 such kind of electron traps play an important role in the final persistent 

luminescence behavior. 

 5 min 

(mcd/m
2
) 

20 min 

(mcd/m
2
) 

60 min 

(mcd/m
2
) 

Duration upon 

2 mcd/m
2
 (min) 

YAGG:Ce
3+ 

(1.4mm) 10.4 1.7 0.5 18 

YAGG:Ce
3+

-Cr
3+ 

(1.4mm) 676 141 35 480 

YAGG:Ce
3+

-Cr
3+ 

(2.1mm) 1085 240 62 649 

YAGG:Ce
3+

-Cr
3+ 

(2.8mm) 1507 339 88 846 

YAGG:Ce
3+ 4

 0.43 0.06 - 1.6 

YAGG:Ce
3+

-Cr
3+ 4

 1695 208 30 265 

SrAl2O4:Eu
2+

-Dy
3+ 4

 443 96 25 433 
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In order to clarify the trapping and detrapping mechanism of YAGG:Ce
3+

 and 

YAGG:Ce
3+

-Cr
3+

 TCs, thermoluminescence (TL) measurement were carried out as 

shown in Fig. 3.4. Glow peaks of the TL glow curves monitoring Ce
3+

 luminescence 

of the YAGG:Ce
3+

 and YAGG:Ce
3+

-Cr
3+ 

specimens are very close to RT while for the 

Cr
3+ 

co-doping specimen, the intensity increases about 36 times higher compared with 

the Ce
3+

 single doped one. The trap depth between the bottom of C.B and the electron 

trap can be roughly estimated from the peak temperature of glow curves using the 

following equation:
16 

                         ET =Tm/500                                (2) 

where ET is the trap depth and Tm is the peak temperature of the TL glow curve. The 

trap depth of YAGG:Ce
3+

 and YAGG:Ce
3+

-Cr
3+

 TCs is approximately 0.60 eV, which 

is suitable for trapping and re-combination process of excited electrons working at RT. 

 
Figure 3.4. Thermoluminescence (TL) glow curves of the YAGG:Ce

3+
 and YAGG:Ce

3+
-Cr

3+ 

transparent ceramics after UV (250-400 nm) irradiation for 10 min 

 

3.4. Conclusion 

In summary, green persistent phosphor of YAGG:Ce
3+

-Cr
3+ 

transparent ceramic 

(TC) was successfully fabricated by simple one-step solid state reaction method. The 
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duration upon 2 mcd/m
2
 of the YAGG:Ce

3+
-Cr

3+
 TC (846 min) was nearly twice of 

that of the compacted pellet made of the SrAl2O4:Eu
2+

-Dy
3+ 

commercial powder (433 

min). Such novel TC phosphors showing both high transparency and persistent 

luminescence possess great potentials for the future persistent illumination 

applications under w-LED irradiation containing blue light source. 
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Chapter 4

 

Novel persistent phosphors of lanthanide-chromium 

co-doped yttrium aluminum gallium garnet: design 

concept with vacuum referred binding energy 

diagram 

 

Abstract:  

We developed Pr
3+

-Cr
3+

 and Tb
3+

-Cr
3+

 co-doped Y3Al2Ga3O12 (YAGG) persistent 

phosphors with orange (Pr
3+

) and light green (Tb
3+

) persistent luminescence. Their 

persistent luminance duration upon 0.32 mcd/m
2
 could reach about 8 h and 12 h, 

respectively. On the other hand, the persistent luminescence intensities of Nd
3+

-Cr
3+

 

and Dy
3+

-Cr
3+ 

co-doped YAGG samples are much weaker than those of the Pr
3+

-Cr
3+

 

and Tb
3+

-Cr
3+ 

co-doped ones, and the dominant persistent luminescence is mainly due 

to the deep-red transition of Cr
3+

. The mechanism of different persistent luminescence 

behaviors of these four samples can well be explained by the vacuum referred binding 

energy (VRBE) diagram of lanthanide ions in the YAGG host. The stability of hole 

traps at the ground states of Pr
3+

, Nd
3+

, Tb
3+

 and Dy
3+

 ions and the possibility to 

collaborate with Cr
3+

 electron traps inducing long persistent luminescence are 

discussed in detail. 
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4.1. Introduction  

Persistent luminescence (PersL), also denoted as “glow-in-the-dark” is a specific 

type of luminescence that can last for seconds, minutes to even hours, usually at room 

temperature (RT), after ceasing excitation sources.
1-3

 It has passed over 20 years since 

the new generation green persistent phosphor, SrAl2O4:Eu
2+

-Dy
3+

 (SAO:Eu-Dy) was 

reported and successfully commercialized for safety signage applications such as 

emergency exit signs in buildings and guiding strips in the aisle of airplanes.
4-10

 Till 

now, despite the fast development and considerable research on persistent phosphors 

after this significant discovery, the detailed mechanism of PersL is still an open 

question. The most acceptable one can be qualitatively explained by an electron 

trapping-detrapping process: when persistent phosphors are excited by ultraviolet (UV) 

light (visible light in rare cases), electron-hole (e-h) pairs are generated and the 

excited electrons through conduction band (CB) are captured by electron traps. This 

process is usually called trapping process. Then the stored electrons can be released 

by thermal stimulation to CB (detrapping process) being re-combined with holes 

followed by PersL. During a series of processes, “trap depth” which represents the 

energy gap between the bottom of CB and the electron trap is crucial since it 

determines the behavior of PersL such as initial emission intensity and luminescence 

duration. Therefore, the nature of electron traps such as type, distribution, and energy 

level location has been extremely studied. However, few reports are concerning about 

the role of the other re-combination part, hole.
11-14

 Similar to electron traps whose 

energy levels are located below the bottom of CB, the energy levels of hole traps also 

should be located above the top of valence band (VB). So the determination or even 

prediction of energy levels of doping ions in a host whether they can be selected as 

electron traps and/or hole traps is definitely important to design novel persistent 

phosphors.  

Recently, we have reported garnet persistent phosphors with composition of Ce
3+

, 

Cr
3+

 co-doped Y3Al5-xGaxO12 (YAGG:Ce-Cr), in which Cr
3+

 acts as an efficient 

electron trap with ideal trap depth at x=3 for Ce
3+

 PersL working at RT.
15-17

 The 
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enhanced persistent luminance of the YAGG:Ce-Cr (x=3) transparent ceramic 

persistent phosphor at 60 min after ceasing blue excitation could reach 88 mcd/m
2
, 

which is over three times higher than that of the compacted pellet made of 

commercial SAO:Eu-Dy powder (25 mcd/m
2
).

18
 On the other hand, we also 

developed Cr
3+

 singly-doped YAGG (YAGG:Cr) persistent phosphors with similar 

garnet matrix showing deep-red PersL (~690 nm), in which Cr
3+

 ions act both as 

emitting centers and trap centers.
19-20

 The persistent radiance (in unit of mW/Sr/m
2
) of 

the optimized composition (x=3) was even higher than that of the ZnGa2O4:Cr
3+

 

persistent phosphor, which is widely used for in vivo bio-imaging applications.
3,21-25

 

 

4.2. Choice of lanthanide candidates in the YAGG host 

The successful discovery of these Cr
3+

 singly- and co-doped YAGG persistent 

phosphors
15,19 

motivates us to design improved ones with help of theoretical 

predictions, especially energy level locations of lanthanide ions in a specific host due 

to their wide adoption as emission centers and/or trap centers for PersL. Vacuum 

referred binding energy (VRBE) diagram of 15 lanthanides, proposed by 

Dorenbos,
26-32

 provides a strong predicting power since the characteristic variation in 

electron and hole trapping depths of lanthanide ions is given by the shape of the two 

zigzag curves representing the ground states of divalent and trivalent lanthanide ions.
 

Because the zigzag shape of two curves remain almost unchanged in different hosts 

due to the shielding effect of 5s
2
 and 5p

6
 orbitals on 4f orbitals, once the binding 

energy of the ground state for one lanthanide ion relative to the CB or VB is 

determined, those of 4f levels of all other lanthanides can be estimated fairly well by 

constructing this diagram.  

According to the VRBE diagram of the YAGG host
16

 shown in Fig. 4.1, besides 

Ce
3+

, there are other four trivalent lanthanides (Pr
3+

, Nd
3+

, Tb
3+

, Dy
3+

) whose ground 

states are located above the top of VB indicating that they can be selected as potential 

candidates to be a hole trap. Therefore, in this work, Pr
3+

-Cr
3+

, Nd
3+

-Cr
3+

, Tb
3+

-Cr
3+

, 

Dy
3+

-Cr
3+

 co-doped YAGG phosphors were prepared and their feasibility for PersL 



Chapter 4. Design of YAGG:Ln-Cr persistent phosphors emitting visible light using VRBE diagram 

46 

 

are discussed based on this diagram. 

 

 

Figure 4.1. The VRBE diagram of divalent and trivalent lanthanide ions in YAGG (Ga=3) host 

 

4.3. Experimental section 

Transparent ceramics of Y2.985Pr0.015Al1.999Cr0.001Ga3O12 (YAGG:Pr-Cr), 

Y2.97Nd0.03Al1.999Cr0.001Ga3O12 (YAGG:Nd-Cr), Y2.97Tb0.03Al1.999Cr0.001Ga3O12 

(YAGG:Tb-Cr), and Y2.985Dy0.015Al1.999Cr0.001Ga3O12 (YAGG:Dy-Cr) were fabricated 

by solid-state reaction method and vacuum sintering. The chemicals of Y2O3, Al2O3, 

Ga2O3 Pr6O11, Nd2O3, Tb4O7 and Dy2O3 with 4N purity and Cr2O3 with 3N purity 

were used as raw materials. The starting powder was mixed by ball milling method 

with anhydrous alcohol for several hours. The mixture powder was dried at 80°C for 

36 h and compacted to form a ceramic green body [ϕ20 mm×(2-3) mm] under 

uniaxial pressing of 50 MPa, and finally sintered at 1600-1650°C for 10-20 h in 

vacuum atmosphere. The as-sintered samples were double-mirror polished to be 
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thickness of 1.5±0.1 mm using a copper plate and diamond slurry. The transparent 

ceramics of Y2.985Ce0.015Al1.999Cr0.001Ga3O12 (YAGG:Ce-Cr)
18

 and 

Y3Al1.99Cr0.01Ga3O12 (YAGG:Cr)
19

 prepared by the same method were used as 

reference samples. All the as-prepared samples were confirmed to be single phase 

(ICPDS: No. 089-6660) by XRD measurement (see Fig. 4.2). 

 Photoluminescence (PL) and PersL spectra of the YAGG samples were measured 

at 25°C by a Si CCD spectrometer (QE65-Pro, Ocean Optics) and calibrated by a 

standard halogen lamp (SCL-600, Labsphere). A 300 W Xe-lamp (MAX-302, Asahi 

Spectra) with a UV mirror module (250-400 nm) was used as the excitation source for 

thermoluminescence (TL) two-dimensional (2D) plot measurements (see the 

schematic illustration of measurement setup in Fig. 4.3). The ceramic sample was set 

in a cryostat (Helitran LT3, Advanced Research Systems) to control temperatures and 

firstly illuminated by UV light at 150 K for 10 min, then heated up to 550 K at a rate 

of 10 K/min at 10 min after ceasing the illumination, and the TL signals were 

recorded by a PMT detector (R11041, Hamamatsu Photonics & Co. Ltd.,) covered 

with 350 nm short-cut and 750 nm long-cut filters. The same CCD spectrometer was 

operated simultaneously with the TL measurement to always monitor the emission 

spectra at different temperatures. All persistent luminescent decay curves of the 

samples after being excited for 5 min by the Xe-lamp with the UV module were 

measured at 25°C using the same PMT detector. Then the decay curves were 

calibrated to the absolute intensity (luminance, in unit of mcd/m
2
) using a radiance 

meter (Glacier X, B&W Tek Inc). Photographs of the samples were taken by a digital 

camera (EOS kiss X5, Canon) under the same setting conditions: exposure time - 0.1 s, 

ISO value - 1600, aperture value (F value) - 5.0. 
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Figure 4.2. X-ray diffraction (XRD) patterns of the YAGG:Cr and YAGG:Ln-Cr  

(Ln=Ce, Pr, Nd, Tb, Dy) persistent phosphors 

 

 

Figure 4.3. The measurement setup of thermoluminescence (TL) two-dimensional  

(2D) plot measurements 
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4.4. Results 

 

4.4.1. PL and PersL spectra  

Fig. 4.4 (a1)-(d1) show the PL spectra of the YAGG:Ln-Cr (Ln=Pr, Tb, Nd, Dy) 

phosphors excited by respective excitation wavelengths. The typical f-f transitions due 

to Pr
3+

: 
3
PJ→

3
H4,5, 

1
D2→

3
H4, Tb

3+
: 

5
D3, 

5
D4→

7
FJ, Nd

3+
: 

4
F3/2→

4
I9/2 and Dy

3+
: 

4
F9/2→

6
H15/2, 

6
H13/2, 

6
H11/2, 

6
H9/2 are observed in YAGG:Pr-Cr, YAGG:Tb-Cr, 

YAGG:Nd-Cr and YAGG:Dy-Cr samples, respectively. Besides, Cr
3+

 luminescence 

bands are also observed in the YAGG:Pr-Cr and YAGG:Tb-Cr samples since the 

excitation wavelengths for Pr
3+

 (244 nm) and Tb
3+

 (235 nm) match well with the 

excitation band of Cr
3+

: 
4
A2 (

4
F)→

4
T1 (

4
P). However, the excitation wavelengths for 

Nd
3+

 (354 nm) and Dy
3+

 (353 nm) mismatch the excitation bands of Cr
3+

.
19,20

 

Therefore, the typical Cr
3+

 bands including “R-line”: 
2
E (

2
G)→

4
A2 (

4
F) and its phonon 

sidebands (PSBs) were not observed in the YAGG:Nd-Cr sample while still exist in 

the YAGG:Dy-Cr sample. This is mainly attributed to the energy transfer from Dy
3+

: 

4
F9/2 to Cr

3+
: 

4
T2 (

4
F) followed by R-line luminescence of Cr

3+
. 

After ceasing the UV (250-400 nm) excitation, the corresponding PersL spectra of 

the four YAGG persistent phosphors were recorded at different times, which are 

shown in Fig. 4.4 (a2)-(d2). The shapes of the PL and PersL spectra are nearly 

identical in the YAGG:Pr-Cr and YAGG:Tb-Cr samples, suggesting that the emission 

centers due to Pr
3+

 and Tb
3+

 are the same under and after excitation. However, the 

PersL spectra of the YAGG:Nd-Cr and YAGG:Dy-Cr samples are quite different 

from their PL spectra, in which PersL from Cr
3+

 is mainly dominant, and their PersL 

intensities are much weaker than those of the YAGG:Pr-Cr and YAGG:Tb-Cr 

samples. 
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Figure 4.4. PL spectra of YAGG persistent phosphors co-doped with (a1) Pr-Cr (ex=244 nm), (b1) 

Tb-Cr (ex=235 nm), (c1) Nd-Cr (ex=354 nm), (d1) Dy-Cr (ex=353 nm) and corresponding PersL 

spectra (integrating time: 10 s) of (a2) Pr-Cr, (b2) Tb-Cr, (c2) Nd-Cr, (d2) Dy-Cr after ceasing UV 

(250-400 nm) illumination for 5 min 
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4.4.2. Persistent luminescent decay curves 

Fig. 4.5(a)-(c) give the photographs of YAGG:Ln-Cr (Ln=Ce, Pr, Nd, Tb, Dy) 

transparent ceramic persistent phosphors together with one reference sample, 

YAGG:Cr, under and after UV (254 nm) excitation. All the samples show optical 

transparency, through which the letters below can be clearly recognized by naked eye. 

After ceasing the excitation, Ce-Cr, Pr-Cr, and Tb-Cr co-doped samples exhibit bright 

PersL due to Ce
3+

 (green), Pr
3+

 (orange) and Tb
3+

 (light green), respectively. The 

color coordinates of PersL in the CIE 1931 chromaticity diagram are (0.295, 0.553) 

for YAGG:Ce-Cr, (0.439, 0.367) for YAGG:Pr-Cr, and (0.313, 0.454) for 

YAGG:Tb-Cr samples (see Fig. 4.6). On the other hand, the Nd-Cr, Dy-Cr co-doped 

samples [white circles in Fig. 4.5(c)] showed very weak deep-red PersL (too weak to 

be recorded by the camera) due to Cr
3+

, which was also observed in the YAGG:Cr 

reference sample.  

The persistent luminescent decay curves in luminance unit of the YAGG:Pr-Cr 

and YAGG:Tb-Cr samples after ceasing UV (250-400 nm) illumination for 5 min are 

shown in Fig. 4.5(d), in which the decay profiles of the YAGG:Ce-Cr phosphor
18

 and 

the compacted pellet made of the SAO:Eu-Dy commercial phosphor 

(LumiNova-GLL300FFS, Nemoto & Co. Ltd.,)
15

 are also plotted as references.
 
The 

luminance values at 60 min after ceasing the excitation were 35 mcd/m
2
 for 

YAGG:Ce-Cr, 3.7 mcd/m
2
 for YAGG:Pr-Cr, 6.1 mcd/m

2
 for YAGG:Tb-Cr and 25 

mcd/m
2
 for SAO:Eu-Dy samples. Persistent luminance durations to reach a value of 

0.32 mcd/m
2
 were around 1469 min for YAGG:Ce-Cr, 499 min for YAGG:Pr-Cr, and 

729 min for YAGG:Tb-Cr samples. Note that the luminance of 0.32 mcd/m
2
 is the 

minimum value commonly used by the safety signage industry (about 100 times the 

sensitivity of the dark-adapted eye).
2
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Figure 4.5. Photographs of Cr singly-, Ce-Cr, Pr-Cr, Nd-Cr, Tb-Cr, Dy-Cr co-doped YAGG transparent 

ceramic persistent phosphors (a) under fluorescent lamp (b) under UV (254 nm) lamp (c) at 1 min after 

shutting off the light (d) persistent luminance of Ce-Cr, Pr-Cr, Tb-Cr co-doped YAGG transparent 

ceramics compared with that of the commercial SrAl2O4:Eu-Dy persistent phosphor after ceasing 

excitation 

 

 

Figure 4.6. Persistent luminescent color coordinates of YAGG:Ce-Cr, YAGG:Pr-Cr and YAGG:Tb-Cr 

transparent ceramic persistent phosphors in CIE 1931 chromaticity diagram compared with that of the 

commercial SrAl2O4:Eu
2+

-Dy
3+

 green persistent phosphor 
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4.4.3. TL glow curves 

Fig. 4.7 shows the contour plots (2D mapping) of TL glow curves of the 

YAGG:Ln-Cr (Ln=Pr, Tb, Nd, Dy) samples in order to see what kind of emission 

contributes to the TL glow peak at different temperatures. From the plots of the 

YAGG:Pr-Cr and YAGG:Tb-Cr samples in (a) and (b), it can be seen that at increased 

temperatures, the TL spectra are simply composed of two luminescence centers from 

Pr
3+

/Tb
3+

 and Cr
3+

, which agree well with their PersL spectra in Fig. 4.4(a2) and (b2). 

The intense TL glow peaks of the two samples are located at around RT so that they 

can show intense PersL at RT. However, in the Nd-Cr and Dy-Cr co-doped samples 

given in (c) and (d), the PersL intensities are much weaker than those of the Pr-Cr and 

Tb-Cr co-doped ones, in which the TL spectra are mainly composed of the broad band 

luminescence from Cr
3+

 (origin of PersL from Nd
3+

 will be discussed later in the next 

section). Especially for the YAGG:Dy-Cr sample, no sharp f-f transitions of Dy
3+

 are 

observed at any temperatures, which indicates that Dy
3+

 ions do not contribute to the 

PersL.  

 

Figure 4.7. Wavelength-temperature (-T) contour plots of the (a) YAGG:Pr-Cr (b) YAGG:Tb-Cr (c) 

YAGG:Nd-Cr (d) YAGG:Dy-Cr transparent ceramic persistent phosphors 
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4.5. Discussion 

According to the obtained results of the four YAGG:Ln-Cr (Ln=Pr, Nd, Tb, Dy) 

phosphors, they can be approximately divided into three groups: (i) Pr-Cr and Tb-Cr 

co-doped samples showing bright PersL mainly from Pr
3+

 and Tb
3+

 (ii) Dy-Cr 

co-doped one showing weak PersL only from Cr
3+

. (iii) Nd-Cr co-doped one showing 

weak PersL both from Cr
3+

 and Nd
3+

. 

It is worth noting that human eyes are most sensitive to green and yellow emission; 

less sensitive to violet, blue, and red emission; UV and near-infrared (NIR) emission 

is totally invisible.
33

 The photopic vision which is mediated by cone cells in human 

eyes allows color perception and shows a broad band sensitivity curve (from 380 to 

780 nm) peaked at 555 nm with 683 lm/W luminous efficacy. The line emission due 

to Pr
3+

:
3
PJ (J=0, 1, 2)→

3
H4,5, 

1
D2→

3
H4, and Tb

3+
:
5
D4 →

7
FJ (J=6, 5, 4, 3) in YAGG:Pr-Cr and 

YAGG:Tb-Cr samples matches well with the sensitivity curve of photopic vision (see 

Fig. 4.8). However, the luminous efficacy is almost zero in the deep-red to NIR region 

so that PersL from Cr
3+

 is difficult to be captured by human eyes.  

 

Figure 4.8. (a) Luminous efficacy of human eyes in photopic vision and persistent luminescent spectra 

of (b) YAGG:Ce-Cr (c) YAGG:Pr-Cr (d) YAGG:Tb-Cr persistent phosphors at 5 min after ceasing UV 

(250-400 nm) illumination  
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In Ln
3+

-Cr
3+

 co-doped garnets, the PersL process usually occurs in four steps 

according to the electron trapping-detrapping model (the charging energy is assumed 

to be high enough to excite the electron into CB): 

(1)     (e -h)
ℎ𝑣
→  e− + h

+
  [electron-hole generation] 

(2)    Ln3+ + h
+ → Ln4+ or  (Ln3+ + h

+) [hole trapping] 

          Cr3+ + e−→ Cr2+ or  (Cr3+ + e−) [electron trapping] 

(3)    Ln4+ or  (Ln3+ + h
+) + e− → (Ln3+)∗ [electron de-trapping from Cr

2+
 or (Cr

3+
+e

-
) 

leading to Ln
3+

 in an excited state] 

(4)    (Ln3+)∗→ Ln3+ + ℎ𝑣 [radiative transition] 

When e
-
 and h

+ 
are generated under excitation (step 1), the Cr

3+
 ion acts as an efficient 

electron trap capturing one electron to be Cr
2+

 or (Cr
3+

+e
-
),

16,19
 and Ln

3+
 ion acts as a 

hole trap to be Ln
4+

 or (Ln
3+

+h
+
) (step 2). The Ln

4+ 
(Ln

3+
+h

+
) ion is a re-combination 

center for the electron that is released from existing electron trap center Cr
2+

 (Cr
3+

+e
-
) 

on heating, predominating the origin of the respective TL glow peak. During the 

thermal release of the electron from the Cr
2+

 (Cr
3+

+e
-
) trap center with the following 

trapping on the Ln
4+ 

(Ln
3+

+h
+
) center, the excited state of (Ln

3+
)* ion appears in the 

process of re-combination (step 3). The radiative transition from (Ln
3+

)* gives typical 

PersL of Ln
3+

 (step 4).  

This mechanism can well explain the PersL behaviors of YAGG:Pr-Cr and 

YAGG:Tb-Cr samples since according to the VRBE diagram of the YAGG host (see 

Fig. 4.1), similar to Ce
3+

,
15,16

 the ground states of Pr
3+

 (
3
H4) and Tb

3+
 (

7
F6) are located 

above the top of VB with large energy gap (1.78 eV for Pr
3+

; 1.96 eV for Tb
3+

). 

Therefore, the hole created at Pr
3+

/Tb
3+

 is difficult to move to VB when compared 

with moving a photo-induced electron into CB at RT. So Pr
3+

/Tb
3+

 ions can be a stable 

hole trap (Pr
4+

/Tb
4+

 or Pr
3+

/Tb
3+

+h
+
), collaborating with the Cr

3+
 electron trap to 

induce the long PersL. Furthermore, similar to YAGG:Ce-Cr persistent phosphors,
15,16

 

the PersL behaviors such as initial emission intensity, luminescence duration and 

adapting temperature of the YAGG:Pr-Cr and YAGG:Tb-Cr persistent phosphors also 

can be tunable by changing Ga
3+

 substitution content in tetrahedral and/or octahedral 
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sites of the YAGG host (taking YAGG:Pr-Cr orange persistent phosphors as an 

example, see Fig. 4.9 and Table 4.1). 

 

Figure 4.9. (a) Persistent luminescent decay curves recorded at 25°C after ceasing UV (250-400 nm) 

illumination for 5 min of YAGG:Pr (Ga=3.0) and YAGG:Pr-Cr (Ga=2.5, 3.0, 3.5, 4.0) transparent 

ceramic persistent phosphors (b) normalized thermoluminescence (TL) glow curves of crresponding 

samples 

 

Table 4.1. Luminance and duration of YAGG:Pr (Ga=3.0) and YAGG:Pr-Cr (Ga=2.5, 3.0, 3.5, 4.0) 

transparent ceramic persistent phosphors after ceasing UV (250-400 nm) illumination for 5 min 

 

However, energy gap between the ground state of Dy
3+

 (
6
H15/2) and the top of VB 

is too small (0.54 eV) as described in this diagram, once a photo-induced hole is 

captured by Dy
3+

, it will immediately escape into the VB so that it is quite difficult to 

form a stable hole trap at Dy
3+

 to be Dy
4+

 or (Dy
3+

+h
+
) at RT. As a consequence, the 

re-combination of e-h pairs may occur via a non-radiative approach so that PersL 

from the (Dy
3+

)* state is totally quenched (see Fig. 4.4(d2) and Fig. 4.7d). In this 

special case, Cr
3+

 ions take part in the PersL process since under UV illumination, 

Cr
3+

 itself can act both as a hole trap center to be Cr
4+

 (Cr
3+

+h
+
) and an electron trap 

center to be Cr
2+

 (Cr
3+

+e
-
).

19
 The Cr

4+
 (Cr

3+
+h

+
) ion acts as a re-combination center 

Sample 

composition 

5 min 

(mcd/m
2
) 

20 min 

(mcd/m
2
) 

60 min 

(mcd/m
2
) 

Duration upon 

0.32 mcd/m
2
 (min) 

YAGG:Pr
3+ 

(Ga=3.0) 8.4 1.7 0.51 93±1 

YAGG:Pr
3+

-Cr
3+ 

(Ga=2.5) 8.2 2.8 1.07 216±1 

YAGG:Pr
3+

-Cr
3+

 (Ga=3.0) 79.1 14.8 3.66 499±1 

YAGG:Pr
3+

-Cr
3+

 (Ga=3.5) 37.4 9.6 2.87 359±1 

YAGG:Pr
3+

-Cr
3+

 (Ga=4.0) 24.6 6.7 2.24 349±1 
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for the electron that is released from the Cr
2+

 (Cr
3+

+e
-
) trap center followed by PersL 

due to Cr
3+

. Considering the small amount of doping concentration of Cr
3+

 in this 

work (0.05 mol%, ten times lower than our previous report
19

), the observed weak 

PersL from Cr
3+

 in the YAGG:Dy-Cr sample is quite reasonable. 

The PersL mechanism of the YAGG:Nd-Cr sample is more complicated than 

other samples. The ground state of Nd
3+

 (
4
I9/2) is quite close to the top of VB (energy 

gap: 0.29 eV, even smaller than that of Dy
3+

) in the VRBE diagram. This indicates that 

Nd
3+

 cannot work as a stable hole trap to be Nd
4+

 or (Nd
3+

+h
+
) at RT. However, PersL 

from Nd
3+

 is still observed (see Fig. 4.4(c2) and Fig. 4.7c). This is mainly attributed to 

the persistent energy transfer from Cr
3+

 to Nd
3+

, which is similar to the same process 

as that in the YAGG host where it occurs from Ce
3+

 to Nd
3+

.
34

 Since the emission 

band of donor (Cr
3+

) matches well with the absorption band of acceptor (Nd
3+

), the 

resonant energy transfer takes place from Cr
3+

 to Nd
3+

 as that in Y3Al5O12 (YAG)
35,36

 

(see Fig. 4.10). Therefore, the persistent energy transfer also occurs mainly from Cr
3+

: 

2
E (

2
G) to Nd

3+
: 

4
F7/2, which is followed by rapid multi-phonon relaxation down to the 

4
F3/2 excited level, and finally induces the sharp PersL bands of Nd

3+
: 

4
F3/2→

4
IJ 

located at around 880 nm and longer wavelengths. 

 

Figure 4.10. Photoluminescence (PL) spectrum (λex=460 nm) of the YAGG:Cr and diffuse reflectance 

of the YAGG:Nd ceramic samples 
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4.6. Conclusion 

In summary, based on the VRBE diagram of the YAGG host, Pr
3+

, Nd
3+

, Tb
3+

, 

Dy
3+

 ions were selected and co-doped with Cr
3+

 ions to develop novel persistent 

phosphors. Since the energy gaps between the ground states of Pr
3+

/Tb
3+

 and the top 

of VB are large enough so that Pr
3+

/Tb
3+

 ions can be stable hole traps, collaborating 

with Cr
3+ 

electron traps to induce the long PersL. The persistent luminance duration 

upon 0.32 mcd/m
2
 of the YAGG:Pr-Cr and YAGG:Tb-Cr samples due to Pr

3+
 (orange) 

and Tb
3+

 (light green) could reach about 8 h and 12 h, respectively. However, because 

of the small energy gaps between the ground states of Nd
3+

/Dy
3+

 and the top of VB, 

Nd
3+

/Dy
3+

 ions cannot act as stable hole traps. Therefore, the persistent luminescent 

intensities of YAGG:Nd-Cr and YAGG:Dy-Cr samples are quite weak and dominated 

mainly by the deep-red transition of Cr
3+

.  

With this paper, we introduced a way to design novel garnet persistent phosphors 

from the knowledge of energy levels of lanthanide dopants. Since lanthanide ions are 

widely used as emission centers and/or trap centers for PersL, this theoretical 

prediction diagram can be a useful guidance for choosing proper lanthanide ions, in a 

more general and convenient manner to design new storage phosphors in different 

matrices. 
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Chapter 5 

 
Y3Al5-xGaxO12:Cr

3+
: a novel red persistent phosphor 

with high brightness 

 
Abstract:  

We report red persistent phosphors of Y3Al5-xGaxO12:Cr
3+

 garnet (YAGG:Cr
3+

, x 

from 0 to 5). In this material, Cr ions act both as emission centers and electron traps. 

The trap depth, which is regarded as the energy gap between the bottom of the 

conduction band and the electron trap, can be optimized via modifying Ga
3+

 

substitution contents, x. After ceasing UV irradiation, the persistent luminescence of 

the YAGG:Cr
3+

 (x=3) phosphor was nearly 5 times higher than that of the widely used 

ZnGa2O4:Cr
3+

 red persistent phosphor. Such novel red persistent phosphors possess a 

great potential for an improved in vivo bio-imaging application. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Band-gap engineering of the YAG-YAGG solid solutions with different Ga
3+

 contents 
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5.1. Introduction 

Recently, the potential applications of red or near-infrared (NIR) persistent 

phosphors have expanded from night-vision security signs to in vivo bio-imaging 

systems.
1-4 

Nano-particles with red/NIR persistent luminescence charged by 

ultraviolet (UV) light irradiation before injection into biological tissues can be used as 

long-lasting optical probes for the in vivo bio-imaging.
5-10 

The exclusion of external 

irradiation can remove the possibility of auto-fluorescence/background noise and thus 

improves the signal-to-noise ratio greatly. This new application attracts much 

attention to the development of red/NIR persistent phosphors with brighter 

luminescence and longer afterglow. Till now, various red/NIR persistent phosphors 

have been studied for this purpose,
11,12,13  

among them, Cr
3+

 doped phosphors are 

considered to be highly desirable candidates since Cr
3+

 ion with 3d
3
 electronic 

configuration allows a narrow-band emission close to 700 nm due to the highly 

efficient 
2
E→

4
A2 transition (R-line).

14-17
 Furthermore, this emission range matches 

well with the optical window (from 650 to 1300 nm) where deeper penetration 

distance through biological tissues can be detected by optical signals.
18 

However, only a few Cr
3+

 doped red/NIR long persistent phosphors have been 

reported so far,
11,12,13

 which are mainly gallate or aluminate based materials such as 

Zn3Ga2Ge2O10:Cr
3+

,
19 

LiGa5O8:Cr
3+

,
20

 LaAlO3:Cr
3+

,
21

 and spinel materials like 

ZnGa2O4:Cr
3+ 3,4,6-10,22-25

 and MgGa2O4:Cr
3+ 26,27

 because of the strong substitutability 

of Cr
3+

 for Ga
3+

 in distorted octahedral coordination owing to their similar ionic 

radius. In garnet structure, Cr
3+

 doping ions are also commonly used for tunable laser 

and solar concentrators
28,29

 since they can stably substitute in B site of the 

{A}3[B]2(C)3O12 garnet matrix where {A}, [B], and (C) represent the cations at the 

dodecahedral, octahedral, and tetrahedral sites, respectively. We have already reported 

a novel persistent ceramic phosphor with composition of Y3Al5-xGaxO12 

(YAGG):Ce
3+

-Cr
3+

 (x=2.5, 3, 3.5) which can emit bright green luminescence 

(Ce
3+

:5d→4f) lasting for several hours after ceasing the blue light excitation.
30

 In this 

material, Cr
3+

 ions act as electron trapping centers and create an ideal trap depth for 
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persistent luminescence working at room temperature (RT). Furthermore, by 

optimizing the trap depth via modifying Ga
3+

 substitution contents, the persistent 

luminance of the YAGG:Ce
3+

-Cr
3+

 phosphor is even higher than that of a compact 

made of the commercial SrAl2O4:Eu
2+

-Dy
3+

 powder phosphors pumped at the same 

wavelength.
30  

 

Although persistent phosphors with garnet structure exhibit a great potential for 

long persistent illumination applications, to the best of our knowledge, there are few 

reports concerning red persistent luminescence in garnet structure which can last only 

for less than several seconds.
31,32

 Here, we report a series of novel red persistent 

phosphors Y3Al5-xGaxO12:Cr
3+

 (YAGG:Cr
3+

) with bright persistent luminescence after 

ceasing UV irradiation for even more than 1 h, the corresponding radiance (in unit of 

mW/Sr/m
2
) was nearly 5 times higher than that of the standard red persistent phosphor 

(ZnGa2O4:Cr
3+

) widely used in the in vivo bio-imaging.
4 

 

5.2. Experimental procedures 

YAGG:Cr
3+

 ceramic phosphors with composition of Y3Al4.99-xGaxO12:Cr0.01 (x=0, 

2, 3, 4, 5) were fabricated by a solid-state reaction method. The chemicals of Y2O3 

(99.99%), Al2O3 (99.99%), Ga2O3 (99.99%), and Cr2O3 (99.9%) were used as raw 

materials. The starting powder was mixed by ball milling method with ZrO2 ceramic 

balls and anhydrous alcohol for several hours. The mixed powder was dried at 80°C 

for 36 h, compacted to form a ceramic green body (ϕ20 mm × 3-4 mm) under uniaxial 

pressing of 50 MPa and finally sintered at 1600°C for 10 h in air.  

Photoluminescence excitation (PLE) spectrum was recorded using a fluorescence 

spectrophotometer (RF-5300PC, Shimadzu). Photoluminescence (PL) and persistent 

luminescence (PersL) spectra were measured by a CCD spectrometer (QE65-Pro, 

Ocean Optics) connected with an optical fiber. A combination of a 300W Xe lamp 

(MAX-302, Asahi Spectra) and an UV mirror module (250-380 nm) was used as the 

excitation source. Thermoluminescence (TL) glow curves monitoring the Cr
3+

 

emission were measured by a combination of the Xe lamp and a silicon photodiode 
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(S-025-H, Electro-Optical Systems) which was shielded with a band-pass filter 

(350-750 nm) and a long-pass filter (>580 nm) to cut off the noise other than the TL 

signal. The pellet sample was set in a cryostat (Helitran LT3, Advanced Research 

Systems) to control temperatures and firstly excited by UV light (250-380 nm) at 130 

K for 10 min, after waiting for 10 min, then finally heated up to 600 K at a rate of 10 

K/min. Persistent luminescent decay curves were measured at 25°C using the same 

photodiode as the TL measurement. Then, the decay curves were calibrated to the 

absolute radiance (in unit of mW/Sr/m
2
) using a radiance meter (Glacier X, B&W Tek 

Inc).  

 

5.3. Results and discussion 

Fig. 5.1 illustrates the PLE spectrum monitoring 690 nm, PL and PersL spectra of 

the YAGG:Cr
3+

 (x=3) ceramic phosphor under and after UV (250-380 nm) excitation. 

In the PLE spectrum, the excitation bands centered at 283, 460, and 638 nm are 

ascribed to intra-3d transitions of Cr
3+

: 
4
A2 (

4
F)→

4
T1 (

4
P), 

4
A2 (

4
F)→

4
T1 (

4
F), and 

4
A2 

(
4
F)→

4
T2 (

4
F), respectively. The PL and PersL spectral structure of the R-line at 690 

nm and some phonon sidebands (PSB) due to thermal vibration of Cr
3+

 ions are 

consistent with those in the literature.
33-34 

It is worth noting that the spectral shapes of 

PL and PersL are almost identical in the YAGG:Cr
3+ 

phosphor which is quite different 

from the situation in ZnGa2O4:Cr
3+

, where anti-site defects 

ZnGa of the ZnGa2O4 

spinel structure are involved in the carrier trapping and recombination processes 

responsible for long persistent luminescence.
4,6,22-25

 Although such anti-site defects 

have already been demonstrated
 
and correspond to a possible existence of 

BY , 


YAl  

or 

YGa in garnet (B is the octahedral site occupied with Al and/or Ga ions),
35-41

 it is 

not clear that they play an important role for persistent luminescence. Hence, we 

assume that the delayed charge recombination in PersL by trapping and detrapping 

processes occur through the same kind of Cr
3+

 centers as that in PL. 
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Figure 5.1. Photoluminescence excitation (PLE) spectrum monitoring 690 nm, photoluminescence (PL) 

and persistent luminescence (PersL) spectra (integral time 10 s) under and after UV (250-380 nm) 

excitation of the YAGG:Cr
3+

 (x=3) ceramic phosphor, respectively. 

 

Fig. 5.2(a)-(c) gives the photographs of the YAGG:Cr
3+

 ceramic phosphors with 

different Ga
3+

 contents (Ga=0, 2, 3, 4, 5) before and after ceasing UV (254 nm) 

irradiation. All of the ceramic phosphors exhibit green appearance under fluorescent 

lamp and red persistent luminescence after ceasing the excitation source. Persistent 

luminescent decay curves after 5 min irradiation by xenon lamp connected with a UV 

module (250-380 nm) of the YAGG:Cr
3+

 ceramic phosphors are shown in Fig. 5.2(d). 

The persistent decay curve of the standard ZnGa2O4:Cr
3+ 

ceramic phosphor previously 

reported by our group with the same experimental condition is also plotted as a 

reference.
23

 It is worth noting that, for most persistent phosphors emitting visible 

lights, luminance (in units of cd/m
2
 or mcd/m

2
)
 
is generally adopted to quantify the 

brightness of persistent phosphors in industrial patents or international standards.
42,43

 

For example the persistent decay duration should be the time between the end of the 

excitation and the moment when the decay intensity drops below 0.32 mcd/m
2
, a 
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value commonly used by the safety signage industry (about 100 times the sensitivity 

of the dark adapted eye)
13

 However, deep-red to NIR persistent luminescence is less 

efficiently sensed by human eyes. Especially, the luminous efficacy in the scotopic 

vision is almost zero in the wavelength region longer than 650 nm. In this case, the 

radiance (in unit of mW/Sr/m
2
) is more appropriate than luminance for the evaluation 

of red to NIR persistent luminescence.
12

 Hence, we summarized the radiance after 5 

min, 30 min and 60 min of those YAGG:Cr
3+ 

ceramic samples in Table. 5.1, which 

suggests that the persistent decay behavior of the samples changes with varying Ga
3+

 

substitution content. Furthermore, after ceasing the excitation source for 60 min, the 

radiance of the Ga=3 sample reaches 0.67×10
-1 

mW/Sr/m
2
, nearly 5 times higher than 

that of the ZnGa2O4:Cr
3+

 phosphor (0.15×10
-1 

mW/Sr/m
2
).  

 
Figure 5.2. Photographs of the YAGG:Cr

3+
 ceramic phosphors with different Ga

3+
 contents (Ga=0, 2, 3, 

4, 5) (a) under fluorescent lamp and ceasing UV (254 nm) irradiation (b) after 10 s and (c) 60 s, 

respectively (d) corresponding persistent decay curves compared with the ZnGa2O4:Cr
3+ 

ceramic pellet. 

All of the samples were excited by UV light (250 to 380 nm) from a 300W xenon lamp for 5 min. 
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Table. 5.1. Radiance of YAGG:Cr
3+

 ceramic phosphors with different Ga
3+

 contents 

compared with the ZnGa2O4:Cr
3+ 

ceramic pellet.
23 

 5 min 

(mW•Sr
-1

•m
-2

) 

30 min 

(mW•Sr
-1

•m
-2

) 

60 min 

(mW•Sr
-1

•m
-2

) 

YAGG:Cr
3+ 

(Ga=0) 0.22×10
-1

 0.05×10
-1

 0.03×10
-1

 

YAGG:Cr
3+ 

(Ga=2) 2.75×10
-1

 0.68×10
-1

 0.39×10
-1

 

YAGG:Cr
3+ 

(Ga=3) 6.59×10
-1

 1.37×10
-1

 0.67×10
-1

 

YAGG:Cr
3+ 

(Ga=4) 2.79×10
-1

 0.42×10
-1

 0.22×10
-1

 

YAGG:Cr
3+ 

(Ga=5) 3.09×10
-1

 0.26×10
-1

 0.10×10
-1

 

ZnGa2O4:Cr
3+ 23

 1.63×10
-1

 0.32×10
-1

 0.15×10
-1

 

 

In order to clarify the trapping and detrapping mechanism of YAGG:Cr
3+

 

phosphors with different Ga
3+

 contents, TL measurements monitoring the Cr
3+

 

luminescence are carried out as shown in Fig. 5.3(a). All of the samples exhibit two 

glow peaks (T1, T2 represent the lower and higher temperature, respectively) and both 

of them shift monotonously from high temperature to low temperature with increasing 

Ga
3+

 content [see Fig. 5.3(b)]. According to our former research results in Ce
3+

-Cr
3+

 

co-doped YAGG persistent phosphors,
30

 co-doping with Cr
3+

 ions forms additional 

electron traps efficiently capturing excited electrons (Cr
2+

 or Cr
3+

-e
-
) and release them 

slowly with thermal stimulation. Here, for the Cr
3+

 single doped YAGG phosphors, 

the short-wavelength UV irradiation can lead to a decrease of Cr
3+

 ions concentration 

as a result of change of their valence state to Cr
2+

 and Cr
4+

.
32,44

 Thus, Cr
3+

 ions under 

irradiation can act both as deep acceptor centers, forming Cr
4+

 and as electronic trap 

centers Cr
2+

 (Cr
3+

-e
-
). The Cr

4+
 ions are recombination centers for electrons that are 

released from existing electronic trap centers Cr
2+

 (Cr
3+

-e
-
) on heating, predominating 

the origin of the respective TL glow peaks. During the thermal release of electrons 

from the Cr
2+

 (Cr
3+

-e
-
) trap centers with their next trapping on the Cr

4+
 levels, the 

excited state of ion (Cr
3+

)* appears in the process of recombination. Its radiative 

relaxation gives typical luminescence of Cr
3+

 ions as follows:  

                (1) 

where B represents the trivalent ions like Al
3+

 and/or Ga
3+

 occupying the B site 
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(octahedral site) of the {A}3[B]2(C)3O12 garnet matrix, k is Boltzmann constant, T is 

absolute temperature. 

 

Figure 5.3. (a) Thermoluminescence (TL) glow curves monitoring the Cr
3+

 luminescence of the 

YAGG:Cr
3+

 ceramic phosphors with different Ga
3+

 contents (b) peak temperatures obtained by 

Gaussian fitting results of corresponding TL glow curves. All of the samples were excited by UV light 

(250 to 380 nm) from a 300W xenon lamp for 10 min. 

 

The schematic illustration of the trapping and detrapping processes of the 

YAGG:Cr
3+

 ceramic phosphors is also given in Fig. 5.4 with the help of the band-gap 

energy data of YAG-YGG solid solution which is estimated by Dorenbos using 
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exciton creation energy.
45

 Furthermore, the peak temperature of the TL glow curve is 

related to the energy gap between the bottom of conduction band (C.B) and the 

electron trap.
46 

Considering the two temperature peaks in TL glow curves of all the 

YAGG:Cr
3+

 samples, it indicates that there may be a trap distribution and/or quantum 

tunneling processes in such kind of materials.
47,48

 The peak shift of these samples 

suggests that the trap depth can be modified by changing the Ga
3+

 content so that it is 

possible to control the persistent luminescent properties such as the initial persistent 

luminescence intensity and the duration time. For example, according to the decay 

curves shown in Fig. 5.2(d), the YAGG: Cr
3+

 sample (Ga=3) emits the highest 

persistent luminescence intensity at RT 1 h after ceasing the 5 min UV irradiation than 

that of other samples, while considering the working temperature in bio-imaging for 

human bodies or small animals (usually around 36°C), persistent behavior of YAGG: 

Cr
3+

 phosphors can also be easily tunable by changing Ga
3+

 contents to meet well with 

different practical requirements. 

 
Figure 5.4. Schematic illustration of the trapping and detrapping processes of the YAGG:Cr

3+
 ceramic 

phosphors (band-gap energy of different YAG-YAGG solid solutions are referred by Ref. 45) 
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5.4. Conclusion 

In summary, a novel red ceramic phosphor: YAGG:Cr
3+

, showing bright 

persistent luminescence was developed. After ceasing UV irradiation, the radiance of 

this material was nearly 5 times higher than that of the commonly used ZnGa2O4:Cr
3+

 

red persistent phosphor. This behavior was mainly attributed to the efficient electron 

trapping and detrapping processes and one could adjust electron trap depth through 

different Ga
3+

 contents. Since garnet materials have been widely used for various 

applications, such novel red persistent phosphors are considered to possess a great 

potential for an improved in vivo bio-imaging application. Practical applications with 

better signal-to-noise ratio in the in vivo bio-imaging field can be expected in the near 

future by using YAGG:Cr
3+

 garnet nano-particles with bright red persistent 

luminescence. 
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Chapter 6 

 

Design of deep-red persistent phosphors of 

Gd3Al5-xGaxO12:Cr
3+

 transparent ceramics sensitized 

by Eu
3+ 

as an electron trap using conduction  

band engineering 

Abstract:  

We developed bright deep-red persistent phosphors of Cr
3+

-Eu
3+

 co-doped 

Gd3Al5-xGaxO12 garnet (GAGG:Cr
3+

-Eu
3+

), in which only Cr
3+ 

ion shows emission 

bands centered at 730 nm after ceasing UV illumination and Eu
3+

 ion acts as an 

excellent electron trap capturing one electron to be Eu
2+

 with tunable trap depth by 

varying conduction band with Ga
3+

 content, x. The persistent radiance of the 

GGG:Cr
3+

-Eu
3+

 (x=5) sample at 1 h after ceasing UV light is approximately 25 times 

higher than that of the Cr
3+

 singly doped GGG sample, and is over 6 times higher than 

that of the widely used ZnGa2O4:Cr
3+

 red persistent phosphor. 

 

Eu
3+

 can act as efficient electron traps by tunning conduction band edge in the GAGG host  
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6.1. Introduction 

Long persistent luminescence is a luminescent phenomenon that can last for 

minutes to hours, usually at room temperature (RT), after ceasing excitation sources. 

This process can be qualitatively explained by an electron transfer assumption
1,2

: 

when persistent phosphors are excited by ultraviolet (UV) light (visible light in some 

cases), electron-hole (e-h) pairs are generated and the excited electrons from the 

conduction band (CB) are captured by electron traps. This process is usually called 

trapping process. Then the stored electrons can be liberated by thermal stimulations to 

CB (detrapping process) being recaptured by a luminescent center, resulting in a kind 

of thermoluminescence (TL). Thus, the key point to design persistent phosphors with 

long duration is the possibility of tuning the “trap depth” between the bottom of CB 

and the electron trap to form a proper energy gap favorable for the detrapping 

process.
1-4

 If the binding energy of an electron trap is predicted, this strategy to 

control the trap depth by changing the CB energy level is regarded as “CB 

engineering”.  

Recently, the CB engineering has been applied and proved to be a highly desirable 

strategy to develop new persistent phosphors in some aluminate/gallate based garnets 

(i.e. Ce
3+

-doped YSGG (green),
5
 YAGG (green)

6
 and GAGG (yellow)

7
 phosphors), in 

which the possibility of photoionization from the excited 5d1 energy level of Ce
3+

 to 

the bottom of CB with blue illumination can be increased by increasing Ga
3+

 

substitution content, x for Al
3+

.
8,9

 We have also developed red persistent phosphor 

(~690 nm), Cr
3+

 doped YAGG with similar garnet matrix, where Cr
3+

 ions act both as 

emission centers and trap centers.
10

 The persistent behavior of this material can 

systematically be tuned by changing Ga
3+

 content. The persistent radiance (in unit of 

mW/Sr/m
2
) of the optimized composition was even higher than that of the 

ZnGa2O4:Cr
3+

 phosphor, which is used most widely for in vivo bio-imaging 

applications
11-14

 since it was firstly reported by a French group.
15

 Hence, the successes 

of CB engineering by Ga
3+

 substitution in garnets encourage us to design improved 

red persistent phosphors with brighter luminescence and longer afterglow. 
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The design concept in this paper is based on a theoretical assumption according to 

the Dorenbos theory
16,17

 for garnet compounds.
18

 This diagram proposed by Dorenbos 

provides strong predicting power since the characteristic variation in electron and hole 

trapping depths of lanthanide ions is given by the shape of the two zigzag curves 

representing the ground state (GS) of divalent and trivalent lanthanide ions, both of 

which show a minimum bottom at 4f
7 

configuration (Eu
2+

 and Gd
3+

).
16 

Because the 

zigzag shape of two curves remain nearly unchanged in different matrices, once the 

binding energy of the GS for one lanthanide ion relative to the host CB or valence 

band (VB) is determined, those of 4f (sometimes 5d) levels of all other 13 lanthanides 

can be estimated fairly well by the Dorenbos diagram. The suitability of Dy
3+

 and 

Nd
3+

 ions as excellent electron traps in Eu
2+

-doped SrAl2O4 and CaAl2O4 persistent 

phosphors, respectively, was also explained well,
17 

and the optimal trap depth for the 

longest persistent phosphors, SrAl2O4:Eu
2+

-Dy
3+

 working at RT was proved to be 

~0.65 eV.
19

 Among all the trivalent lanthanide ions, Eu
3+

 ion would become the 

deepest electron trap to be Eu
2+ 

(4f
7
) and thus is considered to hardly act as a good 

sensitizer in most persistent phosphors working at RT. According to former results 

reported by Dorenbos’s group, the energy level of Eu
2+

 GS is about 1.62 eV below CB 

in Y3Al5O12 (YAG).
20

 Since the band-gap energy of YAG is 7.67 eV and 

Gd3Al5-xGaxO12 is 6.80 eV (x=3), 6.53 eV (x=4) and 6.48 eV (x=5), respectively,
18

 

considering the appropriate energy difference between YAG and Gd3Al5-xGaxO12, we 

assume that the energy level of Eu
2+

 in GAGG and/or GGG may be suitable for 

persistent luminescence. 

Based on these ideas, we choose Eu
3+

 as a potential sensitizer in the Cr
3+

-doped 

Gd3Al5-xGaxO12 (GAGG, x=3~5) composition
21

 to design novel deep-red persistent 

phosphors with longer wavelength due to its weak crystal field. We found that the 

highest Ga
3+

 substitution (x=5) gave the best persistent luminescent properties among 

GAGG:Cr
3+

-Eu
3+

 phosphors. 
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6.2. Experimental section 

Transparent ceramics (TCs) of GAGG:Cr
3+

-Eu
3+

 and GGG:Cr
3+

 with composition 

of (Eu0.007Gd0.993)3Al5-xGaxO12 (x=3, 4, 5) and Gd3Ga5O12 doped with 0.05 mol% Cr
3+

 

were fabricated by one step solid-state reaction method using vacuum sintering. The 

detailed information of preparation procedures is similar to our previous reports.
7,22 

The in-line optical transmittance of GAGG:Cr
3+

-Eu
3+

 TCs was measured by 

UV-VIS-NIR spectrometer (Shimadzu, UV-3600). Microstructure observations 

including surface and fractured surface were examined by SEM (JEOL, JSM-890). 

Photoluminescence (PL) and persistent luminescence (PersL) spectra of the ceramic 

sample were measured by a CCD spectrometer (Ocean Optics, QE65-Pro) connected 

with an optical fiber. A combination of a 300 W Xe lamp (Asahi Spectra, MAX-302) 

with a UV mirror module (250-380 nm) was used as the excitation source for TL 

measurements. The ceramic sample was set in a cryostat (Advanced Research 

Systems, Helitran LT3) to control temperatures and firstly excited by UV light at 130 

K for 10 min, then heated up to 600 K at a rate of 10 K/min after ceasing illumination 

for 10 min. The same CCD spectrometer was operated simultaneously with the TL 

measurement to always monitor TL spectra of the sample at different temperatures. 

Persistent luminescent decay curves were measured at 25°C using the same 

photodiode as the TL measurement (Electro-Optical Systems, S-025-H). Then, the 

decay curves were calibrated to the absolute radiance (in unit of mW/Sr/m
2
) using a 

radiance meter (B&W Tek Inc, Glacier X). Photographs of the TCs were taken by a 

digital camera (EOS kiss X5, Canon). 

 

6.3. Results and discussion 

Fig. 6.1(a) shows the PL spectrum of the GAGG:Cr
3+

-Eu
3+

 (x=3) sample under 

UV (254 nm) excitation. The sample shows sharp luminescence bands owing to the 

4f-4f transitions of Eu
3+

: 
5
D0→

7
FJ (J=0, 1, 2, 3, 4, 5, 6). The intense bands observed 

are due to 
5
D0→

7
F4 at 708 nm and 

5
D0→

7
F1 (magnetic dipole, MD) transition at 590 

nm. Generally, the probability of 
5
D0→

7
F2 electric dipole (ED) transition at 608~618 
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nm is very sensitive to the asymmetry of Eu
3+

 site,
23

 while that of MD transition is 

independent of it. The ratio of the integrated intensity of the 
5
D0→

7
F2 to 

5
D0→

7
F1 

transitions is much smaller compared with Y2O3 
24

 and Y2O2S,
25

 where Eu
3+

 ions take 

the Y-site with very low symmetry, resulting in strong luminescence at 610~620 nm 

with better color coordinates as a red phosphor. This small ratio indicates that Eu
3+

 

ions substitute Gd
3+

 ions at dodecahedral sites in garnet, which is coordinated by eight 

O
2- 

ions in D2 point symmetry.  

After ceasing the UV excitation, the typical Eu
3+

 sharp emissions totally 

disappeared, instead, intra-3d transitions of Cr
3+

 composed of sharp R-line: 
2
E→

4
A2 

peaked at 695 nm and a broad emission band due to 
4
T2→

4
A2 peaked at 713 nm 

become dominant as shown in Fig. 6.1(b). The complete difference between PL and 

PersL spectra of the GAGG:Cr
3+

-Eu
3+

 phosphor shows that the emission centers 

change from Eu
3+

 to Cr
3+

 ions after stopping the UV illumination. Since the 10Dq 

value of Cr
3+

 ion in GAGG with larger x (Ga content) is expected to be lower than 

that in YAG or GAGG with smaller x, the broad 
4
T2 band at longer wavelength 

becomes more dominant than the R-line from 
2
E level, which is dominant in a host 

with a large 10Dq such as ruby.
26

 This situation makes the mean wavelength of PersL 

in GAGG longer than those in Cr
3+

 singly-doped YAGG with the same or smaller x.
10

 

Fig. 6.2(a) shows the photograph of the GAGG:Cr
3+

-Eu
3+

 TCs (x=3, 4, 5, 

thickness of 1 mm), through which we can clearly recognize the words below by 

naked eye owing to their high optical transparency. Two broad absorption bands are 

observed centered at about 620 and 450 nm due to transitions of Cr
3+

: 
4
A2(

4
F)→

4
T2(

4
F) 

and 
4
A2(

4
F)→

4
T1(

4
F), respectively. The weakness of the two bands is mainly due to 

the low doping concentration of Cr
3+

 (0.05 mol%). Besides, three sharp absorptions 

centered at 395, 312, 275 nm are ascribed to typical f-f transitions of Eu
3+

: 
7
F0→

5
L6, 

7
F0→

5
H3, 

7
F0→

5
F2,

 
respectively and one intense absorption below 250 nm is 

attributed to the charge transfer band (CTB) of Eu
3+

-O
2-

. Fig. 6.2(b)-(c) give the SEM 

observations of the polished surface and fractured surface of the GAGG:Cr
3+

-Eu
3+

 

(x=3) ceramic sample. Almost no micro-pores or secondary phases are observed either 

on the surface, inside of grains or at grain boundaries leading to its high optical 
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transparency. 

 

 
Figure 6.1. (a) PL and (b) PersL spectra of the GAGG:Cr

3+
-Eu

3 
transparent ceramic (x=3).   

 

 

 

Figure 6.2. (a) In-line optical transmittance and photograph of GAGG:Cr
3+

-Eu
3+

 transparent ceramics 

(thickness of 1 mm) with different Ga
3+

 contents as well as SEM observations of the (b) polished 

surface (c) fractured surface of the GAGG:Cr
3+

-Eu
3+

 (x=3) transparent ceramic. 
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Fig. 6.3(a)-(c) show the photographs of the three bulk samples under and after UV 

(254 nm) illumination. Under UV excitation, all of the TCs look orange mainly due to 

the 590 nm PL band since the photopic sensitivity of human eyes becomes steeply 

higher in the wavelength region less than 620 nm,
4
 while they look deep-red after 

ceasing the excitation. These color observations accord with the spectra shown in Fig. 

6.1(a) and (b).  

Persistent luminescent decay curves of the GAGG:Cr
3+

-Eu
3+

 ceramic phosphors 

(x=3, 4, 5) after ceasing 5 min UV illumination are shown in Fig. 6.3(d). The 

persistent decay curves of the standard ZnGa2O4:Cr
3+ 

ceramic phosphor under the 

same experimental condition previously reported by our group
27

 and a Cr
3+

 singly 

doped GGG ceramic phosphor (x=5) are also plotted as references. The radiance 

values at 5 min, 30 min and 60 min after ceasing the excitation of the samples are 

summarized in Table. 6.1. The persistent radiance of GAGG:Cr
3+

-Eu
3+

 phosphors 

increases monotonously with the increase of Ga
3+

 content, x. Furthermore, the 

persistent radiance at 1 h of the GGG:Cr
3+

-Eu
3+

 (x=5) sample (0.97×10
-1 

mW/Sr/m
2
) 

is approximately 25 times higher than that of the Cr
3+

 singly doped GGG sample 

(0.04×10
-1 

mW/Sr/m
2
), and is over 6 times higher than that of the widely used 

ZnGa2O4:Cr
3+

 red persistent phosphor (0.15×10
-1 

mW/Sr/m
2
).

27
  

 

Figure 6.3. Photographs of the GAGG:Cr
3+

-Eu
3+

 transparent ceramics (thickness of 1 mm) with 
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different Ga
3+

 contents (x=3, 4, 5) (a) under UV (254 nm) lamp (exposure of camera: 0.05 s) and (b) 30 

s (c) 60 s after ceasing UV illumination (exposure of camera: 10 s), respectively. (d) persistent decay 

curves of the GAGG:Cr
3+

-Eu
3+

 transparent ceramic phosphors with different Ga
3+

 contents  

 

Table. 6.1. Radiance of GAGG:Cr
3+

-Eu
3+

 transparent ceramic phosphors with different Ga
3+

 contents 

compared with GGG:Cr
3+

 and ZnGa2O4:Cr
3+ 

ceramic phosphors
27

.
 

 

 

5 min 

(mW/Sr/m
2
) 

30 min 

(mW/Sr/m
2
) 

60 min 

(mW/Sr/m
2
) 

GAGG:Cr
3+

-Eu
3+ 

(x=3) 0.65×10
-1

 0.16×10
-1

 0.09×10
-1

 

GAGG:Cr
3+

-Eu
3+ 

(x=4) 1.48×10
-1

 0.38×10
-1

 0.22×10
-1

 

GAGG:Cr
3+

-Eu
3+ 

(x=5) 6.84×10
-1

 1.83×10
-1

 0.97×10
-1

 

GGG:Cr
3+ 

 0.69×10
-1

 0.09×10
-1

 0.04×10
-1

 

ZnGa2O4:Cr
3+27

 1.63×10
-1

 0.32×10
-1

 0.15×10
-1

 

 

TL glow curves of the GAGG:Cr
3+

-Eu
3+

 samples (x=3~5) are shown in Fig. 6.4(a). 

The TL glow peak shifts monotonously from higher to lower temperature with 

increasing Ga
3+

 content (498 K, 408 K and 355 K for x=3, x=4, x=5, respectively). 

Since the TL peak temperature is correlated to the trap depth,
1
 the downshift of the 

glow peak indicates that the trap depth becomes shallower.
 

In Fig. 6.4(b), 

two-dimensional (2D) mapping of TL intensity was plotted in order to clarify what 

kind of emission contributes to the TL glow peak at different temperatures in the 

GGG:Cr
3+

-Eu
3+

 phosphor (x=5, showing highest persistent brightness). From the 

contour mapping, it can be seen that at increased temperatures, the TL glow peak is 

simply composed of broad emission bands due to Cr
3+

 centered at about 730 nm. No 

sharp f-f transitions of Eu
3+

 are observed at any temperatures. Therefore, we conclude 

that the Eu
3+

 acts as an electron trapping center and changes into Eu
2+

 (Eu
3+

-e
-
) being 

located below CB. A schematic model is described by the inserted schematic 

illustration in Fig. 6.4(a). The detrapping rate, which is dominated by the trap depth 

(as well as temperature and frequency factor),
1
 becomes faster with increasing Ga

3+ 

content due to the downshift of CB level. Generally, not only in conventional 

phosphors for illumination applications, europium is also widely used as emission 

centers in persistent phosphors like well-known SrAl2O4:Eu
2+

-Dy
3+

 (green),
19

 

CaAl2O4:Eu
2+

-Nd
3+

 (blue)
28

 and Y2O2S:Eu
3+

-Ti
4+

-Mg
2+ 

(red)
29

 phosphors. In this 

study, we lowered the CB level to decrease the trap depth from Eu
2+

 GS as possible as 
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we can by full Ga
3+

 substitution for Al
3+

 in GAGG to finally be GGG, and have 

successfully developed a novel bright deep-red Cr
3+

 doped persistent phosphor in 

which Eu
3+

 ions act as an electron trap. A phosphor with such an unusual combination 

of emission and trap centers has never been reported before and we thus state as a new 

discovery. 

 
Figure 6.4. (a) Thermoluminescence (TL) glow curves of the GAGG:Cr

3+
-Eu

3+
 transparent ceramic 

phosphors with different Ga
3+

 contents, schematic illustration inserted (b) wavelength-temperature (λ-T) 

contour plot of the GGG:Cr
3+

-Eu
3+

 (x=5)
 
transparent ceramic. 

 

6.4. Conclusion 

In summary, we successfully developed a series of transparent ceramic phosphors: 

GAGG:Cr
3+

-Eu
3+

 with deep-red persistent luminescence and long duration time, in 

which Eu
3+

 ions act as an electron trap. The persistent radiance of the GGG:Cr
3+

-Eu
3+

 

(x=5) sample is over 6 times higher than that of the widely used ZnGa2O4:Cr
3+

 red 

persistent phosphor and its broad band persistent emission centered at 730 nm 

possesses deeper penetration capability through biological tissues. Practical 

applications in the in vivo bio-imaging field can be expected in the near future by 

using GGG:Cr
3+

-Eu
3+

 nano-particles as optical probes. 
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Chapter 7 

 

Near-infrared multi-wavelengths long persistent 

luminescence of Nd
3+

 ion through persistent energy 

transfer in Ce
3+

, Cr
3+

 co-doped Y3Al2Ga3O12 for the 

first and second bio-imaging windows 

 

Abstract:  

We developed a persistent phosphor of Y3Al2Ga3O12 doped with Nd
3+

, Ce
3+

, Cr
3+

 

ions (YAGG:Nd-Ce-Cr) exhibiting long (>10 h) persistent luminescence at 

multi-wavelengths of around 880, 1064, and 1335 nm due to f-f transitions of Nd
3+

 

and at 505 nm due to Ce
3+

:5d1→4f transition. The intense near-infrared (NIR) 

persistent luminescence bands from Nd
3+

 match well with the first (650~950 nm) and 

second (1000~1400 nm) bio-imaging windows. The NIR persistent radiance of the 

YAGG:Nd-Ce-Cr phosphor (0.33×10
-1 

mW/Sr/m
2
) at 60 min after ceasing blue light 

illumination was over 2 times higher than that of the widely used ZnGa2O4:Cr
3+

 red 

persistent phosphor (0.15×10
-1 

mW/Sr/m
2
).  

 

Realization of “bright” Nd
3+

 persistent luminescence by efficient energy transfer from Ce
3+

 to Nd
3+ 
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7.1. Introduction 

Recently, persistent phosphors (sometimes named as long-lasting phosphors) 

have attracted much attention for in vivo bio-imaging applications since these 

nano-particle phosphors charged by ultraviolet (UV) light (visible light in rare cases) 

before injection into biological tissues can emit red and/or near-infrared (NIR) 

persistent luminescence lasting for minutes to even several hours without further 

real-time illumination.
1-4

 The exclusion of external illumination removes the 

possibility of autofluorescence as background noise and thus improves the 

signal-to-noise ratio remarkably. This application motivates the considerable 

development of red/NIR persistent phosphors with bright radiance and long 

afterglow.
5-8

 However, only a few red/NIR long persistent phosphors have been 

reported so far, most of which are Cr
3+

 doped gallate- or aluminate-based 

materials,
9-14

 and their emission regions are mostly located in the first bio-imaging 

window (NIR-I window, 650~950 nm).  

Combined with fast development and availability of InGaAs detectors, the second 

bio-imaging window (NIR-II window, 1000~1400 nm) has promising advantages 

owing to its lower autofluorescence, deeper tissue penetration, and thus potentially 

higher spatial and temporal resolution than the NIR-I window.
15

 Till now, although 

several types of optical probes for NIR-II window have been developed such as 

single-walled carbon nanotubes (SWNTs)
16

 and semiconductor quantum dots (QDs) 

composed of highly toxic heavy metals,
17

 the development of nontoxic and 

biocompatible luminescent materials emitting in the NIR region, especially in the 

NIR-II window, still remains a challenge. Although persistent phosphors can be 

promising candidates for bio-imaging, only few of them are suitable for the NIR-II 

window and their persistent durations are quite short (only up to few minutes),
18-20

 

which limits their practical applications. 

Recently, a garnet persistent phosphor of Ce
3+

, Cr
3+

 co-doped Y3Al5-xGaxO12 

(YAGG:Ce-Cr) has been developed by our group.
21-24

 In this material, Cr
3+

 acts as an 

electron trap with ideal trap depth at x=3 for persistent luminescence of Ce
3+

 working 
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at room temperature (RT). Based on our previous work, we developed a persistent 

phosphor of Y3Al2Ga3O12:Nd
3+

, Ce
3+

, Cr
3+

 (YAGG:Nd-Ce-Cr). This material can be 

excited by blue light (460 nm) and emit green persistent luminescence due to Ce
3+

: 

5d1→4f for over 10 h. Furthermore, thanks to the highly efficient energy transfer (ET) 

from Ce
3+

 to Nd
3+

 in garnet hosts,
25-27

 it can also show NIR persistent luminescence 

for almost the same duration due to Nd
3+

: 
4
F3/2→

4
I9/2, 

4
I11/2, 

4
I13/2 transitions, matching 

well with the NIR-I and NIR-II windows. A persistent phosphor with such a wide 

emission range (green to NIR) and long (>10 h) persistent duration has never been 

reported before and we thus state as a discovery. 

 

7.2. Experimental section 

YAGG:Nd-Ce-Cr and YAGG:Nd ceramic phosphors with the composition of 

Y2.955Ce0.015Nd0.03Al1.999Cr0.001Ga3O12 and Y2.97Nd0.03Al2Ga3O12, respectively were 

fabricated by a solid-state reaction method. Y2O3 (99.99%), Al2O3 (99.99%), Ga2O3 

(99.99%), CeO2 (99.99%), Nd2O3 (99.99%) and Cr2O3 (99.9%) were used as raw 

materials. The starting powder was mixed by ball milling method with anhydrous 

alcohol for several hours. The mixed powder was dried at 80°C for 36 h, compacted 

to form a ceramic green body (ϕ20 mm, 2 mm thickness) under uniaxial pressing of 

50 MPa, and finally sintered at 1600°C for 24 h in air. The YAGG:Ce-Cr 

(Y2.985Ce0.015Al1.999Cr0.001Ga3O12) ceramic phosphor prepared by the same 

experimental procedure was used as a reference sample.
22

  

The diffuse reflectance spectra of the ceramic samples were measured by a 

spectrophotometer (UV3600, Shimadzu) equipped with an integrating sphere. 

Photoluminescence (PL) spectra of the YAGG:Ce-Cr and YAGG:Nd-Ce-Cr samples 

were recorded in the range of 400-1600 nm by pumping with a 442 nm laser diode 

(LD) (NDHB510APA-E, Nichia Co. Ltd.,) excitation. The PL spectra were measured 

by a monochromator (G250, Nikon), a Si photodiode (PD) detector (S-025-H, 

Electro-Optical System Inc.,) from 400 to 800 nm and an InGaAs PD detector 

(IGA-030-H, Electro-Optical System Inc.,) from 800 to 1600 nm. All the PL spectra 
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were calibrated by using a standard halogen lamp (SCL-600, Labsphere). Persistent 

luminescence (PersL) spectra of the two samples were measured by a Si CCD 

spectrometer (QE65-Pro, Ocean Optics) from 400 to 1000 nm and an InGaAs CCD 

spectrometer (NIR 512, Ocean Optics) from 1000 to 1600 nm connected with an 

optical fiber. All the PersL spectra were calibrated using the same halogen lamp. A 

300 W Xe lamp (MAX-302, Asahi Spectra) with UV mirror module (250-400 nm) 

was used as the excitation source for thermoluminescence (TL) measurements. The 

ceramic sample was set in a cryostat (Helitran LT3, Advanced Research Systems) to 

control temperatures and firstly illuminated by UV light at 150 K for 10 min, then 

heated up to 550 K at a rate of 10 K/min at 10 min after ceasing the illumination, and 

the TL signals were recorded by the Si PD (spectral sensitivity covers from 300 to 

1200 nm). The Si CCD spectrometer was operated simultaneously with the TL 

measurement to always monitor the TL spectra at different temperatures. All 

persistent luminescent decay curves of the samples after being excited for 5 min by 

the Xe lamp with a 460 nm band-pass filter were measured at 25°C using the Si PD. 

In order to monitor the Ce
3+

 emission, the Si PD was covered with a short-cut filter 

(<475 nm) and a long-cut filter (>650 nm) to filter out all but the Ce
3+

 luminescence. 

Then the decay curves were calibrated to the absolute luminance (in unit of mcd/m
2
) 

using a radiance meter (Glacier X, B&W Tek Inc). In order to monitor the Nd
3+

 

luminescence, the Si PD was covered with an 800 nm short-cut filter to filter out all 

but the Nd
3+

 luminescence. Then the decay curves were calibrated to the absolute 

radiance (in unit of mW/Sr/m
2
) using the same radiance meter. Photographs of the 

samples were taken by a digital camera (EOS kiss X5, Canon), and the settings 

remained constant: exposure time - 5 s, ISO value - 1600, aperture value (F value) - 

5.0. 

 

7.3. Results and discussion 

Fig. 7.1(a) shows the PL spectra of the YAGG:Ce-Cr and YAGG:Nd-Ce-Cr 

samples under blue laser (442 nm) excitation. The YAGG:Ce-Cr sample exhibits an 
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intense emission band centered at 505 nm, corresponding to the f-d transition from the 

lowest 5d energy level (5d1) to the 4f ground state of Ce
3+

. Besides, a weak emission 

band at around 690 nm is ascribed to the 
2
E→

4
A2 transition (R-line) of Cr

3+
. 

Comparing the PL spectrum of the YAGG:Ce-Cr sample with the diffuse reflectance 

of the Nd
3+

 singly doped YAGG sample (YAGG:Nd), the absorption bands 

(
4
I9/2→

2
G3/2, 

4
G7/2, 

2
G7/2, 

4
G5/2) of Nd

3+
 are overlapped with the emission range of 

Ce
3+

 indicating that the ET process from Ce
3+

 to Nd
3+

 can efficiently occur. This is 

confirmed by the decrease of Ce
3+

 emission intensity in the visible range and the 

presence of several sharp emission bands at around 880 nm, 1064 nm and 1335 nm 

owing to the f-f transitions of Nd
3+

: 
4
F3/2→

4
I9/2, 

4
I11/2, and 

4
I13/2, respectively in the 

YAGG:Nd-Ce-Cr sample.  

The PersL spectra of the YAGG:Nd-Ce-Cr sample recorded at different times 

after ceasing blue illumination are shown in Fig. 7.1(b). The persistent emission bands 

not only exhibit a broad band located at around 500 nm due to Ce
3+

: 5d1→4f 

transition but also intense sharp bands located at NIR region (around 880 nm, 1064 

nm and 1335 nm) due to f-f transitions of Nd
3+

, which match well with the NIR-I and 

NIR-II windows. The identical shape of its PL and PersL spectra suggests that the 

emission centers are the same under and after excitation. Since the ET process from 

Ce
3+

 to Nd
3+

 occurs in PL, we assume that the similar energy transfer process called 

persistent energy transfer (persistent ET) also occurs in the YAGG:Nd-Ce-Cr 

phosphor after ceasing the excitation source. The phenomenon of the persistent ET 

has been confirmed previously in CaAl2O4:Tb
3+

, Ce
3+

 
28,29

 and Sr4Al14O25:Cr
3+

, Eu
2+

, 

Dy
3+

 
30

 persistent phosphors.  
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Figure 7.1. (a) PL spectra of the YAGG:Ce-Cr and YAGG:Nd-Ce-Cr ceramics as well as the diffuse 

reflectance of the YAGG:Nd ceramic (b) PersL spectra of the YAGG:Nd-Ce-Cr ceramic  

(integrating time: 10 s) 

 

The persistent luminescent decay curve monitoring Ce
3+

 emission (475-650 nm) 

of the YAGG:Nd-Ce-Cr sample after ceasing blue light illumination is shown in Fig. 

7.2(a), in which the decay curves of the standard YAGG:Ce-Cr ceramic phosphor and 
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a compacted ceramic pellet made of the well-known SrAl2O4:Eu
2+

-Dy
3+

 (SAO:Eu-Dy) 

commercial phosphor (LumiNova- GLL300FFS, Nemoto & Co. Ltd.,) under the same 

experimental condition are also plotted as references.
22

 The luminance values at 60 

min after ceasing the excitation are 11 mcd/m
2
 for YAGG:Nd-Ce-Cr, 30 mcd/m

2
 for 

YAGG:Ce-Cr, and 25 mcd/m
2
 for SAO:Eu-Dy, respectively (see the photographs of 

the two ceramics under and after blue LED illumination in Fig. 7.2(d)). Persistent 

luminescence durations to reach a luminance of 0.32 mcd/m
2
 in the YAGG:Nd-Ce-Cr 

ceramic is around 688 min, which is comparable with but slightly shorter than that of 

the YAGG:Ce-Cr (about 808 min) ceramic, due to quenching of visible Ce
3+

 emission 

by the ET to Nd
3+

.
25

 Note that the luminance value 0.32 mcd/m
2
 is the minimum value 

commonly used by the safety signage industry (about 100 times the sensitivity of the 

dark-adapted eye).
2
 Because of this long green persistent luminescence at wavelengths 

very sensitive to the human’s photopic vision, the YAGG:Nd-Ce-Cr nano-sized 

phosphor synthesized by nano-technical methods can act as a fluorescence marker 

convenient for surgeons to roughly confirm or even trace the marked tissues directly 

by human eyes without any electronic detectors in the difficult conditions typical of 

surgery dissection. 

The persistent luminescent decay curve monitoring Nd
3+

 emission (>800 nm) of 

the YAGG:Nd-Ce-Cr sample after ceasing the same illumination is shown in Fig. 

7.2(b), in which the decay curve of the standard ZnGa2O4:Cr
3+

 (ZGO:Cr) ceramic 

under the same experimental condition is also plotted as a reference.
10

 The NIR 

radiance value of the tri-doped sample at 60 min after ceasing the blue excitation 

(0.33×10
-1 

mW/Sr/m
2
) is over 2 times higher than that of the widely used red 

persistent phosphor, ZGO:Cr (0.15×10
-1 

mW/Sr/m
2
), indicating that this phosphor 

exhibits superior persistent luminescence both in the visible (Ce
3+

 emission) and NIR 

(Nd
3+

 emission) ranges.  

The decay profiles of the Ce
3+

 and Nd
3+

 are quite similar in Fig. 7.2(a) and (b). 

The persistent radiance ratio (Nd
3+

/Ce
3+

) is plotted against the monitoring time of the 

whole decay curve as shown in Fig. 7.2(c). The result clearly suggests that the ratio 

remains almost constant (around 112-114%) with time, which supports that the 
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persistent luminescence from both ions originates from common electron trapping and 

de-trapping processes, where the NIR persistent luminescence of Nd
3+

 is due to the 

persistent ET process from Ce
3+

 to Nd
3+

 in the garnet host.
25

  

 
Figure 7.2. Persistent decay curves of the YAGG:Nd-Ce-Cr ceramic (a) luminance monitoring Ce

3+
 

(YAGG:Ce-Cr and SrAl2O4:Eu
2+

-Dy
3+

 ceramics as references) (b) radiance monitoring Nd
3+

 

(ZnGa2O4:Cr
3+

 ceramic as a reference) (c) Nd
3+

/Ce
3+

 radiance ratio (%) against the monitoring time of 

the decay curve (d) photographs of the YAGG:Ce-Cr and YAGG:Nd-Ce-Cr ceramics under and after 

blue LED lamp (460 nm, 3 W output) illumination 

 

Fig. 7.3 shows the two-dimensional (2D) mappings of TL glow curves of the 

YAGG:Ce-Cr and YAGG:Nd-Ce-Cr samples in order to see what kind of emission 

contributes to the TL glow peak at different temperatures. From the contour plot of the 

YAGG:Ce-Cr sample in Fig. 7.3(a), it can be seen that at increased temperatures, the 

TL spectrum is simply composed of two emission bands from Ce
3+

 and Cr
3+

. While in 

the YAGG:Nd-Ce-Cr sample (see Fig. 7.3(b)), the NIR emission of Nd
3+

 appears at 

the same time due to the persistent ET process, which agrees well with its PersL 

spectrum in Fig. 7.1(b). The intense TL glow peaks of both YAGG:Ce-Cr and 

YAGG:Nd-Ce-Cr samples lie in almost the same temperature range (around 295 K), 

close to RT and body temperature of Mammalia (around 36°C). Since the TL peak 
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temperature is correlated to the energy gap between the bottom of conduction band 

(CB) and the electron trap,
31

 the identical glow temperature of the two samples 

indicates the same trapping and de-trapping processes in both,
22

 where Cr
3+

 works as 

an efficient electron trap with ideal trap depth for long persistent luminescence in the 

host composition of Y3Al2Ga3O12.  

 

Figure 7.3. Wavelength-temperature (λ-T) contour plots of the (a) YAGG:Ce-Cr and (b) 

YAGG:Nd-Ce-Cr ceramics 
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The persistent luminescence mechanism of the YAGG:Nd-Ce-Cr phosphor is 

briefly explained by constructing the vacuum referred binding energy (VRBE) 

diagram
23, 32, 33

 composed of Ce
3+

, Nd
3+

, Cr
2+

, CB, and valence band (VB) energy 

levels in the Y3Al2Ga3O12 host (see Fig. 7.4). When the YAGG:Nd-Ce-Cr sample is 

charged by blue light, Ce
3+

 is promoted from the ground state (
2
F5/2) to the excited 

state of the lowest 5d energy level (5d1), and the excited electron can “jump” into CB 

with thermal activation and then be trapped by the electron trapping center (Cr
3+

).
22, 23

 

At that time, Ce
3+

 is photo-oxidized into Ce
4+

 or (Ce
3+ 

+ h
+
) and Cr

3+
 is formed to be 

Cr
2+

 or (Cr
3+ 

+ e
-
) after capturing an electron (process ①).  

Then the de-trapping process takes place with thermal release of the captured 

electron from the Cr
2+

 (Cr
3+ 

+ e
-
) trap, and

 
finally the excited state of the Ce ion, 

(Ce
3+

)* appears after capturing the released electron in the recombination process 

(process ②). The radiative relaxation gives a broad band emission of Ce
3+

: 5d1→
2
F5/2, 

2
F7/2, and the resonant ET occurs at the same time to Nd

3+
 ion (process ③), which is 

followed by rapid multi-phonon relaxation down to the 
4
F3/2 excited level, and then 

finally induces the sharp luminescence bands of Nd
3+

: 
4
F3/2→

4
I9/2, 

4
I11/2, and 

4
I13/2. 

 

Figure 7.4. The VRBE diagram for Ce
3+

, Nd
3+

 and Cr
2+

 energy levels in Y3Al2Ga3O12 (YAGG) host 
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7.4. Conclusion 

In summary, we developed a persistent phosphor (Y3Al2Ga3O12:Nd
3+

, Ce
3+

, Cr
3+

) 

with multi-wavelengths (green light to NIR) and long (>10 h) persistent luminescence, 

which can be effectively excited by blue light illumination. The persistent radiance of 

the YAGG:Nd-Ce-Cr phosphor is over 2 times higher in the NIR region than that of 

the widely used ZnGa2O4:Cr
3+

 red persistent phosphor at 60 min after ceasing the 

excitation due to an efficient persistent energy transfer from Ce
3+

 to Nd
3+

. Since its 

NIR persistent luminescence bands match well with the NIR-I and NIR-II 

bio-imaging windows, multi-functional applications not only in the in vivo 

bio-imaging but also in the drug delivery and cancerous chemotherapy can be 

expected in the near future by using this material as a nano-sized bio-probe with 

surface modification connected with functional organic radical groups.  
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Chapter 8 

 

Near-infrared long persistent luminescence of Er
3+

 in 

garnet for the third bio-imaging window 

 

Abstract:  

By utilizing efficient persistent energy transfer from Ce
3+

 to Er
3+

, we have 

successfully developed a novel garnet persistent phosphor of Y3Al2Ga3O12 doped with 

Er
3+

, Ce
3+

, Cr
3+

 ions (YAGG:Er-Ce-Cr) exhibiting long (>10 h) near-infrared (NIR) 

persistent luminescence (PersL) in the broad range from 1450 nm to 1670 nm due to 

the typical Er
3+

:
4
I13/2→

4
I15/2 transition in garnet. The NIR PersL bands of Er

3+
 match 

well with the third bio-imaging window (NIR-III, approximately from 1500 nm to 

1800 nm) and the response curve of InGaAs detectors. The photon emission rate 

(8.33×10
17 

cps/Sr/m
2
) of the YAGG:Er-Ce-Cr persistent phosphor at 10 min after 

ceasing blue light illumination was over two times higher than that of the widely used 

ZnGa2O4:Cr
3+

 deep-red persistent phosphor (3.30×10
17 

cps/Sr/m
2
). We also show the 

first PersL imaging by a commercial InGaAs camera monitoring Er
3+

 emission 

indicating that this material can be a promising candidate for in-vivo bio-imaging in 

the NIR-III window. 
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8.1. Introduction 

Over 20 years has passed, since the new generation green persistent phosphor, 

SrAl2O4:Eu
2+

-Dy
3+

 (SAO:Eu-Dy) was developed and successfully commercialized for 

watch dials, luminous paints, and safety guidance signs, etc.
1
 Recently, the 

luminescent wavelength of persistent phosphors has extended from visible light to 

near-infrared (NIR),
2-6

 which is suitable for in vivo bio-imaging due to the reduced 

scattering and minimal absorption coefficient when compared with visible light, 

allowing imaging of deep tissues. Furthermore, persistent phosphors in the form of 

nano-particles charged by ultraviolet (UV) light (visible light in rare cases) before 

injecting into small animals can emit NIR persistent luminescence (PersL) for minutes 

to even hours without further in-situ excitation. The exclusion of external illumination 

totally removes the autofluorescence as background noise, avoids the complicated 

background subtraction procedures and thus improves the signal-to-noise ratio (SNR) 

remarkably.
7-9

 This new bio-imaging technology has soon become quite attractive 

while the most reported emission region of NIR persistent phosphors are located in 

the first biological window (NIR-I, 650-950 nm),
4-13

 partially due to the easy 

availability of Si-detectors that work well in this region. 

Since the Rayleigh scattering (varies as λ
-4

, here λ is the wavelength) decrease 

with increasing wavelength, two more biological windows called the second (NIR-II, 

1000-1350 nm)
14

 and the third (NIR-III, approximately from 1500 nm to 1800 

nm)
15-17

 ones are defined, which fall on either side of a strong water absorption band 

centered around 1450 nm. Compared with the NIR-I window, these two windows, 

especially the NIR-III window gives much lower scattering coefficient leading 

potentially to an improved resolution quality and deeper penetration depth.
18-20

 

Moreover, thanks to the recent development of affordable InGaAs detectors that 

possess adequate sensitivity and high quantum efficiency in the wavelength region 

above 1000 nm and up to 1650 nm, the shift of the luminescent wavelength of the 

bio-imaging probe from the NIR-I to the NIR-III window is definitely demanded. 

However, even for NIR-to-NIR fluorescence bio-probes using real-time excited 
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photoluminescence (PL) for in vivo imaging, only a few candidates are available for 

the NIR-III window including the single-walled carbon nanotubes (SWNTs)
16,21

 and 

heavy metal based semiconductor quantum dots (QDs),
16,22

 both of which suffer from 

their potential cytotoxicity for living bodies.
15-17

 Therefore, the development of 

nontoxic and biocompatible luminescent materials emitting in the NIR-III window, 

still remains a big challenge. 

Due to the typical 
4
I13/2→

4
I15/2 transition at around 1.55 μm and several important 

transitions such as the 
4
S3/2→

4
I15/2 one in green,

23
 Er

3+
 ion has already played a key 

role in applications of eye-safe laser,
24

 optical amplifiers in fiber 

telecommunication
25,26

 and upconversion fluorescence
27,28

 for long years. On the other 

hand, Er
3+

 is also considered as the most promising lanthanide ion whose emitting 

wavelength matches well with both the NIR-III window and the response curve of 

InGaAs detectors.
15-17

  Pan et al
29

 firstly observed the PersL from Er
3+

 through the 

so-called persistent energy transfer (ET) from Eu
2+

 in the well-known SAO:Eu-Dy 

persistent phosphor. However, compared with super long PersL (>10 h) from Eu
2+

 in 

green region, the PersL intensity and duration of Er
3+

 emission peaked at 1530 nm 

was much weaker and shorter (less than 10 min) after ceasing UV excitation. On the 

other hand, based on our previous work, in which a novel garnet persistent phosphor 

of Ce
3+

, Cr
3+

 co-doped Y3Al5-xGaxO12 (YAGG:Ce-Cr) was developed and Cr
3+

 acts as 

an efficient electron trap with ideal trap depth at x=3 for PersL of Ce
3+

 working at 

room temperature (RT),
30-33

 we successfully developed a persistent phosphor of 

Y3Al2Ga3O12:Nd
3+

, Ce
3+

, Cr
3+

 (YAGG:Nd-Ce-Cr) emitting long PersL (>10 h) at 880 

nm, 1064 nm, and 1335 nm due to f-f transitions of Nd
3+

 through efficient persistent 

ET from Ce
3+

.
34

 It is also worth noting that, as well as the Er
3+

 emission mainly 

composed of the C-band (1530-1565 nm) and the L-band (1565-1625 nm) usually 

observed in many hosts,
35-40

 it exhibits an extended U-band (1625-1675 nm) in garnet 

hosts owing to the large Stark splitting of the terminal 
4
I15/2 level.

41,42
 In this paper, we 

give an example that how to realize Er
3+

 long PersL through efficient persistent ET 

process from Ce
3+

 in a garnet host and show the first PersL imaging for the NIR-III 

window by an InGaAs camera. 
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8.2. Experimental section 

YAGG:Er-Ce-Cr, YAGG:Ce-Er and YAGG:Er ceramic phosphors with the 

compositions of Y2.925Ce0.015Er0.06Al1.999Cr0.001Ga3O12, Y2.925Ce0.015Er0.06Al2Ga3O12 

and Y2.94Er0.06Al2Ga3O12, respectively were fabricated by a conventional solid-state 

reaction method. Y2O3 (99.99%), Al2O3 (99.99%), Ga2O3 (99.99%), CeO2 (99.99%), 

Er2O3 (99.99%) and Cr2O3 (99.9%) were used as raw materials. The starting powder 

was mixed by a ball milling method (Premium Line P-7, Fritsch Co. Ltd.,) with 

anhydrous alcohol for several hours. The mixed powder was dried at 80°C for 36 h, 

compacted to form a ceramic green body (ϕ20 mm, 2 mm thickness) under uniaxial 

pressing of 50 MPa, and finally sintered at 1600°C for 10 h in air. The YAGG:Ce-Cr 

(Y2.985Ce0.015Al1.999Cr0.001Ga3O12) and YAGG:Ce (Y2.985Ce0.015Al2Ga3O12) ceramic 

phosphors prepared by the same experimental procedure were used as reference 

samples. All the as-prepared samples were confirmed to be single phase (ICPDS: No. 

089-6660) by XRD measurement (see Fig. 8.1). 

The diffuse reflectance spectrum of the YAGG:Er ceramic sample was measured 

by a spectrophotometer (UV3600, Shimadzu) equipped with an integrating sphere. 

The lifetime measurement of the YAGG:Ce and YAGG:Ce-Er samples were recorded 

with a compact fluorescence lifetime spectrometer (Quantaurus-Tau-C11367, 

Hamamatsu Photonics & Co. Ltd.,) using a 405 nm picosecond pulsed LED as an 

excitation source. Photoluminescence (PL) spectra of the YAGG:Ce, YAGG:Er and 

YAGG:Ce-Er ceramic samples by pumping with a 405 nm laser diode (LD) 

(SDL-405-LM-100T, Shanghai Dream Lasers Technology Co. Ltd.,) and the 

YAGG:Ce-Cr and YAGG:Er-Ce-Cr samples by pumping with a 442 nm LD 

(NDHB510APA-E, Nichia Co. Ltd.,) were recorded in the range of 350-1670 nm. The 

PL spectra were measured by a monochromator (G250, Nikon) equipped with a Si 

photodiode (PD) detector (S-025-H, Electro-Optical System Inc.,) from 350 to 1100 

nm and an InGaAs PD detector (IGA-030-H, Electro-Optical System Inc.,) from 1100 

to 1670 nm (see the schematic illustration of measurement setup in Fig. 8.2). All the 

PL spectra were calibrated by using a standard halogen lamp (SCL-600, Labsphere). 
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Persistent luminescence (PersL) spectrum of the YAGG:Er-Ce-Cr sample was 

measured by a Si CCD spectrometer (QE65-Pro, Ocean Optics) from 350 to 1075 nm 

and an InGaAs CCD spectrometer (NIR-Quest512, Ocean Optics) from 1075 to 1700 

nm connected with an optical fiber. All the PersL spectra were calibrated using the 

same halogen lamp. A 300 W Xe lamp (MAX-302, Asahi Spectra) with an UV mirror 

module (250-400 nm) was used as the excitation source for thermoluminescence (TL) 

two-dimensional (2D) plot measurements. The ceramic sample was set in a cryostat 

(Helitran LT3, Advanced Research Systems) to control temperatures and firstly 

illuminated by UV light at 100 K for 10 min, then heated up to 600 K at a rate of 10 

K/min at 10 min after ceasing the illumination, and the TL signals were recorded by a 

PMT detector (R11041, Hamamatsu Photonics & Co. Ltd.,) covered with 475nm 

short-cut and 650 nm long-cut filters to monitor Ce
3+

 emission and the same InGaAs 

PD detector covered with a 1000 nm short-cut filter to monitor NIR emission of Er
3+

. 

The same Si CCD and InGaAs CCD spectrometers were operated simultaneously with 

the TL measurement to monitor the emission spectra at different temperatures. All 

persistent luminescent decay curves of the YAGG:Er-Ce-Cr sample after being 

excited for 5 min by the Xe lamp with a 460 nm band-pass filter were measured at 

25°C using the same PMT or InGaAs PD detectors (see the schematic illustration of 

measurement setup in Fig. 8.3). In order to monitor the Ce
3+

 emission, the PMT 

detector was covered with 475 nm short-cut and 650 nm long-cut filters to filter out 

all but the Ce
3+

 luminescence. Then the decay curves were calibrated to the absolute 

luminance (in unit of mcd/m
2
) using a radiance meter (Glacier X, B&W Tek Inc). In 

order to monitor the Er
3+

 luminescence, the InGaAs PD was covered with a 1000 nm 

short-cut filter to filter out all but the Er
3+

 luminescence. Then the decay curves were 

calibrated to the photon emission rate (in unit of cps/Sr/m
2
) using the same radiance 

meter calculated by the absolute radiance (in unit of mW/Sr/m
2
) divided by photon 

energy (photon energy: E=hc/λ, where h is the Planck constant, c is the speed of light 

in vacuum and λ is the wavelength). The Photographs of the YAGG:Ce-Cr and 

YAGG:Er-Ce-Cr samples after charging by a 455 nm LED lamp (M445L3, 

THORLABS, Inc.,) for 5 min were taken by a digital camera (EOS kiss X5, Canon) 
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for the visible light region, and the settings remained constant: exposure time - 1 s, 

ISO value - 1600, aperture value (F value) - 5.0. The photographs for the short-wave 

infrared (SWIR) region (~900-1700 nm) were taken by a bio-imaging machine 

(NIS-OPT, Shimadzu) equipped with an InGaAs camera (Xeva-1.7-320, TE3 cooling 

system down to 223 K) after charging by the same 455 nm LED for 5 min, and the 

integrating time was set to be 0.04 s. 

 

Figure 8.1. X-ray diffraction (XRD) patterns of the YAGG:Ce, YAGG:Er, YAGG:Er-Ce, 

YAGG:Ce-Cr and YAGG:Er-Ce-Cr ceramic samples 

 

 
Figure 8.2. The measurement setup of photoluminescence (PL) 
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Figure 8.3. The measurement setup of persistent luminescent decay curves 

 

8.3. Results and discussion 

 

8.3.1. Efficient energy transfer from Ce
3+

 to Er
3+

 in YAGG host 

Fig. 8.4(a)-(c) show the PL spectra of the YAGG:Ce, YAGG:Er and 

YAGG:Ce-Er samples under 405 nm laser excitation. Both the broad band emission 

from Ce
3+

:5d1→4f peaked at 500 nm and sharp-line emission bands from 

Er
3+

:
4
S3/2→

4
I15/2 peaked at 555 nm, the 

4
S3/2→

4
I13/2 band peaked at 862 nm, and the 

4
I13/2→

4
I15/2 band peaked at 1532 nm in the YAGG:Ce-Er sample are clearly observed. 

Especially for the 
4
I13/2→

4
I15/2 transition, similar to that in the Y3Al5O12 (YAG) 

host
[40-44]

, broadly splitted bands ranging from 1450 to 1670 nm in the YAGG host are 

also observed. On the other hand, the emission bands due to the Er
3+

:
4
I11/2→

4
I15/2 

transition peaked at 966 nm and 1013 nm are almost quenched in the YAGG:Ce-Er 

sample compared with that in the YAGG:Er sample, which can be attributed to the ET 

from Er
3+

:
4
I11/2→

4
I13/2 to Ce

3+
:
2
F7/2←

2
F5/2, the famous “cross-relaxation process” in 

the Ce
3+

-Er
3+

 pair
45

 as shown in Fig. 8.4(d). This process can efficiently facilitate the 
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population of the 
4
I13/2 level and simultaneously improves the emission intensity of the 

Er
3+

:
4
I13/2→

4
I15/2 transition dramatically.

45
 

Fig. 8.4(e) shows that the lifetime of the Ce
3+

:5d1 level declines from 34.1 ns to 

12.2 ns after Er
3+

 co-doping, indicating extra decay pathways due to the non-radiative 

ET from Ce
3+

 to Er
3+

 in the YAGG:Ce-Er sample. The total decay rate (Wtot) of the 

5d1 level in the YAGG:Ce sample is given by  

 

𝑊tot = 𝐴 +𝑊MP = 𝜏𝐶𝑒
−1                  (1) 

 

where A is the radiative rate, WMP is the multi-phonon relaxation rate, and τCe is the 

lifetime of the 5d1 level in the YAGG:Ce sample. In the YAGG:Ce-Er sample, the 

extra decay pathways mainly from the 5d1 level of Ce
3+

 to the 
4
F7/2 and 

2
H11/2 levels of 

Er
3+

 are generated as shown in Fig. 8.4(d). The total decay rate in the co-doped 

sample is given by  

 

𝑊tot = 𝐴 +𝑊MP+𝑊ET = 𝜏𝐶𝑒,𝐸𝑟
−1           (2) 

 

where WET is the ET rate and τCe,Er is the lifetime of the 5d1 level of Ce
3+

 in the 

YAGG:Ce-Er sample. So the ET efficiency (ηET) is given by 

 

𝜂ET =
𝑊ET

𝐴+𝑊MP+𝑊ET
= 1 −

𝜏𝐶𝑒,𝐸𝑟

𝜏𝐶𝑒
              (3) 

 

Thus, the efficiency can be estimated to be ~64% indicating that not only in YAG,
43,44

 

but also in YAGG host, efficient ET can occur from Ce
3+

 to Er
3+

 (although energy 

transfer between Cr
3+

 and Er
3+

 also occurs, to simplify the mechanism in this paper, 

Cr
3+

 is assumed to act only as an electron trap due to its very low doping 

concentration). 
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Figure 8.4. PL spectra of the (a) YAGG:Ce (b) YAGG:Er and (c) YAGG:Ce-Er ceramic samples under 

405 nm laser excitation (d) energy level diagrams of Ce
3+

 and Er
3+

 (e) fluorescence decay curves of the 

YAGG:Ce and YAGG:Ce-Er ceramic samples (λex=405 nm and λem=500 nm) 

 

8.3.2. PL and PersL spectra 

Fig. 8.5(a) shows the PL spectra of the YAGG:Ce-Cr and YAGG:Er-Ce-Cr 

samples under blue laser (442 nm) excitation. The YAGG:Ce-Cr sample exhibits an 

intense emission band peaked at 505 nm due to the parity allowed 5d1→4f transition 

of Ce
3+

.
46-48

 Besides, a weak emission band peaked at around 690 nm is attributed to 

the Cr
3+

:
2
E(

2
G)→

4
A2(

4
F) transition (the so-called R-line). Comparing the PL spectrum 

of the YAGG:Ce-Cr sample with the diffuse reflectance of the Er
3+

 singly doped 

YAGG sample (YAGG:Er), the absorption bands (
4
I15/2→

4
F3/2, 5/2, 7/2, 

2
H11/2, 

4
S3/2) of 

Er
3+

 are largely overlapped with the emission band of Ce
3+

 indicating that the ET 

process from Ce
3+

 to Er
3+

 can efficiently occur. This is confirmed by the decrease of 

Ce
3+

 emission intensity in the visible range and the presence of several sharp emission 

bands at around 555 nm, 862 nm and 1532 nm owing to the f-f transitions of 
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Er
3+

:
4
S3/2→

4
I15/2, 

4
I13/2, and 

4
I13/2→

4
I15/2, respectively in the YAGG:Er-Ce-Cr sample. 

The quenching of the Er
3+

:
4
I11/2→

4
I15/2 bands peaked at 966 nm and 1013 nm is also 

observed as that in the YAGG:Ce-Er sample due to the cross-relaxation process 

mentioned in the section 8.3.1. 

The PersL spectra of the YAGG:Er-Ce-Cr sample recorded at different times 

after ceasing blue light illumination are shown in Fig. 8.5(b). The persistent emission 

bands not only exhibit a broad band peaked at around 500 nm due to Ce
3+

:5d1→4f 

transition but also intense sharp bands located at NIR region (around 862 nm and 

1532 nm) due to the f-f transitions of Er
3+

. Especially the PersL bands in the range of 

1450-1670 nm match well with the NIR-III window. The identical shape of PL and 

PersL spectra of the YAGG:Er-Ce-Cr sample suggests that the emission centers are 

the same under and after excitation. Since the efficient ET process from Ce
3+

 to Er
3+

 

was confirmed in the YAGG:Ce-Er sample shown in Fig. 8.4(e), we assume that the 

efficient persistent ET also occurs in the YAGG:Er-Ce-Cr phosphor after ceasing the 

blue light illumination. 
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Figure 8.5. (a) PL spectra of the YAGG:Ce-Cr and YAGG:Er-Ce-Cr ceramic samples (λex=442 nm) as 

well as the diffuse reflectance of the YAGG:Er ceramic sample (pink-dotted-line area is the detector 

change region from PMT to PbS) (b) PersL spectra of the YAGG:Er-Ce-Cr ceramic sample (integrating 

time: 10 s) after ceasing the blue light illumination 

 

8.3.3. Persistent luminescent decay curves 

The persistent luminescent decay curve monitoring the Ce
3+

 emission (475-650 

nm) of the YAGG:Er-Ce-Cr sample after ceasing the blue light illumination is shown 

in Fig. 8.6(a), in which the decay curves of the standard YAGG:Ce-Cr ceramic 

phosphor and a compacted ceramic pellet made of the commercial SAO:Eu-Dy 
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phosphor (LumiNova- GLL300FFS, Nemoto & Co. Ltd.,) under the same 

experimental condition are also plotted as references.
30

 The luminance values at 10 

min after ceasing the excitation are 58 mcd/m
2
 for YAGG:Er-Ce-Cr, 627 mcd/m

2
 for 

YAGG:Ce-Cr, and 211 mcd/m
2
 for SAO:Eu-Dy. [(see the photographs of the two 

samples after ceasing blue LED illumination in Fig. 8.6(c)]. Persistent luminescent 

duration to reach a luminance value of 0.32 mcd/m
2
 in the YAGG:Er-Ce-Cr sample is 

around 213 min, which is much shorter than that of the YAGG:Ce-Cr sample (about 

808 min), due to quenching effect of the green Ce
3+

 emission by the non-radiative 

persistent ET to Er
3+

 (note that the luminance value 0.32 mcd/m
2
 is the minimum 

value commonly used by the safety signage industry, about 100 times the sensitivity 

of the dark-adapted eye).
49

  

The persistent luminescent decay curve monitoring Er
3+

 NIR emission (>1000 

nm) of the YAGG:Er-Ce-Cr sample after ceasing the same blue light illumination is 

shown in Fig. 8.6(b), in which the decay curve of the standard ZnGa2O4:Cr
3+

 

(ZGO:Cr, emitting wavelength peaked at 695 nm) sample under the same 

experimental condition is also plotted as a reference.
50

 The NIR photon emission rate 

of the YAGG:Er-Ce-Cr sample for the NIR-III window at 10 min after ceasing the 

blue light excitation (8.33×10
17 

cps/Sr/m
2
) is over two times higher than that of the 

widely used deep-red persistent phosphor, ZGO:Cr (3.30×10
17 

cps/Sr/m
2
) for the 

NIR-I window (summarized in Table 8.1), which indicates that this persistent 

phosphor exhibits excellent PersL in NIR region by Er
3+

 as well as visible light region 

by Ce
3+

. In Fig. 8.6(d), we exhibit the first PersL imaging by a commercial InGaAs 

camera
51

 for the two garnet ceramic phosphors. Although the YAGG:Ce-Cr sample 

shows bright green PersL by a digital camera in the visible light region [see Fig. 8.6 

(c)], no signal can be captured by the InGaAs camera due to its lack of PersL in the 

short-wave infrared (SWIR, ~900-1700 nm) region. Since the InGaAs camera is only 

sensitive to the luminescence located in the SWIR region, the PersL imaging from 

Er
3+

 in the YAGG:Er-Ce-Cr sample was nicely recorded even using a very short 

integrating time (0.04 s, the maximum value to avoid the saturation of Er
3+

 PersL 
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intensity at 1 min after ceasing the blue light excitation). This result clearly proves 

that Er
3+

 PersL is intense and long enough to be recorded by an InGaAs camera. 

 

Figure 8.6. Persistent luminescent decay curves of the YAGG:Er-Ce-Cr ceramic sample (a) luminance 

monitoring Ce
3+

 emission (YAGG:Ce-Cr and SAO:Eu-Dy ceramic samples as references) (b) photon 

emission rate monitoring Er
3+

 emission (ZGO:Cr ceramic sample as a reference) and photo images of 

the YAGG:Ce-Cr and YAGG:Er-Ce-Cr ceramic samples after blue LED (455 nm, 1 W output) 

illumination for 5 min (c) taken by a digital camera (EOX kiss X5) with exposure time: 1 s, ISO value: 

1600, aperture value (F value): 5.0 (d) taken by a SWIR camera (Xeva-1.7-320 TE3)  

with integrating time: 0.04 s 

 

Table. 8.1. Luminance (mcd/m
2
), radiance (mW/Sr/m

2
) and photon emission rate (cps/Sr/m

2
) of the 

YAGG:Er-Ce-Cr sample after ceasing 460 nm excitation for 5 min compared with that of the 

YAGG:Ce-Cr, SrAl2O4:Eu-Dy and ZnGa2O4:Cr reference samples 

Composition 10 min  

(mcd/m
2
) 

10 min  

(mW/Sr/m
2
)  

10 min  

(cps/Sr/m
2
) 

YAGG:Er-Ce-Cr  58 1.08×10
-1

 8.33×10
17

 

YAGG: Ce-Cr 
30

  627 - - 

SrAl2O4:Eu-Dy 
30

  211 - - 

ZnGa2O4:Cr 
50

 - 0.92×10
-1

 3.30×10
17
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8.3.4. Thermoluminescence (TL) glow curves and 2D contour plots 

Fig. 8.7(a) and (c) show the TL glow curves of the YAGG:Ce-Cr and 

YAGG:Er-Ce-Cr samples monitoring only Ce
3+

 emission, respectively. Although the 

intensity of the Ce
3+

 emission in the YAGG:Er-Ce-Cr sample is much weaker than 

that in the YAGG:Ce-Cr sample due to the persistent ET from Ce
3+

 to Er
3+

, both of 

the glow peaks are located at around 300 K. This suggests that PersL from Ce
3+

 is 

originated from the same electron trap, Cr
3+

, in both samples with the same trap depth 

or more precisely with the same trap distribution.
31,34

 Therefore, the thermal activation 

energy which is required to clean up the electrons captured by the traps is the same.
31

 

For TL measurements monitoring the visible light region, the black-body radiation 

has nearly no effects on the TL read-out when the heating temperature is lower than 

600 K. On the other hand, when monitoring NIR emission, the excessive effect of 

black-body radiation on the TL read-out must be taken into account.
52,53

 Fig. 8.7(b) 

and (d) show the TL glow curves of the YAGG:Ce-Cr and YAGG:Er-Ce-Cr samples 

monitoring only NIR emission (>1000 nm), respectively. Since there is no contributed 

PersL from the YAGG:Ce-Cr sample at the wavelength region over 1000 nm, only 

intense black-body radiation from the sample and partially from the measurement 

setup is observed. However, for the YAGG:Er-Ce-Cr sample, the additional TL glow 

curve centered at around 300 K is also observed after subtracting the intense 

black-body radiation signal (blue-line by subtracting the black-dotted-curve from the 

red-dotted-line), which is ascribed to the PersL from Er
3+

 in the NIR region. 
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Figure 8.7. TL glow curves of the YAGG:Ce-Cr ceramic sample monitored by the (a) PMT detector in 

the range of 475-650 nm, (b) InGaAs detector in the range of over 1000 nm and the YAGG:Er-Ce-Cr 

ceramic sample monitored by the (c) PMT detector in the range of 475-650 nm, and (d) InGaAs 

detector in the range of over 1000 nm 

 

Fig. 8.8 shows the TL two-dimensional (2D) contour plots of the YAGG:Ce-Cr 

and YAGG:Er-Ce-Cr samples in order to see what kind of emission bands contributes 

to the TL glow peak at different temperatures. From the contour plots of the 

YAGG:Ce-Cr sample in Fig. 8.8 (a) and (b), it can be seen that at increased 

temperatures, the TL spectrum is simply composed of two emission bands from Ce
3+

 

and Cr
3+

, and no contributed emission except strong black-body radiation in the NIR 

region (1300-1700 nm, above ~500 K) is observed. On the other hand, in the 

YAGG:Er-Ce-Cr sample as shown in Fig. 8.8(c) and (d), besides the emission bands 

from Ce
3+

 and Cr
3+

, the NIR emission band of Er
3+

 appears at the same temperature 

range, which agrees well with its PersL spectrum in Fig. 8.5(b). The intense TL glow 

peaks of both YAGG:Ce-Cr and YAGG:Er-Ce-Cr samples lie in almost the same 

temperature range (around 300 K), close to RT and body temperature of Mammalia 

(around 310 K). Since the TL peak temperature is correlated to the energy gap 

between the bottom of conduction band and the electron trap,
49

 the identical glow 

temperature of the two samples indicates the same electron trapping and de-trapping 

process
54

 in both, where Cr
3+

 works as an efficient electron trap with ideal trap depth 

for long PersL in the host of Y3Al2Ga3O12.
30-33
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Figure 8.8. Wavelength-temperature (λ-T) contour plots of the (a), (b) YAGG:Ce-Cr and (c), (d) 

YAGG:Er-Ce-Cr ceramic samples 

 

8.3.5. Persistent luminescence mechanism 

The persistent luminescence mechanism of the YAGG:Er-Ce-Cr persistent 

phosphor is briefly explained by constructing the vacuum referred binding energy 

(VRBE) diagram
31,55,56

 composed of Ce
3+

, Er
3+

, Cr
2+

, conduction band (C.B), and 

valence band (V.B) energy levels in the Y3Al2Ga3O12 host (see Fig. 8.9). When the 

YAGG:Er-Ce-Cr sample is charged by blue light, the electron located at the ground 

state (
2
F5/2) of Ce

3+
 is promoted to the excited state of the lowest 5d energy level (5d1). 

Since the energy gap between the bottom of C.B and the 5d1 level is small, the excited 

electron can “jump” into C.B with thermal assisted activation energy at RT and then 

be trapped by the electron trapping center (Cr
3+

).
30,31

 At that time, Ce
3+

 is 

photo-oxidized into Ce
4+

 or (Ce
3+ 

+ h
+
) and Cr

3+
 changes into Cr

2+
 or (Cr

3+ 
+ e

-
) after 

capturing one electron (process ①).
31,56
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Then the de-trapping process occurs with thermal release of the captured electron 

from the Cr
2+

 (Cr
3+ 

+ e
-
) trap, and

 
finally the excited state of the Ce ion, (Ce

3+
)* 

appears after capturing the released electron in the re-combination process (process 

②). The radiative relaxation gives a broad band emission of Ce
3+

:5d1→
2
F5/2, 

2
F7/2, 

and the resonant ET process takes place nearly at the same time to Er
3+

 ion (process 

③), which is followed by rapid multi-phonon relaxation down to the 
4
S3/2 and 

4
I13/2 

excited levels leading to the sharp luminescence bands of Er
3+

: 
4
S3/2→

4
I15/2 in green 

and 
4
I13/2→

4
I15/2 in the NIR region. 

 

Figure 8.9. The VRBE diagram including selected energy levels of Ce
3+

, Er
3+

, and Cr
2+

 in the 

Y3Al2Ga3O12 (YAGG) host 

 

8.4. Conclusion 

In summary, we have successfully developed a blue-light-chargeable NIR 

persistent phosphor (Y3Al2Ga3O12:Er
3+

, Ce
3+

, Cr
3+

) with long (>10 h) persistent 

luminescence due to the typical Er
3+

:
4
I13/2→

4
I15/2 transition ranging from 1450 nm to 

1670 nm in garnet. The NIR PersL bands from Er
3+

 through efficient persistent energy 

transfer from Ce
3+

 match well with the NIR-III window, and its photon emission rate 
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(8.33×10
17 

cps/Sr/m
2
) at 10 min after ceasing blue light (460 nm) illumination was 

over two times higher than that of the widely used ZnGa2O4:Cr
3+

 deep-red persistent 

phosphor (3.30×10
17 

cps/Sr/m
2
). We also showed the first persistent luminescence 

imaging with high intensity and long duration by a commercial InGaAs camera. In 

vivo bio-imaging in the NIR-III window with improved optical resolution quality and 

deep tissue penetration depth can be expected in the near future by using this material 

(in the form of nano-particles) as a functionalized bio-probe.  
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Chapter 9 

 

Tailoring deep-red persistent luminescence of Cr
3+

 by 

crystal field engineering and selecting proper 

lanthanide sensitizers as additional electron traps 

based on the host referred binding energy (HRBE) 

diagram in garnet hosts 

 

Abstract:  

Garnet structure (A3B2C3O12) with three cation sites is a flexible host material 

widely used for w-LEDs, solid-state laser, scintillators and so on. In this work, we 

have successfully developed six different Cr
3+

 doped garnets: Y3Ga4.99Cr0.01O12 

(YGG:Cr), Gd3Ga4.99Cr0.01O12 (GGG:Cr), Lu3Ga4.99Cr0.01O12 (LuGG:Cr), 

Y3Sc1.99Cr0.01Ga3O12 (YSGG:Cr), Gd3Sc1.99Cr0.01Ga3O12 (GSGG:Cr) and 

Lu3Sc1.99Cr0.01Ga3O12 (LuSGG:Cr), which exhibit persistent luminescence (PersL) 

due to Cr
3+

 emission matching well with both the response curve of the crystalline 

silicon (c-Si) detector and the wavelength region of the first biological (NIR-I) 

window. The main emission band of Cr
3+

 in garnet hosts can be easily tunable from 

the sharp R-line emission due to the 
2
E (

2
G)→

4
A2 (

4
F) transition in the strong crystal 

field strength to the broad band emission due to the 
4
T2 (

4
F)→

4
A2 (

4
F) transition in the 

weak one when Lu
3+

 in the A site and Ga
3+

 in the B site are respectively replaced by 

larger cations, Y
3+

/Gd
3+

 and Sc
3+

. Especially the GSGG:Cr sample, its R-line emission 

was totally disappeared while only the broad band emission peaked at around 770 nm 

was observed, and its persistent radiance (0.54×10
-1 

mW/Sr/m
2
) at 60 min after 

ceasing the ultraviolet (UV) excitation was over three times higher than that of the 

widely used ZnGa2O4:Cr
3+

 deep-red persistent phosphor (0.15×10
-1 

mW/Sr/m
2
) at 

room temperature (RT). Furthermore, based on the knowledge of 4f energy levels of 
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lanthanide ions in the host referred binding energy (HRBE) diagram of GSGG host, 

four trivalent lanthanides (Sm
3+

, Eu
3+

, Tm
3+

, Yb
3+

) whose 2+ ground states located 

below the bottom of the conduction band (CB) were selected as potential candidates to 

be an electron trap in order to enhance the Cr
3+

 PersL. Among them, Yb
3+

 could 

introduce a new electron trap with a thermoluminescence (TL) glow peak located 

around 330 K overlapped with the intrinsic defect (photochromic center)-related 

electron trap in garnet host, and the persistent radiance of the GSGG:Cr-Yb sample 

(1.56×10
-1 

mW/Sr/m
2
) at 60 min after ceasing the UV excitation was enhanced to be 

nearly three times higher than that of the GSGG:Cr persistent phosphor (0.54×10
-1 

mW/Sr/m
2
) at RT. 

Design of Cr
3+

-Ln
3+

 co-doped deep-red garnet persistent phosphors using HRBE diagram 
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9.1. Introduction 

Persistent luminescence (PersL), also known as ‘‘glow-in-the-dark’’, is a specific 

type of luminescence that can last for seconds, minutes or even hours after ceasing 

excitation sources. It was once considered as a mysterious phenomenon in the ancient 

time, and firstly described in a Chinese miscellaneous note called “Xiang-shan Ye Lu” 

published in the Song dynasty (960-1279 A.D.). A cow painting using a special ink 

mixed by sulfide persistent phosphors from Japan (composed of calcium from 

seashells and sulfur from volcanic activities) glows in the dark to have inexplicable 

magic.
1
 In 1602, an Italian shoemaker, V. Casciarolo observed bright PersL from a 

mineral barite [more precisely, the reduction product of the mineral barite, barium 

sulfide (BaS) with the mono-valent copper (Cu
+
) impurity] in darkness, later to be 

known as the famous Bologna stone.
2
 Since then, numerous persistent phosphors have 

been reported, while it was only in 1996 that this research field began to attract much 

wider interest due to the discovery of the new generation green persistent phosphor, 

SrAl2O4:Eu
2+

, Dy
3+

 (SAO:Eu-Dy).
3
 

Till now, persistent phosphors emitting visible lights (mainly from blue to green) 

represented by SAO:Eu-Dy have been successfully commercialized for watch dials, 

luminous paints, out-door illumination and safety signage, etc.
4-6

 On the other hand, 

much more attention has been paid to red or even near-infrared (NIR) persistent 

phosphors since their emitting wavelength is suitable for in vivo bio-imaging due to 

the reduced scattering and minimal absorption coefficient when compared with 

ultraviolet (UV) and visible light, allowing imaging of deep biological tissues.
7-11

 

Furthermore, red/NIR persistent phosphors in the form of nano-particles charged by 

UV light (visible light in rare cases) before injecting into small animals can emit long 

PersL without real-time in-situ excitation. The exclusion of external illumination 

totally removes the autofluorescence as background noise, avoids complicated 

background subtraction procedures and thus improves the signal-to-noise ratio (SNR) 

remarkably.
7,12-14

 This new bio-imaging technology has soon become a hot research 

topic
15

 and motivated the fast development of different red/NIR persistent phosphors 
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with bright radiance and long duration. Among them, Cr
3+

 doped ones are considered 

to be promising candidates since Cr
3+

 ion with the 3d
3
 electronic configuration allows 

highly efficient d-d transitions located at around 700 nm, which matches well with the 

first biological window (NIR-I, 650 to 950 nm) as well as the response curve of 

commercial Si-detectors.
16

 However, only a few Cr
3+

 doped red/NIR long persistent 

phosphors have been reported so far, which are mainly gallate based ones such as 

Zn3Ga2Ge2O10:Cr
3+

,
17,18 

ZnGa2O4:Cr
3+

,
19,20

 LiGa5O8:Cr
3+

,
13

 and MgGa2O4:Cr
3+

,
21

 etc., 

because of the strong substitutability of Cr
3+

 for Ga
3+

 in the distorted octahedral 

coordination owing to their similar ionic radius. 

Garnet structure in the form of A3B2C3O12 is belonging to the cubic crystal system 

with space group of Oh
10

-Ia3̅d,
22

 in which three types of cation sites able to be 

occupied by different cation ions: (i) the A site, 24(c) dodecahedral site (D2 point 

symmetry) with a coordination number eight (CN=8), (ii) the B site, 16(a) octahedral 

site (S6 point symmetry) with a coordination number six (CN=6), and (iii) the C site, 

24(d) tetrahedral site (S4 point symmetry) with a coordination number four (CN=4). 

Therefore, the garnet structure can be regarded as an interconnected dodecahedra, 

octahedra and tetrahedra with shared oxygen atoms at the corners of the polyhedra as 

shown in Figure 9.1. Considering the high tolerability of these three cation sites (i.e. 

the larger dodecahedral sites are ideal for lanthanide ions while the smaller octahedral 

sites are of the appropriate size for Cr
3+

 ions), versatile doping strategies can be 

utilized to obtain different garnet matrices with different crystal fields.
23,24

 

Considering the emission band of Cr
3+

 is quite related to the crystal field strength of 

hosts and can be easily tunable from the sharp R-line emission due to the 
2
E 

(
2
G)→

4
A2 (

4
F) transition in the strong crystal field strength to the broad band emission 

due to the 
4
T2 (

4
F)→

4
A2 (

4
F) transition in the weak one because of different 

electron-phonon couplings,
24,25

 the dominant emission band of Cr
3+

 in garnet is 

expected to be quite controllable by tailoring the local crystal fields of different hosts, 

which is called “crystal field engineering”. 

On the other hand, in contrast to the characteristics of transition metal ions like 

Cr
3+

 that the electron in the outermost d orbital strongly interacts with the 
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arrangement of surrounding ligands, the 4f orbitals of lanthanide ions are well 

shielded from the bonding forces of ligands by 5s
2
 and 5p

6
 orbitals. Therefore, once 

the binding energy of the 4f ground state (GS) for one lanthanide ion relative to the 

conduction band (CB) or the valence band (VB) is determined, those of 4f levels of all 

other lanthanides in a certain material host can be estimated fairly well by 

constructing either host referred binding energy (HRBE) or vacuum referred binding 

energy (VRBE) diagrams.
26-30

 Since lanthanide ions are widely adopted as electron 

trap centers (hole trap centers in rare cases
31,32

) for developing novel persistent 

phosphors or enhancing PersL intensities in present phosphors, these theoretical 

prediction diagrams can be a very useful guide to choose proper lanthanide ions as 

efficient electron traps inducing desirably long PersL.
28,31,33,34

 Fortunately, as 

mentioned before, the A site in garnet structure is extremely suitable for doping 

lanthanide ions as activators, which has already achieved a huge success in various 

applications such as Ce
3+

 doped garnets for w-LEDs and scintillators,
35,36

 Nd
3+

 doped 

garnets for the high power solid-state laser,
37,38

 and Yb
3+

 doped garnets for the 

quantum cutting and down-conversion.
39

 

Recently, we have developed Cr
3+

 singly-doped Y3Al5-xGaxO12 (YAGG:Cr) 

garnet persistent phosphors showing deep-red PersL peaked at 690 nm, in which Cr
3+

 

ions act both as emitting centers and trap centers. The persistent radiance (in unit of 

mW/Sr/m
2
) of the optimized composition (x=3) after ceasing UV illumination at room 

temperature (RT) was nearly 5 times higher than that of the widely used ZnGa2O4:Cr
3+

 

(ZGO:Cr) deep-red persistent phosphor.
40

 On the other hand, we lowered the CB level 

by full Ga
3+

 substitution for Al
3+ 

in the Cr
3+

 singly-doped Gd3Al5-xGaxO12 (GAGG:Cr) 

garnet to be Gd3Ga5O12 (GGG:Cr) in order to decrease the electron trap depth 

(representing the energy gap between the bottom of CB and the electron trap) from the 

GS of Eu
2+

 as possible as we can, and firstly developed a bright deep-red persistent 

phosphor (GGG:Cr-Eu) in which Eu
3+

 ions can act as additional electron traps to 

greatly enhance the PersL intensity of the GGG:Cr phosphor over 20 times at RT.
41

  

The successful discovery of these Cr
3+

 singly- and Cr
3+

-Ln
3+

 co-doped garnet 

persistent phosphors motivates us to make full use of the flexible garnet structure and 
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systematically design novel red/NIR persistent phosphors for the NIR-I window. In 

this work, photoluminescence (PL) and PersL properties of six different garnets are 

investigated in detail and we introduce a facile way to develop Cr
3+

 doped garnet 

persistent phosphors using both the crystal field engineering to tune the emission band 

of Cr
3+

 and the HRBE diagram to select suitable lanthanide ions as efficient electron 

traps to further enhance the Cr
3+

 PersL intensity. 

 

Figure 9.1. Garnet structure (A3B2C3O12) with three different cation sites 

 

9.2. Experimental section 

 

9.2.1. Sample preparation 

Six Cr
3+

 singly-doped garnet ceramic samples with the compositions of 

Y3Ga4.99Cr0.01O12 (YGG:Cr), Gd3Ga4.99Cr0.01O12 (GGG:Cr), Lu3Ga4.99Cr0.01O12 

(LuGG:Cr), Y3Sc1.99Cr0.01Ga3O12 (YSGG:Cr), Gd3Sc1.99Cr0.01Ga3O12 (GSGG:Cr), 

Lu3Sc1.99Cr0.01Ga3O12 (LuSGG:Cr) and four Cr
3+

-Ln
3+

 co-doped garnet ceramic 

samples with the compositions of Gd2.997Sm0.003Sc1.99Cr0.01Ga3O12 (GSGG:Cr-Sm), 

Gd2.997Eu0.003Sc1.99Cr0.01Ga3O12 (GSGG:Cr-Eu), Gd2.997Tm0.003Sc1.99Cr0.01Ga3O12 

(GSGG:Cr-Tm), and Gd2.997Yb0.003Sc1.99Cr0.01Ga3O12 (GSGG:Cr-Yb) were fabricated 

by a conventional solid-state reaction method (compositions of different garnet 

samples are summarized in Table 9.1). Gd2O3 (99.99%), Y2O3 (99.99%), Lu2O3 

(99.99%), Sc2O3 (99.99%), Ga2O3 (99.99%), Al2O3 (99.99%), Sm2O3 (99.99%), 
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Eu2O3 (99.99%), Tm2O3 (99.99%), Yb2O3 (99.99%) and Cr2O3 (99.9%) were used as 

raw materials. The starting powder was mixed by a ball milling method with 

anhydrous alcohol for 1 h. The mixed powder was dried at 80°C for 36 h, compacted 

to form a ceramic green body (ϕ20 mm, 1.5 mm thickness) under uniaxial pressing of 

50 MPa, and finally sintered at 1600°C for 10 h in air. The as-prepared samples were 

double-face polished to be thickness of 1.0±0.1 mm using a copper plate and diamond 

slurry, all of which were confirmed to be single phase by XRD measurement (see 

Figure 9.2 and 9.3). 

Table 9.1. Nominal compositions of different garnet ceramic samples. 

Notation Composition Notation Composition 

YGG:Cr  Y3Ga4.99Cr0.01O12  LuSGG:Cr Lu3Sc1.99Cr0.01Ga3O12 

GGG:Cr  Gd3Ga4.99Cr0.01O12 GSGG:Cr-Sm Gd2.997Sm0.003Sc1.99Cr0.01Ga3O12 

LuGG:Cr  Lu3Ga4.99Cr0.01O12 GSGG:Cr-Eu Gd2.997Eu0.003Sc1.99Cr0.01Ga3O12 

YSGG:Cr Y3Sc1.99Cr0.01Ga3O12 GSGG:Cr-Tm Gd2.997Tm0.003Sc1.99Cr0.01Ga3O12 

GSGG:Cr Gd3Sc1.99Cr0.01Ga3O12 GSGG:Cr-Yb Gd2.997Yb0.003Sc1.99Cr0.01Ga3O12 

 

9.2.2. Sample characterization 

The diffuse reflectance spectra of the Cr
3+

 singly-doped garnet samples were 

measured by a spectrophotometer (UV3600, Shimadzu) equipped with an integrating 

sphere. The lifetime measurement of the Cr
3+

 singly-doped garnet samples were 

recorded with a compact fluorescence lifetime spectrometer (Quantaurus-Tau-C11367, 

Hamamatsu Photonics & Co. Ltd.,) using a pulse Xe lamp with a 460 nm band-pass 

filter. PL and PersL spectra of the garnet samples were measured at 25°C by a Si CCD 

spectrometer (QE65-Pro, Ocean Optics) and calibrated by a standard halogen lamp 

(SCL-600, Labsphere). The persistent luminescence excitation (PersLE) spectrum of 

the GSGG:Cr sample after ceasing illumination by monochromatic light for 1 min 

was measured by a fluorescence spectrophotometer (RF-5000, Shimadzu) using a 

home-made automatic operation program. Every PersL spectrum was measured at 5 

min after ceasing corresponding monochromatic light, the excitation wavelength was 



Chapter 9. Design of Cr3+-Ln3+ co-doped deep-red garnet persistent phosphors using HRBE diagram 

125 

 

changed at 5 nm intervals between 200 and 800 nm, and the emission wavelength was 

monitored from 600 to 900 nm. A 300 W Xe lamp (MAX-302, Asahi Spectra) with an 

UV mirror module (250-380 nm) was used as the excitation source for 

thermoluminescence (TL) two-dimensional (2D) plot measurements. The ceramic 

sample was set in a cryostat (Helitran LT3, Advanced Research Systems) to control 

temperatures and firstly illuminated by UV light at 150 K for 10 min, then heated up 

to 600 K at a rate of 10 K/min at 10 min after ceasing the illumination, and the TL 

signals were recorded by a Si photo-diode (PD) (S-025-H, Electro-Optical System 

Inc.,) covered with a 600 nm short-cut filter to monitor Cr
3+

 emission. The same Si 

CCD spectrometer was operated simultaneously with the TL measurement to monitor 

the emission spectra at different temperatures. All persistent luminescent decay curves 

of the garnet samples after being excited for 5 min by the same Xe lamp with the 

same UV module were measured at 25°C using the same Si PD covered with a 600 

nm short-cut filter. Then the decay curves were calibrated to the absolute radiance (in 

unit of mW/Sr/m
2
) using a radiance meter (Glacier X, B&W Tek Inc). The low 

temperature persistent luminescent decay curve of the GSGG:Cr sample monitoring at 

770 nm was measured by a fluorescence spectrophotometer (RF-5300, Shimadzu). 

The ceramic sample was firstly set in a closed-cycle helium cryostat (CRT-006-2000, 

Iwatani Plantech Co.) to cool down to 20 K (lowest temperature in our current 

condition), and then illuminated by 460 nm monochromatic light for 10 min. 

Photographs of the garnet samples after excitation by an UV (254 nm) lamp with 6 W 

output (SLUV-6, AS ONE Co. Ltd.,) for 5 min were taken by a bio-imaging machine 

(Clairvivo OPT, Shimadzu) equipped with a Si CCD camera (cooled down to 208 K), 

and the integrating time was set to be 1.0 s. 
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Figure 9.2. X-ray diffraction (XRD) patterns of the (a) YGG:Cr, GGG:Cr, LuGG:Cr and (b) YSGG:Cr, 

GSGG:Cr, LuSGG:Cr garnet ceramic samples 

 

 

Figure 9.3. X-ray diffraction (XRD) patterns of the GSGG:Cr and GSGG:Cr-Ln  

(Ln=Sm, Eu, Tm, Yb) garnet ceramic samples 

 

9.3. Results and discussion 

 

9.3.1. Crystal field engineering of Cr
3+

 in garnet 

Figure 9.4 (a) illustrates the diffuse reflectance spectra of the Cr
3+

 singly-doped 
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garnet ceramic samples. All of them mainly show two broad absorption bands located 

at around 450 nm and 600 nm, which can be ascribed to the intra-3d transitions of 

Cr
3+

: 
4
A2 (

4
F)→

4
T1 (

4
F) and 

4
A2 (

4
F)→

4
T2 (

4
F), respectively. Since the emission bands 

of Cr
3+

 strongly depend on the crystal field strength of hosts, the value of the local 

crystal field parameter (Dq) can be estimated from the mean peak energy of the 
4
A2 

(
4
F)→

4
T2 (

4
F) transition given by: 

Dq=
E(4A2→

4T2)

10
         (1) 

Moreover, based on the mean peak energies of the 
4
A2 (

4
F)→

4
T2 (

4
F) and 

4
A2 

(
4
F)→

4
T1 (

4
F) transitions, the Racah parameter (B) can be evaluated from the 

following equation: 

Dq

B
=

15(x-8)

(x2-10x)
           (2) 

Where the parameter x is defined as
42

 

x=
E(4A2→

4T1)-E(4A2→
4T2)

Dq
          (3) 

Based on these spectroscopic data, Dq/B of these garnet samples can be estimated as 

shown in Table 9.2. According to the Tanabe-Sugano (d
3
) diagram

43,44
 given in Figure 

9.4 (b), there is a cross-point region between the energy levels of 
4
T2 (

4
F) and 

2
E (

2
G) 

which represents the intermediate crystal field region between the weak and strong 

ones. When the value of Dq/B is small (in the weak crystal field condition), the 

emission of Cr
3+

 is mainly due to the 
4
T2 (

4
F)→

4
A2 (

4
F) transition (spin allowed). On 

the other hand, when the value of Dq/B is large (in the strong crystal field condition), 

the emission of Cr
3+

 is mainly due to the 
2
E (

2
G)→

4
A2 (

4
F) transition (spin forbidden). 

Considering the ionic radius that Gd
3+

>Y
3+

>Lu
3+

 in the A site and Sc
3+

>Ga
3+

 in the B 

site of the garnet structure, it can be suggested that the crystal field strength of garnet 

host decreases from LuGG to GSGG so that the spin type of the Cr
3+

 transition can 

change from spin forbidden in LuGG to spin allowed in GSGG. That is confirmed by 

the fluorescent decay curves monitoring Cr
3+

 emission of these garnet samples under 

460 nm excitation recorded at RT as shown in Figure 9.4 (c), the lifetime of Cr
3+
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emission estimated by the single exponential fitting (green line) decreases from LuGG 

(605.2 μs), LuSGG (584.1 μs), YGG (272.8 μs), GGG (162.2 μs), YSGG (120.1 μs), 

to GSGG (104.9 μs). 

 

 

Figure 9.4. (a) Diffuse reflectance spectra of the Cr
3+

 singly-doped garnet samples (b) the 

Tanabe-Sugano (d
3
) diagram and (c) fluorescent decay curves of the garnet ceramic samples (λex=460 

nm) monitoring Cr
3+

 emission recorded at room temperature (green line: single exponential fitting) 

 

Table 9.2. Estimated crystal field parameters of the Cr
3+

 singly-doped garnet ceramic samples. 

Sample 
4
A2→

4
T1 (nm) 

4
A2→

4
T2 (nm) Dq (cm

-1
) B (cm

-1
) Dq/B 

LuGG:Cr  434 599 1669 625 2.67 

LuSGG:Cr  436 603 1658 627 2.64 

YGG:Cr  440 613 1631 638 2.56 

GGG:Cr 449 627 1595 630 2.53 

YSGG:Cr 450 629 1590 631 2.52 

GSGG:Cr 455 641 1560 642 2.43 

 

Figure 9.5 (a) gives the PL spectra of the Cr
3+

 singly-doped garnet ceramic 

samples under 460 nm excitation at RT, all of which show the broad band emission of 

Cr
3+

 located from 650 nm to 1000 nm. The emission band of Cr
3+

 in the LuGG sample 

is attributed to the typical transition of R-line [
2
E (

2
G)→

4
A2 (

4
F)] peaked at 690 nm 

and some phonon sidebands (PSBs) due to the thermal vibration of Cr
3+

 ions.
45,46

 

When Lu
3+

 in the A site and Ga
3+

 in the B site are respectively replaced by larger 

cations, Y
3+

/Gd
3+

 and Sc
3+

, the broad band emission of Cr
3+

 due to the 
4
T2 (

4
F)→

4
A2 
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(
4
F) transition becomes dominant and gradually shifts to longer wavelength. 

Especially in the GSGG:Cr sample, the R-line emission is totally disappeared while 

only the broad band emission peaked at around 770 nm is observed at RT, which 

accords well with the decreasing trend of the crystal field parameter (Dq) from LuGG 

to GSGG in Table 9.2. 

PersL spectra of the garnet samples recorded at 5 min after ceasing UV 

illumination are shown in Figure 9.5 (b). It is worth noting that the spectral shapes of 

PL and PersL are almost identical in all of the garnet
 
samples which is quite different 

from the situation in the ZGO:Cr persistent phosphor, where the anti-site defect 

( 

ZnGa ) of the ZGO spinel structure is involved and plays a key role in the carrier 

trapping and detrapping process responsible for long PersL mainly from the N2-line 

emission.
12,19,20,47,48

 Therefore, we assume that the PersL due to the delayed charge 

carrier re-combination process in these Cr
3+

 singly-doped garnet samples occurs 

through the same kind of Cr
3+

 centers as that in PL. On the other hand, as shown in 

Figure 9.5 (c), all of the PersL spectra of the garnet samples match well with both the 

response curve of the Si detector used in this work and the wavelength region of the 

NIR-I window indicating that they can be potential candidates for in vivo bio-imaging 

applications. 
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Figure 9.5. (a) PL (λex=460 nm) and (b) PersL spectra (at 5 min after ceasing UV illumination for 5 min) 

of the Cr
3+

 singly-doped garnet ceramic samples measured at room temperature (c) response curve of 

the crystalline silicon (c-Si) photo-diode (S-025-H, Electro-Optical System Inc.,) and the wavelength 

region of the first biological window (NIR-I). 

 

Persistent luminescent decay curves of the Cr
3+

 singly-doped garnet ceramic 

samples after ceasing UV illumination for 5 min at RT are shown in Figure 9.6(a), in 

which the decay curve of the standard ZGO:Cr ceramic sample under the same 

experimental condition is also plotted as a reference (radiances of all the samples at 5 

min, 30 min, 60 min after ceasing UV illumination are summarized in Table. 9.3). 

Among them, the GSGG:Cr sample exhibits the highest PersL intensity, which is also 

confirmed by the photograph taken by the Si CCD camera at 30 min after ceasing 254 

nm illumination shown in Figure 9.6(b). The emission intensity of the GSGG:Cr 

sample is much higher than that of the other garnet samples, and strongly saturated 

even using a short integrating time (1.0 s) for imaging. Furthermore, the persistent 

radiance of the GSGG:Cr sample (0.54×10
-1 

mW/Sr/m
2
) at 60 min after ceasing the 

excitation is over three times higher than that of the widely used ZGO:Cr deep-red 

persistent phosphor (0.15×10
-1 

mW/Sr/m
2
).

49
 

 

Figure 9.6. (a) Persistent luminescent decay curves of the Cr
3+

 singly-doped garnet ceramic samples 

after ceasing UV (250-380 nm) illumination for 5 min compared with that of the ZnGa2O4:Cr
3+

 

reference sample (b) photograph taken by the bio-imaging machine using a Si CCD camera at 30 min 

after ceasing UV (254nm) illumination for 5 min (integrating time: 1.0 s). 



Chapter 9. Design of Cr3+-Ln3+ co-doped deep-red garnet persistent phosphors using HRBE diagram 

131 

 

Table 9.3. Radiances of the Cr
3+

 singly-doped garnet ceramic samples after ceasing UV (250-380 nm) 

illumination for 5 min compared with that of the ZnGa2O4:Cr
3+

 reference sample 

(in units of mW/Sr/m
2
). 

Composition 5 min  

(mW/Sr/m
2
) 

30 min  

(mW/Sr/m
2
)  

60 min  

(mW/Sr/m
2
) 

YGG:Cr  3.09×10
-1

 0.26×10
-1

 0.10×10
-1

 

GGG:Cr  0.78×10
-1

 0.13×10
-1

 0.07×10
-1

 

LuGG:Cr  0.72×10
-1

 0.06×10
-1

 0.04×10
-1

 

YSGG:Cr 4.02×10
-1

 0.80×10
-1

 0.35×10
-1

 

GSGG:Cr 5.63×10
-1

 1.19×10
-1

 0.54×10
-1

 

LuSGG:Cr 1.31×10
-1

 0.26×10
-1

 0.11×10
-1

 

ZnGa2O4:Cr 
49

  1.63×10
-1

 0.32×10
-1

 0.15×10
-1

 

 

Although the detailed mechanism of PersL is still an open question, the most 

acceptable one can be qualitatively explained by an electron trapping-detrapping 

process:
28

 when persistent phosphors are charged by excitation sources, electron-hole 

(e-h) pairs are generated and the excited electrons through CB are captured by 

electron traps. This process is usually called trapping process. Then the stored 

electrons can be released by thermal stimulation to CB (detrapping process) being 

re-combined with holes followed by PersL. In order to clarify the trapping and 

detrapping mechanism of the Cr
3+

 singly-doped garnet ceramic samples, TL 

2D-mappings (wavelength-temperature contour plots) monitoring Cr
3+

 emission are 

carried out as shown in Figure 9.7. All of the TL spectra are only composed of one 

emission band from Cr
3+

 indicating that except Cr
3+

 ions, no additional emission 

centers (i.e. impurities introduced during sample preparation procedures) contribute to 

the TL glow curves. Besides, the main TL glow peaks of the GGG:Cr, LuGG:Cr and 

LuSGG:Cr samples are located below 300 K, which can explain why these samples 

show weak PersL at RT. Because the thermal activation energy below 300 K is high 

enough to release most of the captured electrons in electron traps so that only small 

amount of the captured electrons are remained at RT inducing weak PersL especially 

after several minutes ceasing the UV excitation. However, the main TL glow peaks of 

the other three samples, particularly that of the YSGG:Cr and GSGG:Cr samples are 

located above 300 K so that the thermal activation energy below/at RT is not high 



Chapter 9. Design of Cr3+-Ln3+ co-doped deep-red garnet persistent phosphors using HRBE diagram 

132 

 

enough to clean up all the captured electrons and most of them can be slowly released 

being re-combined with holes inducing intense PersL with long duration. 

On the other hand, TL glow curves of all the garnet samples exhibit two broad 

bands located at two different temperature regions in accordance with our previous 

reports on the YAGG:Cr persistent phosphors.
40,50

 Since the TL peak temperature is 

correlated to the trap depth,
5
 two different glow peak temperatures indicate two types 

of traps existing in all of the garnet samples (note the low temperature related trap as 

Trap-I and the high temperature related trap as Trap-II). Although the detailed 

characteristic of these two traps such as distribution and relationship is still need to be 

further investigated, we assume that one of them is owing to the electron trap related 

to Cr
3+

 ions while the other one is due to intrinsic defects in garnet hosts. For the 

Cr-related electron traps, we have already discussed a lot in the Ce
3+

, Cr
3+

 co-doped 

Y3Al5-xGaxO12 (YAGG:Ce-Cr) green persistent phosphors, in which Cr
3+

 acts as an 

efficient electron trap (capture one electron to be Cr
2+

 or Cr
3+

 +e
-
) with ideal trap 

depth at x=3 for Ce
3+

 long PersL working at RT.
51,52

 On the other hand, the intrinsic 

defects [color centers, either F
+
 centers as electron traps or F

-
 centers as hole traps and 

oxygen vacancies (


OV or 


OV ) as electron traps are mostly possible] cause significant 

photochromic phenomena in all the Cr
3+

 singly-doped garnet samples under ambient 

conditions as shown in Figure 9.8(a). The body color of the garnet samples changes 

from green to brown under UV (254 nm) charging for 1min, and it takes several days 

to gradually or a short time under thermal bleaching at a relatively high temperature 

(i.e. 300°C for 5 min) to return back their original green body color. Furthermore, the 

coloration and decoloration process in all the garnet samples can repeatedly occur 

upon UV charging and thermal bleaching for many times, respectively. The 

photochromic phenomena in other persistent phosphors were also reported by other 

groups,
13,53

 which suggested that photochromic centers due to intrinsic defects in 

material hosts could serve as electron traps with deep trap depth for photo-generated 

electrons responsible for PersL or photo-stimulated luminescence (PSL). Therefore, to 

simplify the trapping and detrapping mechanism in garnet hosts, we assume that both 
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of the two traps are electron traps (hole traps are not discussed here) with energy 

levels locating below the bottom of CB, and the Trap-I with shallow trap depth is due 

to Cr
3+

 ions while the Trap-II with deep trap depth is due to intrinsic or lattice defects 

of garnet hosts. 

 

Figure 9.7. Wavelength-temperature (λ-T) contour plots of the (a) YGG:Cr (b) GGG:Cr (c) LuGG:Cr 

(d) YSGG:Cr (e) GSGG:Cr and (f) LuSGG:Cr ceramic samples monitoring Cr
3+

 emission. 

 

It is also worth noting that all of the Cr
3+

 singly-doped garnet ceramic samples 

exhibit PersL behaviors even at 20 K after ceasing blue light excitation as shown in 
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Figure 9.8(b) (take the GSGG:Cr sample as an example, it shows the highest PersL 

intensity than that of the other Cr
3+

 singly-doped garnet samples at RT). The 

reciprocal PersL intensity of the GSGG:Cr sample versus time after ceasing 460 nm 

charging presents a linear behavior which indicates that there is a strong athermal 

tunneling process in this material.
13,54-56

 According to the classical electron 

trapping-detrapping process through CB in persistent phosphors as mentioned before, 

the excitation energy is high enough (UV light in most cases) to liberate the electrons 

located at GS to the energy levels either within the CB or below the bottom of CB 

with a very small energy gap. So the excited electron can freely move through the CB 

with a low thermal assistant energy and be captured by electron traps. After ceasing 

the excitation light, the captured electrons can be gradually released with certain 

thermal activation energies leading to PersL.
28

 However, as the schematic illustration 

of the Cr
3+

 energy levels in the GSGG:Cr sample shown in Figure 9.8(c), blue light 

(460 nm) charging can only facilitate the 
4
T1 (

4
F) energy level of Cr

3+
 which has a 

large energy gap below the bottom of CB so that the classical electron 

trapping-detrapping process through CB cannot occur. However, it still exhibits PersL 

behaviors even at 20 K with a very low thermal assistant energy, which suggests that 

a tunneling trapping-detrapping process independent of temperature effects occurs in 

the forbidden band between the Trap-II and the 
4
T1 (

4
F) level inducing corresponding 

PersL from Cr
3+

. 
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Figure 9.8. (a) Photochromic phenomena in the Cr
3+

 singly-doped garnet ceramic samples (b) low 

temperature persistent luminescent decay curves of the GSGG:Cr ceramic sample monitoring Cr
3+

 

emission at 20 K (c) schematic illustration of the trapping and detrapping process in the GSGG:Cr 

ceramic sample under 460 nm excitation. 

 

In order to clarify the charging efficiency of different wavelengths for the 

GSGG:Cr ceramic sample, the PersLE spectrum monitoring Cr
3+

 emission was 

measured shown in Figure 9.9. As we expected, the main charging wavelength region 

with high efficiency is located at around 220~300 nm and peaked at around 270 nm. 

These charging energies are high enough to excite the electrons of Cr
3+

 ions located at 

GS to the 
4
T1 (

4
P) level (very close to the bottom of CB) or directly to the CB so that 

the classical trapping-detrapping process through CB can smoothly occur. On the 

other hand, although the charging efficiency is much lower than that of the UV region, 

the excitation wavelength from near UV (NUV) to visible light is also possible to 
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induce the Cr
3+

 PersL in GSGG. Therefore, the trapping-detrapping process under 

lower energy excitation is mainly due to the mentioned tunneling process between the 

Trap-II and the 
4
T1 (

4
F) state. Considering the emitting wavelength of commercial 

LED chips with high efficiency is mainly above 365 nm, the GSGG:Cr persistent 

phosphor is considered to be able to store energies from LED lamps and emit long 

PersL in the NIR region. It is also worth noting that compared with the ZGO:Cr 

deep-red persistent phosphor which can be charged by even lower energy (orange/red 

light) pumping the 
4
T2 (

4
F) state of Cr

3+
,
12,19,20

 the charging efficiency using red or 

even NIR light is almost zero indicating that the tunneling process between the 

Trap-II and the 
4
T2 (

4
F) state of Cr

3+
 cannot occur in the GSGG:Cr persistent 

phosphor.  

 

Figure 9.9. PersLE spectrum of the GSGG:Cr sample at 5 min after ceasing illumination by 

monochromatic light for 1 min (intensity ×50 from 365 nm to 800 nm). 

 

9.3.2. Selecting suitable lanthanide ions as efficient electron traps  

As mentioned in the introduction part, co-doping strategy using lanthanide ions as 

additional electron traps is widely used to further enhance the PersL intensity of 

persistent phosphors.
33,34

 The representative example is the well-known SAO:Eu-Dy 

persistent phosphor, although the Eu
2+

 singly doped SAO phosphor shows weak 

PersL at RT, when co-doped with Dy
3+

 as an additional electron trap, its PersL 
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intensity at 5 min after ceasing the excitation source can be greatly enhanced nearly 

30 times.
3
 However, considering preparing at least 15 different co-doping samples 

with different lanthanide ions as a trial and error method for one target material host 

which is an inefficient approach relying on serendipity, employ theoretical predictions, 

especially energy level locations of lanthanide ions in the target host is a much more 

efficient way to select suitable lanthanide ions as additional electron traps. The HRBE 

diagram of 15 lanthanides, proposed by Dorenbos,
26-30

 provides a strong predicting 

power since the characteristic variation in electron and hole trapping depths of 

lanthanide ions is given by the shape of the two zigzag curves representing the GS of 

divalent and trivalent lanthanide ions.
31-34 

Therefore, we again take the GSGG:Cr 

sample as an example to demonstrate how to select suitable lanthanide ions as 

potential electron traps to sensitize the Cr
3+

 PersL. 

Figure 9.10 shows the HRBE diagram of the GSGG host, the binding energy at 

the top of VB (EV.B) is defined as 0 eV. The exciton creation energy of the GSGG host 

is estimated to be 6.01 eV according to the PLE spectrum monitoring Cr
3+

 emission of 

the GSGG:Cr sample recorded at RT (see Figure 9.11), then the energy at the bottom 

of CB (EC.B) can be calculated by the exciton binding energy, which is approximately 

108% of the sum value of the exciton creation energy at RT plus the correction value 

(0.15 eV) as a rule of thumb.
30

 Therefore, the binding energy at the bottom of CB 

(EC.B) is defined as 6.65 eV [(6.01 eV + 0.15 eV)×1.08]. Besides, the binding energy 

of the 4f GS of Eu
2+

 (
8
S7/2) relative to EV.B is estimated to be 4.77 eV according to the 

charge transfer band (CTB) of Eu
3+

 in the GSGG:Eu sample (see Figure 9.12). Since 

the shapes of the zigzag curves are invariant within several 0.1 eV in the entire family 

of inorganic compounds, the binding energy of the 4f GS of all 14 Ln
2+

 ions relative to 

EV.B can be estimated and labelled by the red-trigonal zigzag curve.
26,57

 Furthermore, 

the inter 4f-electron Coulomb repulsive force of Eu
2+/3+

 [i.e. U(6,A)] in a host is used 

to evaluate the energy of the 4f GS of Eu
3+

 and other 13 Ln
3+

 ions relative to EV.B.
27

 

The value of U(6,A) can be roughly estimated based on an empirical relation between 

U(6,A) and the centroid shift of Ce
3+

 or Eu
2+

 in a certain host [i.e. c(1,3+,A) or 

c(7,2+,A)].
58-60

 In this paper, we define the value of U(6,A) to be 6.80 eV
52,61

 so that 
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the binding energy of the 4f GS of all 14 Ln
3+

 ions relative to EV.B can be estimated 

and labelled by the blue-trigonal zigzag curve. 

Considering the electron trapping-detrapping process for PersL, the 4f GS of the 

Ln
2+

 ion should be located below the bottom of CB, in which case the corresponding 

Ln
3+

 ion is possible to capture one electron from CB to be Ln
 2+

 or Ln
 3+

 +e
-
 acting as 

an electron trap. According to the HRBE diagram of the GSGG host, there are four 

trivalent lanthanides (Sm
3+

, Eu
3+

, Tm
3+

, Yb
3+

) whose 2+ GS are located below the 

bottom of CB indicating that they can be selected as potential candidates to be an 

electron trap. Therefore, four GSGG:Cr-Ln (Ln=Sm, Eu, Tm, Yb) garnet ceramic 

samples were prepared and their feasibility to be sensitizers for enhancing Cr
3+

 PersL 

are discussed below. 

 

 

Figure 9.10. The HRBE diagram of the GSGG host with two zigzag curves representing the ground 

states of divalent (red-trigonal-line) and trivalent (blue-trigonal-line) lanthanide ions. 
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Figure 9.11. Photoluminescence excitation spectrum (PLE) of the GSGG:Cr ceramic sample  

monitoring Cr
3+

 emission (λem=770 nm) 

 

Figure 9.12. (a) PLE (λem=590 nm) and (b) PL (λex=260 nm) of the GSGG:Eu ceramic sample 

(photograph of the GSGG:Eu sample under 254 nm illumination inserted) 

 

PL spectra of the GSGG:Cr-Ln (Ln=Sm, Eu, Tm, Yb) garnet ceramic samples 

under 460 nm excitation at RT are given in Figure 9.13(a), in which the PL spectrum 

of the GSGG:Cr sample is also plotted as a reference. All of the spectra mainly show 

the broad band emission of Cr
3+

 located from 680 to 1050 nm due to the 
4
T2 (

4
F)→

4
A2 

(
4
F) transition. Besides, two f-f emission bands from Tm

3+
 and Yb

3+
 are also observed 

in the GSGG:Cr-Tm and GSGG:Cr-Yb samples, which can be ascribed to the Tm
3+

: 

3
H4→

3
H6 (peaked at 784 nm) and Yb

3+
: 

2
F5/2→

2
F7/2 transitions (peaked at 1025 nm) 
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due to the energy transfer (ET) process from Cr
3+

 to Tm
3+ 

and
 
Yb

3+
, respectively.

62
 

After ceasing UV illumination for 5 min at RT, PersL spectra of all the garnet samples 

are observed shown in Figure 9.13(b) while the Cr-Eu co-doped sample shows the 

weakest PersL intensity with lowest SNR compared with that of the other four 

samples. The spectral shapes of PL and PersL are almost identical in all of the garnet
 

samples indicating that the emission centers are the same under and after excitation. 

 

 

Figure 9.13. (a) PL (λex=460 nm) and (b) PersL spectra (at 5 min after ceasing UV illumination for 5 

min) of the GSGG:Cr and GSGG:Cr-Ln (Ln=Sm, Eu, Tm, Yb) garnet ceramic samples. 

 

Persistent luminescent decay curves of the GSGG:Cr-Ln (Ln=Sm, Eu, Tm, Yb) 

garnet ceramic samples after ceasing UV illumination for 5 min at RT are shown in 

Figure 9.14(a), in which the decay curve of the GSGG:Cr sample is also plotted as a 

reference (radiances of all the samples at 5 min, 30 min, 60 min after ceasing UV 

illumination are summarized in Table. 9.4). Among them, the Cr-Sm and Cr-Tm 

co-doped samples exhibit nearly the same PersL behaviors compared with that of the 

Cr
3+

 singly doped GSGG sample. On the other hand, the PersL intensity dramatically 

decreases after Eu
3+

 co-doping while the Cr-Yb co-doped sample exhibits the 

enhanced PersL intensity, which is also confirmed by the photograph taken by the Si 

CCD camera at 60 min after ceasing 254 nm illumination shown in Figure 9.14(b). 
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The emission intensity of the GSGG:Cr-Yb sample is much higher than that of the 

other garnet samples while that of the GSGG:Cr-Eu sample is too weak to be captured. 

Furthermore, after co-doping with Yb
3+

, the persistent radiance of the GSGG:Cr-Yb 

sample (1.56×10
-1 

mW/Sr/m
2
) at 60 min after ceasing the excitation is enhanced to be 

nearly three times higher than that of the GSGG:Cr persistent phosphor (0.54×10
-1 

mW/Sr/m
2
). 

 

Figure 9.14. (a) Persistent luminescent decay curves of the GSGG:Cr and GSGG:Cr-Ln (Ln=Sm, Eu, 

Tm, Yb) garnet ceramic samples after ceasing UV (250-380 nm) illumination for 5 min (b) 

photographs taken by the bio-imaging machine using a Si CCD camera at 60 min after ceasing UV 

(254nm) illumination for 5 min (integrating time: 1.0 s). 

 

Table 9.4. Radiances of the GSGG:Cr and GSGG:Cr-Ln (Ln=Sm, Eu, Tm, Yb) garnet ceramic samples 

after ceasing UV (250-380 nm) illumination for 5 min (in units of mW/Sr/m
2
). 

Composition 5 min  

(mW/Sr/m
2
) 

30 min  

(mW/Sr/m
2
)  

60 min  

(mW/Sr/m
2
) 

GSGG:Cr 5.63×10
-1

 1.19×10
-1

 0.54×10
-1

 

GSGG:Cr-Sm  6.17×10
-1

 1.22×10
-1

 0.55×10
-1

 

GSGG:Cr-Eu  0.86×10
-1

 0.17×10
-1

 0.09×10
-1

 

GSGG:Cr-Tm 5.08×10
-1

 1.04×10
-1

 0.49×10
-1

 

GSGG:Cr-Yb 14.68×10
-1

 3.19×10
-1

 1.56×10
-1

 

 

Figure 9.15(a) illustrates TL glow curves of the GSGG:Cr and GSGG:Cr-Ln 

(Ln=Sm, Eu, Tm, Yb) garnet ceramic samples. Compared with the GSGG:Cr sample, 
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the TL glow curves nearly remain unchanged after Sm
3+

 and Tm
3+

 co-doping 

composed of the two glow peaks located at around 240 K and 330 K, which is also 

confirmed by the 2D mappings of the GSGG:Cr, GSGG:Cr-Sm and GSGG:Cr-Tm 

samples shown in Figure 9.15(b-c) and (e). The sharp PersL bands due to the Tm
3+

: 

3
H4→

3
H6 transition in the GSGG:Cr-Tm sample is attributed to the persistent ET 

process from Cr
3+

 to Tm
3+

, which is similar to the same process as that in the 

YAGG:Cr-Nd persistent phosphor, where it occurs from Cr
3+

 to Nd
3+

.
32 

The similar 

TL glow curves between the GSGG:Cr and the GSGG:Cr-Sm/Tm samples suggest 

that no additional electron traps are introduced after Sm
3+

/Tm
3+

 co-doping. 

Considering the energy level locations between the GS of Sm
2+

/Tm
2+

 and the bottom 

of CB according to the HRBE diagram of GSGG host, also the real energy level of CB 

should not be a straight line but wave function type according to the density 

functional theory (DFT),
22

 we assume that the real GS of Sm
2+

/Tm
2+

 is either located 

inside the CB or below the bottom of CB with a very small energy gap (the highest 

temperature to totally release the captured electrons in Sm/Tm-related electron traps is 

too low to be recorded in our experimental condition). In both cases, co-doping Sm
3+

 

or Tm
3+

 cannot contribute to the enhancement of Cr
3+

 PersL in GSGG. 

On the other hand, the main TL glow peak of the GSGG:Cr-Eu sample shifts to 

higher temperature peaked at around 485 K compared with that of the GSGG:Cr 

sample, and its intensity is much higher than the two original glow peaks (240 K and 

330 K). It indicates that Eu
3+

 acts as an additional electron trap with even deeper trap 

depth than the Trap-II shown in Figure 9.15(a) and (d). Since the main glow 

temperature of the GSGG:Cr-Eu sample is much higher than RT, the essential thermal 

activation energy to release the captured electrons in the Eu-related trap is much 

higher than that at RT. Therefore, the PersL intensity of the GSGG:Cr-Eu sample is 

much lower than that of the GSGG:Cr sample at RT. 

Unlike the main TL glow peak of the GSGG:Cr-Eu sample shifting to higher 

temperature, the main glow peak located at around 330 K in the GSGG:Cr-Yb sample 

is greatly enhanced and its intensity is much higher than that of the original glow peak 

located at around 240 K in the GSGG:Cr sample as shown in Figure 9.15(a) and (f). It 
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suggests that co-doping Yb
3+

 introduces a new electron trap overlapped with the 

Trap-II with the similar trap depth and the glow peak located at around 330 K 

becomes broader. Considering the energy level location of the Eu
2+

 and Yb
2+

 GS in 

the HRBE diagram of GSGG host, it is quite reasonable that the detrapping 

temperature for the captured electrons in the Yb-related trap is lower than that in the 

Eu-related trap. Furthermore, since the enhanced glow peak temperature is very close 

to RT after Yb
3+

 co-doping, the PersL intensity of the GSGG:Cr-Yb sample recorded 

at RT is much higher than that of the GSGG:Cr sample. 
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Figure 9.15. (a) TL glow curves of the GSGG:Cr and GSGG:Cr-Ln (Ln=Sm, Eu, Tm, Yb) garnet 

ceramic samples and wavelength-temperature (λ-T) contour plots of the (b) GSGG:Cr (c) 

GSGG:Cr-Sm (d) GSGG:Cr-Tm (e) GSGG:Cr-Eu (f) GSGG:Cr-Yb ceramic samples 

 monitoring Cr
3+

 emission. 

 

9.4. Conclusion 

In summary, we have successfully developed six different Cr
3+

 singly-doped 

garnets with cubic structure of A3B2C3O12: YGG:Cr, GGG:Cr, LuGG:Cr, YSGG:Cr, 

GSGG:Cr and LuSGG:Cr, which exhibit PersL due to Cr
3+

 emission matching well 

with both the response curve of the Si detector and the wavelength region of the NIR-I 

window. The main emission band of Cr
3+

 in garnet hosts can be easily tunable from 

the sharp R-line emission due to the 
2
E (

2
G)→

4
A2 (

4
F) transition in the strong crystal 

field strength to the broad band emission due to the 
4
T2 (

4
F)→

4
A2 (

4
F) transition in the 

weak one when Lu
3+

 in the A site and Ga
3+

 in the B site are respectively replaced by 

larger cations, Y
3+

/Gd
3+

 and Sc
3+

. Especially the GSGG:Cr sample, its R-line emission 

was totally disappeared while only the broad band emission peaked at around 770 nm 

was observed, and its persistent radiance (0.54×10
-1 

mW/Sr/m
2
) at 60 min after 

ceasing the UV excitation was over three times higher than that of the widely used 

ZGO:Cr deep-red persistent phosphor (0.15×10
-1 

mW/Sr/m
2
) at RT. Furthermore, 

based on the knowledge of 4f energy levels of lanthanide ions in the HRBE diagram of 

GSGG host, four trivalent lanthanides (Sm
3+

, Eu
3+

, Tm
3+

, Yb
3+

) whose 2+ GS located 

below the bottom of CB were selected as potential candidates to be an electron trap in 

order to enhance the Cr
3+

 PersL. Among them, Yb
3+

 could introduce a new electron 

trap with a TL glow peak located around 330 K overlapped with the intrinsic defect 

(photochromic center)-related electron trap in garnet host, and the persistent radiance 

of the GSGG:Cr-Yb sample (1.56×10
-1 

mW/Sr/m
2
) at 60 min after ceasing the UV 

excitation was enhanced to be nearly three times higher than that of the GSGG:Cr 

persistent phosphor (0.54×10
-1 

mW/Sr/m
2
) at RT. Since the body temperature of 

Mammalia (around 310 K) is very close to the main TL glow temperature of the 

GSGG:Cr-Yb sample, in vivo bio-imaging in the NIR-I window with deep tissue 
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penetration depth can be expected in the near future by using this material (in the form 

of nano-particles) as a functionalized bio-probe. Furthermore, Gd
3+

 ion is also widely 

used as a T1-weighted agent in magnetic resonance imaging (MRI) due to its 

capability to provide an enhanced positive contrast.
63,64

 Therefore, the GSGG:Cr-Yb 

nano-particles also possesses a possibility to be a dual-model medical diagnosis 

platform featuring both the deep tissue penetration for in vivo bio-imaging absence of 

background noise and the excellent spatial resolution for MRI. 

It is also worth noting that, although compared with the trap depth of the 

Yb
3+

-related electron trap in the GSGG host, that of the Eu
3+

-related electron trap is 

too deep to meet the requirement for the detrapping process working at RT or the body 

temperature of Mammalia. As we played in the Cr
3+

 singly-doped GGG phosphor,
41

 

once we lowered the energy level of the bottom of CB to decrease the electron trap 

depth from the GS of Eu
2+

, Eu
3+

 ions also can act as efficient electron traps to greatly 

enhance the PersL intensity of Cr
3+ 

at RT in the GGG:Cr phosphor.  

With this paper, we took different Cr
3+

 doped garnet materials as an example to 

introduce this facile way to develop red/NIR persistent phosphors using both the 

crystal field engineering to tune the emission band of Cr
3+

 and the HRBE diagram to 

select suitable lanthanide ions as efficient electron traps to further enhance the Cr
3+

 

PersL intensity. Since the crystal field engineering also makes sense in other material 

hosts (i.e. perovskite) which has different types of cation sites able to be occupied by 

different cation ions, and lanthanide ions are commonly used as additional trap centers 

for enhancing PersL, this flexible and efficient material design method can be a useful 

guidance, in a more general and convenient way to design novel persistent phosphors 

with high brightness and long duration in different material matrices. 
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Summary 

In Chapter 1, we start from two applications of persistent phosphors (i) safety 

signage/night vision applications in the visible light region; (ii) in vivo bio-imaging 

applications in the NIR region. Brief histories, important progresses, some existing 

problems, and personal perspectives are introduced. As described in this part, 

although persistent luminescence was observed and firstly recorded in China nearly 

1000 years ago, the progress on the understanding of this mysterious “self-sustained” 

luminescence phenomenon and the development of new persistent phosphors with 

high brightness and long duration is rather slow. Until 1993, T. Matsuzawa et al from 

Nemoto & Co., Ltd. (Japan) dropped a bomb to this “unpopular” research field 

because of the discovery of the super long green persistent phosphor, 

SrAl2O4:Eu
2+

-Dy
3+

. Since then, this “unpopular” research field becomes more and 

more “popular”, great efforts have been made on either understanding the mechanism 

of persistent luminescence or developing novel persistent phosphors with different 

emitting colors. As a result, numerous persistent phosphors emitting long persistent 

luminescence in the visible light region have been successfully developed, and some 

of them have been commercialized for watch dials, toys, and safety signage, etc that 

are now commonly used in our daily lives. On the other hand, in 2007, Q. le Masne de 

Chermont et al from France gave anthor shockwave to this research field since they 

demonstrated that NIR persistent phosphors can be used as a new generation 

bio-probes for in vivo bio-imaging with high signal-to-noise ratio. The merits of such 

kind of NIR perssistent luminescence nano-particles (PLNPs) like excitation-free, 

non-auto-fluorescence, long monitoring time, deep penetration for living bodies, etc 

describe a bright and pormising future for the in vivo bio-imaging, and thus motive the 

fast development of NIR persistent phosphors, especially in the recent 3-4 years 

In Chapter 2, basic knowledge on luminescence is summarized. Starting from the 

f-f and f-d transitions from lanthanide ions, and d-d transitions from transition metal 

ions (emphasized on Cr
3+

). The progress playing an important role in the dynamics of 

persistent luminescence, the electron trapping-detrapping process, is discussed. 



 

159 

 

Finally, as the only disscussed crystal structure in this dissertation, garnet structure in 

the form of A3B2C3O12 is briefly introduced, its flexible structure for either doping 

with rare-earth ions in the A site or transition metal ions in the B, C sites acts as 

fundamentals in my research life. 

In Chapter 3, blue-light-chargeable Y3Al2Ga3O12 (YAGG):Ce
3+

-Cr
3+

 green 

transparent ceramic persistent phosphors with different thicknesses were fabricated by 

solid state reaction and vacuum sintering method. Compared with an opaque 

YAGG:Ce
3+

-Cr
3+ 

ceramic phosphor of the same composition, the corresponding 

transparent ceramic phosphors exhibited brighter persistent luminescence after 

ceasing blue light excitation (460 nm) due to a typical “volume effect” of transparent 

materials. Because in the transparent ceramic phosphors, not only the surface but also 

the interior of the sample can be excited under illumination owing to their lower 

optical scattering coefficient than that of powder or conventional opaque pellets. In 

powder and opaque samples, only the surface part can efficiently be excited due to the 

strong scattering of the excitation light. For a transparent ceramic persistent phosphor, 

the persistent luminance can be increased with increasing sample thickness. The 

duration that the persistent luminescence intensity reaches 2 mcd/m
2
 of the 

YAGG:Ce
3+

-Cr
3+

 transparent ceramic (846 min) with 2.8 mm thickness was nearly 

twice of that of the compacted pellet made of the most widely used 

SrAl2O4:Eu
2+

-Dy
3+ 

commercial powder (433 min). Such novel transparent ceramic 

phosphors showing both high transparency and persistent luminescence possess great 

potentials for the future persistent illumination applications under w-LED illumination 

containing blue light source. 

In Chapter 4, based on the vacuum referred binding energy (VRBE) diagram of 

the Y3Al2Ga3O12 (YAGG) host, Pr
3+

, Nd
3+

, Tb
3+

, Dy
3+

 ions were selected and 

co-doped with Cr
3+

 ions to develop novel persistent phosphors. Since the energy gaps 

between the ground states of Pr
3+

/Tb
3+

 and the top of valence band (VB) are large 

enough so that Pr
3+

/Tb
3+

 ions can be stable hole traps, collaborating with Cr
3+ 

electron 

traps to induce the long persistent luminescence. The persistent luminance duration 

upon 0.32 mcd/m
2
 of the YAGG:Pr-Cr and YAGG:Tb-Cr samples due to Pr

3+
 (orange) 
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and Tb
3+

 (light green) emission could reach about 8 h and 12 h, respectively. However, 

because of the small energy gaps between the ground states of Nd
3+

/Dy
3+

 and the top 

of VB, Nd
3+

/Dy
3+

 ions cannot act as stable hole traps. Therefore, the persistent 

luminescent intensities of YAGG:Nd-Cr and YAGG:Dy-Cr samples are quite weak 

and dominated mainly by the deep-red transition of Cr
3+

. With this paper, we 

introduced a way to design novel garnet persistent phosphors from the knowledge of 

energy levels of lanthanide dopants. Since lanthanide ions are widely used as emission 

centers and/or trap centers for persistent luminescence, this theoretical prediction 

diagram can be a useful guidance for choosing proper lanthanide ions, in a more 

general and convenient manner to design new storage phosphors in different matrices. 

In Chapter 5, a novel red ceramic phosphor: Y3Al5-xGaxO12:Cr
3+ 

(YAGG:Cr
3+

, x 

from 0 to 5), showing bright persistent luminescence was developed by conventional 

solid-state reaction method. After ceasing UV illumination, the radiance of this 

material was nearly 5 times higher than that of the commonly used ZnGa2O4:Cr
3+

 red 

persistent phosphor. This behavior was mainly attributed to the efficient electron 

trapping and detrapping processes and one could adjust electron trap depth through 

different Ga
3+

 contents. Since garnet materials have been widely used for various 

applications, such novel red persistent phosphors are considered to possess a great 

potential for an improved in vivo bio-imaging application. Practical applications with 

better signal-to-noise ratio (SNR) in the in vivo bio-imaging field can be expected in 

the near future by using YAGG:Cr
3+

 garnet nano-particles with bright red persistent 

luminescence. 

In Chapter 6, we developed bright deep-red persistent phosphors of Cr
3+

-Eu
3+

 

co-doped Gd3Al5-xGaxO12 garnets (GAGG:Cr
3+

-Eu
3+

), in which only Cr
3+ 

ion shows 

emission bands centered at 730 nm after ceasing UV illumination and Eu
3+

 ion acts as 

an excellent electron trap capturing one electron to be Eu
2+

 with tunable trap depth by 

varying conduction band with Ga
3+

 content, x. The persistent radiance of the 

GGG:Cr
3+

-Eu
3+

 (x=5) sample at 1 h after ceasing UV light is approximately 25 times 

higher than that of the Cr
3+

 singly doped GGG sample, and is over 6 times higher than 

that of the widely used ZnGa2O4:Cr
3+

 red persistent phosphor. Practical applications 
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in the in vivo bio-imaging field can be expected in the near future by using 

GGG:Cr
3+

-Eu
3+

 nano-particles as optical probes. 

In Chapter 7, we developed a persistent phosphor of Y3Al2Ga3O12 doped with 

Nd
3+

, Ce
3+

, Cr
3+

 ions (YAGG:Nd-Ce-Cr) exhibiting long (>10 h) persistent 

luminescence at multi-wavelengths of around 880, 1064, and 1335 nm due to f-f 

transitions of Nd
3+

 and at 505 nm due to the Ce
3+

:5d1→4f transition. The intense 

near-infrared (NIR) persistent luminescence bands from Nd
3+

 match well with the first 

(650~950 nm) and second (1000~1350 nm) bio-imaging windows. The NIR persistent 

radiance of the YAGG:Nd-Ce-Cr phosphor (0.33×10
-1 

mW/Sr/m
2
) at 60 min after 

ceasing blue light illumination was over 2 times higher than that of the widely used 

ZnGa2O4:Cr
3+

 red persistent phosphor (0.15×10
-1 

mW/Sr/m
2
). Multi-functional 

applications not only in the in vivo bio-imaging but also in the drug delivery and 

cancerous chemotherapy can be expected in the near future by using this material as a 

nano-sized bio-probe with surface modification connected with functional organic 

radical groups. 

In Chapter 8, by utilizing efficient persistent energy transfer from Ce
3+

 to Er
3+

, we 

have successfully developed a novel garnet persistent phosphor of Y3Al2Ga3O12 

doped with Er
3+

, Ce
3+

, Cr
3+

 ions (YAGG:Er-Ce-Cr) exhibiting long (>10 h) 

near-infrared (NIR) persistent luminescence (PersL) in the broad range from 1450 nm 

to 1670 nm due to the typical Er
3+

:
4
I13/2→

4
I15/2 transition in garnet. The NIR PersL 

bands of Er
3+

 match well with the third bio-imaging window (NIR-III, approximately 

from 1500 nm to 1800 nm) and the response curve of InGaAs detectors. The photon 

emission rate (8.33×10
17 

cps/Sr/m
2
) of the YAGG:Er-Ce-Cr persistent phosphor at 10 

min after ceasing blue light illumination was over two times higher than that of the 

widely used ZnGa2O4:Cr
3+

 deep-red persistent phosphor (3.30×10
17 

cps/Sr/m
2
). We 

also show the first PersL imaging by a commercial InGaAs camera monitoring Er
3+

 

emission indicating that this material can be a promising candidate for in-vivo 

bio-imaging in the NIR-III window. 

In Chapter 9, we have successfully developed six different Cr
3+

 singly-doped 

garnets with cubic structure of A3B2C3O12: Y3Ga4.99Cr0.01O12 (YGG:Cr), 
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Gd3Ga4.99Cr0.01O12 (GGG:Cr), Lu3Ga4.99Cr0.01O12 (LuGG:Cr), Y3Sc1.99Cr0.01Ga3O12 

(YSGG:Cr), Gd3Sc1.99Cr0.01Ga3O12 (GSGG:Cr) and Lu3Sc1.99Cr0.01Ga3O12 

(LuSGG:Cr), which exhibit persistent luminescence due to Cr
3+

 emission matching 

well with both the response curve of the Si detector and the wavelength region of the 

first biological window (NIR-I). The main emission band of Cr
3+

 in garnet hosts can 

be easily tunable from the sharp R-line emission due to the 
2
E (

2
G)→

4
A2 (

4
F) 

transition in the strong crystal field strength to the broad band emission due to the 
4
T2 

(
4
F)→

4
A2 (

4
F) transition in the weak one when Lu

3+
 in the A site and Ga

3+
 in the B site 

are respectively replaced by larger cations, Y
3+

/Gd
3+

 and Sc
3+

. Especially the 

GSGG:Cr sample, its R-line emission was totally disappeared while only the broad 

band emission peaked at around 770 nm was observed, and its persistent radiance 

(0.54×10
-1 

mW/Sr/m
2
) at 60 min after ceasing the UV excitation was over three times 

higher than that of the widely used ZGO:Cr deep-red persistent phosphor (0.15×10
-1 

mW/Sr/m
2
) at RT. Furthermore, based on the knowledge of 4f energy levels of 

lanthanide ions in the host referred binding energy (HRBE) diagram of GSGG host, 

four trivalent lanthanides (Sm
3+

, Eu
3+

, Tm
3+

, Yb
3+

) whose 2+ GS located below the 

bottom of CB were selected as potential candidates to be an electron trap in order to 

enhance the Cr
3+

 PersL. Among them, Yb
3+

 could introduce a new electron trap with a 

TL glow peak located around 330 K overlapped with the intrinsic defect 

(photochromic center)-related electron trap in garnet host, and the persistent radiance 

of the GSGG:Cr-Yb sample (1.56×10
-1 

mW/Sr/m
2
) at 60 min after ceasing the UV 

excitation was enhanced to be nearly three times higher than that of the GSGG:Cr 

persistent phosphor (0.54×10
-1 

mW/Sr/m
2
) at RT. Since the body temperature of 

Mammalia (around 310 K) is very close to the main TL glow temperature of the 

GSGG:Cr-Yb sample, in vivo bio-imaging in the NIR-I window with deep tissue 

penetration depth can be expected in the near future by using this material (in the form 

of nano-particles) as a functionalized bio-probe. Furthermore, Gd
3+

 ion is also widely 

used as a T1-weighted agent in magnetic resonance imaging (MRI) due to its 

capability to provide an enhanced positive contrast. Therefore, the GSGG:Cr-Yb 

nano-particles also possesses a possibility to be a dual-model medical diagnosis 
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platform featuring both the deep tissue penetration for in vivo bio-imaging absence of 

background noise and the excellent spatial resolution for MRI. 
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