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Storage phosphors have found widespread applications in dosimetry and computed radiography. To date, BaFBr(I):Eu2+ is 

the most commercially successful phosphor used in computed radiography. Due to their limited signal to noise ratio and 

erasure of stored information, investigations of alternative phosphor materials are crucial and BaLiF3 has emerged as a 

potential candidate. 

 

This thesis focuses on a thorough understanding of the luminescence phenomena and X-ray storage capability of single-

doped (BaLiF3:Eu3+, BaLiF3:Sm3+ and BaLiF3:Tm3+), co-doped (BaLiF3:Yb3+, Er3+), and undoped BaLiF3. The doped and 

undoped BaLiF3 powder were prepared by ball milling and characterized using powder X-ray diffraction, transmission and 

scanning electron microscopy, energy dispersive spectroscopy and X-ray photoelectron spectroscopy. Their optical 

properties were characterized by photoluminescence, upconversion luminescence and photoluminescence excitation 

spectroscopy in external magnetic field (9 T). Photoluminescence properties of nanocrystalline BaLiF3:Eu3+, BaLiF3:Sm3+ 

and BaLiF3:Tm3+ before and after X-irradiation was studied to quantify their X-ray storage capability of such host-activator 

systems. It is demonstrated that BaLiF3 is a potential host which can enable luminescence within a broad optical range 

(UV–infrared) depending on the activator. In addition, upconversion luminescence in BaLiF3:Yb3+, Er3+ was investigated 

and shown to increase by 2 orders of magnitude upon treatment by annealing at higher temperatures. Furthermore, the 

reduction of Er3+ upconversion luminescence as well as Yb3+ and Er3+ photoluminescence in BaLiF3:Yb3+, Er3+  as a 

function of increasing X-ray doses were explored in detail. It is demonstrated that Yb3+ and Er3+ co-doped BaLiF3 exhibits 

desirable sensitivity to X-ray radiation. 2D X-ray images were recorded based on the observed upconversion luminescence 

which demonstrated their potential for X-ray imaging along with dosimetry. Finally, a F3
+ colour centre is reported in 

undoped BaLiF3 upon annealing, which display a zero-phonon line at 764.8 nm. The zero-phonon line exhibited Zeeman 

effects in large magnetic fields due to a triplet ground state. This is the first observation of singlet to triplet luminescence 

of colour centre. The photoluminescence properties and X-ray storage capability of the F3
+ centre was rigorously explored. 

 

Significantly, this thesis advances the understanding of luminescent properties of  activated and pure BaLiF3 and sheds 

light on the utilization of these nanocrystals for practical implementations. 
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Abstract

Storage phosphors have found widespread applications in the field of dosimetry and computed

radiography due to their impressive properties, including large dynamic ranges and passive

storage modalities. A conventional storage phosphor consists of a host lattice and an activa-

tor, and BaFBr(I):Eu2+ (host-activator) is the most commercially successful phosphor used

in computed radiography. However, they still suffer from some drawbacks, such as limited

signal to noise ratio and erasure of stored information. Consequently, investigations of alter-

native phosphor materials have drawn significant recent attention and rare-earth ions doped

BaLiF3 has emerged as a potential candidate. This thesis focuses on a thorough understanding

of the luminescence phenomena and X-ray storage capability of single-doped (BaLiF3:Eu3+,

BaLiF3:Sm3+ and BaLiF3:Tm3+), co-doped (BaLiF3:Yb3+, Er3+) and undoped BaLiF3. The

doped and undoped BaLiF3 powders were prepared by ball milling method and characterized

using powder X-ray diffraction, transmission electron microscopy (TEM), scanning electron

microscopy (SEM) , TEM and SEM energy dispersive spectroscopy (EDS) and X-ray photo-

electron spectroscopy (XPS). Their optical properties were characterized by photoluminescence

(PL) and upconversion luminescence (UCL) spectroscopy and photoluminescence excitation

(PLE) spectroscopy in magnetic field up to 9 T.

Photoluminescence properties of nanocrystalline BaLiF3:Eu3+, BaLiF3:Sm3+ and BaLiF3:Tm3+

before and after X-irradiation was studied to quantify the X-ray storage capability of such

host-activator systems. It is demonstrated that BaLiF3 is a potential host which can enable

luminescence within a broad optical range from UV to infrared depending on the activator.

In addition, upconversion luminescence in BaLiF3:Yb3+, Er3+ was investigated and shown to

increase by 2 orders of magnitude upon heat treatment by annealing at higher temperatures.

vi



Furthermore, the reduction of Er3+ upconversion luminescence as well as Yb3+ and Er3+ pho-

toluminescence in BaLiF3:Yb3+, Er3+ as a function of increasing X-ray doses were explored

in detail. It is demonstrated that Yb3+ and Er3+ co-doped BaLiF3 exhibits desirable sensi-

tivity to X-ray radiation. Additionally, 2D X-ray images were recorded based on the observed

upconversion luminescence which demonstrated their potential for X-ray based imaging along

with X-ray dosimetry. Finally, a F+
3 colour centre is reported for the first time in undoped

BaLiF3 upon annealing (≥500 °C), which display a zero-phonon line at 764.8 nm and weak

electron-phonon coupling. The zero-phonon line exhibited Zeeman effects in large magnetic

fields due to a triplet ground state. To the best of our knowledge, this is the first report of

singlet to triplet luminescence of colour centre. The photoluminescence properties and X-ray

storage capability of the F+
3 centre was rigorously explored.

Significantly, this thesis advances the understanding of luminescent properties of activated

and pure nanocrystalline BaLiF3 and sheds light on the utilization of these nanocrystals for

practical implementations.
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Chapter 1

Introduction

1.1 Motivation

With the technological advancements achieved in the past century, advanced X-ray-based

imaging techniques have emerged as fundamental building blocks in the fields of computed

radiography [1–3] and medical diagnosis [4, 5]. In early years, conventional photographic films

were used for medical imaging [6, 7]. However, because of their poor response to X-irradiation,

high doses were required, which have an adverse effect on human health [8]. To address this

shortfall, scintillator screens were used to convert X-ray energy to visible luminescence for

which conventional photographic film is much more sensitive; the photographic film then acts

as the storage device [9]. Later, in the 1980s it was established that similar functionalities can

be obtained by replacing the scintillator screen-film system by a storage phosphor (known as

X-ray storage phosphor) coated plate which can directly store the radiation image that can

be read-out by a laser based ‘flying-spot’ method [10].

The performance of X-ray storage phosphor based computed radiography and that of a con-

ventional film system is compared in Figure 1.1. The storage phosphor based computed ra-

diography technology is highly sensitive in the X-ray region, and exhibits significantly higher

sensitivity by at least an order of magnitude [11] and a much higher dynamical range (104-

105) for image formation [12]. Hence, high X-ray doses are no longer required in the storage

phosphor based computed radiography which replaced the conventional film-screen method in
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1.1. Motivation

many medical imaging applications [13].

Figure 1.1: Comparison of storage phosphor based computed radiography (CR) and conven-
tional radiography [12, 14].

Traditionally, a computed radiography (CR) system comprises five components, namely, imag-

ing plate, optical read-out system, image processing unit, storage device and display unit [15].

It utilizes photostimulable phosphor as the imaging plates material that store radiation energy

as latent images rather than producing luminescence immediately after exposure [15, 16]. The

stored energy can be read-out by scanning the imaging plate with an external energy source

such as a laser which stimulates the emission of trapped energy as photostimulated light [17].

Subsequently the emitted luminescence is detected by a photomultiplier tube and the signal

is digitalized (by analog-to-digital converter) to form the image on a point-by-point basis [18].

Over recent decades, computed radiography has found widespread application in X-ray based

imaging [15, 19], including intraoral dental imaging [1], dosimetry [20], and preventive health-

care measurements such as breast-screening programs [21, 22].

A schematic illustration of the working principle of computed radiography is shown in Figure

1.2. At first, an object in front of the phosphor coated imaging plate is exposed to X-ray

radiation and the storage phosphor renders a latent image of the object by the distribution of

absorbed dose; this phase is termed as ‘image acquisition’ [23, 24]. The absorbed dose is mea-

sured in the ‘image read-out’ phase by the photostimulated emission of the storage phosphor

coated photographic plate by utilizing the ‘flying-spot’ method. In this process, a focused red

helium-neon laser beam is scanned across the imaging plate and the resulting photostimulated
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emission in the blue region of the visible spectrum as measured by a photomultiplier (PM) is

converted pixel-by-pixel into a digital signal [13, 25]. In computed radiography, BaFBr(I):Eu2+

is the most commercially used photostimulable X-ray storage phosphor [19, 26]. However, this

phosphor still suffers from some drawbacks such as limited spatial resolution, erasure of stored

information caused by the photostimulated light, and a limited signal-to-noise ratio.

Figure 1.2: Principle of computed radiography (CR) used to convert X-ray energy to visible
luminescence. An experimental object equipped with the photographic plate is exposed to X-
ray. A latent image is formed on the phosphor coated photographic plate by X-ray exposure.
The read-out of the photostimulated luminescence by the imaging plate is carried-out by
‘flying-spot’ laser.

In recent years, X-ray storage phosphors have also found widespread applications in the field

of dosimetry (radiation monitoring system) [20, 27–29] due to their impressive properties, in-

cluding large dynamic range, and passive storage mode [4, 5, 30].

With all these successful developments of the last 40 years in mind, realizing an efficient X-ray

storage phosphor, optimizing their preparation condition, and understanding their dependence

on material-specific properties are highly important for future advances.

1.2 Outline of this thesis

An X-ray storage phosphor comprises a host matrix and an activator ion which is then

combined with a sensitive luminescence-stimulation system and its successful implementa-
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tion mostly depends on a suitable combination of these two components [18]. Specifically, a

transparent host along with a strong emitting ion as activator are the key requirements for

desirable luminescence properties [12]. Importantly, the crystal structure of the host lattice

significantly influences the optical properties of an activator, since different crystal structures

provide different crystal field splitting and transition probabilities [11, 31]. Therefore, selecting

a host matrix with an appropriate crystal structure, and an activator that well incorporates

into that structure is crucial for their functioning.

The aim of this thesis is to investigate the radiation storage capability of barium lithium flu-

oride (BaLiF3) as the host matrix activated with rare-earth elements. BaLiF3 belongs to the

inverse-perovskite family and was chosen because of its non-hygroscopic properties, whereas

many of the halide perovskite hosts are very hygroscopic e.g., CsPbF3, CsCaF3, CsSrF3,

CsCaCl3 and CsBaCl3 [32–34]. Most importantly, a wide range of optically-active ions can

readily be incorporated into this system which may lead to interesting luminescence phenom-

ena [35–37]. Additionally, the inverse perovskite structure of BaLiF3 is itself very interesting

and may exhibit interesting optical phenomena.

The thesis is organized in 8 chapters:

Chapter 1 and 2 provide the motivation and background of rare-earth ions doped BaLiF3

relevant to the objective of this thesis.

Chapter 3 describes the experimental methods employed in the thesis, including the prepa-

ration process and the spectroscopic methods utilized to study the luminescence property of

doped and pure BaLiF3.

Chapter 4-7 include the experimental results and discussions. Specifically, Chapter 4

describes the UV and X-ray storage capacity of nanocrystalline BaLiF3 doped with Sm3+

(BaLiF3:Sm3+) and reports on the stability of X-ray generated Sm2+ ions upon blue excita-

tion light. The property of Ba0.8Sr0.2LiF3:Sm3+ is also discussed in this chapter.

Chapter 5 provides infrared photoluminescence spectroscopy of nanocrystalline BaLiF3 ac-

tivated with Tm3+. X-ray reduction (Tm3+ + e−→ Tm2+) and stability of X-ray induced

Tm2+ in BaLiF3:Tm3+ is presented in detail.

Chapter 6 describes the upconversion luminescence properties of Er3+ and Yb3+ co-doped

nanocrystalline BaLiF3. Additionally, this chapter demonstrates the performance of BaLiF3:
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(Er3+, Yb3+) for real-world applications such as X-ray imaging and X-ray dosimetry. To the

best of our knowledge, this is the first report that demonstrates computed radiography by

upconversion luminescence.

Chapter 7 reports on a new colour centre in pure nanocrystalline BaLiF3 including its gen-

eration and stability, and sensitivity to X-ray radiation.

Chapter 8 presents a summary of this thesis with a discussion of the experimental results

and their potential for applications in dosimetry, computed radiography, and solid-state laser

technology.
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Chapter 2

Background

2.1 Luminescence properties of X-ray storage phosphors

Storage phosphors typically absorb incident X-rays and exhibit a diverse range of luminescence

phenomena when excited with an appropriate excitation source [25, 38]. Specifically, depend-

ing on the optical properties of the activator, the storage phosphor/host-activator system can

display spectral emission spanning from the ultraviolet to the infrared [5, 11]. The lumines-

cence mechanism is based on absorption and subsequent emission of photons [39, 40] where

the emission can be excited by employing a range of excitation sources. Based on the energy

of the incident photon relative to the emission, phosphors exhibit Stokes (incident energy >

emission energy) and anti-Stokes (incident energy < emission energy) shifts [41, 42]. More

explicitly, photoluminescence-based phosphors follow the Stokes law whereas photostimulated

and upconversion materials typically display anti-Stokes luminescence.

2.1.1 Photoluminescence

Photoluminescence is a quantum mechanical process where a material absorbs incident pho-

tons and the energy is used to excite optical centres from the electronic ground state to an

electronically excited state [43]. Subsequently, the excited state is deactivated to the ground

state by the emission of a photon i.e., by photoluminescence light where the emitted photon is

of lower energy than the absorbed photon. The photoluminescence process can be categorized

as fluorescence and phosphorescence. Fluorescence refers to a spin allowed transition from the
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excited to the ground state and in this case the spin multiplicity (S) of both states is same

e.g., singlet-singlet and triplet-triplet transition. On the other hand, phosphorescence is a spin

forbidden transition where the excited and ground state have different spin multiplicities i.e.,

spin triplet (S = 1) and spin singlet (S = 0) and the transition between these states can only

happen because of spin-orbit coupling. As a consequence, phosphorescence lifetimes (typically

1 ms - 10 s) are much longer than fluorescence lifetimes (typically 0.1 - 10 ns).

In a phosphor, an activator acts as an individual atom in the host lattice and the exciting

radiation is absorbed by the activator, raising it to an excited state, and returns to the ground

state by emission of radiation (R) and/or nonradiative (NR) process. A basic luminescence

mechanism of a phosphor material is schematically shown in Figure 2.1a and b. The principle

of a photoluminescent (PL) material is shown in Figure 2.1c to illustrate the definition.

Figure 2.1: Diagram of basic luminescence mechanism of (a) direct and (b) indirect excitation
in host-activator system and (c) photoluminescent (PL) phosphor.

2.1.2 Photostimulated luminescence

After absorbing high energy radiation (UV/X-ray), electrons and holes are generated that are

trapped by defects in the host lattice resulting in metastable states. The electrons can be

easily liberated upon exposure to long-wavelength light such as near-infrared light and recom-

bine with the holes by resulting photostimulated luminescence (PSL) at shorter wavelength

[44]. Conventional phosphor, Eu2+ doped BaFBr(I) displays photostimulated emission [18, 45]
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upon red laser excitation. A schematic diagram of possible PSL mechanism is shown in Figure

2.2.

Figure 2.2: Schematic diagram of luminescent material that display photostimulated lumi-
nescence (PSL).

2.1.3 Upconversion luminescence

Upconversion is an optical process where two or more near-infrared photons are absorbed by

several intermediate energy states of a material [41, 46–49]. Importantly, the emitted lumines-

cence of an upconversion material is shorter in wavelength compared to that of the absorbed

light. Efficient generation of upconversion luminescence is typically based on excitation energy

transfer from a sensitizer to an activator. A sensitizer is a strong absorbing ion that transfers

the energy to the activator [50]. To generate efficient upconversion luminescence, finding a

suitable sensitizer-activator pair is important. In addition, the energy transfer from the sensi-

tizer to the activator is possible when the near-infrared excitation energy is absorbed by the

sensitizer whereas the activator exhibits no absorption at that wavelength. In addition to the

energy transfer based upconversion (ETU) mechanism, upconversion can also be induced by

the excited-state absorption (ESA) and photon avalanche (PA) mechanisms as is illustrated

in Figure 2.3 for a three-level system [50, 51].

In the case of excited-state absorption (ESA), an ion is excited from the ground G to the

excited state E1 (G → E1) by the absorption of a photon, and then a second photon promotes
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the excited ion from state E1 to higher-lying excited state E2 , yielding upconversion emission

from E2 (E2 → G).

Figure 2.3: Upconversion by the excited-state absorption (ESA), energy transfer (ETU) and
photon avalanche (PA) mechanisms (reprinted from ref. [50]).

Similar to ESA, the energy transfer upconversion (ETU) process also utilizes two photons,

however it involves two ions. Specifically, two neighboring ions (ion 1 and 2) absorb a pump

photon of equal energy and populate metastable states E1. Subsequently one of the ions (ion

2) is promoted to the upper emitting state E2 while other ion (ion 1) loses its excitation energy

and is back to the ground state G. This energy transfer mechanism results in upconversion

emission (E2 → G) and in this case ion 1 and ion 2 act as sensitizer and activator, respec-

tively. An efficient generation of upconversion luminescence strongly depends on the distance

(R) between the sensitizer and the activator ions as the energy transfer process is strongly

dependent on R. For example, the transfer probability for dipole-dipole interaction is inversely

proportional to the sixth power of the interionic distance (R−6).

The photon avalanche (PA) upconversion mechanism is a more complicated process and was

discovered by Chivian and co-workers [52] in a Pr3+ based quantum counter. It mostly de-

pends on the pump power and requires a pump intensity above a certain threshold value. The

PA process starts by populating the excited metastable state E1 level by ground state ab-

sorption (GSA) from G to E1. After the metastable state population, cross-relaxation energy

transfer occurs between the excited ion and a neighboring ground state ion. Therefore, both

ions occupy the intermediate state E1 and start to populate the visible-light-emitting level E2

to initiate further cross-relaxation. The population of E2 level exponentially increases by the
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2.2. Rare-earth ions as activators

resonant excited-state absorption (ESA) process and results in upconversion luminescence by

the PA process [50].

2.2 Rare-earth ions as activators

Recently, rare-earth ions (lanthanides) have received significant attention as activators in stor-

age phosphors because of their relative insensitivity to the crystalline environment which

results in intense and sharp optical transitions [53, 54]. In the periodic table, the lanthanides

(Ln) comprise a series of 15 elements between La (Lanthanum) and Lu (Lutetium) [55] as

illustrated in Figure 2.4 (red marked). These elements are known as rare-earth elements (RE)

since they were initially found in small quantities in oxide ores.

Figure 2.4: Rare-earth elements in periodic table (marked by red boxes). Note that Sc and
Y are considered as rare-earth elements because they display similar chemical properties to
the rare-earth elements due to the similar size and trivalent oxidation state.

The most common oxidation state for the rare earth ions is 3+ (trivalent) [56]. The trivalent

rare-earth have partially filled 4f shells with the electronic configuration 4fn5s25p6 where n =

0 to 14 [57, 58]. The inner filled 5s and 5p shells play a vital role to shield the 4f electrons from

perturbation caused by the surrounding environment (host) [59]. The rare-earth elements are

distinguished by their ionic radius which decreases with increasing atomic number as shown in
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Table 2.1. This is known as ‘lanthanide contraction’ which is due to the increase of nuclear

charge even though the f-electrons are shielded from the environment.

Generally, rare-earth elements do not only occur in the trivalent oxidation state but can also

be stable in the divalent state if they are incorporated in certain hosts. As shown in Table

2.1, compared to other rare-earth ions Eu3+/Eu2+, Yb3+/Yb2+ and Sm3+/Sm2+ have the

highest standard reduction potentials, -0.35 V, -1.04 V and -1.57 V, respectively [60, 61].

Table 2.1: Summary of the atomic number, electronic configuration, ionic radius, and stan-
dard reduction potential of trivalent rare-earth ions.

Rare-earth
element

(RE3+)

Atomic
number

(Z)

Electronic
configura-
tion of
RE3+

Ionic
radius
of RE3+

(pm)

Standard
reduction

potential
RE3+ + e− →RE2+

(V)
La (Lanthanum) 57 4f05s25p6 116.0 -3.74
Ce (Cerium) 58 4f15s25p6 114.3 -3.76

Pr (Praseodymium) 59 4f25s25p6 112.6 -3.03
Nd (Neodymium) 60 4f35s25p6 110.9 -2.62
Pm (Promethium) 61 4f45s25p6 109.3 -2.67
Sm (Samarium) 62 4f55s25p6 107.9 -1.57
Eu (Europium) 63 4f65s25p6 106.6 -0.35
Gd (Gadolinium) 64 4f75s25p6 105.3 -3.82
Tb (Terbium) 65 4f85s25p6 104.0 -3.47

Dy (Dysprosium) 66 4f95s25p6 102.7 -2.42
Ho (Holmium) 67 4f105s25p6 101.5 -2.80
Er (Erbium) 68 4f115s25p6 100.4 -2.96
Tm (Thulium) 69 4f125s25p6 99.4 -2.27
Yb (Ytterbium) 70 4f135s25p6 98.5 -1.04
Lu (Lutetium) 71 4f145s25p6 97.7 ——

2.2.1 Spectroscopy of rare-earth ions

As discussed above, rare earth ions have a partially filled 4f shell and due to the shielding by

5s and 5p electrons, the 4f electrons exhibit minimal interaction with the host lattice and show

only a slight dependence on the surrounding. This leads to dominant and narrow zero-phonon

line emissions (f → f transitions) which have attracted spectroscopists for a long time [62].

For a free rare-earth ion, electric dipole transitions between the 4f levels are parity forbidden.

11



2.2. Rare-earth ions as activators

However, in a crystal, electric dipole transitions can occur on non-centrosymmetric sites whilst

centrosymmetric sites can show magnetic dipole allowed transitions. In addition, vibrational

coupling may induce transition intensity. In highly symmetric crystals where electric dipole

transitions are forbidden, an admixture of opposite parity or presence of any defects can break

the symmetry rule by partially inducing electric dipole transition intensity. The spectroscopy

of trivalent rare-earth has been nicely summarized by Dieke [63] a while ago, and his famous

diagram is illustrated in Figure 2.5.

Figure 2.5: Energy level diagram of trivalent rare-earth elements (RE3+) in LaF3:RE3+

crystal (reprinted with permission from ref. [63]).

Partial energy level diagrams of specific rare-earth ions (which are investigated in this thesis)

are presented in Figure 2.6.

Among the rare-earth elements, divalent Eu2+, Sm2+ and Yb2+ can be readily observed in

crystals due to their broad 4f→ 5d absorption band and narrow 4fn → 4fn emission [60, 64–70].
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2.3. BaLiF3 as a host matrix

Figure 2.6: Partial energy level diagrams of Eu, Sm, Tm, Er and Yb in their 3+ and
2+ oxidation states. The observed transitions are indicated by red arrows (reprinted with
permission from ref. [63]).

In addition, rare-earth ions exhibit distinct luminescence properties which allow the investiga-

tion of a system within a broad optical range spanning from the UV to the infrared (380-1800

nm), facilitating photostimulated, photoluminescence and upconversion luminescence light.

2.3 BaLiF3 as a host matrix

To explore new luminescent systems for their application as phosphors, investigations of the

interaction between the optically active ions and the host lattice is crucial. The following

section includes a brief description of BaLiF3 as a potential host matrix for rare earth ions

along with the preparation process, optical properties, and X-ray storage capability.

BaLiF3 crystallizes in a cubic phase with space group Pm-3m (O1
h) [71, 72]. It is a member of

the fluoroperovskite family with the general formula ABF3 (A = Li, Na, K, Rb, Cs and B =

Be, Mg, Ca, Sr, Ba) where BaLiF3 is the only compound with a low Goldschmidt tolerance

factor (t) ∼0.596 which is even out of the range for distorted perovskites. The Goldschmidt

tolerance factor has been extensively used to predict the stability of the perovskite structure
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(ABF3) by using the Equation 2.1 [73, 74]

t =
rA + rF√
2(rB + rF )

(2.1)

where rA, rB and rF are ionic radii of A, B and F (Figure 2.7a). For normal perovskites this

factor (t) is ∼0.995 [72]. When t is lower than 0.75, the structure tends to deviate from the

ideal perovskite structure so that the bonding strain is reduced [75, 76]. The low tolerance fac-

tor results in BaLiF3 adopting an inverse perovskite structure, and unlike classic perovskites,

the cation with the higher charge (Ba2+) occupies the position of the higher coordination

number in the lattice. Particularly, the BaLiF3 structure comprises fluoride (F−) octahedra

around the lithium (Li+) and cuboctahedra around the barium (Ba2+) ions, where they are

coordinated in a fashion of two compressed square pyramids [72]. The Wyckoff position for

the Ba, Li and F atoms are (0, 0, 0), (½, ½, ½) and (0, ½, ½) respectively. Despite the inverse

perovskite phase, the crystal symmetry of BaLiF3 remains the same as that of normal per-

ovskites (O1
h). However, the inverse arrangement results in different crystal field interactions.

Figure 2.7 displays the unit cell structure of a classic perovskite ABF3 (Figure 2.7 a) and the

inverse perovskite structure of BaLiF3 (Figure 2.7 b).

Figure 2.7: Unit cell structure of (a) a classic perovskite (ABF3) and (b) the inverse per-
ovskite BaLiF3.
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2.3.1 Preparation of BaLiF3

It is well documented that the synthesis method plays an important role on the properties of a

functional material. For example, nanocrystalline materials can show good ionic conductivity

and luminescent properties compared to their microcrystalline counterparts [77, 78]. BaLiF3

can be prepared by following mechanochemical and conventional high temperature synthesis

routes.

2.3.2 Single crystal growth

Single crystal growth is an important technique that has been widely used for many decades for

realizing electronic and optoelectronic materials [30, 79]. Crystals can be grown by utilizing

a variety of techniques such as from melt, solution, hydrothermal and gel. Among them,

crystal growth via melt is the most widely used technique comprising Bridgman-Stockbarger,

Kyropoulos, Czochralski, and Verneuil (flame fusion) methods. Amongst these different melt-

based methods, Czochralski is the most used commercial technique [80] to grow high purity

large-size single crystals, which is almost impossible to obtain by any other existing methods.

Importantly, the melt temperature remains constant throughout the process [81]. Thus, it

provides a virtually constant growth rate for the crystal.

Bensalah et al., [79] utilized a vacuum tight Czochralski system equipped with a high-purity

graphite heater and an automatic diameter control system to grow pure BaLiF3 crystals. The

crystal was grown from the melt of a non-stoichiometric mixture of 43% BaF2 (Rare Matels

Co., Ltd., purity 99.99%) and 57% LiF (Rare Matels Co., Ltd., purity 99.99%) in a platinum

crucible of 60 mm in diameter. A <100> direction oriented BaLiF3 seed was used to control

the growth of the crystal in the <100> direction at a pulling rate of 1 mm/h and a rotation

rate of 10 rpm. The growth chamber was evacuated to ∼10−3 Pa and the system was heated

from room temperature to 550 °C for 12 h to eliminate the water and oxygen from the chamber

and starting materials. Then the compounds were melted and treated under a high purity

CF4 gas flow for 5-6 h. Finally, the crystal (20 mm in diameter and 80 mm in length) was

cooled to room temperature at a rate of 30 °C/h.

Similarly, Baldochi et al., used the Czochralski method to prepare pure BaLiF3 crystals from
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the melt of BaF2 (43%) and LiF (57%) in a carbon crucible at 700 °C under a flow of CF4 [82].

Furthermore, Wiedemann et al., [72] obtained a transparent and colour less BaLiF3 crystal

(18 mm diameter and 75 mm long) in a HF environment by following the former route [82]. It

is well documented that non-stoichiometric molar ratio such as 44% BaF2 and 56% LiF needs

to be used to grow high quality BaLiF3 crystal [35] as BaLiF3 melts incongruently and must

be grown from a melt of excess LiF to avoid other phase formation.

2.3.3 High temperature sintering

High temperature sintering is a conventional solid-state synthesis process where raw materials

are sintered with or without applying external pressure at a high temperature [83, 84]. In

this process some or all properties of the system change due to the reduction of free enthalpy

[85]. Bron reported that in oxide mixtures sintering causes excess lattice disorder due to an

extension of the lattice which results in bond loosening [83]. On the other hand, sintering

of organic materials is impossible because of their extremely small self-diffusion coefficients.

Oel reported that crystallite size plays an important role during the sintering process since it

influences the effectiveness of grain boundaries as sinks for vacancies [86]. Furthermore, the

powder from single-crystal particles exhibits slight grain growth at high sintering temperatures,

while polycrystalline particles show a strong grain growth because of their higher activity [86].

It was also found that a sintering atmosphere has an extremely important influence e.g., inert

or reducing gases can cause fundamental differences during the process.

Duvel et al., [77] reported a high temperature synthesis route for BaLiF3. In brief, an equimolar

mixture of BaF2 and LiF was fired at 750 °C for 5 h under a reducing nitrogen atmosphere,

yielding polycrystalline BaLiF3.

2.3.4 Ball milling

Mechanochemistry refers to the chemical synthesis by grinding two or more chemical com-

pounds with no or minimal solvent [87–93]. One of the mechanochemical methods, high energy

ball milling, is a versatile synthesis process for the preparation of fine nanocrystalline powder.

It is a non-manual method where mechanical action of milling balls introduces a strong colli-

sion force in the ball milling jar to break the reagents into fine powder with smaller particle
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size. The advantage of using mechanical synthesis over conventional chemical routes is to avoid

multi-phase formation and any evaporation of light elements. Therefore, mechanochemically

obtained products are relatively pure, stoichiometric and anhydrous [77].

Historically, the ball milling method was widely used to prepare metal alloys and inorganic

oxides, and also metal halides including fluoride perovskite-type compounds. For example, in

1820 Michael Faraday conducted the mechanochemical transformation of AgCl → Ag in the

presence of Zn, Cu and Sn/Fe, by grinding them by a pestle and mortar [94]. Mechanochemi-

cal transformations were first conducted to synthesize alloys by ball milling the raw materials

(powder) for a relatively long time under an inert gas atmosphere to prevent oxidation [87].

In some cases, reducing agent such as methanol and benzene was used to control the synthesis

atmosphere. A brief description of the mechanical synthesis of a few selected alloys is pre-

sented in Table 2.2.

Table 2.2: Mechanochemical preparation of inorganic alloys.

Alloys Starting materials
Synthesis
atmo-
sphere

Ball
milling
time

Equipment

Ni75Nb12B13 [95]

Ni (powder, 70-100
mkm) + Nb

(powder, 100 mkm)
+ B (amorphous)

Argon 2-8
hours

Water-cooled
planetary ball

mill
(MAPF-2M)

Ti-Al-B [96]

Ti (electrolytic
powder) + Al

(sprayed powder) +
B (amorphous

powder)

Benzene
(agent) 12 hours Planetary ball

mill

Cu-Co [84]
Co (powder, 20 µm)
+ Cu (powder, < 75

µm)

Methanol
(agent)

100
hours
(120
rpm)

Planetary ball
mill

(Pulverisette)

Fe80Mo20 and
Fe50Mo50 [97]

Fe (powder, 40 µm)
+ Mo (powder, 20

µm)
Argon

1-80
hours
(250
rpm)

Planetary ball
mill (Fritsch
Pulverisette

P5)

Fe0.45Mn0.25Al0.3
[98]

Fe (powder) + Mn
(powder) + Al

(powder)
Air

4 -24
hours
(280
rpm)

Planetary ball
mill

(Pulverisette
P5)

In contrast to alloys, the mechanochemical preparation of inorganic oxides from their metal
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oxide powder can be carried out in air because all the materials are already oxidized. Addi-

tionally, oxide materials with nano-size can be produced by a shorter period of ball milling

such as 8-24 h. Some examples of metal oxides synthesis by ball milling are given in Table

2.3.

Table 2.3: Mechanochemical preparation of inorganic oxide

Oxide
compounds Synthesis route

Synthesis
atmo-
sphere

Ball
milling
time

Equipment

CrVO4 [99] Cr(OH)3·nH2O + V2O5

→ 2CrVO4 + nH2O
air 15-240 min

(700 rpm)

Planetary ball
mill

(Pulverisette-7)

LaVO4 [100] La2O3 + V2O5 →
2LaVO4

air 15-240 min
(700 rpm)

Planetary ball
mill

(Pulverisette-7)

LaCrO3 [101] La2O3 + Cr2O3.nH2O
→2LaCrO3 + nH2O

air 15-240 min
(700 rpm)

Planetary ball
mill

(Pulverisette-7)

PbTiO3 [102] PbO + TiO2 →
PbTiO3

air 50 hours SPEX 8000
Mixer Mill

ZnFe2O4 [103] ZnO + α-Fe2O3 →
ZnFe2O4

air 24 hours
Planetary ball

mill
(Pulverisette-4)

NiFe2O4 (23
nm) [104]

NiO + α-Fe2O3 →
NiFe2O4

air 8 hours
(600 rpm)

Planetary ball
mill (KM-10)

In some cases, a direct mechanochemical combination of oxides cannot produce a homogenous

phase, and solid-state sintering needs to be employed. However, the mechanical activation

reduces the formation temperature. For example, CaZrO3 can be prepared by sintering ZrO2

and CaO at 1100 °C, but 20 hours ball milling before this process reduces the sintering tem-

perature of CaZrO3 from 1100 °C to 800 °C [105]. Similar behaviour was observed for ZrTiO4

[106], MgTa2O6 [107] and Bi4Srn−3TinO3n+3 (n = 4, 5) [108]. Also, the presence of a reducing

metal and use of an inert gas can significantly reduce the ball milling time, such as Ti in the

formation of FeTiO3 [109], Fe in Fe2GeO4 [110] and Zn in ZnFe2O4 [111].

Fluoride perovskite-type compounds with the general formula ABF3 including NaSn2F5 [112],

RbPbF3 [113], Pb1−xSnxF2 [114] have been prepared by mechanochemical synthesis route for

the applications in fast ion conductors. Similarly, nanoscale particles of KMCl3 (M = Ti, Cr,

Mn, Fe, Co, Ni, Cu, Zn) and KMF3 (M = Mg, Zn, Mn, Ni, Cu and Co) have been prepared
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by the same preparation route as shown in Table 2.4.

Table 2.4: Mechanochemical preparation of halide perovskite

Halide
compounds Synthesis route

Synthesis
atmo-
sphere

Ball
milling
time

Equipment

KMCl3 (M = Ti,
Cr, Mn, Fe, Co,
Ni, Cu, Zn) [115]

NaF + MF2 → NaMF3 Argon 60-130 min
(750 rpm)

Planetary
ball mill

(Pulverisette-
7)

KMF3 (M = Mg,
Zn, Mn, Ni, Cu
and Co) (20 nm)

[116, 117]

KCl + MCl2 → KMF3 Air 20 min SPEX 8000
Mixer Mill

Nanocrystalline BaLiF3 has been prepared by ball milling an equimolar mixture of BaF2 and

LiF for 3 h [77]. Similarly, alloyed Ba1−xSrxLiF3 [118] has been synthesized by using BaF2,

SrF2 and LiF as starting materials. However, the mixed phase is highly sensitive to heat

treatment and due to this fact long time milling at high energy resulted in a Sr free BaLiF3

phase when the x value and the milling time were > 0.4 and 3 h, respectively.

2.4 Phosphors: Current state of the art and future development

2.4.1 Rare-earth doped alkaline earth fluorohalides

BaFBr(I):Eu2+: To date, alkaline earth fluorohalides MFX (M = Ca, Sr, Ba; X = Cl, Br,

I) in particular BaFBr(I) doped with divalent Eu2+ have found widespread applications as

commercial X-ray storage phosphors and BaFBr(I):Eu2+ is widely used in computed radiog-

raphy [13, 18, 119, 120]. In particular, the imaging technology based around this phosphor

is the modality of choice for intraoral dental X-ray examinations [2, 16, 121]. Typically, X-

irradiation induces F-centre as electron traps; two possible F-centre in BaFBr are F(Br−) and

F(F−) where electrons are trapped at Br− and F− vacancy sites [13, 18, 25, 122, 123]. Upon

red laser excitation, the electrons recombine with the holes and transfer the recombination

energy to Eu2+. This process yields broad 4f65d → 4f7, Eu2+ emission at ∼390 nm i.e., anti-
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Stokes emission. Despite the significant developments established for the improvement of this

phosphor, they still suffer from some drawbacks such as erasure of stored information due to

the spontaneous or thermally activated electron hole recombination by photostimulation light

and limited signal to noise ratio [8, 20, 124].

To bridge these gaps there has been a tremendous revival of interest in exploring new lu-

minescent materials with high X-ray sensitivity which is crucial for preventive health-care

examinations. More explicitly, much of the focus of storage phosphor-based research is on de-

veloping a new phosphor material that can potentially exceed the sensitivity of BaFBr(I):Eu2+,

allowing a reduction of applied dose.

BaFCl:Sm2+: Studies have shown that, alkaline-earth fluorohalides based phosphors [125–

129] such as BaFCl doped with Sm3+ shows significant photoluminescence properties [130, 131]

and the rare feature of room temperature hole-burning [132]. As a result, in the context of

dosimetry and computed radiography this system has been investigated extensively over the

last few years as a photoluminescent X-ray storage phosphor [26, 78, 133]. Significantly, it was

observed that the BaFCl:Sm3+ phosphor with an average crystallite size of ∼200 nm exhibits

∼500,000 times higher X-ray sensitivity in comparison with the microcrystalline phosphor

[134]. The storage mechanism is based on the reduction of Sm3+ ions to Sm2+ upon exposure

to ionizing radiation. The X-ray induced Sm2+ ions in BaFCl can be efficiently excited by

the parity allowed 4f6 → 4f55d transition at ∼420 nm and read-out as photoluminescence by

5DJ → 7FJ f-f transitions. It was also demonstrated that the reduction of Sm3+ → Sm2+ in

BaFCl occurs upon UV-irradiation due to the presence of oxide impurities such as O2−/(O2)2−

[124]. The UV storage phenomena of BaFCl:Sm3+ has potential application in rewritable

multilevel optical data storage devices. In addition, admixture of halides in BaFCl:Sm3+

(BaFBr0.9Cl0.1:Sm3+, Ba0.6Sr0.4FCl:Sm3+, Ba0.1Sr0.9FCl:Sm3+, Sr0.8Ca0.2FCl:Sm3+) allows

engineering of Sm2+ inhomogeneous linewidth [135] to perform the room-temperature hole-

burning spectroscopy which is crucial for optical data storage applications [136–138]. In ad-

dition, BaFCl doped with a wide range of rare-earth element including Eu and Tm was also

investigated for practical implementations [139–142].
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2.4.2 Storage capability of Alkali halides and Elpasolites

The X-ray storage ability of alkali halides crystals has been also investigated and it was found

that CsBr:Eu2+, RbBr:Ga+ and CsBr:Ga+ are the best candidates for photostimulable stor-

age phosphor application [6, 13, 31].

Eu2+ doped CsBr exhibits fast read-out times, low stimulation energy and high conversion

efficiency for photostimulated luminescence [143]. In this case, the incident X-ray creates

electron-hole pairs, and the electrons are trapped in anion vacancies (F-centre) of the host lat-

tice CsBr but the hole trapping mechanism still remains subject of investigations. According

to EPR measurement by Loncke et al., [144] the holes are trapped as VK centre in the neigh-

boring Eu2+ located at Cs+ sites by resulting in the formation of Eu2+-VK centres. During

photostimulation (λ = 680 nm) the electrons are liberated from the F-centre into their non-

relaxed excited state. Subsequently, each electron is either thermally excited to the conduction

band with a subsequent capture of a Eu2+-VK centre or can tunnel directly to a neighboring

Eu2+-VK site. The electron recombines with the VK centre and transfers the recombination

energy to the adjacent Eu2+ ion. This process leads to the 4f-5d excitation and subsequent

relaxation which results in photostimulated emission at 440 nm [145, 146].

The storage mechanism of RbBr:Ga+ [147] and CsBr:Ga+ [148] is quite simple, where X-

irradiation simultaneously produces electron traps (F-centres) and Ga+ ions act as holes trap

centre, resulting in Ga2+. Importantly, two types of Ga2+ centres (type-I and type-II) were

observed; type-I stay isolated on a Rb+/Cs+ site which takes part in the photostimulation

process, and type-II Ga2+ centre creates a complex between Ga2+ on Rb+/Cs+ sites and

nearest cation vacancy.

In addition, elpasolites such as Cs2NaYF6:Ce3+ [149] also shows promising phenomena for

practical implementation [13]. In this case, the storage mechanism is based on the pairing of

F-centres and activators (Ce3+) where the F-centres are generated upon exposure to X-ray

radiation and the activator ions Ce3+ act as a hole trap.
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2.4.3 Luminescence properties of undoped and doped BaLiF3

BaLiF3 activated with rare-earth ions: Spectroscopy of divalent rare earth ions/transition

metals in inverse perovskite BaLiF3 has been the subject of a few studies and this section pro-

vides a review on the experimental works reported in the literature to study the luminescence

properties of rare-earth elements (RE) in centrosymmetric BaLiF3, as these are relevant to

this thesis [150–152].

Generally, rare-earth ions occupy the centrosymmetric Ba2+ site where only magnetic dipole

and vibrationally induced electric dipole transitions are allowed. In this regard the most

studied materials are BaLiF3:Eu2+ and BaLiF3:Sm2+. Meijerink observed the divalent Eu2+

transition 6P7/2 → 8S7/2 upon 8S7/2 → 4f65d excitation in a macroscopic BaLiF3:Eu2+ crystal

[153]. Additionally, it was demonstrated that in BaLiF3:Eu2+, vibronic transition probabil-

ities are 100 times larger in comparison with BaLiF3:Gd3+ which is due to the small en-

ergy separation (1000 cm−1) of Eu2+ 4f7 states and the opposite parity state 4f65d. In a

subsequent paper, Meijerink along with Dirksen reported that this difference is ∼five times

larger in BaLiF3:Sm2+. As a result, the admixture of Sm2+ 4f65d state is considerably less

in BaLiF3:Sm2+ [151]. Based on these experimental demonstrations, it was concluded that

BaLiF3:Eu2+ is an ideal system for the observation of vibronic transitions.

The possibility of BaLiF3:Eu2+ and BaLiF3:Sm2+ as phosphor materials were explored by Gros

et al., and Xia et al., [150, 152] respectively. Quang et al., reported the upconverted lumi-

nescence of Ho3+ from 5F3, 5S2/5F4, 5F5 states in microcrystalline BaLiF3:Yb3+, Ho3+ under

near-infrared excitation. Here the upconversion mechanism was followed by the ground-state

absorption (GSA) along with Yb3+ assisted energy transfer. Similar anti-stoke luminescence

was also detected for Er3+ ion in Yb3+ and Er3+ co-doped BaLiF3.

Additionally, trivalent Ce3+ and Tb3+ doped BaLiF3 were synthesized by a hydrothermal pro-

cess at 200 °C where Ce3+ and Tb3+ ions replaced the Ba2+ ions. Interestingly an efficient

energy transfer from Ce3+ to Tb3+ was observed in Ce3+ and Tb3+ co-doped BaLiF3. It was

expected that this system can be utilized as a green photoluminescent phosphor in tricolour

lamps [154].

BaLiF3 activated with transition metals: Transition metal doped BaLiF3, including
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BaLiF3:Ni2+ and BaLiF3:Co2+ were also investigated [35, 155, 156]. In these cases, divalent

Ni2+ and Co2+ dominantly entered the lattice in the octahedral position of Li+ in BaLiF3

crystals due to their similar ionic radii. In addition to storage phosphors, these systems can

be also utilized for laser applications. Table 2.5 provides a summary of the spectroscopy of

BaLiF3 activated with rare-earth ions and transition metal ions respectively.

Table 2.5: A brief summary of the spectroscopy of activated BaLiF3.

Phosphor Activator site
in BaLiF3

Type of emission Excitation
wavelength

Emission
wavelength

BaLiF3:Eu2+

[152]
Centrosymmetric

(Ba2+) Photoluminescence 230-275 nm
275-335 nm

Eu2+

359.1 nm
(359 nm,
359.006 nm,
359.060 nm)

BaLiF3:Sm2+

[151]
Centrosymmetric

(Ba2+) Photoluminescence 240-500 nm Sm2+

693.8 nm

BaLiF3:Yb3+,
Ho3+ [36]

Centrosymmetric
(Ba2+)

Upconversion
luminescence 980 nm

Ho3+

485 nm,
543 nm,
653 nm,
750 nm

BaLiF3:Yb3+,
Er3+

Centrosymmetric
(Ba2+)

Upconversion
luminescence 980 nm

Er3+

522 nm,
541 nm,
676 nm

BaLiF3:Ce3+

[37]
Centrosymmetric

(Ba2+) Photoluminescence 265 nm/299
nm

Ce3+

367 nm
BaLiF3:Tb3+

[154]
Centrosymmetric

(Ba2+) Photoluminescence 217 nm Tb3+

544 nm

BaLiF3:Ni2+

[35] Octahedral (Li+) Photoluminescence
390 nm,
700 nm,
1180 nm

Ni2+

480 nm,
740 nm,
1500 nm

BaLiF3:Co2+

[35] Octahedral (Li+) Photoluminescence 500 nm,
1210 nm

Co2+

1588 nm

Considering the above discussions, it is noteworthy that the storage mechanism of BaLiF3

doped with a wide range of rare-earth elements is less explored, and further systematic studies

are clearly required to advance the understanding. In this regard, it would be interesting to

explore the radiation storage capability of nanocrystalline BaLiF3 when activated with a wide
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range of rare-earth ions, including Eu, Sm, Tm, Er and Yb.

Undoped/Pure BaLiF3: Luminescence of undoped BaLiF3 is dominated by colour centres/F-

centre aggregates which are a ubiquitous feature of ionic crystals, in particular halides, and

generally consist of electrons trapped at sites of missing anions. They have a characteristically

broad and strong optical transition band, with a large Stokes shift and they have been applied

as tunable solid-state lasers [31]. Their prominent luminescence phenomena can be utilized

in the development of optical data storage and radiation dosimeters [157]. In addition, colour

centres often display a narrow and pure electronic zero-phonon line at low temperature with

potential applications in quantum information processing and optical sensing. The formation

of intrinsic colour centres such as F-centre aggregates mostly depends on the mobility of de-

fects within the crystal lattice. In crystals, defects can be produced by slightly changing the

stoichiometry and upon exposure to radiation. The first colour centre based laser action was

observed in an alkali halide crystal (KCl:Li+) at a wavelength of 2.7 µm [158]. Subsequently,

this system was used as tunable laser source in the spectral range 2.6-2.8 µm [159] which paved

the way for application in tunable continuous wave colour centre lasers.

So far, several colour centres have been demonstrated in pure BaLiF3 upon irradiation. For

example, a BaLiF3 crystal grown by the Czochralski method in the <100> and <111> direc-

tions exhibited five absorption bands at 260 nm, 386 nm, 420 nm, 480 nm, and 632 nm upon

electron irradiation. By comparing BaLiF3 with LiF [160] and KMgF3 [161–163] crystals,

these bands were assigned to F, F3, F2, F+
3 and F+

2 centres, respectively [164]. Surprisingly,

the F+
2 band at 630 nm was detected only in the crystal grown in the <100> direction [164].

It was also observed that F-aggregate defects in BaLiF3 crystal were quite stable in the <100>

compared to that in the <111> direction. This might be due to the crystalline quality which

depends on the number of crystalline domains formed during the growth process [165]. X-ray

irradiated BaLiF3 crystals were studied by Tale et al., who observed a hole centre and F-type

defects absorption at 420 nm and 470-770 nm respectively [166]. Bensalah et al., demonstrated

the potential of BaLiF3 (grown in the <100> direction) crystals for application in laser-based

visible ultraviolet projection lithography [79]. Table 2.6 summarizes the spectral properties

of colour centres observed in fluoride crystals.
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Table 2.6: Summary of spectral properties of colour centres in fluoride crystals including
LiF, KMgF3 and BaLiF3.

Colour System
centre LiF KMgF3 BaLiF3

Absorption Emission Absorption Emission Absorption Emission
/nm /nm /nm /nm /nm /nm

F 250 — 270 [161] — 260 [164] —
F2 445 [160] 670 [160] 445 [161] 566 [162] 420 [160] —
F+
2 630 [160] 910 — — 632 [160] 702 [164]
F3 380 [167] — 395 [161] 416 [162] 386 [165] —
F+
3 458 [168] 539 [160] — — 480 [165] —

The above studies clearly demonstrated that the formation of F-centre aggregates in BaLiF3

depends on the preparation method, including purity, growth conditions of crystals, and on

the post-preparation treatments (e.g., electron irradiation, exposure to ionizing radiation, high

temperature annealing etc.). As such, it is expected that high temperature annealing may in-

troduce such defects in mechanochemically prepared BaLiF3 nanocrystals which might be

interesting for future laser applications.

2.5 Aim of this thesis

This thesis is focused on the investigation of BaLiF3 as host matrix, and doped with various

rare-earth ion as activators, and explore the luminescence properties of these systems. Specif-

ically, the principle aims of this dissertation are as follows:

1. Mechanochemical synthesis of rare earth ion doped BaLiF3

Several studies have reported the preparation of doped and undoped BaLiF3 crystals by high

temperature and hydrothermal synthesis routes. One of the main objectives of this the-

sis is to prepare nanocrystals of rare-earth ions doped BaLiF3 (∼30-40 nm) by utilizing a

mechanochemical synthesis route, such as ball milling. The rare-earth elements (RE) will be

incorporated into the host lattice in their trivalent oxidation state (RE3+). The reduction of

trivalent to divalent state will be carried out by X-irradiation (X-ray radiation).

2. Investigation of Storage capability of the as-prepared phosphors

The X-ray storage capability and mechanism of the as-prepared phosphors will be explored by
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investigating their photoluminescence and upconversion luminescence properties. Explicitly,

the reduction of trivalent (RE3+) → divalent (RE2+) rare-earth ions will be quantified as a

function of X-ray dose. The luminescence properties of rare-earth activated BaLiF3 will be

investigated in the spectral range from the UV to the near-infrared.

3. Colour centre in undoped BaLiF3

The generation of intrinsic colour centre in undoped BaLiF3 (synthesized by ball milling) will

be explored which might be useful for tunable solid-state laser, radiation monitoring system

and optical data storage phosphor.
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Chapter 3

Experimental details

This chapter contains a brief description of the synthesis methods of doped and undoped

BaLiF3 nanocrystals, characterization techniques and spectroscopic analysis of the nanoparti-

cles, including the experimental procedures employed for the studies in the subsequent chap-

ters. The nanocrystalline materials i.e., BaLiF3 doped with Sm3+ /Tm3+ /Eu3+ / (Er3+,

Yb3+) and undoped BaLiF3 were prepared utilizing high energy ball milling method. Their

structural properties, average crystallite size and chemical states were characterized by powder

X-ray diffraction (XRD), transmission and scanning electron microscopy (TEM and SEM),

TEM and SEM based energy dispersive X-ray spectroscopy and X-ray photoelectron mi-

croscopy (XPS). The optical properties of the nanomaterials were rigorously investigated by

photoluminescence and upconversion luminescence spectroscopy.

3.1 Synthesis of rare-earth ions doped BaLiF3

Rare-earth ions (RE) doped BaLiF3 was prepared mechanochemically by ball milling a mix-

ture of BaF2, LiF and RECl3.6H2O/REF3. BaF2 was prepared by the co-precipitation of

Ba(NO3)2 (May and Baker Australia PTY LTD) and NH4F (Sigma-Aldrich) solutions accord-

ing to the following chemical equation,

Ba(NO3)2 + 2NH4F → BaF2 (white precipitate) + 2NH4NO3

Two separate aqueous solutions of Ba(NO3)2 (0.4 molL−1) and NH4F (8 molL−1) were pre-
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pared and then transferred in a 1000 mL beaker. The mixture was kept at room temperature

for half an hour. After that, a white precipitate of nanocrystalline BaF2 was formed which

was separated from the solution by filtration. The resultant white precipitate was washed se-

quentially by using ethanol, methanol, and Milli-Q water, and further dried in an oven (Labec,

Laboratory Equipment Pty. Ltd., Sydney, Model H323) at 50 ◦C for 24 hours. Finally, the

powder was thoroughly ground by a mortar and pestle.

LiF and the RE compounds (see Table 3.1) were purchased from commercial suppliers, such

as Ajax chemicals and Sigma-Aldrich respectively.

3.1.1 Ball milling method

Nanocrystalline BaLiF3:RE3+ was prepared by mechanochemical synthesis at room tempera-

ture utilizing a high energy ball milling method according to the following solid-state reaction

[77, 118],

BaF2 + LiF + RE3+ → nanocrystalline BaLiF3:RE3+

A Retsch Mixer Mill 200 with a 10 mL zirconia lined jar and two 12 mm diameter (5.5 gm)

zirconia balls were used for the ball milling process.

For the studies presented in this thesis, Sm3+, Eu3+, Tm3+, Er3+ and Yb3+ were used as

the optically active ions. These ions were introduced by using specific compounds as listed in

Table 3.1.

As an example, the preparation of ball-milled BaLiF3:Sm3+ is discussed in the following:

1 mmol BaF2, 1 mmol LiF and 0.005 mmol SmCl3.6H2O were ball milled at a frequency of 20

Hz for 90 min. Then the resultant powder sample was transferred into a petri dish and dried

in an oven (Labec, Model H323) at a temperature around 50 ◦C for 1 hour. Subsequently, the

ball milling process was continued for another 90 min at 20 Hz.

Very similar preparation methods were used for the synthesis of nanocrystalline BaLiF3:Eu3+,
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BaLiF3:Tm3+, BaLiF3:Er3+, Yb3+ and nominally undoped BaLiF3 [36, 140, 169]. Details of

the preparation conditions are given in Table 3.1.

Table 3.1: Preparation methods of nanomaterials investigated in this thesis

Sample Synthesis
method

Starting materials Preparation pro-
cess

Nanocrystalline
BaLiF3:Sm3+

Ball milling 1 mmol BaF2 (Sigma-
Aldrich), 1 mmol LiF (Ajax
Chemicals) and 0.005 mmol
SmCl3.6H2O (Sigma-Aldrich,
ACS grade)

(i) 90 min ball milling
(ii) 30 min at 50 °C
(iii) 90 min ball
milling

Nanocrystalline
BaLiF3:Sm3+

Ball milling (1-x) mmol BaF2 (Laboratory
made), 1 mmol LiF (Ajax
Chemicals) and x mmol SmF3

(Sigma-Aldrich, ACS grade)

(i) 2 hours ball
milling
(ii) 1 hour at 50 °C
(iii) 2 hours ball
milling

Nanocrystalline
BaLiF3:Tm3+

Ball milling 1 mmol BaF2 (Laboratory
made), 1 mmol LiF (Ajax
Chemicals) and 0.005 mmol
TmCl3.6H2O (Sigma-Aldrich)

(i) 90 min ball milling
(ii) 30 min at 50 °C
(iii) 90 min ball
milling

Nanocrystalline
BaLiF3:Eu3+

Ball milling 1 mmol BaF2 (Sigma-
Aldrich), 1 mmol LiF (Ajax
Chemicals) and 0.005 mmol
EuCl3.6H2O (Sigma-Aldrich)

(i) 90 min ball milling
(ii) 30 min at 50 °C
(iii) 90 min ball
milling

Nanocrystalline
BaLiF3:Yb3+,
Er3+

Ball milling (1-x) mmol BaF2 (Labora-
tory made), 1 mmol LiF
(Ajax Chemicals), 0.01 mmol
ErCl3.6H2O (Sigma-Aldrich)
and x mmol YbF3 (Sigma-
Aldrich)

(i) 2 hours ball
milling
(ii) 1 hour at 50 °C
(iii) 2 hours ball
milling

Nanocrystalline
BaLiF3

Ball milling 1 mmol BaF2 (Laboratory
made) and 1 mmol LiF (Ajax
Chemicals)

(i) 90 min ball milling
(ii) 30 min at 50 °C
(iii) 90 min ball
milling
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3.1.2 Annealing process

Some of the as-prepared powder samples were annealed after the ball milling process. This was

carried out using either a Labec box furnace (CEMLS-SD) or muffle tube furnace (GSL-1100).

All samples were annealed while contained in open crucibles. The atmosphere in the muffle

tube furnace was controlled by a slow gas flow (argon/nitrogen/hydrogen/oxygen).

3.2 Structural characterization of powder samples

3.2.1 Powder X-ray Diffraction (XRD)

The crystal structure of the powder samples was investigated by utilizing a Rigaku Miniflex

600 benchtop diffractometer operated at 40 kV and 15 mA with a Cu-Kα (λ = 0.154 nm) X-ray

source. The diffractometer was calibrated by using a Rietveld refinement of the Lanthanum

hexaboride (LaB6) pattern. All the powder X-ray diffraction data were collected at room

temperature in the 2-θ range of 10° to 90° with a step size of 0.02° and a scan speed of 0.5°

min−1. Rietveld refinements of measured X-ray diffraction patterns was performed by using

the MAUD (Material Analysis Using Diffraction) software package [170] and initial information

on the space group and lattice parameters taken from the literature [171].

Figure 3.1: A typical powder X-ray diffraction pattern of ball-milled BaLiF3 doped with
Sm3+ measured by a Rigaku Miniflex 600 benchtop diffractometer.
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3.2.2 Transmission Electron Microscopy (TEM)

TEM micrographs and energy-dispersive X-ray (EDS) map of samples were recorded on a FEI

Tecnai G2 Spirit transmission electron microscope and on a JEOL JEM-2100F field emission

transmission electron microscope with an accelerating beam voltage of 200 kV. Prior to perform

the experiment the powder samples were suspended in ethanol and then dispersed on a copper

grid. Particle size distributions were evaluated by inspecting the micrographs with ImageJ

[172].

3.2.3 Scanning Electron Microscopy (SEM)

The Scanning electron microscopy (SEM) and SEM based energy-dispersive X-ray (EDS) map-

ping of nanocrystalline materials were performed with a Zeiss Crossbeam 540 with SDD EDS

(Oxford Instruments X-MaxN).

3.3 X-ray Photoelectron Spectroscopy (XPS)

XPS measurement was carried out on a ESCALAB250Xi (Thermo Scientific, UK) X-ray photo-

electron spectrometer to investigate the oxidation states of atoms of selected powder samples.

The XPS spectra were excited by a mono-chromated Al Kα (energy 1486.68 eV) X-ray radi-

ation source (spot size 500 µm) and operated with a power of 120 W (13.8 kV × 8.7 mA).

The photoelectron take-off angle was 90° with a pass energy of 100 eV for survey scans or 20

eV for region scans. Binding energy scale calibration was performed by utilizing gold (Au 4f7

= 83.96 eV), silver (Ag 3d5 = 368.21 eV) and copper (Cu 2p3 = 932.62 eV) as calibrants. C

1s = 284.8 eV was used as adventitious hydrocarbon for binding energy reference. Avantage

software was used for data processing.
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3.4 Ultra-violet to visible (UV-VIS) spectroscopy

Transmission spectra of optical filters that were used for spectroscopic measurements were

recorded on a CARY-50 UV/Vis spectrophotometer. Data were collected in the wavelength

range of 190-1100 nm after a baseline correction.

3.5 Photoluminescence (PL) Spectroscopy

Photoluminescence measurements of nanocrystalline powder samples were performed at in the

temperature range of 2 K to 293 K. Powder samples were manually pressed with a glass slide

into a round and shallow counterbore (5 mm diameter and 0.5 mm depth) located at the centre

of a black round/square sample holder (25 mm × 25 mm × 1.5 mm) as shown in Figure 3.2.

To protect the powder sample, the counterbore was covered by a commercial Sellotape with

minimal autofluorescence. Finally, the black dosimeter was mounted on the sample holder, in

a Fluoromax-3 fluorometer or of a closed cycle cryostat (CTI-Cryogenics Cryodyne model 22)

or of a cold stage of a closed cycle refrigerator (Janis/Sumitomo SHI-4.5) [173].

Figure 3.2: Round and square dosimeters (filled with powder samples) used for the photo-
luminescence spectroscopy.

The photoluminescence measurements were performed using a Fluoromax-3 spectrometer and

a Spex 500M monochromator and a Spex 1704 1m monochromator [174].

The Fluoromax-3 spectrometer comprises an ozone free xenon arc lamp, two monochromators

located before (Czerny-Turner excitation monochromator with 1200 gr/mm grating blazed at

330 nm) and after (Czerny-Turner emission monochromator with 1200 gr/mm grating blazed
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3.5. Photoluminescence (PL) Spectroscopy

at 550 nm) the sample holder, a photomultiplier tube, and a reference photodiode to measure

the excitation light intensity.

Figure 3.3 illustrates a representative photoluminescence spectrum of nanocrystalline BaLiF3:

Sm3+ after X-irradiation which was measured at room temperature using the Fluoromax-3

spectrometer as described above. In this case, a blue band-pass (Schott, BG25) and a yellow

long-pass optical glass filter (Schott, GG475) were placed at the entrance and exit of the sam-

ple compartment, respectively. The luminescence spectrum was recorded with a single scan

ranging from 520-750 nm.

Figure 3.3: Room temperature photoluminescence spectrum of X-irradiated BaLiF3:Sm3+.

Alternatively, and in particular for measurements at various temperatures, a Spex 500M

monochromator (150 or 1200 gr/mm grating blazed at 500 nm) equipped with either Andor

iDus camera (Model DV401A-BV Si CCD) or Andor iDus InGaAs camera (Model DU490A-1.7,

600-1700 nm) was used to record the room temperature and low temperature photolumines-

cence spectra of nanocrystalline powder samples. In this case, both cameras were cooled down

to -60 °C. For the temperature-dependent photoluminescence measurements, a closed-cycle

cryostat, with a two-stage Gifford-McMahon cooling cycle, (CTI-Cryogenics Cryodyne model

22) was employed to achieve temperatures within the range of 8-293 K. The cold head of

the cryostat was connected to a helium compressor unit (CTI- Cryogenics 8200), a Pfeiffer
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3.5. Photoluminescence (PL) Spectroscopy

turbomolecular vacuum pump station and an auto-tuning temperature controller (Scientific

Instruments, Model 9700). A schematic of the experimental setup using the Spex 500M

monochromator is depicted in Figure 3.4.

A continuous wave LED or a laser diode was used to illuminate the sample. The light source

was filtered and collimated before focusing onto the sample. The emitted light from the sample

was collimated and focused on to the entrance slit of a Spex 500M monochromator (either

150 or 1200 grooves/mm grating blazed at 500 nm) equipped with a highly efficient CCD

camera (either Si CCD for ultraviolet to near-infrared light or InGaAs CCD for infrared light

emission). A filter, selected according to the wavelength range, was placed into the light path

of the collected emission to avoid excitation light reaching the cameras.

Figure 3.4: Schematic diagram of the experimental setup for photoluminescence spectroscopy
with a SPEX 500M monochromator equipped with CCD camera (Si CCD or InGaAs CCD).

Representative spectra of X-irradiated BaLiF3:Sm3+ collected on the Spex 500 M monochro-

mator equipped with two different diffraction gratings are shown in Figure 3.5. The spectra

illustrate the X-ray induced Sm2+ peak at 694 nm in nanocrystalline BaLiF3:Sm3+.
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3.5. Photoluminescence (PL) Spectroscopy

Figure 3.5: Low temperature photoluminescence spectroscopy of X-irradiated BaLiF3:Sm3+

collected on the Spex 500M monochromator/spectrograph equipped with a (a) 150 gr/mm or
(b)1200 gr/mm diffraction grating respectively. The spectra were measured on the Si CCD
camera.

3.5.1 High resolution photoluminescence spectroscopy

High resolution photoluminescence measurements were conducted by employing a Spex 1704

1m monochromator equipped with a 1200 grooves/mm grating blazed at 500 nm. Figure 3.6

illustrates a schematic diagram of the overall experimental setup used for high resolution pho-

toluminescence measurements.

First, the sample was mounted on the cold finger of a closed-cycle refrigerator (Janis/Sumitomo

SHI-4.5). The cryostat was controlled by a Sumitomo CKW-21 Helium compressor unit, a

Pfeiffer turbomolecular vacuum pump and a Lakeshore 330 autotuning temperature controller.

The sample was illuminated by a LED or laser diode (continuous wave mode). Then the col-

limated luminescence was mechanically chopped by an optical chopper (Thorlabs MC1000)

before being focused onto the entrance slit of the Spex 1704 1 m monochromator. The emis-

sion was detected by a photomultiplier tube (Hamamatsu R928) and processed by a current to

voltage preamplifier (Femto DLPCA-200) and a lock in amplifier (Stanford Research System,

Model SR810 DSP).

A typical photoluminescence spectrum obtained using this setup is shown in Figure 3.7. The
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3.5. Photoluminescence (PL) Spectroscopy

Figure 3.6: Schematic diagram of the experimental setup for high resolution photolumines-
cence spectroscopy.

spectrum shows the emission pattern of nanocrystalline Ba0.8Sr0.2LiF3:Sm3+ within wave-

length range of 672 – 708 nm after X-irradiation.

Figure 3.7: Low temperature photoluminescence spectra of Ba0.8Sr0.2LiF3:Sm3+ after X-
irradiation accumulated on Spex 1704 1m monochromator.

Detail of the specific photoluminescence setup for different rare earth ions doped BaLiF3 sam-

ples is given in Table 3.2.
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3.6. Lifetime measurements

Table 3.2: A brief description of photoluminescence measurement carried out in this thesis.

Sample Excitation
source

Read-out Optical fil-
ters

Cameras

BaLiF3:Sm3+ 462 nm
laser diode

Sm2+

5D0 → 7F1 (694 nm),
5D0 → 7F0 (680 nm)

FB 450-40
FEL 500

Model DV401A-BV

BaLiF3:Tm3+ 365 nm
LED,
462 nm
laser diode

Tm3+

1D2 → 3F4 (451 nm),
1G4 → 1F4 (642 nm),
1D2 → 3H2 (649 nm)
Tm2+

2F5/2 → 2F7/2 (1136
nm)

FEL 500,
FEL 1000

Model DV401A-BV,
Model DU490A-1.7

BaLiF3:Eu3+ 265 nm
LED

Eu3+
5D0 → 7F1 (593 nm),
5D0 → 7F2 (613 nm)
Eu2+
6P7/2 → 8S7/2 (360
nm),
4f55d → 4f7 (423 nm)

265 nm
band pass,
300 FH
90-25

Model DV401A-BV

BaLiF3:Yb3+,
Er3+

980 nm
laser
diode,
365 nm
LED

Er3+
2H11/2 → 4I15/2 (521
nm),
4S3/2 → 4I15/2 (540
nm),
4F9/2 → 4I15/2 (650
nm)
Yb3+
2F5/2 → 2F7/2 (980
nm)

FES 750,
FGUV-UG-
1,
FEL 700

Model DV401A-BV

BaLiF3 462 nm
laser diode

F3
+ (765 nm) FEL 500 Model DV401A-BV

3.6 Lifetime measurements

The excited state lifetime of UV and X-ray induced Sm2+ ions and the F3
+ centres in nanocrys-

talline BaLiF3:Sm3+ and pure BaLiF3 respectively was measured. The experimental setup

used in these cases is shown in Figure 3.8. A blue LED (430 nm for BaLiF3:Sm3+ and 470

nm for pure BaLiF3) was operated in pulsed mode by employing a pulse generator (TGP 110

10 MHz). The data were collected by the Spex 1704 1m monochromator (Sm2+ and F3
+

emission was monitored at 694 and 765 respectively) using the photomultiplier tube (Hama-
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matsu R928). The optical signals from the photomultiplier was pre-amplified and averaged

by a preamplifier (Femto DLPCA-200) and a digital oscilloscope (LeCroy Wavesurfer 422),

respectively.

Figure 3.8: Schematic diagram of the experimental setup for excited state lifetime measure-
ment.

3.7 Measurement of excitation spectra

Low temperature excitation spectrum of the F-centre aggregate (F3
+) in BaLiF3 was also

measured on the Fluoromax-3 spectrometer and the setup is depicted schematically in Figure

3.9. The excitation monochromator was scanned within the range of 400-720 nm and the

emission was monitored at 765 nm. The fluorometer was operated by the DataMax spec-

troscopy software. To achieve low temperatures, the sample was mounted in a liquid nitrogen

(N2) cryostat (laboratory made) which allowed the measurement of samples at a temperature

as low as 77 K. The cryostat was placed into the Fluoromax sample compartment and the
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3.7. Measurement of excitation spectra

sample was aligned by real time control (RTC) to obtain an optimal signal. The excitation

and emission monochromator slits were set to 0.5 nm and 2 nm bandpass respectively. A

short-pass filter FGS 900 and band-pass filter FB750 (FWHM 40) were used as excitation and

emission filters respectively. Data were collected with single scan of 0.5 nm step increment

with an integration time of 0.5 s.

Figure 3.9: Excitation spectrum of an annealed BaLiF3 sample (λem = 765 nm) at 77 K.

3.7.1 Low resolution excitation spectra

The excitation spectra of the F3
+ band in BaLiF3 in the 765 nm region was measured sep-

arately. This experiment was designed to observe the F3
+ vibrational sideline emission at

810 nm upon 763 - 767 nm excitation at low temperature. A schematic of the experimental

set-up is illustrated in Figure 3.10. The Fluoromax-3 served as the excitation fluorometer in

this case and measurements were conducted at one wavelength at a time i.e. point-wise. The

slit width of the Fluoromax excitation monochromator was set to 0.5 nm. A yellow long pass

square colour filter (Schott, GG475) was placed to filter the excitation light. Then the light

beam was collimated by using 200 mm and 125 mm lenses respectively and directly sent onto

the sample mounted in the closed-cycle cryostat (8 K). To read-out the luminescence at 810
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3.7. Measurement of excitation spectra

nm upon 763-767 nm excitation (Xenon lamp) the Spex 500M monochromator (1200 gr/mm

grating blazed at 500) equipped with the Andor iDus Si CCD was employed. A Thorlabs long

pass filter (FEL 500) was used in front of the emission monochromator.

Figure 3.10: Excitation spectrum of BaLiF3 at ∼763-767 nm region monitoring the emission
at λem = 810 nm by combining the Fluoromax-3 spectrometer as the excitation source with
the Spex 500M monochromator as the emission spectrometer.

3.7.2 High resolution excitation spectra

The high-resolution excitation spectra of the F3
+ band within 760-770 nm range was measured

further. The experimental setup is illustrated in schematic diagram shown in Figure 3.11. A

780 nm LED light source (equipped with Thorlabs FES 800 filter) was used as excitation

source and passed through the entry slit of the Spex 1704 1m monochromator (1200 gr/mm

grating). The output light from exit slit was chopped by an optical chopper (Thorlabs MC1000

controlled by a chopper driver) and collimated by the collimating lens (200 mm and 75 mm

respectively). Afterward, the collimated light beam was sent to the sample mounted in liquid

helium (2 K) cryostat. A photomultiplier tube (Hamamatsu R943-02) attached with a PMT
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cooler controller (Edinburgh Instruments, Model No. 7602, Serial No. 616194) was set after

the sample cryostat to detect the signal. The photomultiplier tube was equipped with a RG

780, a FEL 800 and three FB 810-10 Thorlabs filters and with two 75 mm lenses. The final

signal was processed by utilizing a current-voltage pre-amplifier along with a lock-in amplifier

before visualizing in the PC.

Figure 3.11: High resolution excitation spectrum of F3
+ band in BaLiF3 at 765 nm region

measured on Spex 1704 1m monochromator.

3.8 Zeeman Experiment

Zeeman experiments were performed on a commercial physical property measurement system

(PPMS-9, Quantum Design) which mainly comprises of a liquid helium cryostat and a super-

conducting magnet [175]. The cryostat temperature is variable within the range of 2–293 K

and the magnet can produce a maximum magnetic field up to 9 Tesla.

For optical measurements, the PPMS system was coupled to the photoluminescence spec-

troscopy setup (Figure 3.4, excluding closed-cycle helium cryostat) by a 2 m-long optical fiber

(Thorlabs BF13LSMA02) as shown in Figure 3.12. The powder sample was placed in the coun-
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terbore (5.05 mm diameter, 1.70 mm depth) created on top of the sample puck (laboratory

made). One end of the fiber was fixed with the sample by using a laboratory made sample rod

guide tube. The tube equipped with the fiber and puck was inserted into the PPMS sample

chamber and centered by the PPMS automatic sample centering unit ACMS-II (operated by

ACMS-II software). The other end of the fiber was mounted in front of a dichroic filter (which

reflects blue light and transmits red light) with the help of a Thorlabs fiber holder. A 462 nm

laser diode (continuous wave mode) was used to excite the 765 nm luminescence in BaLiF3.

The dichroic filter was placed in such an angle that reflected blue light from the laser can pass

through the fiber to excite the sample fixed at the end of the fiber. Then the red luminescence

generated from BaLiF3 sample was guided through the fiber bundle and transmitted by the

dichroic and finally captured in a Spex 500 M monochromator (1200 gr/mm blazed at 500 nm)

equipped with an Andor iDus Si CCD camera. The Zeeman effect at 765 nm in nanocrystalline

BaLiF3 was measured in the range of 0-9 Tesla magnetic field at a temperature 2 K. The

cryostat temperature and magnetic field were controlled by the MultiVu software packages.

Figure 3.12: Schematic of Zeeman experiment using physical property measurement system
(PPMS) setup.
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Chapter 4

Generation of Sm2+ in nanocrystalline

BaLiF3:Sm3+

???The work related to this chapter has been peer-reviewed and published in The Journal of

Physical Chemistry C. Dr. Nicolas Riesen is acknowlegded for his support with the transmis-

sion electron microscopy. The published article can be accessed as:

Chowdhury, N.; Riesen, N.; Riesen, H. Efficient Generation of Stable Sm2+ in Nanocrys-

talline BaLiF3:Sm3+ by UV- and X-irradiation. The Journal of Physical Chemistry C, 2019,

123(41), 25477-25481.???

4.1 Introduction

BaLiF3 is a highly transparent optical material in the vacuum-ultraviolet (VUV) range of

electromagnetic spectrum, ideal for application in many optical devices, including lenses [79].

In recent years, transition-metals-doped-BaLiF3 have been a subject of increasing interest as

promising laser-active medium [35, 37, 155, 156, 176] and also for its prospect in quantum

computing devices and storage phosphors [36, 152]. In regard to their application as storage

phosphors, investigating rare-earth ions doped BaLiF3 is of fundamental scientific, and tech-

nological interest.

This chapter explores and demonstrates the UV and X-ray storage capability of Sm3+ doped

BaLiF3 obtained by a mechanochemical synthesis route. The room temperature photolumi-

nescence spectra of nanocrystalline BaLiF3:Sm3+ before and after UV and X-ray irradiation
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are thoroughly investigated. Additionally, low temperature photoluminescence spectra of the

powder samples are also measured on nanocrystalline BaLiF3:Sm3+. Dependence of Sm2+

ions as a function of radiation doses (UV and X-ray) and excitation power is explored.

4.2 Experimental details

Nanocrystalline BaLiF3 doped with Sm3+ was prepared by ball milling using a Retsch Mixer

Mill MM 200. ACS reagent grade chemicals were used without any further purification. In a

first step, 1 mmol (0.175 g) BaF2, 1 mmol (0.026 g) LiF and 0.005 mmol (2 mg) SmCl3.6H2O

(0.27 atom%) powder was ground manually by using a mortar and pestle. In a second step,

the mixture was transferred into a 10 ml zirconia-lined jar with two zirconia balls of 12 mm di-

ameter and the mixture was ball milled at 20 Hz for 3 h to yield nanocrystalline BaLiF3:Sm3+

powder.

For comparison, a Ba0.8Sr0.2LiF3:Sm3+ sample was prepared by ball milling BaF2, LiF, SrF2

and SmCl3.6H2O. This material is sensitive to heat-treatment as a result ball milling process

was carried out in a planetary ball mill (Fritsch, PL premium line) at rotation speed of 600

rpm for 3 h.

The phase purity of the material was verified by powder X-ray diffraction (XRD), employing

a Rigaku MiniFlex-600 benchtop powder diffractometer. The measurement was performed

with Cu-Kα (λ = 0.154 nm) radiation operating at 40 kV and 15 mA. The powder diffraction

pattern was collected in the 2-θ range of 10-90° with a step size of 0.02° and a scan speed of

0.5° min−1.

Room temperature and low-temperature photoluminescence spectra were excited by the fo-

cused light of a 462 nm laser diode. The emission spectra were collected by a Spex 500 M

monochromator (150 or 1200 grooves per mm grating blazed at 500 nm) equipped with an

Andor iDus camera (DV401A-BV Si CCD) cooled to -60 °C.

The nanocrystalline BaLiF3:Sm3+ powder was X-irradiated by the Rigaku MiniFlex diffrac-

tometer or exposed to UV irradiation by a Hg(Ne) UV lamp (Newport 6034 Hg(Ne) calibration

pen lamp). The dose rate of the Rigaku diffractometer was cross-calibrated by a Sirona He-

liodent dental X-ray source with known radiation doses.
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4.3 Characterization of as-prepared BaLiF3:Sm3+ sample

4.3.1 Powder X-ray diffraction (XRD) pattern

BaLiF3 is an inverse perovskite and crystallizes in a simple cubic structure with the space group

Pm-3m [71, 177, 178]. The XRD pattern of nanocrystalline BaLiF3:Sm3+ as-prepared by ball

milling is shown in Figure 4.1. All the prominent peaks can be indexed to the aforementioned

structure. The Rietveld refinement (using the MAUD software package) [170] shown in Figure

4.1 indicates a slight expansion of the lattice parameter (a = 4.003(3) Å) by about 0.2% from

the standard value reported in the literature (a = 3.996(3) Å) [71] and an average crystal size

of 36 ± 1 nm. The Rietveld refinement converged with final fitting parameters of Rwp = 19.6%

and Rexp = 13.1% respectively, yielding a goodness of fit G = Rwp/Rexp of 1.49. It is noted

here that G < 2 values are considered to indicate good refinements [179].

Figure 4.1: Powder X-ray diffraction pattern of nanocrystalline BaLiF3:Sm3+. Experimental
data points are shown as black diamonds, the solid (red) trace is the Rietveld refinement and
standard data for cubic BaLiF3 (PDF # 18-0715) is shown as the solid blue trace.

4.3.2 Transmission electron microscopy (TEM) of BaLiF3:Sm3+

Figure 4.2 displays a typical transmission electron microscopy (TEM) micrograph of the Sm3+-

doped BaLiF3 nanocrystals prepared by 3 h of high energy ball milling.

The average particle size from TEM micrographs was determined to be 31 nm (TEM) which

is reasonably close to the XRD result (36 ± 1 nm). The histogram in Figure 4.2 was generated

from the analysis of 40 crystallites in four TEM images (only well-separated crystallites were
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taken into account) to illustrate the crystallite size distribution.

Figure 4.2: Typical TEM image of nanocrystalline BaLiF3:Sm3+ prepared by ball milling.
The size distribution of 40 crystallites is illustrated as a histogram with a Gaussian fit with
full width at half maximum of ∼20 nm (solid blue line).

4.4 Photoluminescence spectroscopy of BaLiF3:Sm3+

4.4.1 X-ray sensitivity of BaLiF3:Sm3+ nanophosphor

The reduction of Sm3+ to Sm2+ in the BaLiF3 host upon X-ray exposure was monitored by

photoluminescence measurements. Figure 4.3 illustrates the room temperature photolumines-

cence spectra of the BaLiF3:Sm3+ nanophosphor (a) before and (b) after X-irradiation.

Figure 4.3: Photoluminescence spectra of nanocrystalline BaLiF3:Sm3+ (a) before and (b)
after X-ray irradiation (35 Gy dose) at 293 K. The luminescence was excited at 462 nm.
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Before X-irradiation only relatively broad Sm3+ peaks are visible at around 559, 594 and 641

nm which can be assigned to the 4G5/2 → 6H5/2, 4G5/2 → 6H7/2 and 4G5/2 → 6H9/2 transi-

tions, [78] respectively. These transitions superimpose on a broad luminescence background

that most likely arises from intrinsic defects in the BaLiF3 host such as oxide ion impurities.

Importantly, no Sm2+ peaks are observed before the X-irradiation. Upon X-irradiation, a

relatively narrow peak at 694 nm along with some strong vibronic sidebands begins to ap-

pear. This relatively intense and sharp peak at 694 nm can be assigned to the 5D0 → 7F1 f-f

transition of Sm2+ [150].

4.4.2 Low temperature photoluminescence spectroscopy of BaLiF3:Sm3+

Figure 4.4a illustrates the temperature dependence of the photoluminescence spectrum of

Sm2+ generated by X-irradiation of the BaLiF3:Sm3+ nanophosphor. Again, the 462 nm laser

diode was employed as the excitation source and the photoluminescence spectra were recorded

in the temperature range of 16-240 K. With increasing temperature, the most prominent peak

of Sm2+ at 694 nm (5D0 → 7F1) becomes slightly broader and the vibronic sidebands (Vb)

show increased intensity. From this temperature dependence, the weak line at 681 nm can be

assigned to the 5D0 → 7F0 transition. This transition is magnetic dipole forbidden because

of the inversion symmetry of the Ba2+ site where the Sm2+ substitutes and hence is very

weak. In contrast, the magnetic dipole allowed 5D0 → 7F1 transition at 694 nm is the most

prominent feature in the spectrum at all temperatures.

Figure 4.4b illustrates the temperature dependence photoluminescence spectrum of Sm2+ gen-

erated by X-irradiation in Ba0.8Sr0.2LiF3:Sm3+. Interestingly, it shows that an admixture of

SrF2 in Ba0.8Sr0.2LiF3:Sm3+ slightly breaks the centre of symmetry (BaLiF3) rule and en-

hances the luminescence intensity of electric-dipole forbidden Sm2+ 5D0 → 7F0 (681 nm)

transition. However, the magnetic dipole forbidden 5D0 → 7F1 Sm2+ transition (694 nm)

dominates the photoluminescence spectra of nanocrystalline Ba0.8Sr0.2LiF3:Sm3+ as like as

BaLiF3:Sm3+ nanophosphor (shown in Figure 4.4a).
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Figure 4.4: Temperature dependence of the photoluminescence spectra of X-irradiated (a)
BaLiF3:Sm3+ and (b) Ba0.8Sr0.2LiF3:Sm3+. The Sm2+ emission lines at 681 and 694 nm are
assigned to the 5D0 → 7F0 and 5D0 → 7F1 transitions, respectively. The spectra were excited
at 462 nm.

4.4.3 X-ray dose dependency

The build-up of Sm2+ in nanocrystalline BaLiF3:Sm3+ as a function of cumulative X-ray dose

is illustrated in Figure 4.5.

Figure 4.5: Room temperature photoluminescence spectra of BaLiF3:Sm3+ in the region of
the 5D0 → 7F1 transition (a) for increasing X-irradiation (i) 3.6, (j) 5.4, (k) 9, (l) 12, (m) 26
and (n) 35 Gy, respectively. (b) Integrated intensity of the 5D0 → 7F1 Sm2+ transition at 694
nm as a function of increasing X-ray dose (red triangles) with a fit to a double exponential
(blue trace). Calibrated data obtained from Sirona Heliodent dental X-ray is presented in
black circles and is also shown as an inset.

The buildup of Sm2+ concentration is approximately linear up to 1.6 Gy and starts to saturate

at around 80 Gy. The X-ray dose dependence of the Sm2+ 5D0 → 7F1 transition intensity

(at 694 nm) in BaLiF3 was fitted by the following double exponential function, yielding rate
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4.4. Photoluminescence spectroscopy of BaLiF3:Sm3+

constants k1 = 0.02 Gy−1 and k2 = 0.1 Gy−1.

ISm2+ = a1(1− e(−k1×dose)) + a2(1− e(−k2×dose)) (4.1)

where ISm2+ is the concentration of Sm2+ ions and a1 and a2 are amplitudes.

This double exponential fit (Figure 4.5b) provides evidence that the gradual increase of Sm2+

with increasing X-ray dose follows first-order dispersive kinetics i.e., there is a dispersion of

rate constants. This is plausible since the Sm3+ needs to be charge compensated by another

defect, and hence there is a distribution of Sm3+-defect separations. Importantly, oxide ion

impurities play an important role in the BaLiF3:Sm3+ system and charge-compensate the Sm3+

centres. We note here that even for high X-ray doses, no reduction of the Sm3+ luminescence

intensity is observed in contrast to BaFCl:Sm3+ [134]. This may be because the absolute

conversion to Sm2+ is still minimal, and hence the Sm3+ change is not measurable within

the experimental error, or the Sm2+ is exclusively generated from Sm3+-defect pairs that are

initially nonluminescent.

4.4.4 UV sensitivity and dose dependency of BaLiF3:Sm3+

The response of nanocrystalline BaLiF3:Sm3+ to UV-C (185 nm; ∼0.6 mW/cm2) light is

demonstrated in Figure 4.6a where the room temperature photoluminescence spectrum was

measured before and after UV exposure. The sample was exposed to UV light for 1 h by using

a Hg(Ne) lamp with a power density of ∼0.6 mW/cm2.

Before the UV exposure, only Sm3+ peaks are observed, and after UV irradiation, again the

well-defined Sm2+ luminescence peaks appear.

Figure 4.6b summarizes the dependence of the 5D0 → 7F1 transition intensity on the UV

exposure. Upon 1.1 J cm−2 UV-fluence, the absolute concentration of Sm3+ centres is about

32 times lower compared to X-ray-induced reduction with 130 Gy, as follows from the absolute

luminescence intensity. The photoluminescence intensity of the 5D0 → 7F1 transition of Sm2+

ions at 694 nm follows a nearly linear response to UV irradiation within the investigated range.

Clearly, the BaLiF3:Sm3+ also has the capability of storing UV radiation in addition to the
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Figure 4.6: Photoluminescence spectra of nanocrystalline BaLiF3:Sm3+ before (blue trace)
and after (red trace) UV exposure (∼0.6 mW.cm−2; 185 nm radiation; 1 h) at 293 K. (b)
Dependence of Sm2+ luminescence (5D0 → 7F1) at 694 nm on UV-C exposure at 185 nm.
Blue solid line represents a linear fit function. A 462 nm laser diode was used as the excitation
source.

X-ray storage capacity. The UV storage effect is most likely based on photoinduced electron

transfer from oxide ion impurities to the Sm3+ centres [124].

4.4.5 Photobleaching effect

The photoionization of Sm2+ ions, i.e., the conversion of X-ray generated Sm2+ back to Sm3+

was also investigated by employing a 462 nm CW (continuous wave) laser diode. In this case,

the sample was first exposed to an X-ray dose of 6 Gy and was then bleached by applying

∼8 W cm−2 of 462 nm laser light. Figure 4.7a illustrates the decreasing Sm2+ luminescence

intensity in the 5D0 → 7F1 region (694 nm) with increasing photobleaching time (from (i) to

(n)).

The bleaching process of X-irradiated nanocrystalline BaLiF3:Sm3+ can be rationalized by

assuming that the conversion efficiency of Sm3+ to Sm2+ is correlated with the distribution

of the X-ray-induced Sm2+ and hole traps in the BaLiF3 host. The separation between Sm2+

and hole traps can be described by a standard γ distribution. The photoionization of Sm2+

can be explained by dispersive first-order kinetics, where we consider that the electron transfer

rate (k) from Sm2+ centre to nearby defect depends exponentially on the distance (R) between

samarium ions and oxide ion centres.

k = k0e
−R/af (4.2)
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4.4. Photoluminescence spectroscopy of BaLiF3:Sm3+

where k0 is the effective rate constant and af is a scaling parameter.

The behaviour of k0 as a function of excitation power indicates whether the bleaching mech-

anism is a single or multiphoton process. The bleaching mechanism of Sm2+ in the BaLiF3

host can then be modelled by Equation 4.3 [124].

N(t) =

∫ ∞
Rm

(R−Rm)(γ−1)exp[−(R−Rm)]

Γ(γ)
exp(−k0e(−R/af )t)dR (4.3)

where N(t) is the normalized photoluminescence decay of Sm2+, Rm is the radius of the ex-

cluded volume i.e., the nearest possible distance between the oxygen ion impurity and the

Sm2+ ion.

In particular, the oxide impurity cannot be on the nearest neighbor F (because this would

stabilize the Sm3+ ions) and hence the radius for the excluded volume was chosen to be Rm =

5 Å. In Equation 4.3, γ is the deviation from single exponential behaviour, i.e., it is determined

by the dispersion of rates.

Figure 4.7b illustrates the bleaching of Sm2+ where a global fit was conducted by using Equa-

tion 4.3. A near-perfect agreement is obtained with the global parameters af = 0.60 ± 0.06

Å and γ = 10.5 ± 1.6, and only k0 was left to be independent. The result for the parameter

γ implies that the Sm2+ ions are ∼15 Å (on average) away from the hole traps. It is im-

portant to note that these parameters should not be overinterpreted since they are not fully

independent. Temperature-induced diffusion of the defect pairs can increase the separation

between the electron and the hole trap centres [121]. This separation can render the electron

back-transfer mechanism impossible, resulting in residual Sm2+ of ∼20-30% for long bleaching

times.

The behaviour of the independent rate constant k0 can be fitted by a simple power law (Figure

4.7c) resulting in an exponent x = 0.8 ± 0.2. This indicates that the photobleaching of Sm2+

in BaLiF3 is a single photon process in contrast to the multiphoton ionization in the BaFCl

host lattice [124].
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Figure 4.7: (a) Luminescence spectrum of Sm2+ in BaLiF3 after a range of photobleaching
times in the 5D0 → 7F1 region: (i) 10 min, (j) 15 min, (k) 25 min, (l) 40 min, (m) 60 min, and
(n) 75 min. (b) Power dependence of the Sm2+ photobleaching: (I) 0.06 W. cm−2, (II) 0.29
W. cm−2, (III) 1.05 W. cm−2, (IV) 1.75 W. cm−2, (V) 7.85 W. cm−2, where samples were
initially irradiated by a 6 Gy X-ray dose. The solid lines represent a global fit to Equation
4.3. (c) Dependence of the fitting parameter k0 (Equation 4.2) on the power. The blue solid
line is the fit to a power law.

4.5 Lifetime measurement of UV and X-ray induced Sm2+ ions

Figure 4.8 illustrates the photoluminescence decay of Sm2+ (5D0 → 7F1) excited by a pulsed

430 nm LED. The Sm2+ decay curve is well fitted by a double exponential function, and from

the fitting parameters, the lifetimes of the X-ray- and UV-induced 5D0 → 7F1 transition (694

nm) were determined. In both cases, the double exponential function yields a fast (∼4 ms) and

a slow (τx−ray = 12 ms, τuv = 19 ms) lifetime. Again, a double exponential is the simplest

approximation to first-order dispersive kinetics, i.e., there must be a range of excited state

lifetimes. It appears that UV-generated Sm2+ centres show longer excited state lifetimes than

X-ray-generated centres. The excited state lifetime for the 5D0 → 7F1 transition in X-ray

induced Sm2+ in BaLiF3 ranges between 4 and 12 ms whereas in a macroscopic crystal the
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lifetime is 37 ms [151]. This indicates that the ball milling process and X-ray irradiation

generate a very high concentration of defects in nanocrystalline BaLiF3:Sm3+ that quench

the excited state. In particular, the magnetic dipole transition may couple to electric dipole

transitions of such defects and hence excitation energy transfer is expected to follow a R−4

law [180, 181] where R is the distance between the Sm2+ ion and the defect.

Figure 4.8: Excited state lifetime measurement of Sm2+ of (I) X-ray (6 Gy) and (II) UV (1
h) irradiated samples at 694 nm. Solid lines show double exponential fits.

X-irradiation resulted in significant Sm2+ concentrations, and hence the excited state decay

most likely displays donor-acceptor and donor-donor transfer [180]. In contrast, the low-fluence

UV-irradiation in this work lead to about a 32-times lower Sm2+ concentration, and hence the

excited state decay is most likely governed by donor-acceptor energy transfer only.

4.6 Summary

Nanocrystalline BaLiF3:Sm3+ was prepared by ball milling BaF2, LiF and SmCl3.6H2O for

3 h. The phase purity of the as-synthesized powder sample was verified by powder XRD.

The photoluminescence properties were investigated before and after UV and X-ray exposure.

The magnetic dipole forbidden 5D0 → 7F0 transition is very weak and the magnetic dipole

allowed 5D0 → 7F1 emission dominates the photoluminescence spectrum. The photolumines-

cence intensity of Sm2+ gradually increases upon increasing X-irradiation with rate constants

k1 = 0.02 Gy−1 and k2 = 0.1 Gy−1 , compared to ∼0.3 Gy−1 for the BaFCl host [134]. This
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indicates that nanocrystalline BaLiF3:Sm3+ is a relatively sensitive and efficient photolumi-

nescent phosphor. The excited state lifetime range of Sm2+ (694 nm) in the X-ray and UV

irradiated sample is between ∼4 to 12 ms and 19 ms, respectively and the decays are indicative

of donor-donor, donor-acceptor, and donor-acceptor only energy transfer.

The photobleaching of Sm2+ can be explained by considering a standard gamma distribution

which provides evidence that the X-ray induced Sm2+ centres are separated from hole traps

by a few interionic spacings (∼15 Å). This result is in accord with the observation that the

5D0 → 7F0 transition is very weak, i.e., the inversion symmetry prevails. The symmetry would

most likely be broken if defects would be within the second or even third coordination sphere,

and hence the intensity would increase.

This chapter demonstrates that nanocrystalline BaLiF3:Sm3+ has some potential for applica-

tions in the field of dosimetry for X-ray and UV-C radiation.
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Chapter 5

Generation of divalent Tm2+ ions in

BaLiF3:Tm3+ nanocrystals

???The work related to this chapter has been peer-reviewed and published in The Journal of

Physical Chemistry C. Dr. Nicolas Riesen is acknowledged for his support with the trans-

mission and scanning electron microscopy, and TEM, SEM-based elemental mapping. The

published article can be accessed as:

Chowdhury, N.; Riesen, N.; Riesen, H. Photoluminescence of X-ray Induced Divalent Tm2+

in BaLiF3:Tm3+ Nanocrystals. The Journal of Physical Chemistry C, 2021, 125(39), 21543-

21549.???

5.1 Introduction

As discussed in Chapter 1 and 2, to explore the potential of a luminescent system as reliable

X-ray storage phosphor, a detailed understanding of the host material incorporated with a

broad range of activator (e.g., rare-earth elements) is essential. In addition, considering the

X-ray sensitivity of BaLiF3:Sm3+ which displays visible Sm2+ luminescence (at 694 nm), it

is expected that X-irradiation may also generate infrared Tm2+ emission in nanocrystalline

BaLiF3:Tm3+. Such an investigation allows to examine the potential of BaLiF3 host matrix

for solar energy applications, specifically in luminescent solar concentrators [182, 183].

This chapter provides a demonstration of infrared Tm2+ emission (at 1136 nm) by X-irradiation

generated in nanocrystalline BaLiF3:Tm3+ prepared by ball milling. Specifically, the X-ray
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5.2. Experimental Methods

storage capability and the photoionization process of X-ray induced Tm2+ in BaLiF3:Tm3+

nanophosphor are explored rigorously. Additionally, the response of nanocrystalline BaLiF3:

Tm3+ (Tm3+ → Tm2+) upon X-ray irradiation is compared with that of BaLiF3:Eu3+ and

BaLiF3: Sm3+ nanocrystals prepared by ball milling.

5.2 Experimental Methods

BaF2 was prepared by co-precipitation of barium nitrate Ba(NO3)2 and ammonium fluoride

NH4F. The product was then dried at 60 °C for 24 h and its phase purity was characterized by

powder X-ray diffraction. Nanocrystalline BaLiF3:Tm3+ (i.e., Ba0.995Tm0.005LiF2.985Cl0.015)

was then synthesized by ball milling BaF2, LiF and TmCl3·6H2O using a Retsch Mixer Mill

MM 200. First, 0.35 gm BaF2 (2 mmol), 0.052 g LiF (2 mmol) and 3.8 mg TmCl3·6H2O (0.01

mmol) were ground manually by a mortar and pestle. The mixture was then transferred into a

10 mL zirconia lined jar with two 12 mm diameter zirconia balls (5.5 gm). Finally, the Retsch

mixer mill was operated at a frequency of 20 Hz for 180 min. The total weight of the mixture

was about 0.41 g (i.e., ball to reagent mass ratio of 21:1).

For comparison, nanocrystalline BaLiF3:Eu3+ and BaLiF3:Sm3+ were synthesized by following

the same preparation route.

The final products were characterized by powder X-ray diffraction employing a Rigaku Miniflex-

600 benchtop powder X-ray diffractometer with a Cu-Kα (λ = 0.154 nm) tube operated at 40

kV and 15 mA. The instrumental broadening by the powder diffractometer was determined

by a Rietveld refinement of a LaB6 pattern. The experimental data was recorded in the 2-θ

range of 10° to 90° with a step size of 0.02° and at a scan speed of 0.5°/min. The X-irradiation

was carried out in the same diffractometer and the X-ray dose was cross-calibrated to a Sirona

HELIODENT plus Dental X-ray source.

TEM (transmission electron microscopy) and EDS (energy dispersive spectroscopy) 2D ele-

mental mapping were performed by utilizing a FEI Tecnai G2 Spirit TEM and a JEOL JEM

2100F Field Emission TEM, respectively. To record high resolution TEM images, powder

samples were suspended in ethanol and then dispersed onto copper grids.

In addition, SEM (scanning electron microscopy) and SEM-EDS mapping were performed
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with a Zeiss Crossbeam 540 with SDD EDS (Oxford Instruments X-MaxN).

The photoluminescence spectra were collected on a Spex 500 Mmonochromator (150 groves/mm

grating blazed at 500 nm) equipped with either an Andor iDus (DV401A-BV) CCD or Andor

InGaAs (DU490A-1.7) camera for capturing the visible and infrared range, respectively, and

both cameras were cooled to -60 °C. A 462 nm blue laser diode was used to excite the X-ray

induced Tm2+ ions. The Tm3+ luminescence was measured by a Fluoromax-3 fluorometer

with excitation wavelengths of 348 nm (adding Thorlabs FGUV11S and FGL435 filters) and

458 nm (adding FES500 and Thorlabs FGL550S filters).

5.3 Characterization of nanocrystalline BaLiF3:Tm3+

5.3.1 Powder X-ray diffraction (XRD) pattern

The powder X-ray diffraction pattern (XRD) of nanocrystalline BaLiF3:Tm3+ prepared by

ball milling is displayed in Figure 5.1.

Figure 5.1: X-ray diffraction pattern of nanocrystalline BaLiF3:Tm3+. Experimental data
and a Rietveld refinement (MAUD) are shown as black diamonds and a red solid line, respec-
tively. For comparison, the standard X-ray diffraction data pattern of pure BaLiF3 (PDF No.
18-0715) is shown as a blue solid line.

All the prominent peaks could be indexed to the cubic BaLiF3 perovskite structure with

the space group Pm-3m, which confirmed the purity of the as-prepared powder sample. A

Rietveld refinement was performed by using MAUD 2.78 [170], yielding a unit cell parameter

of, a = 4.009(3) Å, with weighted profile and expected R-factors, Rwp = 21% and Rexp =

57



5.3. Characterization of nanocrystalline BaLiF3:Tm3+

14%, respectively, i.e. an acceptable goodness of fit, G = Rwp/Rexp = 1.5 [179]. A slight

lattice expansion of 0.3% compared to the literature value, a = 3.996(3) Å [71], was observed.

Surface tension and defects are the most likely reason for this expansion [184]. The Rietveld

refinement indicated an average crystallite size of 46 ± 1 nm (isotropic approximation in the

standard Delf model in MAUD).

5.3.2 Transmission electron microscopy

The morphology of the as-prepared BaLiF3:Tm3+ nanocrystals is illustrated by a typical TEM

image in Figure 5.2a. A histogram of the crystallite sizes was obtained from an analysis of

683 particles in 19 TEM micrographs as shown in Figure 5.2b. An average crystallite size of

∼31 nm with a spread of about 10-80 nm was observed.

Elemental mapping (TEM-EDS) of nanocrystalline BaLiF3:Tm3+ demonstrated uniform dis-

tributions of Ba, F, Tm and Cl within the BaLiF3:Tm3+ nanocrystals as is shown in Figure

5.2c.

Figure 5.2: (a) Representative transmission electron microscope image of BaLiF3:Tm3+

prepared by ball milling along with (b) a histogram showing the crystallite size analysis of
683 particles. The blue solid line shows a gamma distribution function. (c) TEM-EDS (EDS,
energy dispersive spectroscopy) elemental mapping images of Ba, F, Tm and Cl, respectively.
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5.3.3 Scanning electron microscopy

Surface morphology of as-prepared ball-milled BaLiF3:Tm3+ was investigated using SEM

imaging as illustrated in Figure 5.3a. In addition, the SEM-EDS maps (Figure 5.3b) demon-

strate the existence and uniform distribution of detected elements such as Ba, F, Tm and Cl.

TEM, SEM and TEM, and SEM based EDS analysis indicates no formation of an amorphous

phase.

Figure 5.3: (a) SEM images of ball-milled BaLiF3:Tm3+ nanocrystals and (b) 2D SEM-EDS
elemental maps of Ba, F, Tm and Cl.

5.4 Photoluminescence spectroscopy

5.4.1 X-ray sensitivity

The room temperature photoluminescence spectrum of nanocrystalline BaLiF3:Tm3+ was mea-

sured before (Figure 5.4a) and after X-irradiation (Figure 5.4b).

Before X-ray exposure, only Tm3+ peaks at 453 nm (Figure 5.4a), 643 nm and 650 nm (Figure

5.4a, inset) were measurable. The observed transitions could be attributed to the 1D2 → 3F4,

1G4 → 3F4 and 1D2 → 3H4 transitions [137], respectively. After X-irradiation a relatively

broad Tm2+ 2F5/2 → 2F7/2 peak at ∼1136 nm appeared (Figure 5.4b).

Interestingly, no d-f luminescence in the visible range could be detected after X-irradiation in
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Figure 5.4: Room temperature photoluminescence spectra of nanocrystalline BaLiF3:Tm3+

(a) before (red solid line - excited at 348 nm, green solid line - 458 nm excitation) and (b)
after X-irradiation (108 Gy dose of Cu-Kα X-ray operated at 40 kV, 15 mA).

contrast to directly Tm2+ doped SrB4O7, SrCl2, BaZnCl4, SrZnCl4 and CsCaX3 (X = Cl, Br,

I) [34, 185, 186].

5.4.2 Temperature dependent photoluminescence spectra

The temperature dependences of the photoluminescence spectra of Tm3+ and Tm2+ are shown

in Figure 5.5a and b, respectively. The 1D2 → 3H4 Tm3+ transition at 650 nm was the most

pronounced transition in the low temperature photoluminescence spectrum of as-prepared

BaLiF3:Tm3+ (Figure 5.5a), however, with increasing temperature another Tm3+ transition

was observed at 643 nm which can be assigned to the 1G4 → 3F4 transition [140].

Figure 5.5: Temperature dependence of (a) trivalent and (b) divalent Tm in BaLiF3:Tm3+.
The inset (b) shows the luminescence spectra of X-ray induced lattice defects at 1240 nm and
1317 nm. The sample was irradiated with 108 Gy of Cu-Kα X-ray (40 kV, 15 mA) for the
spectra of Figure 5.5b. The spectra were excited at 462 nm.
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In X-irradiated nanocrystalline BaLiF3:Tm3+ (Figure 5.5b, vibrational sidelines are indicated

by Vb), the broad Tm2+ 2F5/2 → 2F7/2 transition at ∼1136 nm became more intense and

slightly narrower at low temperatures so that some vibronic sidelines (Vb) become partially

resolved. In contrast to nanocrystalline BaFCl:Tm3+, no splitting of the 2F5/2 → 2F7/2 tran-

sition was observed in BaLiF3:Tm3+ [137]. However, two weak defect transitions at 1240 and

1317 nm appeared upon X-ray exposure which were only measurable at low temperature as is

shown in the inset of Figure 5.5b. These two defects were also observed in X-irradiated pure

BaLiF3 (not shown here) which confirmed that they were intrinsic to the host lattice and are

not due to Tm2+. Specifically, both transitions are 10 times weaker than the Tm2+ transition

(1136 nm) and likely due to X-ray induced F-centres. Also, their luminescence was subject

to thermal quenching with increasing temperature (and fully quenched at 293 K). Recently

several F-type centres have been identified in irradiated BaLiF3 absorbing at 433, 565, 702

and 1068 nm [164].

5.4.3 X-ray dose dependency

To quantify the X-ray sensitivity of nanocrystalline BaLiF3:Tm3+, the reduction of Tm3+ ions

to Tm2+ was measured by monitoring the photoluminescence intensity of the relatively broad

Tm2+ 2F5/2 → 2F7/2 transition (∼1136 nm) as a function of accumulated X-ray dose. The X-

ray dose dependence of the Tm2+ generation in nanocrystalline BaLiF3:Tm3+ is summarized

in Figure 5.6. The reduction mechanism of Tm3+ to Tm2+ ions depends on the electron

and hole pairs created in the BaLiF3 host upon X-irradiation. The X-ray generated electrons

reduce Tm3+ ions to divalent Tm2+. In BaLiF3 the Tm-ions are located in the divalent Ba2+

sites and before X-irradiation Tm3+ ions are charge compensated by defects such as oxide

impurities, interstitial F− ions or Li+ vacancies. The X-ray dose dependency of Tm2+ can be

expected to follow first-order dispersive kinetics for which a bi-exponential function is a good

approximation:

ITm2+ = A1(1− exp(−k1 × dose)) +A2(1− exp(−k2 × dose)) (5.1)
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In Equation 5.1, A1 and A2 are amplitudes and k1 and k2 are rate constants. The double

exponential fit yielded dose-based reduction rate constants for Tm3+ of k1 = 0.019 Gy−1 and

k2 = 0.08 Gy−1 and amplitudes A1 = 3 and A2 = 2.6.

The X-ray generated Tm2+ concentration, as measured by the 2F5/2 → 2F7/2 transition,

reaches saturation at ∼100 Gy. In comparison, saturation was only reached at >250 Gy in

BaFCl:Tm3+ [140].

Figure 5.6: Room temperature photoluminescence spectra of X-irradiated nanocrystalline
BaLiF3:Tm3+ as a function of X-ray dose (0, 3, 5, 9, 14, 23, 36, 45, 90, 216 Gy). (b)
Dependence of integrated photoluminescence intensities of the 2F5/2 → 2F7/2 Tm2+ transition
at 1136 nm as a function of X-ray dose. The luminescence spectra were excited by a 462
nm laser diode with a power density of 0.24 W/cm2. The blue solid line shows a double
exponential fit Equation 5.1.

5.5 Photobleaching of X-ray induced Tm2+

The bleaching/photoionization of Tm2+ ions with continuous blue light (462 nm laser diode)

exposure is illustrated in Figure 5.7. In Figure 5.7a the photoluminescence spectrum is shown

for a range of exposure periods to 462 nm light at a power density of 8 W/cm2. The photo-

bleaching of Tm2+ is shown for different excitation power densities in Figure 5.7b. The Tm2+

luminescence spectra were then integrated and normalized. The bleaching can be described

by a standard gamma distribution (Equation 5.3) where the effective photoinduced electron

transfer rate (k) is assumed to follow an exponential trend, as per Equation 5.2, as a function

of the distance R between the electron and hole trap centres:
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5.5. Photobleaching of X-ray induced Tm2+

k = k0e
−R/af (5.2)

Here, the rate constant k0 is a measure of the photobleaching of Tm2+ for a specific excitation

power density and af is the scaling parameter.

The photoreduction of Tm2+ luminescence can be modelled by [124]:

ITm2+(t) =

∫ ∞
Rm

βγ(R−Rm)(γ−1)exp[−(R−Rm)β]

Γ(γ)
exp(−k0e(−R/af )t)dR (5.3)

where, ITm2+ is the normalized Tm2+ concentration, Rm is the radius for the excluded vol-

ume which is the nearest possible distance of oxide impurities and Tm2+ ions, and β = (1

Å)−1. R, Rm and af in Equation 5.3 are all in units of Å. It is worth noting that the oxide

impurity cannot be on a nearest neighbor F site as this would strongly stabilize the Tm3+

ions. In Equation 5.3, k0 and γ determine the timescale and dispersion of the bleaching curve,

respectively.

A global fit was performed for the data displayed in Figure 5.7b using Equation 5.3 with only

k0 as an individual fit parameter. The fit yielded af = 0.86 ± 0.11 Å and γ = 10 ± 2 when

an excluded volume radius of Rm = 7 Å was chosen because the nearest neighbor distance

(
√

2 a0 [187] where a0 is 3.996 Å) is 5.65 Å. The fitted value obtained for γ indicates that

the Tm2+ ion is separated from the hole traps by 17 Å. The interatomic distance 17 Å was

determined by analyzing the Gamma distribution function on the basis of the results obtained

from the global fits (Figure 5.7b). It is important to note that these parameters should not

be overinterpreted as they are not fully independent.

The power dependence of the rate constant k0 shown in Figure 5.7c can be described by a

simple power law, given in Equation 5.4, to determine whether the ionization mechanism fol-

lows a single or two-photon process:

k = A× px (5.4)
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In Equation 5.4, p denotes the power density of the bleaching light and x is the slope. The

global fit yields a power dependence of x = 0.8 ± 0.1, indicating that a single photon ionization

process takes part in nanocrystalline BaLiF3:Tm3+.

Figure 5.7: (a) Room temperature photoluminescence spectra of Tm2+ (2F5/2 → 2F7/2

transition at 1136 nm) in nanocrystalline BaLiF3:Tm3+ upon photobleaching with 462 nm
laser light over 1, 2, 5, 11, 23, 50 min time periods. (b) Power density and time dependence of
the integrated and normalized photoluminescence intensity of the Tm2+ luminescence at 1136
nm. A 462 nm laser light with power densities (I) 0.05, (II) 0.25, (III) 0.5, (IV) 2, (V) 3 and
(VI) 8 W/cm2 was used to excite the 2F5/2 → 2F7/2 transition. The samples were initially
exposed to 108 Gy X-ray. The solid lines are global fits. (c) Rate constant k0 as a function of
power density.

5.6 Stability of X-ray induced Tm2+

The stability of Tm2+ ions in nanocrystalline BaLiF3:Tm3+ was tested under two conditions.

For this experiment, X-irradiated samples were kept in the dark or alternatively exposed to

sunlight for several hours, and the broad Tm2+ (2F5/2 → 2F7/2, ∼1136 nm) luminescence was
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periodically measured (Figure 5.8) with short excitation times of 10 s to minimize bleaching

by the readout. It was observed that the Tm2+ ions are relatively stable in the dark but seem

to be photoionized to Tm3+ rapidly upon exposure to sunlight.

Figure 5.8: Stability of Tm2+ in X-irradiated nanocrystalline BaLiF3:Tm3+ in the dark (red
data points) and in sunlight (yellow data points). Blue solid lines represent double exponential
fits. A 462 nm (0.3 Wcm−2) laser light was used to excite the photoluminescence of Tm2+ at
∼1136 nm. Both samples were initially exposed to an X-ray dose of 108 Gy.

5.7 Storage capability of rare-earth ions (Eu3+, Sm3+, Tm3+)

activated BaLiF3

The X-ray sensitivities of BaLiF3:Tm3+, BaLiF3:Eu3+ and BaLiF3:Sm3+ nanocrystals were

compared as is summarized in Figure 5.9.

Figure 5.9a illustrates the photoluminescence spectra of the divalent rare earth ions in ball-

milled BaLiF3:Eu3+, BaLiF3:Sm3+ and BaLiF3:Tm3+ after exposure to X-irradiation (6 Gy

Cu-Kα, 40 kV, 15 mA) in the range of the Eu2+, Sm2+ and Tm2+ luminescence transitions

at 361 nm (6P7/2 → 8S7/2), 422 nm (4f65d → 8S7/2(4f7)), 694 nm (5D0 → 7F1), and 1136 nm

(2F5/2 → 2F7/2), respectively. The build-up of the integrated photoluminescence intensity of

the divalent ions (Eu2+, Sm2+ and Tm2+) upon cumulative X-irradiation is summarized in

Figure 5.9b.
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Figure 5.9: (a) Photoluminescence spectra of X-ray induced Eu2+ in BaLiF3:Eu3+ (blue
trace), Sm2+ in BaLiF3:Sm3+ (red trace, ref. [188]) and Tm2+ in BaLiF3:Tm3+ (green). (b)
Dependence of the integrated luminescence of Eu2+ (4f65d → 8S7/2 (4f7)) at 422 nm (blue
markers), Sm2+ (5D0 → 7F1) at 694 nm (red markers, ref. [188]) and Tm2+ (2F5/2 → 2F7/2) at
1136 nm (green markers), as a function of X-ray dose. Solid lines represent double exponential
fits. The Eu2+ luminescence in BaLiF3:Eu3+ was excited by a 262 nm LED whilst the Sm2+

and Tm2+ emission in BaLiF3:Sm3+ and BaLiF3:Tm3+, respectively, were excited by a 462
nm laser diode.

The double exponential fit parameters obtained from the data presented in Figure 5.9b are

summarized in Table 5.1. It appears that the reduction rates (k1 and k2) vary among the

samples, with an increasing reduction rate in the order of BaLiF3:Tm3+ < BaLiF3:Sm3+ and

<< Ba-LiF3:Eu3+. This trend is in accord with the standard reduction potentials: Tm3+ →

Tm2+ (∼-2.3 V), Sm3+ → Sm2+ (∼-1.6 V) and Eu3+ → Eu2+ (∼-0.3 V) [60, 61]. This result

clearly indicates the potential of the BaLiF3 host matrix for real world applications such as for

storage phosphors. Additionally, the X-ray sensitivity of rare-earth ions incorporated BaLiF3

is significant for X-ray dosimetry.

Table 5.1: Rate constants derived from the bi-exponential fit Equation 5.1 for the generation
of divalent rare earth ions (Eu2+, Sm2+, Tm2+) upon X-ray irradiation.

System
Emission
wavelength

/nm

k1

/Gy−1
k2

/Gy−1

BaLiF3:Eu3+ 422 0.033 (±0.004) 0.299 (±0.584)
BaLiF3:Sm3+ 694 0.023 (±0.009) 0.094 (±0.054)
BaLiF3:Tm3+ 1136 0.019 (±0.002) 0.076 (±0.007)
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5.8 Summary

In summary, a mechanochemical synthesis approach for nanocrystalline BaLiF3:Tm3+ was

demonstrated and its X-ray sensitivity was examined by comparing photoluminescence spectra

before and after X-irradiation. In particular, a detailed demonstration of the infrared Tm2+

emission in BaLiF3:Tm3+ by X-ray exposure was presented. After X-ray exposure, Tm2+ ions

were observed at 1136 nm (2F5/2 → 2F7/2 transition). However, no visible Tm2+ emission

could be detected in contrast to earlier reports on systems such as CsCaCl3, CsCaBr3 and

CsCaI3 [34, 189], where the divalent Tm was incorporated by direct chemical methods. The

dispersion of Tm2+ photobleaching upon continuous laser illumination was measured and

explained by dispersive kinetics assuming a standard gamma distribution function for the

Tm-hole trap centre distribution. It appeared that the Tm2+ ions are separated from the hole

traps by an interionic spacing of 17 Å. The power dependence of Tm2+ bleaching implied a

single photoionization mechanism. These results signify that the infrared emission of Tm2+

in nanocrystalline BaLiF3 may be used in solar radiation converter/concentrator applications,

although for such an application the Tm2+ should be directly doped by chemical methods.

Additionally, the response of BaLiF3:Eu3+, BaLiF3:Sm3+ and BaLiF3:Tm3+ to X-irradiation

was presented and compared. It was found that upon X-irradiation trivalent ions (Eu3+,

Sm3+, Tm3+) can be efficiently reduced to their divalent state (Eu2+, Sm2+, Tm2+). This

is significant, as it shows that different rare-earth ions (Eu, Sm and Tm) can be readily

incorporated into the BaLiF3 host by a facile mechanochemical method, and a broad spectral

emission (from infrared to UV) can be achieved by an appropriate selection of the activator

ion. These results advance the current understanding of the rare-earth ion doped BaLiF3

activator-host system and demonstrate their potential as X-ray storage phosphors.
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Chapter 6

Upconversion luminescence of Yb3+ and Er3+

Co-doped BaLiF3 Nanocrystals

???The work related to this chapter has been peer-reviewed and published in ACS Applied

Nano Materials. Dr. Nicolas Riesen is acknowledged for his support with the transmission

and scanning electron microscopy, and TEM, SEM-based elemental mapping. The published

article can be accessed as:

Chowdhury, N.; Riesen, N.; Riesen, H. Yb3+ and Er3+ Codoped BaLiF3 Nanocrystals for

X-ray Dosimetry and Imaging by Upconversion Luminescence. ACS Applied Nano Materials,

2021, 4(7), 6659-6667.???

6.1 Introduction

Lanthanide ion doped nanocrystals exhibit attractive upconversion luminescence (UCL) prop-

erties and have found potential applications in 3D displays, photocatalysis, infrared quantum

counting and as solid-state laser materials [190–192]. To date, hexagonal NaYF4 is the best

performing fluoride-based upconversion host for green and blue emission [41, 193–197]. The

performance of upconversion materials strongly depend on the crystal structure of the host

matrix [198]. In this context, BaLiF3 has been investigated as a potential upconversion host

material. For example, microcrystalline BaLiF3 doped with Yb3+, Er3+/ Ho3+ (crystal size

∼2-4 µm) were prepared by a surfactant-assisted hydrothermal-microemulsion method, and

they showed stable red upconversion luminescence [36]. However, for their application in X-ray
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imaging and radiation monitoring system, systematic investigation of their X-ray storage capa-

bility and mechanism is crucial. Another important aspect of phosphor material is that their

sensitivity is dependent on crystallite sizes. For example, it was reported that nanophosphor

(∼200 nm) exhibited 500,000 times higher X-ray sensitivity in comparison with microcrys-

talline materials [134]. Therefore, it is also important to explore the upconversion and X-ray

storage properties of BaLiF3:Yb3+, Er3+ phosphors prepared in nanocrystalline form.

This chapter presents a successful preparation of nanocrystalline BaLiF3:Yb3+, Er3+ that

shows infrared-to-visible upconversion luminescence. The effect of X-irradiation on the up-

conversion luminescence is also investigated. This chapter also presents 2D X-ray imaging of

BaLiF3:Yb3+, Er3+ nanophosphor by upconversion luminescence.

6.2 Experimental details

6.2.1 Preparation Process

BaLiF3 co-doped with Yb3+ and Er3+

BaF2 was synthesized by co-precipitation of Ba(NO3)2 (May and Baker) and NH4F (Sigma

Aldrich). Nanocrystalline BaLiF3:Yb3+, Er3+ was prepared by ball milling BaF2, LiF (Ajax),

YbF3 (Sigma Aldrich) and ErCl3.6H2O (Sigma Aldrich) for 2, 3 and 4, hours. In brief, to

prepare Ba0.99−xYbxEr0.01LiF3+xCl0.03 nanoparticles, where x = 0.01, 0.05 and 0.1; (0.99-x)

mmol BaF2, x mmol YbF3 (x = 0.01, 0.05 and 0.1), 0.01 mmol ErCl3·6H2O and 1 mmol LiF

were premixed and ground together by a mortar and pestle before being transferred into a 10

mL zirconia lined jar with two 12 mm zirconia balls. The milling process was performed on

a Retsch Mixer Mill 200 at a frequency of 20 Hz. Post-annealing was conducted in a muffle

furnace (Labec, CEMLS-SD) in air.

NaYF4 co-doped with Yb3+ and Er3+

For comparison of the UCL efficiencies, hexagonal NaYF4 co-doped with 10% Yb3+ and 1%

Er3+ was also prepared by ball milling a mixture of 1 mmol NaF, 0.89 mmol YF3, 0.1 mmol

YbF3 and 0.01 mmol ErCl3·6H2O for 4 h at 20 Hz [140]. The pure hexagonal phase was
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verified by powder XRD. For comparison, an Er3+ doped YbF3 (0.4 g of YbF3 and 0.004 mg

of ErCl3·6H2O) sample was also prepared by ball milling for 4 h.

BaLiF3:Yb3+, Er3+ coated photographic film

For the imaging experiments, some imaging plates (films) were prepared by depositing a sus-

pension of the phosphor (BaLiF3:5% Yb3+, 1% Er3+) with 5 wt-% of dissolved binder (Kraton

stabilized with STANN in toluene: butyl acetate: methylcyclohexane 9:6:5), on a poly(vinyl

acetate) substrate of 100 µm thickness with the mixture being spread by a doctor’s blade.

The resulting coating had a thickness of 20 µm.

6.2.2 Structural property of BaLiF3:Yb3+, Er3+

The phase purity of samples was characterized by X-ray diffraction (XRD) employing a Rigaku

Miniflex 600 benchtop powder XRD with a Cu-Kα (λ = 0.154 nm) X-ray tube, operated at

40 kV, 15 mA.

Scanning electron microscopy (SEM) and Energy Dispersive X-ray (EDS) mapping were per-

formed with a Zeiss Crossbeam 540 with SDD EDS (Oxford Instruments X-MaxN). Transmis-

sion Electron Microscopy (TEM) and EDS mapping were also performed by utilizing a JEOL

JEM-2100F Field Emission TEM. The TEM analysis was further verified with a FEI Tecnai

G2 Spirit TEM.

6.2.3 Upconversion and photoluminescence spectroscopy

The upconversion luminescence and photoluminescence spectra were measured using a Spex

500 M monochromator equipped with an Andor iDus Model DV401A-BV CCD camera. A

current and temperature controlled near-infrared laser diode (Thorlabs L980P100A controlled

by a Thorlabs LDC 500 and Thorlabs TEC 2000 current and temperature controller) focused

with a maximum power density of 65W.cm−2 was used to excite the upconversion luminescence

at 980 nm. To observe the effect of X-ray exposure, samples were irradiated in the Rigaku

Miniflex 600 benchtop powder X-ray diffractometer. The X-ray dose was cross calibrated

against a Sirona HELIODENT Plus dental X-ray.
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6.2.4 X-ray imaging by upconversion luminescence

For the read-out of imaging plates in 2D, a modified “flying spot” setup built in the laboratory

was used. Instead of scanning the laser spot across the imaging plate, the latter was translated

in x and y. This was undertaken by two motorized translation stages (Thorlabs MTS50-Z8,

50 mm travel, controlled by Thorlabs T-cube TDC001 controllers) that were mounted in XY

configuration. The UCL was excited by focussed 980 nm laser light (1.6 mW) from the laser

diode described above. The collimated UCL signal was then passed through a 700 nm short

pass filter (Thorlabs FES700) and measured by a miniature photon counting head (Hamamatsu

H7467-01). The 2D reader setup was enclosed in a black box and was computer controlled.

6.3 Characterization of BaLiF3:Yb3+, Er3+ nanophosphor

6.3.1 Powder X-ray diffraction pattern

The powder X-ray diffraction (XRD) patterns of BaLiF3 doped with 1% of YbF3 and ErCl3

prepared by ball milling for 2, 3 and 4 h are illustrated in Figure 6.1a. In Figure 6.1b, the XRD

patterns for BaLiF3 doped with 1% ErCl3 and three YbF3 concentrations (1, 5 and 10%) are

shown. Finally, XRD patterns of BaLiF3 doped with 1% YbF3 and ErCl3 annealed at three

temperatures are displayed in Figure 6.1c.

The prominent X-ray diffraction peaks in all of the patterns displayed in Figure 6.1, can be

indexed to the pure cubic BaLiF3 structure with the space group Pm-3m.

After 2 hours of milling, residual peaks from BaF2 and YbF3 are still visible in Figure 6.1a,

whereas a more complete nanocrystalline BaLiF3:Yb3+, Er3+ phase formation (∼100%) is ob-

served after 3 hours. Table 6.1 summarizes the X-ray diffraction parameters of the Rietveld

refinements (using the MAUD [170] software) that are illustrated in Figure 6.1.

The average crystallite size was determined with the default MAUD “Delf” size-strain model

in the isotropic approximation cite196. As shown in Table 6.1a, the average crystallite size

decreases from 38 ± 1 nm (2 h) to 32 ± 1 nm (4 h) with increasing ball-milling time. Inter-

estingly, a more drastic reduction of the average crystallite size from 32 ± 1 nm to 21 ± 1 nm
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Figure 6.1: Powder XRD patterns of (a) BaLiF3:1% Yb3+, 1% Er3+ nanoparticles prepared
by ball milling for 2, 3 and 4 h respectively (residual BaF2 and YbF3 peaks are indicated by
green asterisks), (b) BaLiF3:1% Er3+ with different concentrations of Yb3+ (1, 5, 10%) ball
milled for 4 h, (c) as-prepared and annealed (300, 400 and 500 ◦C) BaLiF3:1% Yb3+, 1% Er3+

samples. Experimental data and Rietveld refinements are shown as black diamonds and red
solid lines, respectively. Diffraction peaks from residual reagents are indicated by the green
asterisk (∗). For comparison, the standard BaLiF3 data (PDF #18-0715) is also shown (blue
line).

is observed when the Yb concentration is increased from 1 to 10% (see Table 6.1(b)). This

is most likely due to the disruption of the crystal lattice formation by the trivalent dopant.

It appears (see also below) that relatively large concentrations of the trivalent Yb3+ can be

built into the crystal lattice. Charge compensation is achieved by interstitial F− ions but some

compensation by Li+ vacancies is also possible.

In summary, the average crystallite size of as-prepared BaLiF3:Yb3+, Er3+ decreases with

increasing ball-milling time and Yb3+ concentration. In contrast, as shown in Table 6.1(c),

the average crystallite sizes of BaLiF3:1% Yb3+, 1% Er3+ samples annealed at 300, 400 and

500 ◦C are 50 ± 1, 88 ± 1 and 153 ± 3 nm, respectively, i.e., the average crystallite size

increases with annealing temperature, as expected.
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Table 6.1: Summary of Rietveld refinement parameters as obtained from MAUD where Rwp
and Rexp are the weighted-profile R-factor and expected R-factor, respectively. G = Rwp/Rexp
determines the goodness of fit, with G < 2 indicating an acceptable refinement.

(a) Ball milling time
BaLiF3:1% Yb3+, 1% Er3+

Ball milling time
/h

Lattice parameter
/Å

Average
crystallite size

/nm
Rwp% Rexp% G%

2 4.008 (3) 38 ± 1 24.9 13.6 1.8
3 4.008 (3) 35 ± 1 19.2 13.2 1.5
4 4.009 (3) 32 ± 1 18.9 13.4 1.4

(b) Concentration of Yb3+

BaLiF3:x% Yb3+, 1% Er3+

Ball
milling
time/h

% of
Yb3+

Lattice
parameter/Å

Average
crystallite
size/nm

Rwp% Rexp% G%

4 1 4.009 (3) 32 ± 1 18.9 13.4 1.4
4 5 4.008 (4) 25 ± 1 18.5 12.5 1.5
4 10 4.01 (6) 21 ± 1 22.3 11.9 1.9

(c) Annealing temperature
BaLiF3:1% Yb3+, 1% Er3+

Annealing
temperature/◦C

Lattice parameter
/Å

Average
crystallite size

/nm
Rwp% Rexp% G%

As-prepared 4.008 (3) 35 ± 1 19.2 13.2 1.5
300 4.006 (2) 50 ± 1 18.5 13.1 1.4
400 4.006 (2) 88 ± 1 20.2 14.2 1.4
500 4.003 (1) 154 ± 3 20.9 13.2 1.6

6.3.2 TEM and SEM micrograph analysis

To reveal the actual size and morphology of the individual crystals, typical TEM micrographs

and histograms showing corresponding particle size distributions of ball-milled samples with

1% and 10% YbF3 concentrations before and after annealing are shown in Figure 6.2.

From the histograms it follows that the average crystallite sizes of as-synthesized nanocrystals

containing 1 and 10% YbF3 is 26 ± 6 nm (Figure 6.2a) and 16 ± 3 nm (Figure 6.2c), respec-

tively, in reasonable agreement with the XRD results. The average crystallite size increases

upon annealing to 190 ± 4 nm (Figure 6.2b) and 121 ± 5 nm (Figure 6.2d), respectively, in
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BaLiF3:1% Yb3+, 1% Er3+ and BaLiF3:10% Yb3+, 1% Er3+ samples. This result shows again

that with increasing concentrations of the trivalent dopant YbF3 in BaLiF3, a reduction of

the average crystallite size occurs in accord with the powder X-ray diffraction results. Impor-

tantly, EDS maps of BaLiF3:10% Yb3+, 1% Er3+ (as-prepared and annealed) are also shown

in Figure 6.2, confirming uniform distributions of Ba, F, Yb, Er and Cl within the nanocrystals.

Figure 6.2: Representative TEM images (I) of (a) as-prepared BaLiF3:1% Yb3+,1% Er3+,
(b) annealed BaLiF3:1% Yb3+,1% Er3+ at 500 °C, (c) as-prepared BaLiF3:10% Yb3+, 1%
Er3+, and (d) annealed BaLiF3:10% Yb3+, 1% Er3+ at 500 ◦C. Corresponding histograms of
particle size distribution (from six TEM images) are shown in the lower panel of each TEM
image. 2D EDS maps of BaLiF3:10% Yb3+, 1% Er3+ before (II) and after (III) annealing are
shown in the bottom panels.

In addition, SEM micrographs of BaLiF3:1% Yb3+, 1% Er3+ and BaLiF3:10% Yb3+, 1% Er3+

(as-prepared and annealed) are shown in Figure 6.3.

It appears that in both cases (i.e. samples containing 1 and 10% YbF3) the annealing step
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increases the average crystallite/particle sizes, which is in agreement with the XRD results

discussed above. 2D EDS elemental maps of as-prepared (Figure 6.3, panel II) and annealed

(Figure 6.3, panel III) BaLiF3:10% Yb3+, 1% Er3+ are also shown in Figure 6.3, and these

maps confirm uniform distributions of the detected elements Ba, F, Yb, Er and Cl with

measured 67, 23, 9, 0.1 and 0.1 wt-%, respectively (Li is too light to be detected by the

SEM-EDS). In comparison, the expected weight percentages for Ba, F, Yb, Er and Cl in

Ba0.89Yb0.1Er0.01LiF3.1Cl0.03 (corrected for the non-detectability of Li) are 61, 29, 8.6, 0.8 and

0.5 wt-%, respectively. Barium strongly absorbs in the X-ray region and hence, SEM-EDS

and TEM-EDS results are semiquantitative at best for the present compound. We note here

that the weight percentages are a priori defined as the phosphor is made by ball milling.

Figure 6.3: SEM image (I) of (a) as-prepared BaLiF3:1% Yb3+, 1% Er3+, (b) BaLiF3:1%
Yb3+, 1% Er3+ annealed at 500 ◦C for 1 hour, (c) as-prepared BaLiF3:10% Yb3+, 1% Er3+,
(d) BaLiF3:10% Yb3+, 1% Er3+ annealed at 500 ◦C for 1 hour. Elemental 2D EDS maps of
BaLiF3:10% Yb3+, 1% Er3+ before (II) and after annealing (III). The weight-% is indicated.

6.3.3 Upconversion luminescence

The room temperature upconversion spectrum of nanocrystalline BaLiF3:1% Yb3+, 1% Er3+

excited by a temperature and current-controlled 980 nm laser diode is given in Figure 6.4a.

Three well-separated upconversion bands were identified at 521, 540 and 650 nm, with the
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latter showing the strongest upconversion luminescence under 980 nm laser excitation. These

transitions can be assigned to 2H11/2 → 4I15/2, 4S3/2 → 4I15/2 and 4F9/2 → 4I15/2 intraconfig-

urational f-f electronic transitions of Er3+ ions, respectively.

A logarithmic plot of integrated intensities of these three bands (521, 540, and 650 nm) as a

function of the excitation power is shown in Figure 6.4b. It is well documented [199] that the

upconversion luminescence intensity (IUC) is directly proportional to the excitation power (P)

as follows,

IUC ∝ Pn (6.1)

where n is the number of excitation photons required to generate upconversion luminescence.

The value of n can be readily determined from the logarithmic plot of the data.

Figure 6.4: (a) Upconversion luminescence spectrum of nanocrystalline BaLiF3:1% Yb3+, 1%
Er3+ (annealed at 400 ◦C) excited by a 980 nm laser diode. (b) excitation power dependence
of the upconversion luminescence at 521, 540 and 650 nm. Solid lines are fits to Equation
6.1. (c) Energy-level diagram of Yb3+ and Er3+ and a possible mechanism for upconversion
emission based on energy transfer (ET).

From the data presented in Figure 6.4b, n values of 1.56 ± 0.02, 1.68 ± 0.02 and 1.68 ± 0.02

were determined for the three upconversion luminescence bands 2H11/2 → 4I15/2 (521 nm),
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4S3/2 → 4I15/2 (540 nm) and 4F9/2 → 4I15/2 (650 nm), respectively. These values indicate that

the upconversion mechanism in nanocrystalline BaLiF3:Yb3+, Er3+ is based on a two-photon

process, a result that is in accord with the literature [36]. The energy-transfer (ET) based

mechanism is illustrated in Figure 6.4c.

Figure 6.5a shows the upconversion spectra of as-prepared BaLiF3:1% Yb3+, 1% Er3+ for

different ball milling times. As can be seen in Figure 6.5b, the upconversion luminescence

gradually decreases with longer ball milling time. This is most likely due to the incorpora-

tion of more defects in the host lattice upon prolonged milling. Importantly, a longer milling

process (3 and 4 h) reduces the average crystallite size (see Table 6.1a) and hence leads to

a larger surface to volume ratio, i.e. a closer proximity of the optical centres to the surface

defects.

Figure 6.5: (a) Upconversion emission spectra of nanocrystalline BaLiF3:1% Yb3+, 1% Er3+

as-prepared by ball milling for 2, 3 and 4 h respectively, (b) dependence of upconversion
luminescence (red triangle marker) and average crystallite size (blue rectangle marker; inset)
as a function of ball milling time.

To achieve a near 100% purity of BaLiF3:Yb3+, Er3+ phase, samples of BaLiF3:1% Er3+ with

different Yb3+ concentrations were prepared by ball milling for an extended time of 4 h. In

Figure 6.6a, the upconversion emission spectra of as-prepared BaLiF3:x% Yb3+, 1% Er3+ (x =

1, 5 and 10) nanocrystals are shown. As-prepared samples with different Yb3+ concentrations

show the same upconversion bands located at 521, 540 and 650 nm and the sample doped

with the highest Yb3+ concentration (BaLiF3:10% Yb3+, 1% Er3+) exhibits the maximum

emission intensity (Figure 6.6a) in agreement with the literature [36]. The enhancement of the

upconversion intensity is due to the reduced average distance between Er3+ and Yb3+ ions
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with increasing Yb concentration.

The upconversion efficiency of samples (Figure 6.6a) increases upon annealing (Figure 6.6b),

as summarized in Figure 6.6c for the three different YbF3 concentrations. It is most likely

that the annealing process reduces the defect density in addition to reducing the surface to

volume ratio. Consequently, the ratio of surface defects to volume becomes smaller too [200].

It appears that upon annealing the 5% Yb3+ sample shows higher upconversion luminescence

intensity in comparison with the 10% Yb3+ sample. This is most likely due to self-quenching

induced by the higher Yb3+ concentration.

Figure 6.6: Upconversion emission spectra of BaLiF3:1% Yb3+, 1% Er3+ (blue solid line),
BaLiF3:5% Yb3+, 1% Er3+ (green dotted line), BaLiF3:10% Yb3+, 1% Er3+ (red solid line)
samples (a) before and (b) after annealing at 400 ◦C for 1 h. The inset shows a photo of
the visible upconversion emission in BaLiF3:5% Yb3+, 1% Er3+ nanocrystals upon 980 nm
excitation. (c) Integrated intensity of the upconversion luminescence as a function of the
annealing temperature.
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6.3.4 Upconversion efficiency of BaLiF3:Yb3+, Er3+ in comparison with

NaYF4: Yb3+, Er3+

To evaluate the efficiency of the BaLiF3:Yb3+, Er3+ phosphor, the upconversion luminescence

intensity of BaLiF3:10% Yb3+, 1% Er3+ before and after annealing was compared with that of

the best-performing upconverter NaYF4:10% Yb3+, 1% Er3+ (hexagonal phase) as is shown

in Figure 6.7. Although the as-prepared BaLiF3:Yb3+, Er3+ (green solid line) exhibited the

weakest upconversion efficiency, the annealed BaLiF3:Yb3+, Er3+ (red solid line) had the

highest efficiency at 540 and 650 nm. Specifically, the efficiency is about 1 order of magnitude

higher for BaLiF3:Yb3+, Er3+ upon annealing than in hexagonal NaYF4:10% Yb3+, 1% Er3+

as prepared (blue dotted line) as-prepared by ball milling.

Figure 6.7: Upconversion luminescence spectra (semilogarithmic plot) of NaYF4:10% Yb3+,
1% Er3+ (as-prepared by ball milling) and BaLiF3:Yb3+, Er3+ (before and after annealing at
500 ◦C). Spectra were excited at 980 nm.

6.3.5 Photoluminescence

For comparison, the photoluminescence spectra of Er3+ and Yb3+ in BaLiF3:Yb3+, Er3+ are

shown in Figure 6.8a and 6.8b, respectively. The photoluminescence spectrum of Er3+ (green

dotted line) consists of three Er3+ bands (521, 540 and 650 nm) which is identical to the

upconversion spectrum of BaLiF3:Yb3+, Er3+ (shown as a red solid line, Figure 6.8a). The

photoluminescence emission of Yb3+ at ∼980 nm (Figure 6.8b) can be assigned to the 2F5/2
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→ 2F7/2 transition.

Figure 6.8: Room temperature (a) photoluminescence spectra and UCL spectra of Er3+ in
BaLiF3:Yb3+, Er3+ (same sample) are shown in green dotted and red solid line. (b) Photo-
luminescence spectra of Yb3+ (1%, 5% and 10%) in BaLiF3:Yb3+, Er3+ excited by a 365 nm
LED (Thorlabs, M365L2).

6.3.6 X-ray storage capability

The X-ray dose dependence of the Er3+ upconversion luminescence as well as Er3+ and Yb3+

photoluminescence in BaLiF3:1% Yb3+, 1% Er3+ nanocrystals was further investigated and is

presented in Figures 6.9 and 6.10.

The reduction of upconversion luminescence upon X-irradiation follows first order dispersive

kinetics where the rate depends on the distance between electron and hole traps created by

X-irradiation i.e., the rate is subject to a distribution. For first order dispersive kinetics, a

double exponential function is a good approximation [131, 201, 202],

I = A0 +A1e
(−k1×dose) +A2e

(−k2×dose) (6.2)

where, A0, A1, and A2 are amplitudes and k1 and k2 are dose-based reduction rate constants.

More than 65% of the upconversion luminescence is lost upon exposure to X-ray irradia-

tion in the range of 0 → 287 Gy as is shown in Figure 6.9. This is caused by the X-ray induced

reduction of the Er3+ and Yb3+ ions. To check the stability of the upconversion luminescence,
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a BaLiF3:5% Yb3+, 1% Er3+ sample was exposed to 108 Gy of X-irradiation, which led to

a 45% reduction of the initial upconversion luminescence intensity. Subsequently, the sample

was kept in the dark and the upconversion luminescence spectrum was periodically measured

with 980 nm laser excitation, as illustrated in the inset of Figure 6.9b (green markers). It

appears that upconversion luminescence gradually increased over time and reached close to its

initial intensity (before X-ray) after 52 h.

Figure 6.9: (a) Upconversion luminescence spectra of nanocrystalline BaLiF3:1 mol% Yb3+,
1 mol% Er3+ as a function of X-ray dose (0, 1, 8, 35, 98, 125 and 287 Gy). (b) Dependence
of the integrated upconversion luminescence intensity on the accumulative X-ray dose (red
triangles). The blue solid line represents a double exponential fit as per Equation 6.2. The
inset shows the time dependence (stability) of the UCL signal (green triangles). The solid line
is a bi-exponential fit.

6.3.7 Reduction of Er3+ and Yb3+ upon X-irradiation

X-ray induced electrons combine with the Er3+ and Yb3+ ions, leading to divalent Er and Yb.

Due to the decrease of the concentration of the two ions upon X-irradiation (Figure 6.10), the

upconversion luminescence intensity then decreases as well, as shown in Figure 6.9.

The photoluminescence spectrum of Yb2+ ions as a function of cumulative X-irradiation was

measured and is presented in the inset of Figure 6.10a. The spectrum consists of a broad band

at around 480 nm, which can be assigned to the 4f135d1 → 4f14 transition of Yb2+ [203, 204].

The increase of the Yb2+ peak at 480 nm with increasing X-ray dose confirms the reduction

of Yb3+ → Yb2+ and clearly demonstrates that the Yb is built into the BaLiF3 lattice.

Although the reduction of Er3+ is clearly visible in the measured photoluminescence intensity

as a function of X-ray dose (Figure 6.10c), the Er2+ luminescence could not be detected at
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Figure 6.10: Room temperature photoluminescence spectra of (a) Yb3+ in nanocrystalline
BaLiF3:1 mol% Yb3+, 1 mol% Er3+ as a function of X-ray dose (0, 3, 11, 19, 37, 64 and
200 Gy), The inset in (a) depicts the photoluminescence spectrum of Yb2+ generated upon
X-ray exposure in nanocrystalline BaLiF3:Yb3+, Er3+ as a function of X-ray dose (0, 9, 36
and 108 Gy). Spectra were excited by a 265 nm LED. (b) Dependence of the integrated
photoluminescence intensity of Yb3+ on cumulative X-ray dose. The blue solid line is a bi-
exponential fit (Equation 6.2). (c) Photoluminescence spectra of Er3+ (excited at 378 nm) in
nanocrystalline BaLiF3: Yb3+, Er3+ as a function of X-ray dose (0, 18, 72 and 180 Gy). (d)
Dependence of the integrated photoluminescence intensity of Er3+ on cumulative X-ray dose.

∼2000 nm in contrast to SrFCl [205] and CaF2 [206]. This might be due to the fact that

in centrosymmetric BaLiF3, the Er2+ transition is very weak. Measuring weak luminescence

transitions at wavelengths of around 2 µm is problematic. However, from the literature, it is

clear that X-irradiation reduces the Er3+ ion in alkaline earth halide systems [207].

The double exponential fit parameters (from Equation 6.2) as presented in Table 6.2 indicate

a stronger dependence on X-irradiation dose of the upconversion luminescence intensity than

the Yb3+ and Er3+ photoluminescence. The energy-transfer-based upconversion mechanism

is nonlinearly affected by the decrease in Er3+ and Yb3+ ions, leading to this effect. It is

noted here that a similar X-ray dependence of the upconversion luminescence was observed in

nanocrystalline SrFCl:Er3+, Yb3+ with reduction rates of 0.08 Gy−1 and 0.01 Gy−1 for the
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UCL intensity [206]. It appears that in both systems, a certain percentage of Er and Yb ions

cannot be reduced by X-irradiation as their trivalent oxidation state may be highly stabilized

by next nearest neighbour defects such as oxide ions (O2−) in the halide host lattice [188].

Table 6.2: Summary of parameters obtained from bi-exponential fits as per Equation 6.2, for
the reduction of photoluminescence (PL) (Figure 6.10b and 6.10d) and upconversion lumines-
cence (UCL) (Figure 6.9b).

Fit parameters BaLiF3:Yb3+,Er3+

(Er3+, UCL)
BaLiF3:Yb3+,Er3+

(Yb3+, PL)
BaLiF3:Yb3+,Er3+

(Er3+, PL)
A1 0.54 (± 0.02) 0.26 (± 0.21) 0.55 (± 0.04)
A2 0.09 (± 0.03) 0.36 (± 0.21) 0.22 (± 0.02)

k1 /Gy−1 0.0125 (± 0.0001) 0.0039 (± 0.0135) 0.0055 (± 0.4760)
k2 /Gy−1 0.3991 (± 0.3260) 0.0274 (± 0.0106) 0.0314 (± 0.0555)

6.3.8 X-ray imaging by upconversion luminescence

Upconversion luminescence-based X-ray imaging (computed radiography) results using imag-

ing plates composed of BaLiF3 doped with 5% YbF3 and 1% ErCl3 are summarized in Figure

6.11. To the best of our knowledge, these are the first, albeit crude, examples of X-ray images

based on upconversion luminescence. A steel stencil of 0.128 mm thickness was used as the

radiation mask (Figure 6.11b).

The mask was placed on the phosphor film (Figure 6.11a) and X-irradiation was undertaken

on the Rigaku Miniflex diffractometer (Cu-Kα X-ray source) at an angle of 2θ = 90◦, i.e., at

an (nonideal) incidence angle of 45◦. The exposed plate was then scanned by a focused 980

nm laser diode (see the Experimental Methods section), rendering the image shown in Figure

6.11c.

An upconversion luminescence-based X-ray image of a slanted edge is shown in the inset of

Figure 6.11d, with the resulting line spread data points (line spread function, LSF) shown as

a function of x (x = pixel; pixel size = 25 µm) and with a Gaussian fit. Finally, a Fourier

transformation of the LSF renders the modulation transfer function (MTF = magnitude of

Fourier Transform) as a function of the spatial frequency (Nyquist = 0.5 cycles/pixel), as dis-

played in Figure 6.11e. In Figure 6.11e, the red line is the MTF based on the line spread data

points displayed in Figure 6.11d, the blue solid line is the MTF resulting from the Gaussian
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fit as shown in Figure 6.11d, and the black dash-dotted line is the ideal MTF.

Figure 6.11: (a) BaLiF3:5% YbF3, 1% Er3 nanophosphor-based film/imaging plate. (b)
Imaged steel mask/stencil (0.128 mm thickness). (c) X-ray image of (b) computed from the
UCL signal. (d) Line spread data points as a function of position (pixel, pixel size = 25 mm)
obtained from the UCL-computed X-ray image of a slanted edge (6 × 3 mm scan) shown in the
inset. The black solid line is a Gaussian fit to these points. (e) Modulation transfer function
(MTF) as a function of spatial frequency (normalized to the Nyquist frequency nN = 1/(2 ×
pixel)) resulting from the data points in (d) (red line) and the Gaussian fit in (d) (blue line)
in comparison with the ideal MTF (black dash-dotted line).

For the present example, the MTF is predominantly limited by a relatively large focal spot

of the 980 nm laser used for these preliminary experiments. Nevertheless, the MTF and the

image in Figure 6.11c indicate that the present system is capable of reasonable contrast and

a resolution of about 10 lp/mm and, hence, could be used for beam conditioning in radiation

therapy and other applications, including in situ or in vivo imaging. Importantly, with a more

focusable laser, the resolution could easily be increased to 40 lp/mm with increased contrast.

6.4 Summary

A direct and facile preparation route for an efficient nanoscale upconversion material, BaLiF3:

Yb3+, Er3+ (∼20-30 nm), by utilizing a mechanochemical method is reported. The dependence
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of the upconversion luminescence was investigated as a function of ball milling time, concen-

tration of dopant (YbF3) and post-annealing temperature. Importantly, the upconversion

efficiency of as-prepared BaLiF3:Yb3+, Er3+ nanocrystals was enhanced by a factor of >100

after annealing. Upon excitation by 980 nm near-infrared (NIR) laser light, nanocrystalline

BaLiF3:Yb3+, Er3+ exhibited clearly visible bright upconversion luminescence. Importantly,

in comparison with hexagonal NaYF4 doped with Yb3+ and Er3+, the BaLiF3:Yb3+, Er3+

nanocrystals exhibited an order of magnitude higher upconversion luminescence intensities.

The 980 nm Yb3+ luminescence decreases with increasing X-ray dose due to the reduction of

the Er3+ and Yb3+ ions to their divalent states, resulting in a 65% loss of the original UCL

signal in BaLiF3:Yb3+, Er3+ nanoparticles upon 287 Gy X-irradiation. The reduction of Yb3+

to Yb2+ upon cumulative X-ray dose at 480 nm was clearly demonstrated. Preliminary X-ray

imaging experiments using the UCL signal are the first of its kind and these results point to

potential future applications, ranging from radiation therapy to industrial imaging, dosimetry,

and upconversion in vivo imaging.
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Chapter 7

Near-infrared F+
3 colour centre in pure BaLiF3

7.1 Introduction

Colour centres are omnipresent features of ionic crystals and characterised by their sharp,

intense zero-phonon line emission which is useful for optical data storage, dosimetry and

tunable colour centre laser applications. BaLiF3 has been reported as an ideal system for

generation of F-aggregate defects/colour centres. Several intrinsic colour centres including F-

centre, F2, F+
2 , F3 and F+

3 [164–166] were reported in BaLiF3 crystal, and their stability were

investigated. Importantly, the generation and stability of theses colour centres depends on the

quality and growth process of the crystals. However, the earlier studies of the intrinsic F-based

colour centres only focussed on investigation of their absorption properties, and a systematic

experimental demonstration of other important characteristics, such as their luminescence

properties, response to X-ray radiation (for application in dosimetry), and their behaviour

under an external magnetic field is missing. Therefore, further systematic studies are clearly

required.

This chapter demonstrates the generation of a unique F+
3 colour centre detected in mechano-

chemically synthesized BaLiF3 upon annealing. The photoluminescence property and X-ray

sensitivity of the colour centre are systematically investigated. Finally, the effect of a magnetic

field up to 9 T on the F+
3 luminescence (at low temperature) is investigated by a Zeeman

experiment.
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7.2 Experimental details

7.2.1 Preparation of BaLiF3

Firstly, BaF2 was prepared by co-precipitation of barium nitrate Ba(NO3)2 (May & Baker

Australia Pty Ltd) and ammonium fluoride NH4F (Sigma Aldrich, ACS grade) and then dried

at 60 °C in an oven for 24 h. Then BaLiF3 powder was prepared by ball milling equimolar

quantities of BaF2 and LiF (Ajax chemicals; Sydney, Australia) on a Retsch Mixer Mill MM

200. Specifically, 1 mmol BaF2 (0.175 gm) and 1 mmol of LiF (0.026 gm) powders were ball-

milled for 3 h at a frequency of 20 Hz.

The ball-milled powder samples were annealed in an open ceramic boat crucible that was placed

in an MTI GSL-1100 tube furnace. During the annealing process, the furnace temperature

was kept stable and the atmosphere was controlled by a continuous gas flow (Ar/O2/N2/H2).

7.2.2 Structural characterization

The structure of the as-prepared powder samples was verified by powder X-ray diffraction

utilizing a Rigaku Miniflex-600 benchtop powder diffractometer with a Cu-Kα (λ = 0.154 nm)

radiation source operating at 40 kV and 15 mA. The experimental data was recorded in the

2-θ range of 10° to 90° with an interval of 0.02° and at speed 0.5°/min.

TEM (transmission electron microscopy) was performed by utilizing a FEI Tecnai G2 Spirit

TEM . To record high resolution TEM images, powder samples were suspended in ethanol

and then dispersed onto copper grids. In addition, SEM (scanning electron microscopy) and

SEM-EDS mapping were performed with a Zeiss Crossbeam 540 with SDD EDS (Oxford

Instruments X-MaxN).

X-ray photoelectron spectroscopy (XPS) was carried out on an ESCALAB250Xi (Thermo

Scientific, UK) spectrometer to investigate the oxidation states of Ba, Li and F before and

after annealing.
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7.2.3 Photoluminescence spectroscopy

The photoluminescence spectra were excited by a 462 nm blue diode laser and collected on

a Spex 500 M monochromator (150 grooves/mm grating blazed at 500 nm) equipped with

an Andor iDus Silicon CCD (DV401A-BV) camera cooled to -60 °C. A closed cycle cryostat

(CTI-Cryogenics Cryodyne model 22) was utilized to cool the sample for low temperature

photoluminescence measurements. A 470 nm pulsed LED was used to conduct the lifetime

measurement within the temperature range of 2 to 293 K. A 462 nm laser diode modulated

by an Isomet 1250C acousto-optic-modulator was employed to measure the lifetime at high

temperature.

The low temperature excitation spectra in the 765 nm region were measured by using a Spex

1704 1 m monochromator (1200 grooves/mm grating) and a 780 nm red LED was used as

the light source. The emission was detected by a cooled photomultiplier tube (Hamamatsu

R943-02, PMT) that was equipped with three FB 810-10 nm band-pass filters, a FEL 800 nm

long-pass filter and an RG 780 nm colour glass filter. A cold stage of a closed cycle refrigerator

(Janis/Sumitomo SHI-4.5) was used to cool the sample to low temperatures.

7.2.4 Zeeman experiment

The Zeeman experiments were performed using a commercial physical property measurement

system (PPMS-9, Quantum Design) which includes a liquid helium cryostat and a super-

conducting magnet (9 Tesla). The Zeeman spectra were recorded by using the Spex 500M

monochromator equipped with the Andor iDus Silicon CCD (as described above). The spec-

trometer was coupled to the PPMS system by a 2 m fiber-bundle (Thorlabs BF13LSMA02).

In this experiment, the 462 nm laser diode was used to excite the luminescence.

Preliminary Zeeman experiments were conducted over the smaller 0 - 5 Tesla range by em-

ploying a Spex 1402 0.75 m monochromator (1200 line/mm grating blazed at 500 nm). The

sample was placed in a magneto-optical cryostat (6T SM-4 Oxford Instruments Spectro-mag

unit) with the sample at temperatures between 1.8 K and 30 K. Emission within the range of

400 to 850 nm was monitored with a Hamamatsu R-669 photomultiplier tube. The versatile

spectrometer system utilized is described in more detail in ref. [207]. A 470 nm blue LED
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was used as the excitation source. For wavelength to wavenumber conversions, the refractive

index of air was taken into account.

7.3 Characterization of pure BaLiF3

7.3.1 Powder X-ray diffraction (XRD) pattern

The powder X-ray diffraction patterns of nanocrystalline BaLiF3 prepared by ball milling be-

fore and after annealing at 800 °C, are shown in Figure 7.1. All the prominent XRD peaks

can be indexed to the standard pure cubic BaLiF3 structure with space group Pm-3m. Refine-

ments were performed with input parameters from the CIF file from the Springer Materials

database [171] (PDF No. 180715) by using the MAUD software package [170]. The resulting

fitting parameters from the Rietveld refinement are summarized in Table 7.1.

Figure 7.1: Powder X-ray diffraction pattern of as-prepared and 800 °C-annealed BaLiF3.
Experimental data and the Rietveld refinements are shown by black diamonds and as red
solid lines, respectively. Standard data for cubic BaLiF3 (PDF#180715) [171] is shown for
comparison (blue solid trace).

Table 7.1: Rietveld refinement summary.

Name Lattice
Parameter /Å

Average
Crystallite
Size /nm

Rwp % Rexp % G

Standard BaLiF3 3.996(3) — — — —
As-prepared 4.008(2) 50 ± 1 20 13 1.5

800 °C 4.002(7) 410 ± 14 27 15 1.8
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It can be seen from Table 7.1, that post-annealing treatment results in an increase in crystal-

lite size. For example, the average crystallite size of as-prepared BaLiF3 is 50 ± 1 nm whereas

after annealing at 800 °C, this increases to 410 ± 14 nm. In Table 7.1, the weighted-profile R

factor, Rwp , the expected R-factor, Rexp , and the goodness of fit G (= Rwp/Rexp) are given

(G< 2, is considered to indicate a good fit).

7.3.2 TEM and SEM micrographs

The structural features of nanocrystalline BaLiF3 before and after annealing were further

investigated by using transmission electron microscopy (TEM) (Figure 7.2) and scanning elec-

tron microscopy (Figure 7.3) and SEM based EDS elemental maps (Figure 7.4).

Figure 7.2 contains typical TEM images of (a) as-prepared BaLiF3 and (b) BaLiF3 annealed at

800 °C for 2 hours. These images demonstrate that the annealing process leads to an increase

in the crystallite size.

Figure 7.2: Representative TEM images of BaLiF3 prepared by ball milling (a) before and
(b) after annealing at 800 °C.

SEM micrographs of as-prepared (panel I) and 800 °C annealed (panel II) BaLiF3 samples are

presented in Figure 7.3. It shows the annealing process increases the crystallite and particle

size.
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Figure 7.3: SEM micrographs of (I) as-prepared BaLiF3 and (II) BaLiF3 annealed at 800
°C.

2D SEM-EDS elemental maps of as-prepared and annealed BaLiF3 are illustrated in Figure

7.4. It shows uniform distribution of Ba and F (Li is too light to be detected by SEM-EDS).

Figure 7.4: SEM based EDS 2D map of (I) as-prepared BaLiF3 and (II) BaLiF3 annealed
at 800 °C.

91



7.3. Characterization of pure BaLiF3

7.3.3 XPS spectra

The elemental composition of BaLiF3 was investigated by using X-ray photoelectron spec-

troscopy (XPS). The XPS core-level spectra of Ba 3d, Li 1s and F 1s are shown in Figure 7.5.

Figure 7.5: High resolution XPS spectra of Ba 3d, Li 1s and F 1s in pure BaLiF3 before (top
panel I) and after (bottom panel II) annealing.

In both samples (i.e., as-prepared and annealed), the Ba 3d spectra exhibits two well-separated

peaks at ∼795.2 eV and ∼780.3 eV due to the spin-orbit components [208] which is a charac-

teristic of Ba in the Ba2+ valence state. The peaks at ∼795.2 eV and ∼780.3 eV correspond to

Ba 3d3/2 and Ba 3d5/2 core levels, respectively. These values are close to the values reported

for Ba 3d in BaFe2As2 (795.1 eV and 779.7 eV for Ba 3d3/2 and Ba 3d5/2, respectively [208]).

The spin-orbit energy separation between Ba 3d3/2 and Ba 3d5/2 was 15.2 eV for both samples

and this is characteristic of the 2+ oxidation state of Ba (Ba2+) [209]. The XPS spectra of Li

1s, located at the binding energy of ∼55.45 eV can be fitted by a single Gaussian. In contrast,

the F 1s spectra can be decomposed into two Gaussian profiles (green solid lines). For the

as-prepared sample the two fitted peaks are centered at 683.9 eV and 684.9 eV, similar to that

reported for BaF2 and LiF [210, 211]. Importantly, in the annealed sample they are located at
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684.1 eV and 685.1 eV, respectively, very close to that of the as-prepared sample. This implies

that no significant energy difference is observed for the fluoride F 1s peak before and after

annealing.

7.3.4 Photoluminescence Spectroscopy

Figure 7.6 is a plot of the room temperature photoluminescence spectrum of BaLiF3 excited at

462 nm (a) before and (b) after annealing. No emission was detected in as prepared nanocrys-

talline BaLiF3 (blue trace). In contrast, a relatively intense emission with an electronic origin

at ∼766.9 nm and with pronounced vibrational side lines was observed after annealing (red

markers). The vibrational sideband contains three resolved bands at 773, 788 and 810 nm.

Figure 7.6: Room temperature photoluminescence spectrum of BaLiF3 i) before and j) after
annealing. The sample was annealed under an argon gas flow at 700 °C for 2 h. A 462 nm
laser diode was used as the excitation source. The black solid line is a multipeak fit to the
luminescence spectrum, with the line shape of the origin assumed to be Lorentzian.

The temperature dependence of the photoluminescence spectrum of the annealed sample is

shown in Figure 7.7a. At low temperature (8 K) the zero-phonon line (764.8 nm) was more

distinct compared to the phonon sideband, and a blue shift of 32 cm−1 was observed (Figure

7.7c). At low temperature the width of the zero-phonon line is limited by inhomogeneous

broadening whereas at room temperature the homogeneous linewidth dominates. In partic-

ular, a linewidth increase (Figure 7.7b) from 20 cm−1 at 8 K (inhomogeneous width plus

instrumental component) to 50 cm−1 at 293 K (homogeneous width) was observed and the

transition shifted (Figure 7.7c) to lower energy by 32 cm−1 when the temperature was in-
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creased from 8 K to 293 K. For comparison, the ruby R1 linewidth is ∼12 cm−1 at room

temperature and the total red shift between liquid helium and room temperature is ∼20 cm−1

[212].

Figure 7.7: (a) Temperature dependence of the photoluminescence spectrum for post-
annealed nanocrystalline BaLiF3.The sample was annealed at 600 °C. Temperature depen-
dence of (b) linewidth and (c) line shift of the electronic origin as evaluated from the spectra
shown in Figure 7.7a. Solid blue lines represent the McCumber and Sturge fit functions for
the linewidth (Figure 7.7b, Equation 7.1) and the line shift (Figure 7.7c, Equation 7.2).

It is well documented that electron-phonon interactions result in thermal broadenings and

shifts of energy levels. The effect of temperature on the linewidth and position of the zero-

phonon line can be approximated by the McCumber and Sturge formulas [213],

∆ELW = ∆E0 + ᾱ(
T

TDW
)7
∫ TDW /T

0

x6ex

(ex − 1)2
dx (7.1)

∆ELS = α(
T

TDS
)4
∫ TDS/T

0

x3

ex − 1
dx (7.2)

In Equation 7.1, ∆ELW is the temperature-dependent contribution to the linewidth of the
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energy level, and ∆E0 is the residual width due to inhomogeneous broadening, instrumental

limitations, and in the ideal case (i.e., with the absence of inhomogeneous broadening and

instrumental limitations) dephasing processes. In Equation 7.2, ∆ELS is the thermal shift of

the line position. In both cases, ᾱ, α , indicate the coupling co-efficient for the electron-phonon

interaction for linewidth and line shift, respectively. TDW and TDS represent the effective

Debye temperature for linewidth and line shift for the phonon distribution, respectively. The

linewidth data in Figure 7.7b fitted well to Equation 7.1, by using ᾱ and TDW values of

0.04 cm−1 and 180 K, respectively. The Debye temperature of BaLiF3 was experimentally

determined as 280 K [214]. The fit of Equation 7.2 to the line shift data shown in Figure 7.7c

yields α = 0.02 cm−1 and TDS =120 K. It is noteworthy that one should not overinterpret

the ᾱ, α , TDW and TDS values as they are not fully independent.

7.3.5 Lifetime measurement

Figure 7.8 shows a graph of the temperature dependence of the luminescence decay of the

zero-phonon line in BaLiF3 at temperatures between 2 K to 438 K. The decay curves fit well

to a single-exponential function (Figure 7.8, inset) at all temperatures.

Figure 7.8: Temperature dependence of the excited state lifetime. The solid blue line is a fit
to Equation 7.3. The inset shows the luminescence decay of the colour centre at 2 K and 293
K and 438 K (the solid black lines show single exponential fits). The sample was annealed at
600 °C for 2 h. A pulsed 470 nm LED and a 462 nm laser diode were used as the excitation
source.

The 765 nm band has a long lifetime of 5.1 ± 0.1 ms (2 K) which is a strong indication of a

spin-forbidden transition [215]. Interestingly, this lifetime is comparable to the one of the spin-
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forbidden ruby R-lines (∼3.8 ms). Whilst spin-orbit coupling is relatively large for the Cr3+

centres, spin-orbit coupling is enhanced for colour centres in BaLiF3 because of the external

heavy atom effect due the presence of the Ba ions.The lifetime remains relatively constant in

the temperature range of 2 to 60 K but decreases abruptly with increasing temperature above

60 K reaching a room temperature value of 644 ± 2 µs and 84 ± 5 µs at room temperature

and 438 K, respectively.

The excited state lifetime as a function of temperature can be determined by Equation 7.3

which rationalize the decreasing luminescence lifetime, due to vibronic coupling with an effec-

tive phonon frequency and due to activation to a higher energy level with a faster deactivation

rate [216].

τ−1 = τ−10 coth(
hω

2kBT
) + τ−11 exp(− ∆E

kBT
) (7.3)

τ0 is the lifetime at lowest temperature (T = 2 K), kB is Boltzmann’s constant and hω

is the phonon energy, τ−11 is the effective decay probability for a higher-energy level and

∆E indicates the activation energy. The first term in Equation 7.3 describes the lifetime

shortening by vibronic coupling whereas the second term describes the lifetime shortening

via the population of a higher-lying excited state with a shorter lifetime i.e., a faster decay

channel. The fit of Equation 7.3 to the data presented in Figure 7.7 yields τ0 = 5.1 ms, hω =

165 cm−1, τ1 = 6 µs and ∆E = 979 cm−1.

7.3.6 Zeeman Experiment

As is illustrated in Figure 7.9a, the zero-phonon line displayed two components at 13,071.1

cm−1 (764.8 nm) and 13,067.1 cm−1 (765 nm) (green dash lines) at 8 K i.e., a splitting of 4.2

cm−1 wavenumbers (obtained by a fit to two Gaussian line shape functions) which may be

due to the presence of two optically inequivalent sites or a zero-field splitting of the ground or

excited state. It is important to mention that this splitting is well resolved only in the sample

which was annealed at lower temperatures (600 °C).

Figure 7.9b shows the 1.8 K luminescence spectrum of the zero-phonon line (at 764.8 nm)

measured for magnetic fields from 0 to 9 Tesla for a sample annealed at 800 °C. In this case,
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the 4.2 cm−1 splitting is less visible in the zero-field spectrum compared to the spectrum shown

in Figure 7.9a for the sample annealed at 600 °C. With increasing magnetic field flux, the zero-

phonon line splits into three components. The 9 T spectrum has peaks corresponding to three

transitions centered at ∼764.4 nm, ∼764.83 nm, and ∼765.33 nm, respectively. This result is

strong evidence that the splitting observed at low temperature in the absence of a magnetic

field is due to the zero-field splitting rather than being due to two optically inequivalent

chromophores.

Figure 7.9: (a) Splitting (4.2 cm−1) of the zero-phonon line at 0 T and 8 K (red solid line).
This spectrum is fitted to two Gaussian line shapes (green dash line) of equal width (black
solid line). (b) Magnetic field induced splitting (Zeeman effect) of the electronic transition
at 764.8 nm in BaLiF3. Spectra were measured at different magnetic field strengths ranging
from 0 to 9 T at 1.8 K. (c) Zeeman splitting as obtained from Figure 7.9b by using Lorentzian
fit functions. The shift relative to 13,070 cm−1 is shown. The blue solid lines indicate a
simulation of a randomly orientated triplet state by using Equation 7.4 (with S = 1, D = 4.2
and E = 0). A 462 nm blue laser was used as the excitation source.

The Zeeman splitting of the zero-phonon line at 764.8 nm is evaluated from Figure 7.9b by

using the sum of three Lorentzian line shapes and it is presented as a function of the magnetic

field flux in Figure 7.9c. The observed lack of a significant temperature dependence of Zeeman
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split spectrum demonstrates that the magnetic field splitting occurs in the ground state,

indicative of a triplet ground state. Such a conclusion can be drawn as the relatively long

excited state lifetime of 5 ms would allow thermalization of split excited state levels, and a

red shift of the spectrum would be expected with a single dominant lower energy component.

The energy level splitting in an external magnetic field can be described by using a spin

Hamiltonian (Equation 7.4 [217, 218]) for a randomly oriented triplet system (as shown in

Figure 7.9c, blue solid lines) with S = 1, D = 4.2 cm−1 and E = 0 cm−1.

H = gµBH̄.S̄ + (D(S2
z −

1

2
S2) + E(S2

x − S2
y)) (7.4)

In Equation 7.4, D and E describe the zero-field splitting. For the simulated energies, 13,067.3

cm−1 and 13,071.5 cm−1 (at 0 T), randomly orientated triplet states were averaged in a

simulation of 1000 optical centres for each magnetic field strength.

The experimental data (red and green markers) follow the trend of the simulation very well.

From the Zeeman spectroscopy it can be concluded that the sharp peak emission in pure

BaLiF3 observed upon annealing must be due to the formation of F-centre aggregates [219] (a

single F-centre would only have S = 1/2 states).

7.3.7 Excitation spectra measurement

To confirm the above statement, excitation spectra of the zero-phonon line emission were

measured as is shown in Figure 7.10a. The excitation spectrum displayed a broad and intense

excitation band centered around 488 nm for emission monitored at ∼765 nm (Figure 7.10a).

Thus the luminescence is most likely due to F+
3 centres that were reported to absorb at 480

nm in the literature [164, 165].

To further verify that the ground and not the excited state is the triplet state, excitation

spectra in the region of the electronic origin were measured by monitoring the relatively intense

vibrational side band emission at 810 nm (Figure 7.10b). Importantly, the excitation spectrum

confirms that the 764.8 nm emission transition in BaLiF3 is purely electronic as it coincides

with the origin in emission (as shown in the Figure 7.10b inset). It is important to note that

the excitation spectrum shows a decrease in intensity when the temperature is increased to 25
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K (green solid line) from 6 K (red solid line).

Figure 7.10: Excitation spectra of annealed BaLiF3 for emission observed at (a) 765 nm (77
K) and (b) 810 nm (6 K - red trace, 25 K - green trace). Solid black lines in (b) represent
fits obtained by using Equation 7.5 and the inset shows the corresponding photoluminescence
spectra (6 K - red dotted line and 25 K - green dotted line) by using 470 nm LED excitation.
(c) Energy level diagram for single-triplet transition with a zero-field splitting of 4.2 cm−1. A
Fluoromax-3 fluorometer was employed to scan the excitation spectra in the range of 400 to
600 nm. A Spex 1704 1 m monochromator (1200 grooves/mm grating) was used to measure
the excitation spectra around 765 nm (13,067 cm−1) range. Samples were annealed at 800 °C.

This phenomenon i.e., the temperature dependence of the excitation spectrum (6 K and 25

K) can be described by a double Gaussian for the two transitions separated by 4.2 cm−1, and

the two components are subjected to a Boltzmann distribution of the two levels in the ground

state (Equation 7.5).

f(x) = A[(
2

2 + exp(−4.2kBT
)
)exp(−(

x− x0
w

)2) +
1

2
(

exp(−4.2kBT
)

2 + exp(−4.2kBT
)
)exp(−(

x− (x0 − 4.2)

w
)2)]

(7.5)

In Equation 7.5, f(x) is the sum of two Gaussian line shape functions. A is the amplitude, kB

is the Boltzmann constant (0.695 cm−1/K), x0 is the wavelength and w is the width.
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The 6 K and 25 K excitation spectra were fitted with Equation 7.5 taking the Ms = ±1 level

as the lower state in the triplet ground state in zero field (black solid line in Figure 7.10b). In

both cases the best fit yields A = 0.0029, w = 6 cm−1 and x0 = 13,071 cm−1.

This confirms that the Ms = ±1 triplet component, is the lowest state (G0, Figure 7.10c).

In addition, the photoluminescence emission at 764.8 nm shows no change in intensity with

increasing temperature (from 6 K to 25 K) (red and green dotted line in the Figure 7.10b

inset).

In summary, the experimental results indicate that the emission at 764.8 nm is most likely

due to a singlet-triplet transition of the F+
3 colour centre with a triplet ground state.

7.3.8 Effect of gases

An interesting phenomenon associated with the F+
3 centre was discovered when different at-

mospheres (Ar, O2, Air, N2 and H2) were used in the annealing process as is illustrated in

Figure 7.11.

Figure 7.11: Room temperature photoluminescence spectra of BaLiF3 after annealing under
argon, oxygen, air, nitrogen and hydrogen gas at 600 °C for 2 h. Spectra were measured at
room temperature and excited by a 462 nm laser diode.

All samples were annealed at 600 °C for 2 h and then the photoluminescence spectra were

measured at room temperature. Maximum photoluminescence intensity, i.e. creation of F+
3

centres, was observed for annealing under Ar. In contrast, no luminescence was detected when

the sample was annealed under hydrogen. Somewhat surprisingly, similar behaviour was also

observed when the sample was annealed under N2 gas. This experiment implies that H2 and
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N2 provide a reducing environment and hence prevent the formation of the F+
3 centre. Whilst

it is clear that H2 is a reducing agent, this is not the case for N2. A possible explanation

for this is that under nitrogen the F+
3 centre is not formed because of the formation of some

nitrogen impurities that are built into the lattice during the high temperature treatment.

7.3.9 X-ray sensitivity

The dependence of the F+
3 centre upon exposure to X-rays was also explored as is illustrated

in Figure 7.12.

An annealed nanocrystalline BaLiF3 sample was exposed to X-rays (Rigaku Miniflex 600, Cu-

Kα, 40 kV, 15 mA). Figure 7.12b is a demonstration of the luminescence bleaching of the

F+
3 centre as a function of cumulative X-ray dose. The bleaching process follows first-order

dispersive kinetics for which a double exponential function is a reasonable approximation. This

result indicates that the X-ray liberated electrons combine with F+
3 defect centres resulting in

a decrease of the luminescence signal.

Figure 7.12: (a) X-ray bleaching of the colour centre in nanocrystalline BaLiF3. (b) Normal-
ized integrated luminescence intensity of the colour centre as a function of cumulative X-ray
dose. The blue solid line represents a bi-exponential fit function (I = A0 + A1 exp(- k1 × dose
) + A2 exp(-k2 × dose)) with fitting parameters k1 = 0.02 Gy−1 and k2 = 0.17 Gy−1. The
room temperature spectra were excited by a 462 nm laser diode.

7.3.10 Annealing temperature

The photoluminescence intensity of BaLiF3:F+
3 was found to be highly dependent on the

annealing temperature. The room temperature photoluminescence spectra of nanocrystalline

BaLiF3 annealed at temperatures between 300 and 800 °C are shown in Figure 7.13a. With
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increasing annealing temperature, the F+
3 centre exhibits an increase in photoluminescence

intensity. The maximum signal was obtained at 800 °C (Figure 7.13b) i.e., close to the melting

point of BaLiF3. This is most likely based on a change of the microscopic stoichiometry upon

annealing leading to a higher concentration of colour centres.

Figure 7.13: (a) Room-temperature photoluminescence spectrum of BaLiF3 after annealing
at different temperatures between 300 °C and 800 °C for 2 h under argon. (b) Dependence
of the integrated photoluminescence intensity (red line and markers) of the colour centre as a
function of annealing temperature. Luminescence spectra were fitted by using a multipeak fit
with a Lorentzian line shape assumed for the electronic origin (black solid line).

7.3.11 Stability of the colour centre

To check the stability of the F-aggregate colour centre, annealed BaLiF3 samples were kept in

a dark environment or exposed to natural sunlight for several hours (Figure 7.14).

Figure 7.14: Stability of the F+
3 centre in pure BaLiF3 under different environmental con-

ditions. Red and yellow data sets represent the stability of the colour centre in the dark or
under natural sunlight exposure, respectively. Samples were annealed in Ar at 800 °C.
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In the dark, the colour centre is stable, and no bleaching is observed over ∼4 days within the

experimental accuracy. In contrast, ∼35% bleaching was observed after ∼10 h exposure to

natural sunlight. It is noted here that for this experiment the photoluminescence spectra were

excited by using low laser power in order to avoid bleaching during the readout process.

7.3.12 Impurity

One of the common features of F-based colour centres is that the presence of any impurities

reduces their relative concentrations. This phenomenon is also observed in the present system

as shown in Figure 7.15. This figure demonstrates that the intensity of the F+
3 band decreases

when impurity ions (Sm3+, Mn2+ Cr3+, Fe3+, Fe2+) and O2− (BaO), are introduced into

the BaLiF3 host. Similar behaviour was also observed for the colour centre in alkali halide

crystals, which might be because impurity ions act as strong electron or hole traps and have

large electron absorption cross-sections.

Figure 7.15: Room temperature photoluminescence spectra of F+
3 in BaLiF3, BaLiF3:Sm3+,

BaLiF3:BaO, BaLiF3:Mn3+, BaLiF3:Cr3+, BaLiF3:Fe3+ and BaLiF3:Fe2+ (traces from top to
bottom), respectively. All samples were annealed at 600 °C for 2 h. The concentration of the
dopants was 0.27 atom-%.

7.4 Summary

A colour centre was demonstrated in pure BaLiF3 which displayed an electronic origin at

765 nm. This centre consists of three fluoride anion vacancies filled with two electrons. This

is the first time the F+
3 photoluminescence spectrum has been reported. Relatively intense
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F+
3 luminescence was obtained by annealing under Ar, O2 and air whereas N2 and H2 gases

act as reducing environments. Due to the relatively weak electron-phonon coupling, the low

temperature photoluminescence spectrum (2 K) of BaLiF3:F+
3 is well-structured with a sharp

zero-phonon line at ∼764.8 nm and this origin is still clearly visible at ∼766.9 nm in the room

temperature spectrum. The 764.8 nm transition shows a zero-field splitting of 4.2 cm−1 at

low temperature and the triplet ground state is subjected to Zeeman splitting in the presence

of a magnetic field. The relatively long 5 ms luminescence lifetime at 2 K corroborates the

spin-forbidden nature of the transition and provides supporting evidence for its assignment to

a singlet → triplet emission. The stability of the colour centre in ambient conditions (dark

or sunlight) and under X-ray radiation was further explored. The presence of any impurities

decreased the concentration of the F+
3 luminescence.

These results appear to be the first report of F+
3 colour centre singlet-triplet luminescence

with a triplet ground state. The present system has potential in dosimetry and as a nanoscale

colour centre lasing medium.
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Chapter 8

Conclusion

8.1 Summary and Conclusion

This thesis has investigated luminescence properties and the X-ray storage capability of an

interesting host matrix, namely, barium lithium fluoride (BaLiF3) nanocrystals activated with

a range of rare-earth ions. Specifically, a detailed preparation and structural and optical char-

acterization of the inverse-perovskite BaLiF3 activated with various rare-earth ions (Sm, Tm,

Eu, Er and Yb) and non-activated BaLiF3 has been presented. Furthermore, the radiation

(X-ray) storage capability of activated and pure BaLiF3 nanocrystal has been explored using

room temperature and low temperature photoluminescence spectroscopy, including photolu-

minescence in magnetic fields up to 9 T, as well as photoluminescence excitation spectroscopy.

In addition, upconversion luminescence spectroscopy of co-doped BaLiF3 has been performed.

The research motivation, background and experimental techniques involved in this thesis were

presented in Chapters 1-3, respectively. The subsequent chapters, including, Chapter 4,

5, 6, and 7, investigated the photoluminescence and upconversion luminescence property of

singly doped (Sm3+ and Tm3+), co-doped (Er3+ and Yb3+) and pure BaLiF3 respectively.

Chapter 4 demonstrated the X-ray and UV storage properties of nanocrystalline BaLiF3

(∼36 nm) doped with Sm3+ as-synthesized by ball milling. Explicitly, the reduction of Sm3+

to Sm2+ ions were investigated in the visible range (at 694 nm) by X-ray and UV exposure.

It was observed that, in centrosymmetric BaLiF3, the magnetic dipole forbidden Sm2+ 5D0

→ 7F0 transition (at 681 nm) is very weak and the magnetic dipole allowed 5D0 → 7F1 Sm2+
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transition (at 694 nm) dominates the photoluminescence spectrum. However, an admixture

of 20% Sr i.e., Ba0.8Sr0.2LiF3:Sm3+ breaks the symmetry and lowers the local symmetry. As

a result, the electric dipole transition 5D0 → 7F0 at 681 nm gained intensity. The photolu-

minescence intensity of Sm2+ ions at 694 nm exhibited a gradual increase upon increasing

UV and X-irradiation. This indicated that nanocrystalline BaLiF3:Sm3+ is an efficient pho-

toluminescent phosphor. In addition, the lifetime range of Sm2+ (694 nm) in the X-ray and

UV-irradiated sample was found to be between ∼4 to 12 ms and 19 ms, respectively and the

decays are indicative of donor-donor, donor-acceptor and donor-acceptor only energy transfer.

The photobleaching process of X-ray induced Sm2+ was explained by considering a standard

gamma distribution which provided evidence that the Sm2+ centres are separated from hole

traps by a few interionic spacings of ∼15 Å.

Chapter 5 demonstrated a mechanochemical synthesis route for nanocrystalline BaLiF3 (∼46

nm) doped with trivalent Tm3+ along with its X-ray sensitivity before and after X-irradiation.

After X-ray exposure, infrared Tm2+ (2F5/2 → 2F7/2 transition) emission was observed at

1136 nm. The reverse photobleaching of X-ray induced Tm2+ was investigated as a function

of excitation power density, indicating a single photoionization process, and an interatomic

spacing of ∼17 Å between the Tm2+ ions and the hole traps. The X-ray induced Tm2+ was

found to be relatively stable in the dark but was found to bleach rapidly under exposure

to sunlight. These results demonstrated that the infrared emission of Tm2+ can be gener-

ated in nanocrystalline BaLiF3 upon X-ray exposure which might be useful for solar radiation

converter/concentrator applications. The response of nanocrystalline BaLiF3:Tm3+ to X-

irradiation was further compared with that of BaLiF3:Eu3+ and BaLiF3:Sm3+ nanocrystals

prepared by ball milling. While BaLiF3:Tm3+ exhibited infrared Tm2+ emission at 1136 nm,

BaLiF3:Eu3+ and BaLiF3:Sm3+ exhibited Eu2+ and Sm2+ emission at 421 nm and 694 nm,

respectively.

Chapter 6 presented the potential of BaLiF3 as a host matrix for the upconversion sensi-

tizer (Yb3+)-activator (Er3+) pair as-prepared by ball milling (∼20-30 nm average crystallite

size). The dependence of the upconversion luminescence (UCL) was investigated as a func-

tion of ball milling time, concentration of dopant (YbF3) and post-annealing temperature.

In particular, the infrared 980 nm-excited upconversion luminescence of BaLiF3:Yb3+, Er3+
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samples before and after annealing was investigated and it was demonstrated that the upcon-

version efficiency was enhanced by 2 orders of magnitudes by the post-annealing treatment.

In addition, nanocrystalline BaLiF3:Yb3+, Er3+ exhibited clearly visible bright upconversion

luminescence after annealing. The UCL signal of BaLiF3:Yb3+, Er3+ was compared with that

of the well-known NaYF4:Yb3+, Er3+ UCL nanophosphor. The X-ray storage capability of

BaLiF3:Yb3+, Er3+ was explored. It was observed that the photoluminescence intensities of

Er3+ and Yb3+ ions decreased gradually with cumulative X-ray doses due to X-ray-induced

reduction of Er3+ → Er2+ and Yb3+ → Yb2+, and as a result, the upconversion luminescence

decreased. The gradual increase of Yb2+ photoluminescence spectrum was observed upon cu-

mulative X-irradiation. In a novel development, 2D X-ray imaging based on the UCL signal

was demonstrated for the first time.

Chapter 7 explored the properties of a unique colour centre in mechanochemically synthesized

BaLiF3 that is luminescent at ∼765 nm (2 K) for potential applications in optical data storage,

dosimetry and as a solid-state laser. The colour centre is due to the formation of a F+
3 centre

in the fluoride octahedra with three fluoride anion vacancies (3 F+) filled with two electrons

(2 e−). The F+
3 band occurred after annealing (≥500 ◦C) in mechanochemically prepared

pristine BaLiF3 and that was characterized by a structured emission with a relatively sharp

zero-phonon line at ∼765 nm. Due to the relatively weak electron-phonon coupling, the low

temperature photoluminescence spectrum (2 K) of BaLiF3:F+
3 was well-resolved into the sharp

zero-phonon line at ∼764.8 nm and this origin was clearly visible at ∼766.9 nm even at the

room temperature. Relatively intense F+
3 emission was achieved by annealing in Ar, O2 and

air whereas N2 and H2 gases acted as reducing environment. The 764.8 nm band illustrated a

zero-field splitting at low temperature and exhibited triplet Zeeman splitting in the presence

of magnetic field (9 T) which is due to the spin S = 1 in the ground state. The luminescence

exhibited a 5 ms long lifetime at 2 K corroborating that it is a forbidden transition (singlet to

triplet emission). The colour centre was stable in the dark but photoionized rapidly by natural

sunlight and X-irradiation. Additionally, it was observed that the presence of any impurities

deceases the concentration of the F+
3 luminescence. To the best of our knowledge this is the

first experimental observation of a F+
3 colour centre in BaLiF3 which displayed singlet-triplet

emission. These results point to a unique optical system for a colour centre-based nano-laser,
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applicable in the near-infrared region.

Overall, this thesis presents a detailed understanding of the potential, characteristics, and

performance of the inverse-perovskite BaLiF3, and makes significant inroads into the under-

standing of rare-earth ions (Eu, Sm and Tm, Er and Yb) doped BaLiF3 nanocrystals for a

variety of applications such as radiation monitoring systems and X-ray imaging. Specifically,

experimental results presented in Chapter 4 demonstrated the X-ray storage potential of the

Sm3+ doped BaLiF3 nanophosphor which can be used in dosimetry applications. The utility

of BaLiF3 as a potential host matrix was further demonstrated in Chapter 5 which depicted

that luminescence within a broad optical range (e.g., from UV to IR) can be achieved by

selecting an appropriate activator, such as Tm, Eu or Sm. Additionally, the X-ray recording

capability was demonstrated in Chapter 6 by using co-doped BaLiF3:Yb3+, Er3+ nanophos-

phor that points to their possible applications in X-ray dosimetry and bioimaging. Finally,

Chapter 7 provided the generation and characteristics of a unique spin forbidden emission

from a singlet excited state to a triplet ground state by a F+
3 colour centre in undoped BaLiF3.

The experimental evidence also indicated that the F+
3 centre has potential for data storage,

imaging and dosimetry.

8.2 Future developments

The studies presented in this dissertation advance the current understanding of doped and

pristine BaLiF3 nanocrystals for their application as storage phosphor. However, there is still

plenty of scope for further investigations such as to improve the storage capability of activated

BaLiF3, as suggested below:

1. This thesis mainly investigated activated and non-activated BaLiF3 nanocrystals prepared

by ball milling method. However, other synthesis routes, including a co-precipitation method

can be adopted to synthesize these nanocrystals, since their performance i.e., the storage ca-

pability may critically depend on the specific preparation process as demonstrated for other

phosphors [134, 136]. It will provide a direct comparison of the performance of these phos-

phors which will be useful for their practical applications. Additionally, it is well-established
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that incorporation of divalent ions is a key parameter for generation of efficient luminescence

[220–222]. Thus, rare-earth ions in their divalent oxidation state such as Eu2+, Sm2+ and

Tm2+ can be doped into the host lattice BaLiF3 and their luminescence and X-ray storage

capability could be thoroughly investigated.

2. As shown in Chapter 7, the F+
3 colour centre observed in pure BaLiF3 upon anneal-

ing displays a zero-phonon line at near-infrared region, and spectral hole-burning of this line

can be the subject of further investigations. In this context, it is important to note that,

hole-burning is an optical pumping process that creates a spectral hole/dip in the inhomo-

geneously broadened transition by depleting the ground state at the laser frequency, a phe-

nomenon that can be due to a range of mechanisms, such as population storage in the excited

state (transient hole-burning), slight rearrangements of the surrounding of the resonant cen-

tres (non-photochemical hole-burning) or excited state photochemistry e.g. photoionization

(photochemical hole-burning) [14, 223]. It is a powerful tool which allows high resolution

spectroscopy [132], and may further help to understand the optical data storage potential

of the studied F+
3 centre. It can be assumed that the centre would exhibit photochemical

hole-burning via the photoionization process. Recently, Wang et al., [224] performed the

room-temperature spectral hole-burning of X-ray induced Sm2+ in the 7F0 → 5D0 transition

in nanocrystalline Ba0.5Sr0.5FCl0.5Br0.5:Sm3+ prepared by ball milling. Such investigation can

be carried out on the F+
3 transition in BaLiF3 which is important for further development in

this field.

3. The understanding of rare-earth ions doped and undoped BaLiF3 presented in this thesis

can be further implemented and explored in other host materials, including BaMgF4 [225–227],

Cs2NaYCl6 [228] and Cs2NaYF6 [11]. Such investigations is crucial for the development of

new luminescent materials and their optical phenomena may lead to new applications such as

quantum information processing.
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Appendix

A.1 Powder X-ray diffraction pattern of BaLiF3 doped with

SmF3

The powder X-ray diffraction patterns of BaLiF3:Sm3+ as-synthesized by ball milling for dif-

ferent ball milling periods and with different concentration of SmF3 are displayed in Figure

A.1a and A.1b respectively.

Figure A.1: Powder X-ray diffraction pattern of ball-milled BaLiF3:Sm3+ as a function of
(a) ball milling time, (b) concentration of SmF3 along with standard pure BaLiF3 diffraction
file (PDF#18-0715). Miller indices of all diffraction peaks are indicated. Rietveld refinements
are shown in red solid lines and experimental data are presented in black diamonds

In the X-ray diffraction pattern, all the prominent peaks can be indexed to the pure cubic

perovskite structure (space group Pm-3m). This is a clear indication of phase purity of the

powder samples obtained by ball milling. From powder X-ray diffraction pattern, it appears
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that 3 to 4 hours ball milling is enough for the formation of single phase BaLiF3:1% SmF3

(Figure A.1a). On the other hand, increasing SmF3 concentration results diffraction peaks

from regent. Particularly, weak residual peaks of BaF2 is observed for the samples activated

with 7% and 10% SmF3.

A.1.1 Rietveld analysis of XRD pattern

Rietveld analysis of the X-ray diffraction patterns (by MAUD software) is summarized and

presented in Table A.1.

Table A.1: Summary of Rietveld refinement parameters as obtained from MAUD where Rwp
and Rexp are the weighted-profile R-factor and expected R-factor, respectively. G = Rwp/Rexp
determines the goodness of fit, with G < 2 indicating an acceptable refinement.

(a) Ball milling time
BaLiF3:1% Sm3+

Ball milling time
/h

Lattice
parameter

/Å

Average
crystallite size

/nm

Rwp
%

Rexp
%

G
%

2 4.006 (2) 44 ± 1 18.6 12.9 1.4
3 4.007 (3) 38 ± 1 18.9 13.1 1.4
4 4.006 (3) 37 ± 1 19.6 13.1 1.5

(b) Concentration of SmF3

BaLiF3:x% Yb3+, 1% Er3+

Concentration
/mol%

Lattice
parameter

/Å

Average
crystallite size

/nm

Rwp
%

Rexp
%

G
%

1 4.006 (3) 37 ± 1 19.6 13.1 1.5
5 4.005 (3) 30 ± 1 18.9 13.1 1.5
7 4.006 (3) 28 ± 1 19.8 13.1 1.5
10 4.006 (4) 25 ± 1 22.7 13.0 1.5

(c) Undoped BaLiF3

BaLiF3:1% Yb3+, 1% Er3+

Ball milling time
/h

Lattice
parameter

/Å

Average
crystallite size

/nm

Rwp
%

Rexp
%

G
%

3 4.008 (2) 50 ± 1 20 13 1.5

It illustrates that the powder samples prepared by ball milling for 2 hours to 4 hours yields an

average crystallite size of 44 ± 1 nm to 37 ± 1 nm respectively. It is found that pro-longed ball

milling reduces the average crystallite size. Similarly, increasing dopant concentration (1% -
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10%) also plays an important role to decrease the crystallite size (37 ± 1 nm to 25 ± 2 nm)

due to the presence of significant concentration of SmF3 into the host lattice.

For comparison, Rietveld analysis of undoped BaLiF3 prepared by following same preparation

method and conditions is presented in Table A.1. It illustrates the average size of the

crystallites for undoped sample is ∼50 ± 1 nm, whereas that is ∼ 38 ± 1 for BaLiF3:1%

SmF3.

A.2 X-ray sensitivity

The X-ray sensitivity of BaLiF3:1 mol% SmF3 prepared by ball milling for 2 to 4 hours is

compared in Figure A.2a.

Figure A.2: (a) Evolution of Sm2+ 5D0 → 7F1 transition at 694 nm as a function of increasing
periods of ball milling. (b) Ball-milled BaLiF3 activated with x% Sm3+ (x = 1 mol%, 5 mol%,
7 mol% and 10 mol%) after X-irradiation in the region of Sm2+ 5D0 → 7F1 transition. All
samples were initially exposed to 9 Gy of X-ray and the room temperature photoluminescence
spectra were excited at 462 nm.

It appears from this experiment that in contrast to the sample ball-milled for 3 and 4 hours, 2

hours ball-milled sample contains significant amount of Sm2+ after X-irradiation. This clearly

indicates that pro-longed ball milling reduces the X-ray storage capability which is due to the

incorporation of more defects into the system and also because of the uniform distribution of

Sm3+ ions throughout the crystallites. It is also possible that smaller particle size reduces the

luminescence properties of nanocrystalline BaLiF3:1 mol% SmF3.

The X-ray storage efficiency of BaLiF3:1 mol% Sm3+, BaLiF3:5 mol% Sm3+, BaLiF3:7 mol%

Sm3+ and BaLiF3:10 mol% Sm3+ nanocrystals prepared after 4 hours ball milling is further
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A.3. Post-annealing effect on X-ray reduction

investigated (Figure A.2b). It follows from this demonstration that with increasing amount of

defect centres (1 - 10 mol% SmF3) the luminescence intensity of Sm2+ 5D0 → 7F1 decreases.

Specifically, the sample contains 1 mol% SmF3 exhibits maximum luminescence.

A.3 Post-annealing effect on X-ray reduction

The reduction of Sm3+ to Sm2+ in BaLiF3 activated with 1 mol% Sm3+ is observed further

upon annealing in air (Figure A.3).

Figure A.3: Room temperature photoluminescence spectra of ball-milled BaLiF3:1 mol%
Sm3+ before and after annealing at different temperatures from 300 to 600 °C for 1 h in air.
Luminescence spectra were excited by a 462 nm laser diode. All the prominent transitions are
labeled and the development of a defect with increasing annealing temperature is denoted by
(?)

It appears that at 400 °C the conversion of Sm3+ → Sm2+ occurs and the photoluminescence

intensity of Sm2+ (5D0 → 7F1) transition at 694 nm reaches to a maximum. However, the

luminescence intensity of the Sm2+ ions decreases when the annealing temperature is raised

to 500 °C and finally for the sample annealed at 600 °C, no Sm2+ emission is observed. This

is due to the progression of a defect centre at 768 nm into the host lattice upon increasing

annealing temperature. In fact, the existence of the defect is visible in 400 °C annealed

sample however it starts to become prominent at 500 °C which effect the conversion process

by decreasing the Sm2+ luminescence intensity. At 600 °C, only the defect centre is visible

in the photoluminescence spectra. This experimental result signifies that heat treatment on

BaLiF3:Sm3+ phosphor (500 °C) activates a defect centre into the host which fades the Sm2+

luminescence.
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