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General introduction




1.1 Introduction to afterglow

The objective of this thesis is to understand and to tailor the capturing and
detrapping processes of electrons and holes in afterglow and storage phosphors.
With that we aim to arrive at rational design concepts for the development of new
afterglow and storage phosphors with high charge carrier storage capacity.

Afterglow, also named persistent luminescence, is known as a self-sustained
light emission phenomenon' where a material first stores charge carriers liberated
by excitation with ultraviolet light, visible light, a-, B-, y-, or X-rays, and then
continuously emits photons from seconds to hours after the excitation source is
removed?®.

An afterglow phosphor is an inorganic compound in which anions and cations
are periodically arranged in a crystalline lattice that contains the luminescence
centre(s) and the charge carrier capturing centres’. The luminescence centre, also
known as the recombination centre, is where holes and electrons are recombined to
generate photon emission. The charge carrier capturing centres are often host
intrinsic defects or dopants where electrons and holes can be captured for a period
of time and then upon heating or optical stimulation can be released!*-!*.

Thermoluminescence (TL), also called thermally stimulated luminescence, is a
photon emission phenomenon when a phosphor is thermally stimulated'4. Fig. 1.1a)
shows an illustration of the thermoluminescence (TL) technique. A sample is first
heated from a starting to the ending temperature to empty all randomly filled traps
and next cooled to the starting temperature usually 300 K or 100 K. The sample is
charged at that starting temperature for a certain amount of time in the dark by
using ionizing radiation or monochromatic photons and next gradually heated to
the end temperature in a controlled way by using a constant heating rate like 1
K/s'5. A bandpass filter is usually placed between the photomultiplier (PMT) and
the sample to select the characteristic emission from the sample!®. A so-called
thermoluminescence (TL) glow curve is obtained by plotting the thermally
stimulated luminescence as a function of temperature. Fig. 1.1b) shows such a TL
glow curve for the commercial afterglow phosphor SrAl,O4:Eu*",Dy*" after f
irradiation charging. A TL glow peak near 328 K with Eu?" green emission is
observed when using a heating rate of 1 K/s. For afterglow phosphor applications
at room temperature, the TL glow peak should appear near 300 K. The trap depth
of a charge carrier capturing centre is approximately proportional to the
temperature where a TL glow curve emerges. Equations to describe a TL glow
have been reviewed by Bos in Ref. [14]. Assuming first-order TL-recombination
kinetics, the trap depth of a charge carrier capturing centre in a compound can be



estimated by using the peak maximum (Twm) of the TL glow curve and solving!# 1"~

20
kﬂTE2 :Sxexp(_§J (1)

m

m

in which s (s!) is the frequency factor, B stands for the heating rate (K/s), E (eV)
denotes the trap depth, and k is the Boltzmann constant.
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Fig. 1.1. (a) Demonstration of the thermoluminescence (TL) technique. (b) TL glow curve
of the commercial afterglow phosphor SrAl,04:Eu*",Dy3* (G-300M, LumiNova) recorded
at a heating rate of 1 K/s after 300s P irradiation while monitoring the Eu** emission. The
inset in b) shows a photograph of the afterglow from SrAlO4:Eu?",Dy*" after 365 nm UV
lamp charging for 30s in the dark at room temperature.

The afterglow phenomenon is known from the ancient Song dynasty of China
(960-1279 A.D.)*» 223, Y .Wen recorded a story describing an afterglow painting in
a Chinese miscellaneous book named “Xiang-Shan Ye-Lu”. In that painting, when
viewed in daylight, a cow emerged as eating grass outside of a barn, but it emerged
as resting inside of the barn when viewed in the dark?*. The glow-in-the-dark ink
used for this painting could be the first man-made afterglow phosphor that may be
imported from Japan because at that time there were frequent product trades
between Japan and China®.

The beginning of modern afterglow materials dates back to 1602. An Italian
alchemist called Vincenzo Cascariolo synthesized an orange afterglow stone by
sintering a barite (BaSO4) mineral obtained from Bologna at high temperature
under a reducing atmosphere?’. About 400 years later, the afterglow stone was
reproduced and studied further by M. Lastusaari et al. [25] using modern



experimental facilities like X-ray powder diffraction, photoluminescence
spectroscopy, and thermoluminescence technique. Results showed that an
afterglow emission band peaking near ~610 nm and ranging from 475 to 800 nm
was observed, which was attributed to the 3d°4s!—3d!° transition of Cu® in BaS.
The charge carrier capturing and detrapping processes in Cu’-codoped BaS still
remain unclear.

During the 20% century, limited work has been done to discover new afterglow
phosphors or to unravel charge carrier trapping processes. It turns out that Cu’,
Co?*-codoped ZnS with a green emission band peaking near 530 nm is the
dominant afterglow phosphor. To enhance its afterglow brightness for practical
applications, radioactive elements like radium (Ra), trittum (*H), or promethium
(Pm) are codoped into ZnS:Cu*,Co?" to induce ionizing radiation that continuously
charges or excites the afterglow phosphor* 26. The use of radioactive elements in
afterglow phosphors has led to both environmental contamination and health
problems. The most tragic story is about the “radium girls” who died because of
the over exposure to ionization radiation during working with the radioactive
afterglow phosphor in the United States Radium Company around 1917%". The
sulphide-based ZnS:Cu*,Co?" afterglow phosphor is hygroscopic, which limits its
long-term durability.

A new generation afterglow phosphor SrAl,O4:Eu**,Dy*" was developed by the
Japanese company (Nemoto & Co., Ltd.) after two years of trial-and-error research
in 1996%%. Fig. 1.2a) shows a photograph of the commercial product of
SrALL,O4:Eu?",Dy*" (LumiNova). Upon full charging by UV-light, about 30h
afterglow intensity above 0.32 mcd/m? can be observed by the dark adapted eye in
SrALLO4:Eu?",Dy*™. The ZnS-based afterglow phosphor has been replaced by
SrAL,O4:Eu*",Dy*" in the business market because of its better properties like
radioactive element free, ten times higher brightness and longer afterglow duration
time*. Since 1996, the research topic on afterglow phosphors has attracted great
interest. During the past 20 years, a lot of research work has been carried out and
several good afterglow phosphors with different afterglow colours have been
developed like CaAlLO4:Eu?"Nd*" (blue)®> 3°, SroMgSi>O7:Eu*’,Dy>" (blue)’!,
SrsAli4025:Eu?’,Dy*" (cyan)®, Y20,S:Eu** Mg?", Ti*" (red)** 33, (Cai«Srx)S:Eu**
(red)**,  Zn3Ga,Gex00:Cr**  (infrared)®, and Y3ALGa3O:Er**,Ce*",Cr
(infrared)*®.

Fig. 1.2b)-d) show the characteristic display applications of safety signage,
watch dials, and afterglow indicators using the commercial SrAl,O4:Eu?,Dy*
(LumiNova) afterglow phosphor in the dark. In 2011, the commercial SrAl,Os:
Eu?’,Dy*" afterglow phosphor paint was coated on the edges of the highway (N329)
near Amsterdam in the Netherlands. The afterglow phosphor paint can be charged



by sunlight during daytime and gives more than 8h green persistent luminescence
that illuminates the edges of highway in the dark. Drivers can be guided since our
eyes are very sensitive to the green afterglow light. Another new application
recently appeared in the long-term in vivo optical imaging by using infrared
afterglow nanoparticle phosphors®’. High contrast image can be obtained because
the infrared afterglow phosphor can continuously emit infrared photons without
real-time external excitation resulting in high signal-to-noise ratio’.

=]
() S—

Fig. 1.2. (a) The commercial SrA>O4:Eu?*,Dy*" (LumiNova) afterglow phosphor and its
application for (b) safety signage, (c) display of watch dials, and afterglow indicators in the
dark for (d) indoor and (e) highway (N329) in the Netherlands. The pictures in a)-d) and e)
are obtained from Refs. [4, 39] and Refs. [40, 41], respectively. Reproduction permission
(copyright 2019, Elsevier) from Ref. [4] is obtained for pictures in a)-d).

1.2 Introduction to storage phosphor

X-rays were rapidly applied in medical radiography after its discovery by
Wilhelm Conrad Réntgen on November 8, 189542, X-ray medical radiography is
based on the properties that X-rays are penetrative to many solid materials like
human tissues, and that the X-ray absorption coefficient is different in various
materials. Bone contains a lot of calcium, resulting in much more X-ray absorption
compared with soft tissues. For medical imaging application, the normally used X-
ray energy is between ~10 and 150 keV. The main interaction between such X-ray
and solid materials, like an inorganic compound LiLuSiOs4, is photoelectric
absorption.

Storage phosphors are known as information storage compounds which store
free electrons and holes in charge carrier capturing centres upon charging by



ionizing radiation like X-rays**’. Like an afterglow phosphor, a storage phosphor

is composed of the host lattice, the recombination centres, and the electron and
hole trapping centres. The duration time that the charge carriers are captured in a
storage phosphor is determined by the trap depths of the electrons and holes
capturing centres and their spatial distribution in the host lattice**. To avoid the
release of the trapped charge carriers at room temperature (RT), deep traps (>~1 eV)
are needed for storage phosphor applications’.

The beginning of digital radiographic technologies dates back to 1970s. At
January of 1975, Luckey et al. [48] reported a principle of computed radiography
(CR) technique in which a storage phosphor was used. Fig. 1.3 shows such a CR
technique to demonstrate the information storage and read-out. An imaging plate
(IP) is made by using a storage phosphor. A patient is placed between an X-ray
source and an imaging plate. The image information of a patient is stored in the
imaging plate in a cassette during X-ray exposure. The imaging plate is stimulated
point by point using a red laser to generate the recombination or stimulated photon
emission from the storage phosphor, which is then detected by a photomultiplier
tube (PMT). The imaging plate can be reused after erasure of stored information by
intense photon stimulation or heating.

Exposure Identification Scanning & erasure

IP read-out electrical signal
u Light guid
(flying-spot scanner)

digitisation
(NN

(3

Fig. 1.3. Demonstration of information storage and read-out by using an X-ray storage
phosphor based imaging plate (IP). This figure is reproduced with permission from Ref.
[49].

The requirements for a good storage phosphor for computed radiography
application have been summarized in Refs. [47, 49-51]. They comprise 1) high
absorption of X-rays and high conversion coefficient of stored X-ray energy to free
charge carriers captured in a storage phosphor for the medical X-rays with energies



between ~10 and ~150 keV; 2) slow fading of stored information at room
temperature in dark; 3) the stored charge carriers in defect traps can be stimulated
to recombine using an inexpensive laser excitation source; 4) the emission from a
storage phosphor after photon stimulation should fall between ~300 and ~450 nm
in order to be efficiently detected by a traditional photomultiplier tube; 5) the decay
time of the recombination centre should be short (<~2 us), and 6) the residual
stored information in a storage phosphor after readout by laser stimulation should
be erasable for re-use by an intense light source.
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Fig. 1.4. Thermoluminescence (TL) glow curve for the commercial BaFBr(1):Eu?" storage

phosphor after 300s P irradiation. The used heating rate was 1 K/s and the Eu?* emission
was monitored during TL recording.

BaFCIL:Eu?" and BaFBr:Eu?" were first developed as X-ray storage phosphors
for computed radiography in 1975°2. Their family of compounds were further
studied and a related patent appeared in Ref. [53] on December 16 of 1980. Today
BaFBr(I):Eu?* is still the commercial X-ray storage phosphor for computed
radiography®. Fig. 1.4 shows the thermoluminescence (TL) glow curve for the
commercial BaFBr(I):Eu?>" storage phosphor after B irradiation. BaFBr(I):Eu®
suffers from fading of the stored information because the TL glow peak near 372 K
is close to room temperature. BaFBr(I):Eu?" absorbs water in humid air leading to
decrease of its storage capacity. Researchers have tried to develop new storage
phosphors like BaBr, nanocrystal based glass ceramic’, SrS:Eu®",Sm*",
CsBr:Eu?"¢, Li;BaP,O7:.Ln (Ln=Ce, Eu, Tb, or Yb)®¥, and lanthanide doped
LiLnSiO4 (Ln=Y or Lu)** * 57 in order to replace the BaFBr(I):Eu?". A good
LiLuSiO4:Ce*",Tm** storage phosphor recently appeared in Ref. [44]. The
integrated TL intensity of optimized LiLuSiO4:Ce*,Tm?" is about 4 times higher
than that of the commercial BaFBr(I):Eu?" after an equal amount of B irradiation.



1.3 Fundamentals of afterglow and storage phosphors

There are defects in afterglow and storage phosphors that can trap electrons and
holes. The energy level locations of the defects in the forbidden gap are useful
information and their predictability can guide us to select electron and hole
capturing centres with different trap depths for afterglow and storage phosphor
applications. In this thesis, we will show how vacuum referred binding energy
(VRBE) level diagrams3¥-%° can be constructed for different inorganic compounds.
The VRBE diagrams are helpful to study these metastable defects and to guide us
to the rational design of new afterglow and storage phosphors.

1.3.1 The vacuum referred binding energy levels (VRBE) diagram

In 2012, the chemical shift model’® was developed to construct a vacuum
referred binding energy (VRBE) diagram based on lanthanide spectroscopy™. In a
VRBE diagram, the reference energy, also called zero point energy, is defined as
the energy of an electron at rest in vacuum. The VRBE of an electron is referred to
as the energy required to extract that electron from a system and to move it to the
vacuum. The electron may be originated from a compound host band or from the
ground or excited states of a dopant®. The VRBE diagram allows us to compare
the binding energy of an electron in the conduction band (CB), valence band (VB),
or impurity states like that of bismuth and lanthanides® °.

To demonstrate how to construct a VRBE diagram, Fig. 1.5 shows as example
that of the lanthanides in Sr3SiOs. Details to construct this VRBE diagram can be
found in Ref. [61]. The binding energies in the ground state 4f" levels of the
divalent and trivalent lanthanides are indicated by the red and the blue zigzag
curves named Ln?"3* and Ln*"*#*, respectively. The binding energies in the excited
first 5d; levels reached by spin allowed 4f-5d transitions of trivalent lanthanides are
linked by the blue curve named ES (3+).

The host exciton creation energy (E®) in Sr3SiOs is indicated by arrow a. This
energy was derived to be ~6.0 eV by a low-temperature (10 K) photoluminescence
excitation (PLE) spectrum of undoped Sr3SiOs in Ref. [61]. To reach the mobility
conduction band bottom, the electron-hole binding energy of the exciton needs to
be added®’, which is estimated by 0.008*(Ecx)?. It is near 8% of the exciton creation
energy for a wide band gap (Egp>7 €V) compound®?.

The electron transitions from 4f to 5di, 5d», and 5d; of Ce** in Sr3SiOs are
indicated by arrows b1, b2, and b3, respectively. These transitions were determined
by a low-temperature photoluminescence excitation spectrum of Ce** single doped
Sr3SiOs in Ref. [61].



Arrow ¢ shows the charge transfer (CT) from the valence band (VB) to Eu’*. It
is 3.96 eV (313 nm) determined from the low-temperature (10 K) excitation
spectrum of Eu?* single doped Sr3SiOs. During this Eu**-CT excitation, electrons at
the valence band top are excited to Eu*" and the 4f” (S7,2) ground state of Eu?" is
generated which is then located 3.96 eV above the valence band top. The vacuum
referred binding energy of an electron in the 4f7 (3S72) ground state of Eu* can be
obtained by the chemical shift model with the formula®:

18.05-U(6, A) (12)
0.777 - 0.0353U(6, A)

E, (7,24,4)= 2492+

in which Es4r (7, 2+, A) denotes the VRBE in the 4f” (3S7) ground state of Eu?"in a
compound (A) and U(6, A) represents the Coulomb repulsion energy for europium.
U(6, A) is defined as the binding energy difference between the ground state levels
of divalent and trivalent europium:

U(6,A)=E, (7,2+,4) — E, (6,3+, 4) (1.3)
U(6, A) can be estimated using an empirical formula®:
U(6,4) =5.44+2.834x g %30 4/22 (1.4)

in which the & (1, 3+, A), also called 5d centroid shift, is defined as the lowering
of the average energy of the five 4f—5d; (i=1, 2, 3, 4, and 5) transitions of Ce3" ion
in a compound (A) compared with that of Ce’" as a free ion (6.35 eV)®. The five
Ce*" 4f—5d; (i=1-5) transitions are known in many compounds®, and one can use
Eq. (1.4) to estimate the U(6, A) value. Because the 4f—5ds and 4f—5ds
transitions of Ce*" were not derived from the photoluminescence excitation
spectrum of Sr3SiOs:Ce’*, the U(6, A) value for Sr3SiOs cannot be obtained with
Eq. (1.4). It is estimated to be ~6.7 eV by comparing the known U values for other
related silicate compounds®. The Eaf (7, 2+, A) is then estimated to be about -3.9
eV by Eq. (1.2). Based on the obtained Esr (7, 2+, A), the VRBE at the valence
band top and the conduction band bottom can be determined by using the charge
transfer energy of O>—Eu?" and the host exciton energy, respectively.

The electron trap depth of Ln*" is defined as the distance between the
conduction band bottom and the 4f* ground state levels of Ln*" in a VRBE scheme
as shown in Fig. 1.5. The hole trapping depth is defined as the distance between the
valence band top and the 4f ground state levels of trivalent lanthanides. The shapes
of the divalent Ln?>*/Ln*" and the trivalent Ln*"#" zigzag curves as shown in Fig.
1.5 are in first approximation independent on type of compound®® % 9, In this
thesis we have used shapes as defined in Ref. [60].
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Fig. 1.5. The VRBE scheme for Sr3SiOs. The host exciton creation energy (Eex) is indicated
by arrow a. The electron transition from 4f to 5di, 5d2, or 5ds of Ce’" is indicated by arrows
bl, b2, and b3, respectively. The charge transfer from O to Eu’" is indicated by arrow c.
This figure is adapted from Ref. [61] with permission from the PCCP Owner Societies.

1.3.2 Electron capturing and electron liberation

With the constructed VRBE diagram, we will demonstrate how it can be used
to guide us to develop afterglow phosphor.

Fig. 1.6a) shows the VRBE scheme for Sr3SiOs containing the energy level
locations of lanthanides. The 5ds excited state of Ce*" is located in the conduction
band. It means that upon Ce** 4f—5d; excitation (arrow 1a) the electrons at the 5d3
excited state can directly transfer to the conduction band. The 5d, excited state of
Ce’' is close to but below the conduction band. It means that upon Ce** 4f—5d,
excitation (arrow 1b) the electrons at the 5d; excited state can only transfer to the
conduction band at room temperature (RT) via thermal activation (arrow 2)%-68,
The liberated electrons freely transport in the conduction band (arrow 3) and are
trapped by the shallow electron capturing centre of Dy*" (arrow 4). Ce*" is
converted to Ce*" and one may consider this as a hole trapped on Ce*'. The
electron trap depth of Dy?" is less deep than the hole trap depth of Ce** (E1<E2).
The electrons trapped at Dy?* are liberated slowly at RT to recombine with holes at
Ce*" producing characteristic afterglow emission of Ce** (arrows 5-7). That Dy3*
has captured an electron was evidenced in Ref. [61] by a TL glow peak near 320 K
in Fig. 1.6b).
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Fig. 1.6. (a) Illustration of the electron capturing (solid arrows 1-4) and detrapping (dash
arrows 5-7) processes in Sr3SiOs:Ce**,Dy*". The electron is indicated by the green filled
circle and the hole is shown by the red dashed circle. (b) TL glow curve of
Sr2.08Al0.02S10.9805:0.01Ce3",0.01Dy>" after B irradiation. The sample was preheated at 300
K to clean the TL peaks from host intrinsic traps. The figures are adapted from Ref. [61]
with permission from the PCCP Owner Societies.

Another example is the orange afterglow phosphor Ca3Si>07:0.1%Eu?*,0.5%
Tm?* in which Tm?" acts as an electron capturing centre as studied in Ref. [69]. A
so-called thermoluminescence excitation'® (TLE) spectrum was recorded by
studying what photon energy can charge the electron trap of Tm?**. The TLE
spectrum  of  CasSi207:0.1%Eu?*,0.5%Tm*"  overlaps with the Eu?'
photoluminescence excitation spectrum of CasSi»O7:Eu?*. It evidences that the
excitation of the Eu?" 5d states results in the electron liberation from Eu?" which is
then followed by electron capture by Tm?3*.

The depth of an electron capturing centre can be designed by the choice of
lanthanide co-dopant. The trivalent lanthanide co-dopants may act as electron
capturing centres when the 4f* ground state level locations of the corresponding
divalent lanthanides are located below the conduction band. The red zigzag curve
Ln?"** in Fig. 1.6a) shows that a predictable variation appears in the trap depth as a
function of the type of lanthanide ions.

In 2005, Dorenbos first proposed this assumption in Ref. [70], which later was
experimentally verified using a thermoluminescence (TL) study on YPO4:Ce**,Ln**
by Bos et al. [71, 72] in 2008. Here, Ce*" is the deep hole capturing centre and Ln>*
co-dopants are the less deep electron capturing centres. During exposure to [
irradiation, holes are captured by Ce** to form Ce*" while electrons are trapped by
Ln*" generating Ln?". Different Ln*" co-dopants create electron traps with different
trap depth. It means that different TL glow peak maxima appear due to electron
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liberation from Ln?" and recombination with holes at Ce*" in YPOs. Fig. 1.7
compares the trap depths of lanthanides derived from the VRBE scheme and the
experimental TL glow curves of YPO4:Ce**,Ln*" (Ln=Pr, Nd, Tm, Er, Ho, Dy, Sm,
or Yb). The VRBE scheme predicts that Yb*" has the deepest trap depth and Pr’*
has the shallowest trap depth. The experimental TL glow peak maxima induced by
Ln*" co-dopants are consistent with the prediction from the VRBE scheme.
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Fig. 1.7. A comparison of the trap depths of lanthanides determined from the VRBE
scheme and the experimental TL glow curves of YPO4:Ce**,Ln*". The figure is reproduced
from Ref. [71] with permission (copyright 2011, Elsevier).

The design of the electron trap depth by the choice of lanthanide has been
applied to Y3AlsO12:Ln*",RE* (Ln=Ce, Tb, or Pr; RE=Eu or Yb)”?, Sr;SiOs:
Ce*,Ln**%!, and GdAlO;:Ce*",Ln*74. In this thesis, we will apply the same
methods for LaPO.:Ce*",Ln3"®, NaYGeOs:Bi**,Eu*'”5, and LiLuSiO4:Ce*',Ln®*
(Ln=Tm or Sm). We will discuss the three cases in detail in Chapters 2, 5, and 6.

Quantum tunnelling recombination is another type of electron-hole
recombination process. In this case, the captured electrons are recombined with
holes via a localized tunnelling process between the electron traps and the
neighbouring excited states of the recombination centre rather than by a traditional
thermal excitation to the conduction band. It was deeply studied by Dobrowolska et
al. [76] in YPO4:Ce*',Ln** (Ln=Er, Ho, Nd, or Dy) in 2014. The tunnelling
recombination model has been utilized to discuss the afterglow mechanisms in
different compounds like BasSisO,;:Eu?*,Dy*" in Ref. [77] and Zn3Ga,GexO19:Cr3*
in Ref. [35].
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1.3.3 Hole capturing and hole liberation
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Fig. 1.8. Demonstration of the hole capturing and decapturing processes in YPO4:Sm>*, Tb*":
(1) production, (2) transport, and (3) capturing of charge carriers; (4) hole liberation; (5)
hole transport; and (6) recombination of electron and hole. The electrons and holes are
indicated by the green filled circles and the red open circles, respectively.

In Fig. 1.8 the hole capturing and decapturing processes are demonstrated in
YPO4:Sm*, Tb*". Upon external excitation like the exposure to B or y irradiation,
free charge carriers are formed. The holes can be captured by the Tb*" hole
capturing centre to form Tb*" while the electrons can be trapped by Sm** electron
capturing centre to form Sm?™® 7!, The thermal energy to liberate a hole from Tb*"
is less than that to liberate an electron from Sm?* (Ep<Ea). The holes captured at
Tb*" will be liberated at a lower temperature than electrons at Sm?>* and migrate
through valence band or migrate as a Vi centre (a hole bonded with two
neighbouring oxygen anions) to recombine with Sm?" to generate characteristic red
4f-4f emission of Sm3".

The type of hole capturing centre can be controlled by a choice of lanthanide
co-dopant. Fig. 1.8 shows that trivalent lanthanides may act as hole capturing
centres when their 4f ground state levels are above the valence band top and that as
a function of the type of lanthanide ion there is a predictable variation of the hole
trapping depth as indicated by the green Ln*"#* zigzag curve.

The hole capturing and detrapping processes are rarely studied and only a few
reports have appeared. In 1988, Chakrabarti et al. [78] reported that Sm** acts as a
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deep electron capturing centre while Ce*" acts as a less deep hole capturing centre
in MgS:Ce*,Sm*". During TL-readout, the holes are released from Ce*" to
recombine with electrons captured at Sm?* to generate characteristic 4f-4f emission
of Sm*". The other recent examples of hole capturing and liberation are reported by
Luo et al. on lanthanides co-doped GdAIOs" and RE20>S". A hole liberation from
Tb* or Pr*" was observed in GdAlOs. A hole detrapping process from unidentified
host-related defect(s) resulting in an orange Ti*" charge transfer emission and
typical Eu’" 4f-4f emission was found in Y>0,S:Ti*",Eu**.

In Chapter 2, it will be further demonstrated that holes can be captured by a
lanthanide hole capturing centre M (M=Tb or Pr) in YPO4:Ln** M3" (Ln=Sm, Eu,
or Yb) and then be liberated during TL-readout. Here, Sm**, Eu**, and Yb*" act as
deep electron capturing and recombination centres, while Tb*" and Pr*" act as less
deep hole capturing centres. The captured holes are liberated from Tb*" or Pr** to
recombine with the electrons captured at Sm?*, Eu?*, or Yb?" to give characteristic
4f-4f emission of Sm**, Eu®*, or Yb*".

In Chapter 3, we will evidence that Bi** can also act as a hole capturing centre
in YPO4:Ln*",Bi** (Ln=Tm, Sm, Eu, or Yb). In this case, Ln*" co-dopants act as
deep electron capturing centres while Bi*" appears as a less deep hole capturing
centre. During TL-readout, the holes at Bi*' are released at a lower temperature to
recombine with electrons captured at Ln?* to produce typical 4f-4f emission of Ln**.

The hole detrapping model is further verified in Chapter 6, where hole
liberation processes from Tb*', Pr*", and Bi*" were identified in LiLuSiO4:Eu’",
Ln** (Ln=Tb or Pr), LiLuSiOs:Eu**,Bi**, and LiLuSiO4:Bi**. We will show that the
storage mechanism in LiLuSiO4:Bi*" is due to the hole liberation from Bi*" and
recombination with electrons trapped at Bi*".

1.3.4 Trap depth engineering

For afterglow and storage phosphor applications, different depths are required.
Trap depths can be controlled by the choice of lanthanide ion but also by using a
band structure engineering approach.

One may tailor the electron trap depth through changing the vacuum referred
binding energy (VRBE) at the conduction band bottom. One reported example is
Y3AlsxGax012:Ce**,Cr** in Ref. [20], where Cr’** acts as the electron capturing
centre and Ce’" acts as the hole capturing and recombination centre. With
increasing X, the conduction band bottom moves downwards. Since the VRBE of
the electron captured at Cr?* remains almost constant, the trap depth of Cr** is then
decreased, resulting in a shifting of the TL glow curve towards lower temperature.
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In this thesis we will apply the same methods for the solid solutions of Gdi«LaxPOa:
Ce*" Ho*", NaLuixYxGeOs:Bi*" Eu**, and LiLuixYxSiOs:Ce’",Ln*" (Ln=Tm or
Sm), which will be presented in detail in Chapters 2, 5, and 6.

One may tailor the hole trap depth by changing the VRBE at the valence band
top. One example is reported by Luo et al. [7] for Gdi«LaxAlOs:Eu**,Ln*" (Ln=Tb
or Pr). With increasing x, the valence band top moves upwards whereas the VRBE
in the 4f ground state level of Tb?" or Pr’* remains almost constant. The hole trap
depth of Tb*" or Pr* decreases leading to a shifting of the TL glow curve towards a
lower temperature. In this thesis, we will systematically explore the hole trap depth
tailoring in five other solid solutions of YixLuxPOs:Eu**,Ln** (Ln=Tb or Pr), Y1
«LuxPO4:Eu** Bi*", LaixGdxPO4:Eu**,Pr¥*, LiLui«YxSiOs:Eu’",Ln*" (Ln=Tb or Pr),
and LiLuo25Y0.75S11-yGeyO4:Bi*" solid solutions. The detailed results will be
presented in Chapters 2, 3, 4, and 6.

1.4 Bismuth and its luminescence
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Fig. 1.9. Illustration of the optically excited electronic transitions, the intervalence charge
transfer (IVCT), and the metal-to-metal charge transfer (MMCT) transition for the trivalent
bismuth in a compound. This figure is adapted from Ref. [84] with permission (copyright
2017, Elsevier).

The earliest record of bismuth as an element dates back to 1739 by Potts and
Bergmann®’. Bismuth often exists in minerals in the form of sulfide (Bi:Ss),
carbonate ((BiO)2CO3), or oxide (Bi>03)®'. The bismuth element has the electronic
configuration of [Xe]4f!#5d'%6s%6p3. Bi can show various valence states like Bi°
(outermost electrons are 6p°), Bi* (6p?), Bi** (6p'), Bi** (6s?), Bi*" (6s!), or Bi**
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(5d'9)8% 82 Bi3* is the most common and stable form configuration. The free Bi**
ion has a 6s? electron configuration with 'Sy ground state. Optical transitions to the
6s6p configuration lead to the excited 'P; singlet state and the triplet levels of *Po,
3P1, and 3P>*. The transition of 'Sp—!P; is a spin-allowed transition. The transitions
of 'So—3Py, 'So—>Pi, and 'S¢—>P, are spin-forbidden®*. Because of spin-orbit
coupling and mixing with the 'P; state, the 'Sp—3P; transition becomes allowed.
The 'Sp—3P: transition can be induced via coupling with unsymmetrical lattice
vibrational modes®?. In Fig. 1.9 the optical transitions from the 'Sy ground state of
Bi** to its excited states of 3Py, *P,, and 'P; are shown, which are referred to as A-,
B-, and C-band transitions, respectively®® 3. In addition to these Bi** transitions
one may also observe a metal-to-metal charge transfer (MMCT) transition of an
electron from Bi** to a compound host cation (M™") as illustrated at the right side of
Fig. 1.9. This can be expressed as Bi*"/M™—Bi*"/M®-D*,

On the basis of the MMCT band, one can locate the 'Sy ground state of Bi** in a
VRBE diagram for a compound. Then with the A-, B-, and C- excitation bands of
Bi** from photoluminescence excitation spectra, the excited states of Bi*" can also
be located. Awater et al. [84] compiled the spectroscopic data of Bi** electronic
transitions in 117 compounds to determine Bi** VRBE energies. A part of the
results is shown in Fig. 1.10. With increasing of the U value of the compound, the
VRBE in the Bi*" 'Sy ground state decreases from about -5 to -10 eV, while the
VRBE in the 3P; excited state of Bi*" decreases less strongly from about -2 eV to -4
eV. We have used low-temperature Bi** photoluminescence excitation spectra to
locate the ground and excited states of Bi’* in the VRBE diagrams of REPO4
(RE=Lu, Y, or La) and ARE(Si,Ge)Os (A=Li, Na; RE=Y or Lu). This will be
presented in Chapter 3 and Chapter 5.

0

_12 1 " 1 " 1 " 1 " 1 " 1 " 1
6.2 6.4 6.6 6.8 7.0 7.2 74

U (eV)
Fig. 1.10. The vacuum referred electron binding energies (VRBEs) at the level locations of
the 'Sp ground and the P excited states of the trivalent bismuth as a function of the U
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parameter in 44 different compounds. This figure is adapted from Ref. [84] with permission
(copyright 2017, Elsevier).

Bi?" as a luminescence centre has been reported in few reports. In 1994, Blasse
et al. [86] reported an orange emission in bismuth doped SrB4O;, which was
assigned to Bi** luminescence. Later, Bi** emission was studied for light-emitting
diode (LED) based lighting applications in different compounds like phosphates,
borates, and sulphates®’-*°. The free Bi** ion has the [Xe]4'45d!°6s%6p' electron
configuration with a ?P ground state. The *P ground state is split into the 2Py
ground state and the excited P32 state due to spin-orbit splitting. The excited 2P3
state in a compound is further split into 2P3» (1) and ?P3 (2) due to crystal field
splitting®. The orange or red luminescence of Bi’' is assigned to arise from the
P31 (1)— 2Py transition®.
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BaSO,
SrB,0,
Srso,
BaBPO,
SrBPO,
CaBPO,
CaSO,
Li,BaP,0,
BiPO,
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MgGeO,

Bi,O,

Fig. 1.11. Stacked VRBE schemes of 15 compounds containing the VRBESs in the ground
and excited states of the Bi?" (orange horizontal bars) and Bi** (green horizontal bars). This
figure is adapted from Ref. [90] with permission (copyright 2017, Elsevier).

Based on the thermal quenching curves of Bi** 2P3, (1)— 2P1,2 emission and the
excitation spectra of Bi?*, Awater et al. [90] estimated the VRBEs in the excited
and ground states of Bi** in several compounds. The excited and ground state level
locations of Bi?* are indicated by the horizontal orange bars in Fig. 1.11. The
excited and ground states of Bi*" are also indicated by the horizontal green bars.
The VRBE in the Bi?" ground state emerges between -3.5 and -4 V. It is about
0.7+0.3 eV lower than that of the Bi*" excited state near -3 eV in the five
compounds of SrF,, CaF,, Li.BaP,O7, YPO4, and MgGeOs in Fig. 1.11. Awater et
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al. [84, 90] then proposed that an intervalence charge transfer (IVCT) of an
electron from the Bi** excited state to its neighbouring Bi** can occur to form a
Bi*" and Bi*' pair. This process is illustrated in Fig. 1.9. After Bi** A-band
excitation, an electron is excited from the Bi*" 'Sy ground state to the excited *P,
state. Energy is released by the electron transfer from the °P; state to a
neighbouring Bi*" producing a Bi*"-Bi?*" pair. A radiative transfer of the electron
from the Bi*" ground state to the hole at Bi*' is possible to generate a broad Bi*
pair emission in the visible range. When the transition is non-radiative this route
acts as a mechanism to quench Bi*" A-band luminescence®.

1.5 Thesis outline

In Chapter 2, the capturing and release processes of charge carriers are studied
in double lanthanide doped rare earth ortho-phosphates. We found that in
LaPO4:Ce*",Ln*" (Ln=Er, Nd, Ho, Dy, Tm, or Sm) the lanthanide codopants are the
electron capturing centres while Ce’* acts as the hole capturing and recombination
centre. The electron trap depth induced by lanthanide codopants can be controlled
by the choice of lanthanide, and for a fixed set of lanthanide codopants like in Gdi-
«LaxPO4:Ce3",Ho*" solid solutions, by adjusting X, resulting in conduction band
engineering. We also found that Ln** ions (Ln=Eu, Yb, or Sm) act as deep electron
capturing and recombination centres, while Tb*" and Pr*" are less deep hole
capturing centres in double lanthanide doped YPOs. The holes are liberated from
Tb*" or Pr*' to recombine with the electrons captured at Ln?" to produce typical 41-
4f emission of Ln**. Finally, we used Lu*" to replace Y** to engineer the VB
energy and to tailor the hole trap depths of Tb3* and Pr3* in Y xLuxPO4:Eu*",Ln?*
(Ln=Tb or Pr) solid solutions. The VB appears to move downwards and the hole
trap depths of Tb* and Pr** increase. The hole liberation from Tb*" or Pr** was
explored in LaPO4:Eu®*,Ln*" (Ln=Tb, Pr, or Ce).

In Chapter 3, we studied the dual role of Bi** in capturing electrons and holes in
lanthanide co-activated rare earth ortho phosphates. By combining Bi** with the
less deep hole capturing centre of Tb3" or Pr3*, Bi3" emerges to act as deep electron
capturing and recombination centre in YPOs. By combining Bi** with the deep
electron capturing centre of Ln** (Ln=Tm, Sm, Yb, or Eu), Bi** emerges to act as
less deep hole capturing centre in YPO4. The captured hole is liberated from Bi** to
recombine with the electrons at Ln?" to generate characteristic 4f-4f emission of
Ln**. The hole trap depth of Bi** can be controlled in Yi.«LuxPO4:Eu*",Bi**, by
changing x, leading to valence band engineering. The hole liberation from Bi*" was
also explored in LaPO4:Eu’",Bi**.

In Chapter 4, based on the results of Chapters 2 and 3, we explored a general
methodology to the rational design of thermally stimulated short-wave infrared
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(SWIR) Iuminescence between ~900 and 1700 nm for the second bio-imaging
window. This methodology is based on using Bi** as recombination centre and
combining that with efficient energy transfer from Bi** to Nd**. Nd** SWIR
afterglow emerges in La;xGdxPO4:Bi**, Tb** Nd** via adjusting hole liberation from
Tb* by changing x leading to valence band engineering.

Based on the results of Chapters 2, 3, and 4, we suspected that one may develop
good afterglow and storage phosphors if the charge carrier storage capacity can be
tailored in a compound. Therefore, in Chapter 5, we explored the methodology for
designing afterglow and storage phosphors by VRBE diagram guided band
structure engineering and crystal synthesis optimization.

Low-temperature (10 K) photoluminescence excitation and emission spectra of
the bismuth and lanthanide doped ARE(Si,Ge)Os (A=Li or Na; RE=Y or Lu)
system were studied and the corresponding VRBE diagrams were constructed to
guide the study of charge carrier trapping processes. By combining Bi*" with Eu**
or Bi*" itself, Bi’" emerges to act as a deep hole capturing and recombination centre,
while Bi** and Eu** are less deep electron capturing centres. Trap depth tailorable
afterglow and storage were obtained in Bi** single and Bi**,Eu*" co-doped NaLu;-
«YxGeO4 by changing x resulting in conduction band engineering. Finally, good
Bi*" afterglow and storage phosphors appear in NaYGeO4:0.001Bi*" and NaYGeOs:
0.01Bi**,0.001Eu*" by optimizing synthesis condition at 1200 °C during 24h.

In Chapter 6, based on the VRBE diagrams established in Chapter 5, we studied
the charge carrier trapping processes in lanthanide and/or bismuth doped
LiRE(Si,Ge)Os4 (RE=Y or Lu) system. We demonstrated that one can develop a
good storage phosphor through fully engineering the colour of recombination
emission, the trap depths of both electrons and holes, and the crystal synthesis
optimization.
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Charge carrier trapping processes in
lanthanide doped La-, Gd-, Y-, and LuPOy
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2.1. Abstract

Various methods for deliberate design electron and hole trapping materials are
explored with a study on double lanthanide doped rare earth ortho phosphates.
Cerium acts as recombination center while lanthanide codopants as electron
trapping centers in LaP04:0.005Ce**,0.005Ln>". The electron trap depth generated
by lanthanide codopants can be tailored by the choice of lanthanide, and for fixed
set of lanthanide dopants like in Gd;«xLaxP04:0.005Ce>*,0.005H0*" solid solutions
by changing x leading to conduction band (CB) engineering. Here, the electrons
liberated from Ho?" recombine through the conduction band at Ce** to yield Ce**
5d-4f emission. In contrast, samarium, europium and ytterbium are recombination
centers, while Tb*" and Pr3* act as hole trapping centers in double lanthanide doped
YPOs. For Tb*" and Pr** codopants recombination is realized via hole release rather
than the more common reported electron release. The holes recombine via the
valence band with the electrons trapped at Yb*", Sm?’, or Eu?" to generate 4f-4f
luminescence from Yb*", Sm**, or Eu®*. Lu*" was introduced in YPO4 to tailor the
valence band (VB) energy and to tune the hole trap depths of Tb** and Pr** in Y.
«LucP04:0.005Ln*" solid solutions. Our results promote the deliberate design
electron and hole trapping materials from deep understanding of trap level
locations and on the transport and trapping processes of charge carriers.

2.2. Introduction

The trapping and release processes of charge carriers are of interest for
practical applications and from a theoretical point of view' 2. When electron and
hole trapping materials are exposed to high energy radiation, for instance, beta
radiation or ultraviolet (UV) light, free electron and hole charge carriers will be
generated and then trapped in trapping centers, which are usually lattice defects or
impurities®. The trapped holes or electrons can be released by optical, thermal, or
mechanical excitation, ultimately yielding photon emission at wavelengths that can
range from ultraviolet to infrared, depending on the recombination centers and type
of compound! 4. For storage phosphors applied in X-ray imaging, deep traps (~2
eV) are needed to avoid thermal fading at room temperature (RT)°. Relatively
shallow traps (<~0.7 eV) are required to generate RT afterglow® 7. So, if we can
control the trap depth of holes or electrons, then in principle one may engineer or
deliberate design storage and afterglow properties.

The electron trapping and release process has been widely investigated! !!,
Ueda et al. reported the valence change of Ce** and Cr*" in Y3Al.GaszO1» persistent
phosphors using X-ray absorption near edge structure (XANES) spectroscopy!?.
Concentration of both Ce*" and Cr?' rises after exposing the sample to UV light.
This shows that Ce’" is the electron donor and the electrons produced via

26



photoionization can be trapped by Cr** electron trapping centers. By thermal
excitation at room temperature, the electrons trapped at Cr?* will be liberated
slowly to the conduction band and then recombine with Ce*' to finally generate
Ce’* emission peaked at ~510 nm'3. A similar partial oxidation of Eu?>* to Eu®* after
UV light excitation is observed in the well-known persistent phosphor
SrAl,O4:Eu?",Dy>* using XANES'.

Holes can also be liberated to recombine with a luminescence center. The hole
transport can be as a migrating Vi center or through the valence band?. Such hole
trapping and release processes are scarcely reported. One of the few cases is by
Chakrabarti et al. in the 1980s who observed that cerium acts as a hole trapping
center and samarium as a recombination center in MgS:Ce**,Sm?* after UV light
excitation'®. The holes liberate from Ce*" earlier than electrons from Sm?* and
recombine with Sm?* generating Sm>" 4f-4f emission. The other two examples are
from studies by Luo et al. on GdixLaxAlOs” and RE,0,S?. The trap depth of the
Tb** hole trapping center in Gdi-xLaxAlOs can be adjusted by changing x leading to
valence band energy changes. In RE20,S:Ti*" a hole release process leading to Ti*"
charge transfer emission was identified.

The rare reporting on hole trapping and release processes is associated with a
lack in our knowledge on how to distinguish such a hole trapping process from an
electron trapping process. For that we need information on where the hole or
electron traps are located within the bandgap. It is not until 2012 that the chemical
shift model was published that enables one to create a vacuum referred binding
energy (VRBE) diagram. One may now compare the binding energy at the valence
band top or conduction band bottom in various compounds with respect to a same
reference energy'®!?. This model shows that the VRBE in the 4" ground state of
trivalent and divalent lanthanides is almost independent on the type of compound?*-
23, Consequently, lanthanide related hole trap depth can be tuned by altering the
VRBE at the top of the valence band and electron trap depth through tailoring the
VRBE at the bottom of the conduction band’.

In this paper, based on the constructed VRBE diagrams and band gap
engineering, we will show how to deliberate design storage phosphors through
precisely controlling both the releases of electrons and of holes. La-, Gd-, Y-, and
LuPO, phosphates were selected as hosts due to their simple structures with only
one site to substitute for a trivalent lanthanide. To demonstrate the design concept,
the constructed VRBE diagram of YPOj is already shown in Fig. 2.1. The zigzag
curves I and II link the VRBE of an electron in the ground states of the divalent
and trivalent lanthanides, respectively. Such diagram is very useful to decide what
shallow and deep electron hole trap combinations can be used to arrive at specific
properties. For example, Eu®" 4f-4f emission will be observed for the Eu**-Tb*
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pair in YPOjs after hole release from Tb** since it is predicted that Eu** will act as a
much deeper electron trap than Tb*" as a hole trap.
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Fig. 2.2 show

s the stacked VRBE diagram for the four REPO4 compounds

studied in this work. It shows that the lanthanide trap depth can be engineered by
changing the VRBE at the conduction band bottom or valence band top. For
instance, the hole trap depth of Pr** or Tb** can be decreased by replacing Lu*" by

Y3, Gd*, or La®™.
0

14
2]
3]
—~4]

_5_:

>
L

L -6
7
>-81

m.
1
-9
-10
-11
-12

—

2+

Eu

o b

LaPO, GdPO, YPO, LuPO,

Fig. 2.2. Stacked VRBE diagram of REPO4 with the binding energy in the ground states of

Eu?*, Pr**, and Tb>".

28



2.3. Experimental

All starting chemicals were purchased from Sigma-Aldrich and used without
further treatment. Polycrystals were fabricated by a high temperature solid state
reaction. The appropriate stoichiometric mixture of NH4sH2PO4 (99.99%), LaxOs
(99.99%), Gd203 (99.99%), Y203 (99.99%), Lu203 (99.999%) and other rare earth
oxides (99.999%) were accurately weighted and mixed well in an agate mortar
with the help of acetone. The concentrations of the other rare earth oxides were
fixed at 0.5 mol %. Afterwards, it was fired in an alumina crucible for 10 h at 1400
°C under a reducing atmosphere of Ho/N> (H2:N2 7%:93%). After cooling, the as-
synthesized polycrystals were ground again and fired at 1400 °C for another 10 h
under the same reducing atmosphere. Finally, the polycrystals were naturally
cooled to room temperature, and the obtained compounds were ground into powder
before subjecting them to further measurements.

The crystal structures were characterized by a PANalytical XPert PRO X-ray
diffraction system with cobalt Ka (A=0.1788901 nm) X-ray tube at 40 mA and 45
kV. The collected X-ray diffraction (XRD) patterns were compared with reference
data derived from the Pearson’s Crystal Database. The photoluminescence
emission (PL) and PL excitation (PLE) spectra were recorded with equipment that
has a UV/VIS branch with a 500 W Hamamatsu CW xenon lamp and Horiba
Gemini 180 monochromator, and a VUV/UV branch that is constituted of an ARC
VMS502 vacuum monochromator and a deuterium lamp (D lamp). Princeton
Instruments Acton SP 2300 monochromator and PerkinElmer Photon Counting
Module MP1993 were used to disperse and record the emission from the samples.
The sample temperature was controlled with a closed-cycle helium (He) cryostat
(Model HC-4, APD Cryogenics Inc.) and a temperature controller of Lake Shore
331. All presented excitation curves were corrected for the incident photon flux.

Thermoluminescence (TL) measurements were recorded utilizing a RISO
TL/OSL reader (model DA-15) with DA-20 controller. All samples were irradiated
with a ?°Sr/*°Y B source with a dose rate of 0.7 mGy s’ in the TL setup in complete
darkness. All TL measurements were performed under a flow of nitrogen gas.
Samples with masses <20 mg and area ~0.6 cm? were used. For the TL
measurements on samples where Ce’* is the recombination center a 3 mm Hoya
C5-58 filter in the wavelength range of 350-470 nm was placed between the EMI
9635QA photomultiplier tube (PMT) and the sample to record Ce*" emission only.
In order to select the red emission when for example Eu®" is the recombination
center, a 600 nm bandpass filter of 600FS40-50 (S250-07) was placed between the
PMT and the samples.
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For the low temperature TL (LTTL) measurements (90-450 K), the samples
were first heated to 450 K for 2 min to empty all relevant traps and then cooled to
90 K followed by 600 s B irradiation with a *°Sr/°°Y B source at a dose rate of 0.4
mGy s'. LTTL recordings were measured at the heating rate of 1 K/s in a sample
chamber operating under vacuum (10”7 mbar) monitoring Eu* red emission with a
PerkinElmer channel photomultiplier tube (MP-1393). Liquid nitrogen was utilized
as a cooling medium.

Prior to the recording the TL emission (TLEM) spectra, the samples were
heated to 900 K 3 times to empty all relevant traps and then exposed to y-ray
irradiation from a ®Co source to charge the traps. Emission was recorded with a
UV/vis spectrometer (Ocean Optics, model QE65000) in the 200-900 nm range,
and a near-infrared (NIR) spectrometer (Ocean Optics, model NIRQ512) in the
900-1700 nm range. Both spectrometers have a high-resolution composite grating
of 300 lines/mm and an 100 mm entrance aperture, leading to wavelength
resolution of full width at half maximum (FWHM) of 3.3 nm.

TL excitation (TLE) spectra were recorded by means of first illuminating
samples during 2400 s using a monochromatic photon beam from a 150 W xenon
lamp (Hamamatsu 1.2273) filtered by a monochromator (Oriel Cornerstone 130).
The system was operated under Labview™ allowing the collection of multiple TL
glow curves from room temperature to 720 K at heating rate of 5 K/s with
changing illumination wavelength. The wavelength step is 10 nm, and the slit
width was set at 0.1 cm resulting in a spectrum resolution of 8 nm. The plot of the
integrated TL glow curve versus the excitation wavelength is called the TL
excitation spectrum?®. To collect Eu’* emission a 600 nm bandpass filter of
600FS40-50 was placed between the PMT and the samples.

2.4. Results

2.4.1. X-ray diffraction and photoluminescence spectroscopy

Fig. 2.3 shows part of the XRD patterns of Gdi.xLaP04:0.005Ce**,0.005H0*"
(x=0-1) solid solutions. GdPO4 and LaPO4 have the same crystal structure with
space group P12i/cl. Compared to pure GdPOs the diffraction peaks show a slight
shift towards smaller 20 angles because the lanthanum ions enter into the smaller
gadolinium sites and increase the cell volume. Similar solid solutions were
prepared for Y1xLuxPO4:0.005Eu*",0.005Tb*" and the XRD patterns shown in Fig.
S2.1 agree with that in Levushkina et al.?
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