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Abstract

For high-resolution X-ray imaging scintillator applications, we have prepared and

optically characterized divalent samarium doped fluorochlorozirconate (FCZ:Sm2+)

glasses and glass-ceramics. Sm2+ doped FCZ glasses were obtained by adding a

reducing agent, NaBH4 into the initial melt to convert some of the Sm3+ to Sm2+.

However, the Sm2+ concentration at most was estimated to be only ∼ 0.003 %.

The as-prepared glass samples were further heat treated to obtain glass-ceramics;

the nucleation and growth of BaCl2 nanocrystals were confirmed by powdered X-

ray diffraction (XRD) experiments. Depending on the heat treatment conditions

(temperature and time), the average nanocrystal size varies from 8 to 170 nm, and

the sample contains BaCl2 nanocrystals with the orthorhombic and/or hexagonal

structure. The optical absorption spectra for our glass-ceramic samples suggested the

substitution of Sm2+ ions into the BaCl2 lattice site. The FCZ:Sm2+ glass-ceramics

samples showed strong fluorescence in the red region of spectrum (∼ 8 times that

of an as-prepared glass), and the transparency can be very high (transmittance >

80 % for samples with thickness ∼ 0.5 mm) and can be equivalent to that of an

as-prepared glass . These two results promise potential as a high-resolution X-ray

scintillator due to the emission wavelength range and high transparency. Extensive

studies of photoluminescence (PL) spectra at low temperatures (12 – 200 K) for

FCZ:Sm2+ glass-ceramics suggested useful indicators of the crystal structure and

average size of embedded BaCl2 nanocrystals. A detailed analysis of the optical

spectra has lead to the identification of the origin of the emission peaks and the

location of Sm ions at specific crystallographic sites. X-ray induced luminescence

(XL) studies have suggested a strong dependence of the fluorescence intensity on the

concentration of Sm2+ ions. In addition, for more efficient fluorescence, a sample

should be heat treated in a hydrogen containing atmosphere (e.g. H2 + Ar gas),

and the heat treatment conditions should be such that the nanocrystals grow in the

hexagonal structure.
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Chapter 1

Introduction

Since the discovery of X-rays by Wilhelm Conrad Röntgen in 1895, due to its

unique properties, the X-rays have found their applications over a wide range of

areas including medicine, astronomy, security and industry. Since the use of X-rays

always requires their sensing by users, together with these advances of X-ray applica-

tions, the detection or measurement technologies have also been intensively studied.

Today, X-ray detector technologies have advanced to the point that the image can be

acquired in a digital form and the image resolution is sufficiently high to be used in

mammography. These advances have not been possible without good understanding

of properties of the materials used in the detectors. In addition, the study of detector

materials may have application beyond just X-ray detection. Meanwhile, there is no

perfect detector meeting all the requirements, and the requirements change with the

appearance of new technologies. Therefore, further advances are always needed, and

hence we are always searching for new materials.

The objective of this research is the preparation and experimental characteri-

zation of the optical properties of divalent samarium doped fluorochlorozirconate

(FCZ:Sm2+) glass-ceramics for high-resolution X-ray imaging applications. In such

applications, a scintillator converts X-rays to visible light in order that the image can

be recorded by conventional imaging sensors such as a CCD, CMOS, and photodiode

arrays etc.

Rare-earth doped FCZ glass-ceramics are a new class of transparent glass-ceramics.

Transparent X-ray scintillator would have potential to give high spatial resolution.
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Earlier studies have shown that upon heat treatment, barium chloride (BaCl2)

nanocrystals uniformly grow in FCZ glasses. The crystallographic structure is either

the orthorhombic or hexagonal, and the size varies depending on the heat treatment

conditions — time and temperature. In other words, the glass-ceramic properties

can be controlled by an appropriate selection of the heat treatment conditions.

Doping of FCZ glasses with Sm2+ ions is not so straightforward since it requires

either SmCl2 or SmF2, neither of which is commercially available. Therefore, we,

first, attempted to dope the glass samples with Sm3+ ions and then tried to reduce the

valency state to the ’2+’ by adding a few molar fractions of NaBH4 in the glass melt.

We have chosen divalent samarium (Sm2+) as a photoactivator for two reasons.

First, in many materials, Sm2+ exhibits a strong luminescence in the red range of

spectrum to which today’s silicon-based detectors are sensitive. As far as we are

aware, no studies for FCZ:Sm2+ glass-ceramics have been reported. Second, spec-

troscopic study of Sm2+ would be a useful probe of the local environment such as

the BaCl2 crystal structure, nanocrystal size and the ion substitution in the BaCl2

nanocrystals. It is instructive to mention here that since the radii of divalent samar-

ium and barium ions are similar, the Sm2+ ions are expected to substitute for the

barium ions in BaCl2 crystallites.

X-ray induced fluorescence properties would be of our greatest interest since an

efficient, or sensitive, scintillator exhibits strong X-ray luminescence. Therefore, the

fluorescence intensity was studied in association with the embedded BaCl2 crystal-

lites structure and size as well as the annealing atmosphere.

The following chapter will review the literature for the state-of-art X-ray radiog-

raphy detector technologies as well as rare-earth doped fluorozirconate glass-ceramics

as promising materials for X-ray imaging scintillator applications.
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Chapter 3 provides experimental details carried out in this project. The prepa-

ration of glass samples and X-ray crystallographic investigation by powder X-ray

diffraction (XRD) analyses have been carried out by our collaborators, Andy Edgar

and Chris Varoy at the School of Chemical and Physical Sciences, Victoria Univer-

sity of Wellington, New Zealand, and those are described in Section 3.1 and 3.3,

respectively. As-prepared glass samples were further annealed to induce the nucle-

ation of nanocrystals, resulting in glass-ceramics, which is described in Section 3.2.

The spectroscopic techniques used, including optical absorption spectroscopy, pho-

toluminescence spectroscopy, and X-ray induced luminescence spectroscopy at room

temperature, are explained from Section 3.5 to 3.7. Steady-state photoluminescence

experiments using a cryostat system were also carried out to obtain the photolumi-

nescence spectrum as a function of temperature.

Experimental results are described and discussed in Chapter 4. Transparent as-

prepared glasses with different fractions of reducing agent added are explained in

Section 4.1. The successful valency reduction of the samarium ion is shown by op-

tical absorption arising from Sm2+. In Section 4.2, effects of heat treatment are

discussed. Upon heat treatment, divalent samarium ions are activated to exhibit

fluorescence, and there is a dramatic improvement in the X-ray luminescence inten-

sity. XRD studies showed the nucleation and growth of BaCl2 nanocrystals in the

glass-ceramics. In Section 4.3, extensively studied photoluminescence spectra as a

function of temperature suggest new techniques as useful indicators of the crystal

structural phase of BaCl2 nanocrystals and their average size. Also, luminescence

from Sm2+ at specific crystallographic sites is identified. In addition, we examine

the dependence of the X-ray induced luminescence intensity on the the fraction of

reducing agent added, annealing atmosphere, and average size and crystal structure

of the embedded BaCl2 nanocrystals is discussed in Section 4.4.

Last, this thesis is concluded with summaries of the research results, conclusions,

and recommendations for possible future works, which are all in Chapter 5.
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Chapter 2

Background and Review

Since the discovery of X-rays by Wilhelm Conrad Röntgen in 1895, for which

he received the first Nobel Prize in Physics in 1901, these X-rays have been widely

used in a number of areas including medicine, astronomy, security and industry, due

to their unique properties. Probably, one of the best known applications of X-rays

would be in medical imaging or radiography. In the latter process, we are able to

visualize the interior of the human body by passing X-rays through it. This tech-

nique has been used to diagnose illnesses of human or animals immediately after

the discovery of X-rays. Further, this technique is also used for other purposes; for

example, inspection of a travel baggage and a cargo container, as well as industrial

products.

Since X-rays are invisible to the human eye, its applications often require the

detection of X-rays. Especially in X-ray imaging, the X-ray intensity pattern must

be detected in two dimensions. Traditionally, photographic films have been used to

obtain the X-ray intensity patterns as an image as in normal photography. However,

a photographic film itself has a very low sensitivity to X-rays and, therefore, requires

a large amount of radiation dose to obtain an image with an acceptable quality in

use. In order to improve the sensitivity, photographic screens have been used with

a combination of phosphor screens, in which the phosphor screen converts X-ray to

light to which the photographic screen is sensitive. This type of a phosphor screen is

also called an intensifying screen. This traditional technique of X-ray imaging with

a photographic screen is often referred as an ’analog’ method. Today, X-ray images

can be digitally obtained, and this digital imaging method (or digital radiography)
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has been taking over the analog techniques for its distinct advantages. It should be

pointed out that phosphor screens play an important role in digital radiography.

This chapter will review digital radiography as a state-of-art radiography tech-

nique especially focusing on detection techniques and detectors. Next, literatures

of promising phosphor materials, rare-earth doped fluorozirconate glasses and glass-

ceramics, will be reviewed.

2.1 Review of Digital Radiography

The creation of an X-ray image may conceptually be divided into three separate

stages [1]. The first stage is the interaction of the X-ray with a suitable detection

medium to generate a measurable response. The second stage is the storage of this

response with a recording device. The third stage is the measurement of this stored

response. The development of X-ray detectors has been stimulated by radiography

applications since radiography requires high performance for the detector, such as

high spatial resolution and sensitivity.

2.1.1 Digital Radiography

One of the most successful applications of X-ray imaging is medical diagnosis. With

X-ray radiation, we can image the interiors of objects. X-rays have a unique property

that the X-ray absorption strongly depends on media as illustrated in Figure 2.1.

X-ray photons are strongly absorbed in dense media such as bones, meanwhile they

pass through without or with less attenuation in less dense media such as blood and

tissues. Figure 2.2 shows a schematic diagram of an X-ray imaging system. X-ray

radiation is generated by an X-ray tube, and X-ray photons are guided towards a

target, or patient, through a collimator. Some of the incident X-ray photons are

absorbed in dense media of the human body, but some media allow them to pene-
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Figure 2.1: Variation of the X-ray absorption coefficient for various compo-
nents of the human body. The data have been normalized to that of water.
Reproduced from [2].
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Figure 2.2: A schematic illustration of X-ray imaging setup. From [3].
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trate further. As a result, the transmitted X-ray photons create an image pattern of

the inner body. The transmitted X-ray photons are collected by an X-ray detector,

which will be reviewed in the next section.

Traditionally, immediately after the discovery of X-rays, photographic films had

been used to record X-ray images for nearly 100 years. X-ray imaging based on pho-

tographic films includes some notable disadvantages, for example a time-consuming

chemical development and a requirement of large storage cabinets in a hospital.

In recent years, digital X-ray imaging has been introduced to replace the conven-

tional film-based technique due to its distinct advantages. Unlike the photographic

film, digital X-ray detectors convert X-ray photons into electrical signals, so this

conversion into electrical signals enables us to handle X-ray images electronically.

Therefore, together with combinations of other digital technologies, digital radiog-

raphy has many distinct advantages over traditional analog techniques such as the

following [4, 5]:

1. Image enhancement is possible with digital signal processing.

2. Digital X-ray detector is solid state, robust as well as reusable.

3. A large film storage cabinet can be replaced by a digital storage device such

as a hard disk drive.

4. Combined with network technologies, instant archiving and access of images

can be realized (Picture Archive and Communication Systems; PACS).

Today, the film-based analog X-ray imaging has been displaced by the digital tech-

nologies for the convenience and potential of a number of important functionalities.

2.1.2 Digital Radiography Techniques

Digital radiography uses imaging sensors that converts X-ray photons to electrical

signals. In general, digital X-ray detectors may be divided into two categories in
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terms of the method used to convert X-ray photons to an electrical signal: direct

conversion and indirect conversion. For direct conversion detectors, X-ray photons

are converted ’directly’ into an electrical signal, or more accurately electronic charges;

meanwhile, an indirect X-ray detector converts X-ray photons to light, and then the

light is converted to an electrical signal by using conventional imaging sensors. This

section briefly reviews both the techniques.

Direct conversion X-ray detectors have become available in the late 1990s [6].

Details of a review for this type of X-ray detectors are found elsewhere [6, 7, 8].

Typically, a detector consists of millions of aligned image elements, called pixels,

and each pixel is responsible for collecting X-ray intensity information at each local

area. Figure 2.3 illustrates a schematic diagram of a part of a direct conversion

X-ray detector. An X-ray photoconductor (typically a-Se) is coated over a thin-film

transistor active matrix array (TFT-AMA). Incoming X-ray photons are absorbed

by the photoconductor layer, and then electronic charges, or electron-hole pairs, are

generated upon ionizing interactions of X-rays in the photoconductor. An electrode

is deposited on top of the photoconductor, and an applied bias on this electrode

creates an electric field across the photoconductor layer, which drifts the charges

toward the pixel electrode; eventually, the charges are stored in the storage capac-

itor at the pixel. The stored charges are then read out as the amount of incident

radiation for each pixel. Last, a single image is reconstructed by gathering all the

collected information from all the arrays of pixels.

For its simple detector structure and architecture, it is believed that the direct

conversion method is the best detector for resolution. With a TFT-AMA, the read-

out process is fast (< 1 sec). The image detector can be produced in a size equivalent

to that of a conventional cassette type film-based detector. It can, therefore, simply

replace the cassette-film, and the rest of the X-ray imaging conventional systems (the

X-ray tube etc.) remains the same. Moreover, very efficient conversion of X-rays to

electrical signals is possible by applying an electric field across the photoconductor
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Figure 2.3: A schematic illustration of direct conversion X-ray flat-panel
detector. From [9].

layer. This technique ensures essentially 100 % fill factor (a ratio of collected charges

to generated charges). However, to ensure this high fill factor, very high voltage must

be applied (several kilovolts) [8]. Further, the coverage area of this type of flatpanel

detector is strongly dependent on the TFT array fabrication technology. As the de-

tector size is enlarged, the pixel size has to be maintained sufficiently small to ensure

a high image resolution.

Meanwhile, indirect conversion techniques include mainly two different technolo-

gies. One utilizes a storage phosphor, also called an imaging plate, to temporally store

the X-ray pattern information. This technology was first established by FUJIFILM

[10, 11] and became commercially available in the early 1980s. The latter technology,

called computed radiography, is one of the most successful medical imaging methods.

Typical X-ray imaging processes with a storage phosphor are as follows. As

incident X-ray photons interact with imaging plate media, a local spot is ionized,

9
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Figure 2.4: A schematic illustration of a flying spot readout scanner. Repro-
duced from [12].

and electron-hole pairs are generated to a degree depending on the number of in-

cident X-ray photons, or the X-ray intensity. Some electron-hole pairs recombine

immediately and emit optical photons, yet some other charges are trapped at local

sites, called photoactive centres. Upon photostimulation, the trapped charges are

then photoexcited and induced to recombine and, as a result, light is emitted. This

process is called photostimulated luminescence (PSL). The details of the PSL mech-

anism are discussed elsewhere [13, 14]. Figure 2.4 illustrates a schematic diagram of

a readout system for an imaging plate. A stimulation light beam by a laser is finely

focused, so only an infinitesimal area is stimulated. The resulting PSL at each point

is guided toward a photodetector to be measured, typically a photomultiplier tube

(PMT), which converts light to an electrical signal. This readout process is done on

a point-by-point basis. It should be instructive to mention here that the stimulation

light beam and the emission light must have different wavelengths, so they can be

distinguished at the detector. All the information is assembled, and then a single

image is constructed. The stored information on the imaging plate can be easily

erased under room light exposure, and imaging plates are reusable.
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Figure 2.5: A schematic illustration of an indirect X-ray imaging detector.
A scintillator screen is placed on top of an array of a-Si photodetectors. (a) A
cross-section of a single pixel. (b) A part of an active matrix array (AMA) of
thin film transistors (TFTs) for readout processes. From [17].

Since this image acquisition technique enables us to obtain a very high resolution

X-ray image, compared with that from traditional film-based methods, it has been

a commonly used technique for mammography applications, in which it is desirable

to resolve a structural detail of a tumor as small as 50 µm [15]. However, it takes

a relatively long time (for example, ∼ 30 sec to read out 2000 × 2000 pixels of an

imaging plate with a commercial reader [16]). Also, this whole system requires a

large space for operations. In addition, there are causes that reduce the image qual-

ity, due to the imaging plate properties, which will be discussed in the next section.

Instead of using a storage phosphor, the other type of indirect X-ray detectors

use a phosphor to convert X-rays to light so that an X-ray image can be acquired by

a conventional photodetector array, such as an imaging sensor (CCD, CMOS, a-Si

photodetector array etc.). For this purpose, the phosphor is often called a scintilla-

tor. A process of X-ray imaging with a scintillator is much simpler than that of a

storage phosphor. Figure 2.5 (a) shows a schematic illustration of a cross-section of

an X-ray image detector using a scintillator screen. Incoming X-ray photons interact

with a scintillator medium, which is then ionized. The ionized charges (electron-hole

pairs) then immediately recombine, and this recombination gives off light photons.
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Combined with a conventional imaging sensor, the emitted light is detected at each

local position (pixel). Eventually, the collected light intensity pattern information is

read out; this process depends on the imaging sensor used.

The above method shares various advantages with the direct conversion detector.

In contrast with a point-by-point readout with a storage phosphor, the image data

is readout as quickly as the direct conversion method (< 1 s). Since a thin scintil-

lator layer does not essentially affect the detector thickness, a combination with a

photodetector array enables us to keep the detector thickness sufficiently thin to be

replaceable with the traditional cassette type film-based detector. However, when

coupled with a-Si TFT-AMA detector as illustrated in Figure 2.5 (b), the detector

size is essentially dependent on the TFT-AMA fabrication as in direct conversion

flat-panel detectors. One way to achieve a large-area coverage is to tile together

inexpensive CMOS or CCD sensors. When a single imaging sensor is smaller than

that of required field coverage size, it is necessary to demagnify an image from a

scintillator. This demagnification is often done with a lens or a fibre optic taper, but

the demagnification process causes a reduction of the image resolution [12]. There

are other possible causes that reduce the resolution due to properties of the scintil-

lator, which will be discussed in the next section.

2.1.3 Common Phosphor Materials for Digital Radiography

As described in the previous section, phosphors play very important roles in digital

radiography for both as an imaging plate and scintillator. Therefore, it is not diffi-

cult to think of the fact that the quality is strongly dependent on X-ray phosphors.

This section reviews commonly used X-ray imaging phosphors.

One of the most successful storage phosphor materials is divalent europium doped

barium fluorobromide (BaFBr2:Eu2+) [11]. Excited charges are trapped at Eu2+ pho-

toactivator sites and blue emissions are stimulated by red light exposure (for example
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Figure 2.6: Cross-sections of commonly used phosphors: (a) BaFBr imaging
plate [18], (b) GOS scintillator plate [19], and (c) columnar-structured cesium
iodide (CsI:Tl) scintillator plate [20].
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a He-Ne laser). Particularly for this type of storage phosphor, 75 % of the original

image information still remains even 8 hours after irradiation [21].

BaFBr2:Eu2+ is sensitive to X-ray, so it has a good conversion efficiency (energy

conversion from incident X-ray to output light). Typically, an imaging plate has a

large dynamic range, which allows highly accurate representation of X-ray intensity

levels. Also, BaFBr2:Eu2+ imaging plates can be fabricated in a large area relatively

easily compared to that of direct conversion detectors. Therefore, this method has

an important advantage when an imaging target is larger than the coverage area of

direct conversion detector.

Computed radiography enables us to obtain excellent image quality over film-

based image acquisition in the sense that a single image element is as small as the

readout laser focal point, and due to the conversion of information to a digital form.

This is true compared to traditional analog methods. However, in practice, there

are some causes that reduce the spatial resolution. Figure 2.6 (a) shows a cross

section of BaFBr2:Eu2+ imaging plate. As seen in the figure, BaFBr2:Eu2+ is used

in the form of a fine powder. This is because it is very difficult to prepare a BaFBr2

single crystal plate in a large area with a reasonable physical strength and without

significant crystalline defects, which causes a loss of image information; as well as, a

single crystal growth needs time-consuming processes. However, during the readout

process, a finely focused stimulation light beam experiences scattering at the imag-

ing plate due to the polycrystalline nature and opaqueness of the material. As a

result, the well-focused light spot will be broadened and the surrounding area will

also be stimulated undesirably. Moreover, the stimulated light emission will also be

scattered as it travels in the phosphor medium. These undesirable light scattering

phenomena cause a significant reduction of the spatial resolution. It is possible to

reduce the light scattering by reducing the thickness of the imaging plate. However,

it has to be thick enough to absorb X-ray photons efficiently. Further, BaFBr2:Eu2+

is hygroscopic (it absorbs moisture from the air), so it has to be placed in an enclo-
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sure such that it does not cause a reduction of the image quality.

Gadolinium oxysulfide (Gd2O2S; GOS) is a common scintillator material for X-

ray imaging applications and also for other ionizing radiation detections such as γ-

rays. Figure 2.6 (b) shows a cross section of a GOS scintillator. Since a single crystal

GOS is difficult to obtain in a large area, typically it is used in polycrystalline. Since

it has a high density and a high average atomic number, the scintillation efficiency

is very high. However, as in BaFBr2 phosphor described above, due to its crys-

talline defects as well as the opaqueness of the material, emitted light experiences

significant scattering as it travels in the scintillator layer. As a result, the scatter-

ing of light leads to the blurring of an image, and hence reduces the spatial resolution.

In recent years, a structured phosphor has been developed in order to reduce the

scattering of emitted light and the resulting light spread [22]. Figure 2.6 (c) shows an

example of a cross section of a structured scintillator. This type of scintillator screen

is made of a bundle of fine columns (like optical fibres), so that the emitted optical

photons travel along them, i.e. the emitted light is guided along the columns. As a

result, the spatial resolution is dramatically improved. Although optical separation

of the columns is not perfect and crosstalk of the emitted light is not eliminated

in practice, in this way the broadening of light emission can be reduced and this

allows thicker phosphor layers to be used while maintaining spatial resolution. Com-

monly, rare-earth doped NaI and CsI are structured this way for both as a storage

phosphor and scintillator. However, these phosphors are hygroscopic materials, so

encapsulation is required.
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2.2 Review of Rare-Earth doped Fluorozirconate

Glass-Ceramics for Digital Radiography

Glass-ceramics consist of a glass matrix which contains small crystals called crystal-

lites. The crystallite size ranges from nanometers to microns with a volume fraction

of up to several tens of percent. Typically, they are produced by thermal treatment of

a glass to induce the crystallites growth, and the crystal size is thermally controlled,

for example, by controlling the anneal temperature and time. Glass-ceramics share

many properties with both glasses and ceramics. A well-known property is its small

volume expansion over a wide range of temperature due to a well controlled balance of

thermal expansion coefficients between the crystals and the host glass matrix. Such

a notable characteristic finds applications in a wide range of areas, for example, ar-

tificial joints, machinable ceramics, fire-doors, cookware, magnetic disk substrate,

telescope mirror blanks.

Transparent glass-ceramics, in which the host glass matrix and crystals are trans-

parent, have been of great interest for photonic applications over the past decade.

In general, embedded crystallites act as light scattering centres. However, in prac-

tice the effect is not large and the transparency is equivalent to that of a pure glass

when the crystal size is maintained less than ∼ 50 nm [23]. For example, a laser

application of a glass-ceramic has achieved a comparable up-conversion intensity to

the best achievement in single crystals and as transparent as the precursor glass.

Our objective is to characterize transparent glass-ceramics for X-ray imaging

scintillator applications. This section reviews the literatures on rare-earth doped

fluorozirocnate glass-ceramics for X-ray phosphor applications.
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2.2.1 Rare-Earth doped Fluorozirconate Glass-Ceramics

Fluorozirconate (FZ) glasses are heavy-metal fluoride glasses based on the glass-

forming properties of zirconium fluoride. A well-known and promising material for

optical communications for its excellent optical transmittance, a ZBLAN glass is a

member of this family, which is composed of fluorides of zirconium, barium, lan-

thanum, aluminum, and sodium [24].

There have been two types of FZ glass-ceramics that have been reported for X-

ray imaging applications: fluorobromoziroconate (FBZ) and fluorochlorozirconate

(FCZ). The former is produced by replacing F− ions with Br− ions. Upon heat

treatment, BaBr2 nanocrystals grow in the FBZ glass matrix, resulting in an FBZ

glass-ceramic. In 1999, Edgar et al. [25] first observed a notable PSL effect from

this glass-ceramic doped with divalent europium (Eu2+). Later, Schweizer et al. [26]

found, from FCZ glass-ceramics, a significant PSL conversion efficiency of 80 % that

of BaFBr:Eu2+, which is the standard material for X-ray imaging plates. FCZ glass-

ceramics have been produced by replacing Br− ions in FBZ glasses with Cl− ions

and then by heat treatment, in which the formation of BaCl2 nanocrystals is induced.

2.2.2 Nanocrystals in Glass-Ceramics as X-ray Phosphors

It had been found that nanocrystals in both FBZ and FCZ glass-ceramics play an

important role for X-ray phosphor applications. For example, as-prepared samples,

which do not contain nanocrystals, do not show PSL effects. However, a significant

PSL effect is observed in FBZ/FCZ glass-ceramics, in which nanocrystals are embed-

ded in the glass matrix and the nanocrystals are induced by heat treatment. This

fact suggests that the PSL effect is possible only in the induced nanocrystals. It is

instructive to mention here that it has been reported that rare-earth doped BaBr2

and BaCl2 single crystals show a PSL effect [27, 28]. An example SEM (Scanning

Electron Microscope) image of an FCZ sample is illustrated in Figure 2.7.

17



The nanocrystal size depends on the heat treatment conditions (annealing tem-

perature and time). Typically, shorter-time and lower-temperature annealing leads

to smaller size nanocrystals, while longer-time and higher-temperature result in

larger nanocrystals embedded in the host matrix [29, 30, 31]. For photostimula-

ble luminescence in FBZ and FCZ glass-ceramics, the conversion efficiency increases

as the nanocrystal size increases [32, 33, 34]. However, the nanocrystal size should

be maintained sufficiently small to maintain the transparency since larger nanocrys-

tals dispersed in the glass matrix act as light scattering centres, which reduce the

transparency.

BaBr2 and BaCl2 are highly hygroscopic. Another advantage of this glass-ceramic

is that the encapsulation of the nanocrystals is easily achieved by heat treating a

glass sample.

Figure 2.7: A SEM image of annealed europium doped FCZ sample. Average
size of the nanocrystals in the picture is approximately 100 nm. From [35].
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2.2.3 Transparent Phosphors and Image Resolution

Transparent phosphors have advantages for X-ray imaging applications for several

reasons. As described in Section 2.1.3, powdered BaFBr2 has been used as a stan-

dard imaging plate; however, the significant optical scattering during the readout

process limits further improvement of the spatial resolution. Transparent imaging

plates can minimize this scattering, and it has been found that transparent FCZ

glass-ceramic imaging plates exhibit much improved spatial resolution, by a factor

of 5 compared to the conventional storage phosphor, BaFBr2:Eu2+ [34, 36].

It has been reported that transparent phosphors potentially give a good image

resolution for X-ray scintillator applications. This is because transparency to its

emission light does not cause light scattering as it travels in the scintillator screen.

Touš et al. [37] reported that, with a transparent single crystal YAG:Ce scintillator

screen, 4 times better resolution has been achieved compared to that of a common

GOS scintillator. Nagarkar et al. [38] have achieved an enhanced spatial resolution

while maintaining a high light yield from a pixelated transparent scintillator which

was made by cutting narrow deep grooves on a transparent Lu2O3:Eu scintillator.

For transparent FZ glass-ceramics, Chen et al. [39] have obtained X-ray images with

a good image quality (though objective evaluation was not presented) by placing a

divalent europium doped FCZ (FCZ:Eu2+) glass-ceramic onto a CCD camera. The

images are illustrated in Figure 2.8. To date, unlike imaging plate applications, FBZ

and/or FCZ glass-ceramics have not been extensively studied for X-ray scintillator

applications.

In order to obtain transparent glass-ceramics, growth of nanocrystals in the glass

matrices has to be well controlled. In general, as the nanocrystal size increases, the

transparency decreases. Also, higher-temperature and longer-time heat treatment

result in larger nanocrystals to grow. Tick [40] has suggested that it is possible to

produce ultratransparent glass-ceramics, which has an equivalent transparency to
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Figure 2.8: An example X-ray images of a mouse joint taken with a 2%Eu-
doped FCZ glass cramic scintillator plate. (a) A projection X-ray image, (b) a
computed tommograph, and (c) a cross section from the CT. From [39].

that of pure glasses, under appropriate conditions of nanocrystal size and crystallite

volume fraction. Thermal properties of rare-earth doped (Sm and Eu) FCZ glass-

ceramics have been extensively studied [34, 41, 42], and it has been suggested that

the nanocrystal formation temperature lies around 220 to 250 ◦C, and that crystal-

lization of the glass matrix takes place around 280 to 300 ◦C. Tonchev et al. [41]

reported that these temperatures depend on the Cl− content with respect to that

of F− ions (Cl/(Cl+F)%) and increase with the fraction of Cl−. Therefore, heat

treatment in a temperature range from the onset of nanocrystal formation to the

crystalliztion of glass matrix would enable us to create a transparent glass-ceramic

phosphor containing nanocrystals.
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2.2.4 Luminescence

Luminescence spectrum from a phosphor strongly depends on the activator – very of-

ten rare-earth ions are embedded and act as the activator. FBZ/FCZ glass-ceramics

are not exceptions and have been doped with some rare-earths ions in trivalent

and/or divalent electronic states for various phosphor applications.

Figure 2.9: Normalized spectral responses of photodetectors — PMT (Hama-
matsu, R7600U) [43], Si-photodiode (Hamamatsu, S1226) [44], and CCD
(Hamamatsu, S9979) [45] and a luminescence spectrum of FCZ:Eu2+ glass-
ceramic [46].

Divalent europium (Eu2+) doped FBZ and FCZ glass-ceramics have been most

extensively studied for digital radiography applications. Upon X-ray excitation, both

fluorescence and photostimulated luminescence are expected in the UV-blue region

(∼ 380 – 500 nm) associated with the allowed 4f65d1 → 4f7 transitions [47]. Fig-

ure 2.9 shows a luminescence spectrum of FCZ:Eu2+ glass-ceramic [46] and typical

spectral responses of photodetectors corresponding to a photomultiplier tube (PMT)

[43], Si-photodiode [44], and CCD [45]). As seen in the figure, the UV-blue emission

is in a good agreement with spectral response of the PMT. Therefore, during the

readout process, the photostimulated light can be detected by a PMT.
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Soundararajan [48] and Henke et al. [49, 50] have studied trivalent erbium doped

FCZ (FCZ:Er3+) glasses and glass-ceramics. Its long lifetime at 1550 nm correspond-

ing to the 4I13/2 →4I15/2 transition, which is commonly used telecommunications,

suggests it to be an excellent candidate material for photonic devices such as an

optical amplifier. Moreover, the strong up-converted emission in the green region

suggests a large potential for use as an up-converter layer for new generation solar

cells, which plays an important role in increasing efficiency by matching the spectral

response to that of the sun light.

For scintillator applications (direct readout), a UV-blue light emission from Eu2+

doped fluorozirconate glass-ceramics is not preferred because conventional silicon-

based image sensors, for example a CCD, CMOS, and a-Si TFT arrays, are more

sensitive in the red region [51, 52]. This spectral mismatching can also be confirmed

in Figure 2.9. In contrast, divalent samarium (Sm2+) ions embedded as lumines-

cence activators show, in many materials, strong red emissions associated with the

5d-4f and 4f-4f transitions. This emission range (∼ 650 nm) is better matched to the

spectral sensitivity of today’s silicon detectors as seen in Figure 2.9.

The spectroscopic study of, especially, sharp 4f-4f emissions is also of interest for

other reasons. The 4f-4f fluorescence can be an effective probe for understanding the

unique properties of fluorozirconate glass-ceramics discussed in the previous sections:

1. Nanocrystal size : Spectral broadening of a sharp emission peak would be used

as a probe for the nanocrystal size. Generally speaking, the size of nanocrystals

can be estimated by XRD studies, which takes into account the broadening of

the X-ray diffraction peak. However, a further line broadening can be caused

by other factors, for example crystalline strains. For luminescence in crystals,

a spectral emission broadening can be observed due to crystalline defects which

have higher density near the surface. Defect density is minimum for a single

bulk crystal for its low surface to volume ratio, meanwhile as the crystal size
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Figure 2.10: A schematic diagram of projected (a) the orthorhombic struc-
ture and (b) hexagonal structure of BaCl2. Numbers indicated at each atom
represent the atomic planes. The sketches are based on [29, 54].

decreases, greater spectral broadening would be expected. 4f-5d transitions, as

seen in FBZ/FCZ doped with Eu2+, are too broad for this type of broadening

effect to be observed. However, the sharp 4f-4f transitions can be used to

estimate the nanocrystal size as shown in this work.

2. Substitution of rare-earth ion into the nanocrystals : Some rare-earth doped

FBZ/FCZ glass-ceramics have shown that the rare-earth ions are embedded

in the nanocrystals during the nucleation and growth, but some others remain

in the glass matrix. Spectroscopic studies of a BaCl2:Sm2+ single crystal have

been done by Lauer and Fong [53]. Comparing our data with their data will

enable us to confirm whether or not the luminescent Sm ions is embedded in

the BaCl2 nanocrystal.

3. Crystal structure : Earlier studies from powder X-ray diffraction analyses have

suggested that the BaBr2 and BaCl2 nanocrystals appear either in the or-

thorhombic or hexagonal crystal structures in the FBZ and FCZ glass matri-

ces, respectively. Also, the size of nanocrystals depends on the heat treatment

conditions. Single crystal studies [53] have shown a 3-line splitting for the 5D0

to 7F1 transition for the Cs point group symmetry in the orthorhombic BaCl2
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as in Figure 2.10 (a). In contrast, the hexagonal barium chloride has two

crystallographically distinct Ba sites (C3h and D3h point group symmetries) as

illustrated in Figure 2.10 (b). The luminescence activators substituting Ba ions

at both the sites should experience different crystal fields, and as a result these

activators may show different peak splitting in the spectra. The investigation

of these sharp transitions would give us new knowledge to distinguish the two

crystal structures. Further analysis may unveil the position of photoactivator

ions in the nanocrystal and the local crystal structures. It is worth pointing

out that the hexagonal phase is metastable at room temperature.

It is instructive to mention that these effects have appeared only in a few literatures,

and that Eu2+ doped FBZ/FCZ have shown mainly broadband emission correspond-

ing to the 4f-5d energy transition and the forbidden 4f-4f transitions are too weak

to study.

2.2.5 Valency Conversion

The preparation of divalent samarium doped FCZ glasses is a challenge. In order

to dope the glass with divalent samarium while maintaining the FCZ glass compo-

sition, SmF2 or SmCl2 is required; however, these are not commercially available

today. In the case of some oxide glasses, researchers have attempted to initially dope

the material with Sm3+ ions and then to reduce the valency state to the “2+” by

irradiating with X-rays [55], γ-rays [56], or a femtosecond laser [57], or by annealing

samples in a hydrogen atmosphere [58].

Figure 2.11 shows photoluminescence spectra of a Sm-doped Al2O3–SiO2 glass

before and after X-ray irradiation for 14 hours at room temperature, which was re-

ported by Nogami et al. [59]. The sample before the irradiation shows luminescence

from Sm3+. While after the irradiation, it has been observed that Sm2+ divalent

ions contribute to additional luminescence at higher wavelengths. Such a spectral
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Figure 2.11: Photoluminescence spectra of a sample (Al2O3–SiO2 glass)
doped with Sm ions before and after X-ray irradiation. Before the irradia-
tion, a spectrum only from Sm3+ is only seen. While both the spectra from
Sm3+ and Sm2+ were observed after the X-ray irradiation. Reproduced from
[59].
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Figure 2.12: A schematic diagram of a confocal microscope used to obtain a
dose profile in microbeam radiation therapy applications.
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change due to the valency conversion by X-ray irradiation is of great interest in high

resolution, high dose dosimetry. In applications requiring high resolution, a confocal

microscope readout can be used as shown in Figure 2.12. When confocal microscopy

is combined with a Sm-doped plate, which exhibits a valency conversion of rare-earth

ions upon interaction with X-rays, the system would enable us to obtain a very high

resolution image of the X-ray intensity pattern. This technique is currently being

studied to obtain a dose profile for microbeam radiation therapy at the Canadian

Light Source.

In the case of fluorozirconate glasses, MacFarlane et al. [60] have been able to

convert Eu3+ ions to the divalent state in FCZ glasses by adding alkali hydrides (for

example LiH, NaH, LiBH4, or ZrH1.9) into the glass melt. A valency reduction of

Sm ions in fluorozirconate glasses has not been reported; we have attempted Sm3+

to Sm2+ reduction by the addition of an alkali hydride in this work.
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Chapter 3

Experimental

This chapter discusses general experimental setups and procedures involved in

the research. The following section explains the preparation method of a divalent

samarium doped Fluorochlorozirconate (FCZ:Sm2+) glass. The as-prepared sample

was further heat treated to induce nucleation and growth of crystallites, which is

described in Section 3.2. We have carried out powdered X-ray diffraction (XRD)

analysis, explained in Section 3.3, to examine the existence of crystallites, the average

size, and crystal structure. We obtained the absorption coefficients of our samples

from the optical transmittance spectra, whose experimental details are provided in

Section 3.5, and we used them to examine the valency reduction and substitution of

samarium ions as a photoactivator into the crystallites.

3.1 Sample Preparation

Our objective was to prepare divalent samarium doped fluorochlorozirconate (FCZ:Sm2+)

glasses. This section briefly provides important information involved in the prepa-

ration of these glasses.

The composition of the FCZ glass was 53%ZrF4, 20%NaF, 3%AlF3, 3%LaF3,

1%SmF3, 1%BaF2, 19%BaCl2 by molar percentage. This composition was derived

from a well-known ZBLAN glass [61]. All the samples were prepared by Andy Edgar

and Chris Varoy from a collaborating research group at the School of Chemical and

Physical Sciences, Victoria University of Wellington, New Zealand. At first, all the

anhydrous constituents were mixed in a glove box in a dry nitrogen atmosphere.
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This mixture was loaded into a glassy carbon crucible, and then placed in an RF in-

duction furnance attached to the dry box. Since samarium ions are not commercially

available in divalent form, MacFarlane et al. [60] previously showed that trivalent

europium ions doped in fluorozirconate glasses had been effectively reduced to di-

valent state by adding a few percent of alkali hydrides or borohydrides to the melt.

Therefore, a common reducing agent of NaBH4 (0.25, 0.1, 0.25, 0.35, and 1 molar %)

was added in our glass melt. The melt was heated to 825 ◦C in an argon atmosphere

with occasional stirring. 30 min later, the melt was splat quenched between two

brass blocks heat at 190 ◦C.
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3.2 Heat Treatment

FCZ glass-ceramics are known to have BaCl2 nanocrystals inside the glass matrix

upon heat treatment [29, 30, 31]. Depending on the temperature and time, the crys-

tal size and its crystal structure may vary. We, therefore, annealed as-prepared glass

samples for different times at different temperatures in a mixture of hydrogen and

argon or nitrogen atmospheres.

Our setup for heat treatment is illustrated in Figure 3.1. Samples were placed in a

sample holder, which had two thermocouples (K type) attached to it to measure the

temperature on the inside and outside of the sample holder. The holder was made of

brass, which has an excellent thermal conductivity. The thermocouple temperatures

were read by an Omega Microprocessor Thermometer HH2. The sample holder was

loaded into the quartz tube, which was heated in the furnace (typically ∼ 250 – 300

◦C depending on the heating condition). The furnace temperature was controlled

by the temperature controller (S-03C, VEZAS Ltd.). The quartz tube with the

sample holder was sealed such that only the annealing gas filled up in the tube. The

annealing gas was supplied from a cylinder to the quartz tube through a flow meter

(TA Instruments, PN 270134.003) to monitor and maintain the gas flow. The heat

treatment procedure was as follows:

1. Inside of the furnace was kept at a desired temperature.

2. The annealing gas (nitrogen or a mixture of 5 % hydrogen and 95 % argon) was

supplied into the quartz tube at a desired flow rate (typically ∼ 1.0 L/minute).

3. The sample was placed inside the sample holder and loaded at the entrance

of the quartz tube in which the temperature was approximately 50 ◦C. This

temperature does not cause a glass transition since the glass transition tem-

perature from DSC (Differential Scanning Calorimetry) is known to be higher

than ∼ 220 ◦C [41].
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Figure 3.1: An illustration of heat treatment experimental setup.
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4. The quartz tube was sealed and held until the tube was filled up with the

required gas. Typically, this process would take ∼ 5 min.

5. The sample holder was loaded further into the quartz tube to heat the sample

at the desired temperature. It typically took approximately 5 minutes to reach

the desired temperature.

6. Once the sample temperature reached to the desired temperature, the sample

was held at the same position at a constant temperature for a desired time

period. This period is defined as the annealing time.

7. The sample holder was brought back to the entrance of the quartz tube to

slowly cool down to the ambient temperature. This process typically took

approximately 5 minutes.

8. Finally, the tube was unsealed and the sample was taken out of the tube.

Figure 3.2: The work station of annealing experiment.
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(a)

(b) (c)

(d) (e) (f)

Figure 3.3: Equipments used for annealing experiments: (a) furnace and
quartz tube with a sample holder, (b) temperature controller, (c) sample holder
with thermocouples in a quartz tube, (d) gas tank, (e) thermometer, and (f)
flow metre.
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3.3 X-ray Diffraction

Powder X-ray diffraction (XRD) experiments were carried out in order to study nu-

cleation and growth of expected crystallites in the glass matrix upon heat treatment.

A standard powder diffractometer and a cobalt tube were used. The spectra were

recorded at room temperature. All the XRD experiments were carried out by a col-

laborating research group at the School of Chemical and Physical Sciences, Victoria

University of Wellington, New Zealand.

3.4 Differential Scanning Calorimetry

We have studied the thermal properties of our glass and glass-ceramic samples using

a differential scanning calorimeter (DSC) (Q100, TA Instruments) equipped with a

fast air cooling system. Figure 3.4 shows the photograph of the DSC instrument

used. A small piece of the sample (less than 10 mg) was first weighted, placed in

an aluminum pan, and then hermetically sealed. An empty pan was used as the

reference. Typically a heating rate of 10 K/min was used, and the DSC scan was

taken up to a temperature of 530 ◦C.

Figure 3.4: A differential scanning calorimeter (Q100, TA Instruments).
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3.5 Optical Absorption

Optical absorption characterizes the absorption of photons as light propagates along

a certain direction in a medium. It is the fractional change in the intensity of light

per unit distance along the propagation direction [62]. It is experimentally obtained

by the following relationship

α(λ) = − 1

L
ln(T (λ)) (3.1)

where α(λ) is the optical absorption coefficient, L is sample thickness, and T (λ)

is transmittance as a function of wavelength, which is the fraction of transmitted

light intensity over the incident light intensity. Thus, upon obtaining the sample

thickness and transmission spectra, the absorption coefficient is obtained. Before

the optical measurements, all the samples were polished. Next, sample thicknesses

and transmission spectra were measured. This section explains the general procedure

involved in the acquisition of optical transmission and absorption spectra.

3.5.1 Grinding and Polishing

Before any transmittance measurement is carried out, samples must be ground and

then polished. Grinding is done to obtain parallel surfaces on both sides of the sam-

ple. Polishing removes roughness and imperfections on the surface. Those treatments

minimize reduction of light transmission of the sample due to random scattering and

imperfection of sample geometry. Also, all the samples must have practically the

same conditions on their surfaces in order to ensure that the differences in the trans-

mittance spectra are not due to differences in the surface roughness.

The procedure involved in grinding is as follows [48]:

1. Grinding was performed on a glass plate shown in Figure 3.5. 600 micron

silicon carbide powder and 100 % ethanol were placed on the plate and then

mixed.
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Figure 3.5: A Buehler Minimet 1000 Polisher. The image was extracted from
[48].

2. A sample was placed on top of the mixture and then ground by slowly making

circular motions with hand. During the process the powder and ethanol were

added as needed. This process ensures that we have a flat surface on one side

of the sample.

3. The sample is then glued on a sample holder. The sample holder was first

heated on a Thermolyne HP2305B heater to approximately 80 ◦C, to melt

bee’s wax. A small amount of bee’s wax was then placed on top of the holder.

Next, the sample was placed on the melt with the flat surface down. Last, the

sample holder was taken out from the heater to cool down in order to solidify

the bee wax, thereby holding the sample firmly in place.

4. The sample was again ground as described before, but with the sample holder

this time. Since the sample holder has an adjustable gap between the edge and

the center (see Figure 3.6), parallel surfaces on both sides are maintained.

Once the sample was ground and parallel and flat surfaces were obtained at both
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Figure 3.6: From left to right: Bee’s wax, a heater (Thermolyne HP2305B),
and a sample holder. The image was extracted from [48].

Figure 3.7: Materials used for polishing. From left to right: 100 % ethanol,
silicon carbide powder, 3 micron alumina powder, 0.05 micron alumina powder
and an ethanol + glycol mixture. The image was extracted from [48].
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sides of the sample, the sample was then fine polished with a Buehler Minimet 1000

Polisher which is shown in Figure 3.5. Polishing was performed inside a bowl which

has a glass plate at the bottom to which a polishing cloth is glued. The bowl was

placed in position under the arm of polisher. Inside of the bowl, the sample holder,

with the sample firmly attached by the bee’s wax, was securely held in position

by the polisher arm with the sample side down. The sample was then polished by

having the polisher arm move in circular motions. Polishing powder and a few drops

of ethanol + glycol to act as a lubricant were added as needed. The polisher controls

the speed of the arm motion from 0 to 50 rpm, the force of the arm from 0 to 10 lb,

and polishing duration 30 seconds to 99 hours. The fine polishing process involves

three stages as follows:

1. The first polishing was performed on a rough polishing cloth with a few drops

of a mixture of ethanol and glycol without polishing powder. At the end of

this stage, the sample should look a little glazed compared to the dull look

after grinding. This process typically required 1.5 hours with 15 rpm of the

arm speed and 1 lb of arm force for an approximately 1 × 1 cm2 of sample

size.

2. The second stage is to obtain clear glass-like surface. The sample was polished

on a smooth polishing cloth attached to the glass plate. 3 micron alumina

powder was evenly dispersed on the cloth and a few drops of ethanol + glycol

are added as needed. This stage typically required 1 hour with 30 rpm of

polisher arm speed and 1 lb of arm force.

3. The last stage ensures the sample is highly polished. The polishing was per-

formed on a smooth polishing cloth glued on a glass plate. For further en-

hancement, 0.05 micron alumina powder was used as in the previous stage,

and also a few drops of ethanol + glycol mixture are occasionally added as a

lubricant agent. This stage typically took 1 hour with 40 rpm of arm speed

and without arm pressure.
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After the third stage, the sample was removed off the sample holder by heating

and melting the bee wax on the heater. The sample was then flipped and glued on

the sample holder as described above. The entire polishing procedure was repeated

for the other side of the sample. 100 % ethanol and dietyl ether were used to clean

the sample and/or the equipment as needed. The variation of thickness is ± 15 µm.

3.5.2 Transmission Spectrum Measurement

Transmittance spectra were measured using a Perkin Elmer Lambda 900 spectrom-

eter. Schematic diagram of the experiment is illustrated in Figure 3.8. Also, a

photograph of the work station is shown in Figure 3.9.

DLHL
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NIR

M3
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G2
Monochromator 2

M4

M6M7
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M10
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M11'
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Figure 3.8: An illustration of schematic diagram of a spectrophotometer
(Perkin Elmer Lambda 900). The diagram was reproduced from the manual.
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Figure 3.9: The work station for optical transmission measurements.

As a radiation source, a deuterium lamp (DL) was used to cover the ultraviolet

range, and a halogen lamp (HL) was used for the near infrared and visible ranges.

The radiation source was switched by the mirror M1. This spectrophotometer uses

two monochromators (G1 and G2), and each monochromator has two diffraction

gratings for the UV-visible (UV/Vis) range and the near infrared (NIR) range. The

beam from the radiation source was guided towards the monochromators through

mirrors (M1 – M6), a slit assembly (SA), and an optical filter on the filter wheel

assembly (FW). The FW was synchronized with the monochromators, and an ap-

propriate optical filter was switched depending on the wavelength to be produced.

The light beam with the selected wavelength was guided towards a chopper assembly

(C) through the SA, a common beam mask (CBM), and mirrors (M6 – M8). When

the chopper was not actuated, the beam was guided to the sample compartment

through mirrors (M9 and M10) to create the reference beam, which was then mea-

sured ether by a photomultiplier (PM) or a Peltier-cooled lead sulfide detector (PbS).

The PM was used to measure the UV/Vis light beam, while the PbS was used for

NIR light beam. The mirror M14 was rotated to select the desired detector. When

the chopper was switched, the beam was guided to the sample through (M10’). The

transmitted light beam through the sample medium was then measured by one of
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the detectors in the same manner as for the reference beam described above. The

reference and transmitted beams were measured at each wavelength alternatingly, so

the transmittance spectra over the range of interest were obtained. The CBM was

mounted between the SA and M7 in order to control the height of both the reference

and sample beams. The light intensities of the reference and sample beams were

controlled with the attenuators RBA and SBA, respectively.

All the measurements were carried out at room temperature (23 ± 1 ◦C). Speci-

fications of the spectrophotometer are listed in Table 3.1.

Table 3.1: Specifications of Lambda 900.

Beam cross-section

Slit Width (approx.) Height (approx.)
0.05 nm 0.04 mm × 11.7 mm
0.1 nm 0.09 mm × 11.7 mm
0.5 nm 0.45 mm × 11.7 mm

1 nm 0.89 mm × 11.7 mm
2 nm 1.00 mm × 11.7 mm
5 nm 4.44 mm × 11.7 mm

measured at the focal point of the sample beam and
the reference beam in the sample compartment at a
wavelength of 500 nm.

Grating (Monochromator) Holographic gratings with 1440 lines/mm UV/Vis
360 lines/mm NIR

Radiation sources Pre-aligned deuterium and halogen lamps

Detector A photomultiplier for the UV/Vis range and
a Peltier-cooled PbS for the NIR range

Wavelength accuracy 0.8 nm UV/Vis and 0.32 nm NIR

Integration time 0.04 s to 10 s in 0.04 s increments

Digital port One RS232C interface (serial), for connecting a PC
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3.5.3 Sample Thickness

Sample thickness was measured using a Fowler Sylvac 50 thickness measurement unit

which is shown in Figure 3.10. The unit mainly consists of four components: a thick-

ness sensor, stage, handle, and a gauge amplifier. The thickness sensor was vertically

placed on the stage in contact, and the handle controls the vertical position of the

sensor. Then, the data of the position is read and displayed by the gauge amplifier.

Therefore, the sample thickness can be measured by placing a sample between the

sensor and stage. The accuracy is ∼ 0.5 µm.

Figure 3.10: A thickness measurement unit (Fowler Sylvac 50).
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3.6 Photoluminescence

In this work, steady-state photoluminescence experiments were carried out at room

temperature and also at low temperatures. In this section, the experimental setup

and brief procedure to perform the measurements are discussed.

The schematic diagram of a steady-state photoluminescence setup is illustrated

in Figure 3.11. It consists of three parts: optics, data acquisition, and temperature

control. For measurement at room temperature, the temperature control part was

not used.

The optics part plays an important role for the optical measurement. A sample

was excited by a UV light beam and spectrum of fluorescent light emission from the

sample was measured. As the excitation light source, a halogen-xenon lamp (Spectra-

Physics model 66902) was used, which covers from the UV to infrared range. A lamp

power source in Figure 3.13 (b) (Spectra-Physics 69907) ensures constant power sup-

ply to the lamp, hence constant intensity of excitation light. The visible and infrared

light from the radiation source was filtered by a sequence of optical filters, includ-

ing a UG1 filter. As a result, UV light approximately at 360 nm, was obtained

for excitation. It was then optically guided onto the sample, which was held on a

sample holder as shown in Figure 3.13 (a). Upon UV excitation, emitted lumines-

cent light was collected by an optical lens and directed toward a monochromator

(Oriel CornerstoneTM 130 Monochromator). The incoming light was dispersed by a

diffraction grating, and a desired wavelength component was selected by computer

control. The selected light was then detected by a cooled InGaAs detector (Oriel

InGaAs Detector Head 70347), which covers visible and near infrared regions. Figure

3.14 (d) shows the monochromator and the photodetector unit (right) mounted on

the right hand side of the monochromator. The photodetector unit has the InGaAs

photodetector, signal amplifier, and thermo electric cooler, which was controlled by

a temperature controller (Oriel 77055) shown in Figure 3.13 (b). Cooling the pho-
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todetector improves the signal-to-noise ratio. It should be noted that another optical

filter was placed in front of the monochromator. This is to remove reflected UV light

from the sample and sample holder, so only the light emission from the sample enters

in the monochromator (otherwise higher orders of dispersed UV light may overlap

an optical region of our interest).

The light signal of each wavelength component was acquired and then stored on

the computer. Light at a desired wavelength was converted to an electric signal by

the photodetector. Then, the electric signal was read out by a multifunction optical

power meter (Spectra-Physics model 70310), and the data are stored on the com-

puter. By rotating the diffraction grating, the emission spectrum from the sample

was acquired in the range of interest. All the controls required for the data acquisition

and diffraction grating control were done using Laboratory Virtual Instrumentation

Engineering Workbench (LabVIEW).

The sample was cooled and the temperature was controlled by the temperature

control part for photoluminescence measurement as a function of temperature. The

cooling was done by a closed cycle He cryostat system. The system mainly consists of

a closed cycle He RMC cryostat (22C CRYODYNE CRYOCOOLER), a compressor,

and a cryostat controller. As shown in Figure 3.13 (a), the sample was firmly held

by the sample holder, which is in contact with the cold head of the cryostat through

sapphire bars. Before cooling, the sample was kept in a sealed chamber shown in

Figure 3.14 (e), and then the chamber was evacuated by using a mechanical pump

(BOC EDWARDS, E2M0.7 Rotary Vacuum Pump) 0.1 torr. The temperature was

monitored by a Omega CYD211 temperature monitor shown in Figure 3.13 (b). This

system enables us to cool the sample down to 12 K. With this temperature control,

the photoluminescence spectra were recorded in the same way as at room tempera-

ture.
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Figure 3.12: The work station for photoluminescence experiments.

(a) (b)

Figure 3.13: Equipment used for the photoluminescence experiments: (a)
shows a sample, sample holder, and cold head of a cryostat, and (b) shows
temperature monitor, lamp power supply, multifunction optical power meter,
photo detector cooling unit, and data acquisition PC.
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(c)

(f)

(g)

(d)

(e)

(h)

Figure 3.14: Equipment used for the photoluminescence experiments (Con-
tinued): (c) Hg-Xe lamp unit, (d) monochromator (left), photodetector unit
(right), and optical filters on top of the monochromator, (e) chamber (left)
and inner shell (right), (f) compressor, (g) cryostat controller, and (h) vacuum
pump.
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3.7 X-ray Irradiation

Rare-earth doped ZBLAN based glass-ceramics are of great interest for X-ray imag-

ing scintillator applications. Therefore, X-ray scintillation of our samples was tested

in this work. This section discusses the experimental setup for such measurements.

The experimental setup as illustrated in Figure 3.15 was used to examine X-ray

scintillation properties of our samples. Photographs in Fiugre 3.17 and Figure 3.18

show the equipment used in the experiment.

A standard GENDEX GX-1000 dental unit was used as an X-ray source. The

X-ray tube was operated in the pulse regime at 90 kV by an X-ray controller. The

X-ray tube has a tungsten anode, and the sample was irradiated through a 2.7 mm

aluminum filter. The resulting spectrum of X-ray irradiation is shown in Figure 3.16.

The mean energy was 45.8 keV, and the spectrum was simulated at SIEMENS’s web-

site [63] based on the algorithms described in [64, 65, 66]. The X-ray radiation was

kept inside lead shielding as shown in Figure 3.17 and 3.18. The optical fibre (silica

Solarization Resistant fibre, 190 – 2200 nm, StellerNet. Inc.) was placed at the

bottom of the sample to collect the scintillation light from the sample and to guide

it to the spectrometer (EPP2000CXR, StellarNet. Inc.). The spectrometer uses a

concave holographic grating as a dispersion element, and the dispersed light is de-

tected by a cooled linear image sensor (ILX511, SONY). The collected signal was

read out to the computer.

The X-ray irradiation and spectrometer are synchronized by a computer control.

Also, the exposure time of both the X-ray irradiation and the photodetector was

controlled by the computer. As seen in Figure 3.17, a lamp mounted on the shielding

indicates that the X-ray system is activated. This measurement system covers the

wavelength range approximately from 300 nm to 1000 nm with a spectral resolution

of approximately 0.5 nm.
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Figure 3.15: A schematic diagram of X-ray luminescence experiment setup.

Figure 3.16: Irradiation spectrum of the X-ray tube with 90 kV, tungsten
anode, and 2.7 mm Al filtration. The data were calculated with [63, 64, 65, 66].
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Figure 3.17: The work station for X-ray luminescence measurements.

Figure 3.18: Inside of the lead shielding.
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Chapter 4

Results and Discussion

Fluorochlorozirconate (FCZ) glasses doped with 1 % Sm have been prepared with

diffrent concentrations of reducing agent (0.05, 0.1, 0.25, 0.35, and 1 molar %). The

samples were further annealed under different conditions in terms of the temperature,

time, and atmosphere to obtain glass-ceramics, glasses containing nanocrystals. This

chapter reports and discusses valency conversion in Sm-doped FCZ glass-ceramics,

annealing effects, photoluminescence characterization, and X-ray induced lumines-

cence.

4.1 As-Prepared Glass Samples

This section will discuss glass samples which were prepared as explained in Section

3.1 (as-prepared glass samples). First, the visual appearance and transparency of

the samples with different concentrations of reducing agent will be mentioned. Next,

we will discuss valency reduction of the samarium ions in FCZ glasses.

4.1.1 Visual Appearance and Optical Transparency

Fluorochlorozirconate (FCZ) glass samples had been prepared as described in Sec-

tion 3.1. A photograph of as-prepared glass samples is shown in Figure 4.1. The

thicknesses of samples are comparable (0.3 – 0.5 mm). They are tinted red to a de-

gree depending on the quantity of reducing agent added. This is typical for samples

doped with divalent samarium ion due to its strong absorption in the UV-blue region.
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Also, dark spots were observed in the glasses with higher concentrations of added

reducing agent. This is attributed to localized reduction of Zr4+ to lower valence

states, which is known to darken fluorozirconate glasses [67, 68]. All the samples are

relatively transparent to the eye but with increasing red tint in samples with higher

reducing agent.

Figure 4.1: As-prepared glass samples with different amounts of reducing
agent added. The indicated percentages are in molar %.

Figure 4.2 shows an optical transmission spectrum of an as-prepared glass sample

which contains 1% of Sm ions and 0.1 % of reducing agent and that of a pure FCZ

glass sample. The sample thicknesses are 0.5 mm. The spectra were recorded as

described in Section 3.5.2 at room temperature. The pure FCZ glass showed excellent

transparency in both the UV to NIR region of spectrum; while, the FCZ glass with

Sm ions and reducing agent showed a lack of transparency in the UV-blue region

(300 – 500 nm) and in the infrared region (1100 – 1600 nm) due to optical absorption

by Sm2+ and Sm3+ ions, respectively (the optical absorption is discussed in more

detail in Sections 4.1.2 and 4.2.4). However, high optical transmission (> 80 %) was

overall observed in the region around 650 – 700 nm, in which the fluorescence is

expected from our samples. It is very important for scintillator applications to have

a high transparency to the emission light as described earlier (see Section 2.2.3).
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Figure 4.2: Optical transmission spectrum samples. The solid curve is for an
as-prepared FCZ glass sample with 0.1 % of reducing agent added; while, the
dashed curve is for a pure FCZ glass sample which does not contain luminescent
ions and reducing agent. The thicknesses of samples are 0.5 mm, and the data
were recorded at room temperature.
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4.1.2 Valency Reduction

Doping divalent samarium is not straightforward since the divalent chloride and flu-

oride are not commercially available, which would be needed to maintain the FCZ

composition. We, therefore, initially doped the FCZ glass with trivalent samarium

and then added a common reducing agent, NaBH4, to reduce the trivalent to divalent

state. In this work, optical absorption experiments were carried out to investigate

the valency reduction since optical absorption by the Sm3+ and Sm2+ ions is well

known to be typically located in the infrared and UV-blue regions, respectively.

Figure 4.3 shows the absorption coefficients of as-prepared glasses with the same

concentration of samarium (1 %) but different quantities of reducing agent that was

added (0.05, 0.1, 0.25, 0.35, and 1 %). The spectra were recorded at room temper-

ature (∼ 23 ◦C). The spectra mainly consist of two parts; a single broad band with

small peaks centering around 360 nm and a set of four peaks in the infrared region.

The former is attributed to optical absorption by the Sm2+ and the latter by the

Sm3+. The observation of absorption by Sm2+ means that Sm2+ ions must exist in

our sample, hence we have successfully reduced trivalent samarium to the divalent

state by adding NaBH4 as a reducing agent.

Figure 4.4 shows a correlation between the integrated optical absorption by the

divalent ions and the fraction of added reducing agent. Increasing the fraction of the

reducing agent increased the absorption intensity due to the divalent samarium ions.

In other words, we had more Sm2+ ions as we add more reducing agent. However,

this was only true when the reducing agent concentration was less than approxi-

mately 0.35 %. The reduction process was not effective for futher additions of the

reducing agent.

Despite our observation of valency reduction and an increase in divalent samarium

with the quantity of added reducing agent, the optical absorption by the trivalent
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Figure 4.3: Absorption coefficient spectra of as-prepared glass samples with
different quantities of reducing agent added (see also [67]).
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Figure 4.4: A correlation between the integrated optical absorptions by the
divalent ions and the fraction of added reducing agent. The line is drawn to
guide the eye (see also [67]).
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samarium essentially remained the same regardless of the amount of the reducing

agent added as seen in Figure 4.4. This explains that only a small fraction of trivalent

ions have been reduced into the divalent state. The efficiency of the reduction process

has been estimated from the following relationship called the Smakula’s formula:

∫
k(E)dE = Ni

(
e2h

4εonmc

)(
n2 + 2

3

)2

fij (4.1)

where k(E) is the absorption coefficient, n is refractive index, Ni is ion density, fij is

oscillator strength, and the other symbols have their usual meaning. A value of 0.04

was used for the oscillator strength, which was calculated by Biémont et al. [69].

The calculation suggested that only 0.3 % of the trivalent ions at most had been

converted to the divalent state.
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4.2 Glass-Ceramics — Effects of Heat Treatment

It has been observed that a FCZ glass-ceramic contains BaCl2 nanocrystals. Earlier

studies [29, 30, 31] showed the fact that in FCZ glass-ceramics, the crystal structure,

either the hexagonal or the orthorhombic phases, and size of embedded nanocrystals

vary depending upon the heat treatment conditions. Effects of heat treatment have

been investigated on our samples throughout this work by numerous experiments in-

cluding differential scanning calorimetry, X-ray diffraction, optical absorption, pho-

toluminescence, and X-ray induced luminescence. This section presents results of

the experiments and discusses effects of heat treatments on our samples.

4.2.1 Differential Scanning Calorimetry (DSC)

Figure 4.5 compares DSC thermograms recorded for an as-prepared glass sample and

glass-ceramic sample annealed at 250 ◦C for 5 min in a N2 gas. Both the samples

contain 0.25 % of reducing agent.

For the as-prepared sample, we found that the glass transition tempere was ap-

proximately 210 ◦C, which is followed by the first exothermic crystallization peak

around 240 ◦C. We attribute this to the nucleation and growth of hexagonal phase

barium cloride (BaCl2) crystals (the determination of crystal structure was supported

by X-ray diffraction studies, which is shown in Section 4.2.3). At higher tempera-

tures, there are three very close exothermic peaks, located around 295, 310, and 320

◦C. These exothermic peaks correspond to the crystallization of the host glass.

These DSC scans suggest that annealing a sample in the temperature range (225

– 270 ◦C) enables us to obtain BaCl2 nanocrystals while the FCZ glass structure is

maintained as a host matrix. As expected, the DSC data for the annealed sample

(Figure 4.5) showed that the first crystallization peak was removed while the other

crystallization peaks appeared as seen for the glass sample. Based on these results,
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we have chosen annealing conditions that correspond to heat treatments in the tem-

perature range 225 – 270 ◦C.

Figure 4.5: DSC data recorded for as-prepared and annealed FCZ samples
containing 1 % Sm3+ ions and 0.25 % of NaBH4 as a reducing agent. The
heating rate was 10 K/min. The annealing conditions were: 250 ◦C, 5 min, N2.
(See also [67].)
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4.2.2 Appearance

Figure 4.6 compares two glass-ceramic samples annealed under different conditions;

(left) 245 ◦C for 5 min and (right) 270 ◦C for 30 min in a nitrogen atmosphere.

Both samples contain 0.25 % of reducing agent. The left sample has an excellent

transparency. While the other sample is still transparent but slightly milky, which

is due to the crystallization of the FCZ glass matrix.

Figure 4.7 illustrates optical transmission spectra recorded on a sample before

and after heat treatment at 238 ◦C for 5 min in a nitrogen atmosphere. The sam-

ple contains 0.35 % of reducing agent and the thickness is 0.3 mm. The spectra

were recorded as described in Section 3.5.2 at room temperature. As seen in the

graph, even after the annealing, the excellent transparency over the range of interest

(>∼ 600 nm) was maintained. This explains that our glass-ceramic samples can be

maintained as transparent as the as-prepared glasses under appropriate heat treat-

ment conditions (though further studies are required for the optimization of heat

treatment, which is not our present interest).
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Figure 4.6: An example of annealed samples. The annealing conditions were:
(left) 245 ◦C for 5 min and (right) 270 ◦C for 30 min in a nitrogen atmosphere.
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Figure 4.7: Optical transmission spectra of as-prepared glass (before anneal-
ing) and glass-ceramic (after annealing) samples. The annealing conditions are:
238 ◦C for 5 min in a nitrogen atmosphere. The samples contains 0.35 % of
reducing agent and the data was recorded at room temperature.
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4.2.3 Crystallographic Analysis

Earlier works [29, 30, 31] reported the formation and characteristics of BaCl2 nanocrys-

tals in rare-earth doped FCZ glass-ceramics. In this work, powder X-ray diffraction

(XRD) was carried out on our as-prepared samples and also annealed samples un-

der different conditions in order to study the heat treatment effects on the crystal

structure and size of expected BaCl2 nanocrystals.

Figure 4.8 shows examples of X-ray diffraction data recorded on: (a) an as-

prepared sample, and samples (b) annealed at 238 ◦C for 5 min in a N2 atmosphere,

(c) annealed at 270 min for 30 ◦C in N2. XRD patterns of the orthorhombic and

hexagonal phases of BaCl2 crystal are also illustrated as references. The patterns

have been compared from PDF 24-0094 and PDF 45-1313 powder pattern standards,

respectively.

The X-ray diffraction data of the as-prepared sample in Figure 4.8 (a) shows only

broad peaks. This pattern is typical for a noncrystalline material [70]. Upon anneal-

ing, additional sharp peaks appear. They are attributed to (b) the hexagonal and

(c) the orthorhombic phases of barium chloride by comparing the experimental XRD

data with the reference X-ray diffraction patterns [67]. Since the sample remained

transparent, seen in Figure 4.6 (left), it is suggested that small size BaCl2 crystals

have grown upon annealing, while the glass matrix has not crystallized. The crystal

sizes were estimated by using the well-known Sherrer formula [70]:

< L >=
Kλ

β cos θ
(4.2)

where < L > is the average crystallite size, K is a shape factor, λ is the X-ray

wavelength, β is the line broadening (FWHM) in radians, and θ is the Bragg an-

gle. For our calculations, the constant K was taken as unity, and the formula was

applied to the < 021 > and < 211 > reflections for the hexagonal and orthorhom-

bic nanocrystallites, respectively. We assumed the peaks to have either Gaussian or
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Figure 4.8: X-ray diffraction patterns of (a) an as-prepared sample and an-
nealed samples (b) at 238 ◦C for 5 min and (c) at 270 ◦C for 30 min in a
nitrogen gas. The dotted patterns in the bottom of (b) and (c) correspond to
the hexagonal and the orthorhombic BaCl2 based on PDF 24-0094 and PDF45-
1313, respectively. (See also [67].)
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Lorentzian line shapes and then obtained two broadening parameters β that were

averaged. The average β was used in Equation 4.2 to calculate < L >. As a result,

the averaged crystal sizes were estimated to be 19 and 54 nm for the samples (b)

and (c), respectively.

Just like other types of FCZ glass-ceramics with different rare-earth ions reported

earlier, our samples also showed the same tendency of nanocrystal growth. From our

observations from 15 samples with different annealing histories, typically shorter

time at lower temperature annealing tends to give the hexagonal phase, while longer

time at higher temperature annealing tends to result in the orthorhombic phase.
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4.2.4 Optical Absorption

We have measured optical absorption spectra for our samples before (as-prepared

glass) and after (glass-ceramic) heat treatment. Figure 4.9 compares optical densities

(fractional transmittance of light,− ln(I/Io)) of a sample before and after annealing

with 0.25 % of reducing agent added and also divalent samarium doped BaCl2 single

crystal. The sample was annealed at 238 ◦C for 5 min in a nitrogen atmosphere. The

data for BaCl2 single crystal were extracted from the work of Lauer and Fong [53].

Compared to the spectrum of the as-prepared sample, the annealed samples showed

additonal distinct peaks. The peaks clearly agree with the absorption spectra of

Sm2+ in BaCl2 single crystals. This similarity suggests that the reduced Sm2+ ions

have been embedded in the BaCl2 nanocrystals. It is instructive to mention that the

radii of Ba and Sm2+ ions are very close (1.30 and 1.32 Å, respectively). So, there

is very high probability that Sm2+ ions can substitute for Ba ions.
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Figure 4.9: Relative optical densities of a Sm doped FCZ glass and glass-
ceramic with 0.25 % reducing agent added and of a single crystal (orthorhombic
phase) BaCl2 doped with Sm2+ (see also [67]).
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4.2.5 Fluorescence

In this work, as-prepared glass samples and annealed samples were excited by ul-

traviolet light and also by X-rays, and the resulting fluorescence were measured and

studied. The experimental details are described in Sections 3.6 and 3.7. It is ex-

pected that samarium ions in the divalent state (Sm2+) would show a strong red

emission due to the allowed 5d-4f transitions.

The photoluminescence experiment was carried out on as-prepared and annealed

samples with 0.25 % of reducing agent. The annealing conditions are at 270 ◦C for

30 min in a nitrogen gas. Figure 4.10 shows an example of samples illuminated under

ultraviolet excitation. Although we have confirmed the existence of samarium ions in

both the divalent and trivalent states, no photoluminescence from divalent samarium

ions was seen from as-prepared samples. However, the heat treated samples showed

a bright red fluorescence emission. This appearance of fluorescence upon annealing

was observed in samples with different quantities of reducing agent added and with

different heat treatment histories.

Figure 4.10: An example of as-prepared and annealed samples under ultravi-
olet excitation. The annealing conditions were 270◦C for 30 min in a nitrogen
atmosphere.
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Figure 4.11 compares photoluminescence spectra of samples before and after an-

nealing. Both samples contain 0.25 % of reducing agent, and one of the samples

was annealed at 270 ◦C for 30 min in a nitrogen gas. The spectra were recorded

at room tempeature. Although it was not visually observed, the data showed very

weak emission from the as-prepared sample. From the spectrographic positions of

the peaks, we attribute the origin of the emission to Sm3+, which remained unre-

duced during the preparation process. This is interesting because we know, from

the optical absorption spectra, that Sm2+ ions exist in the sample. Upon heat treat-

ment, the sample shows much stronger fluorescence as also seen in Figure 4.10. The

spectrum consists of a number of sharp peaks and two broad bands around 700 nm

and 900 nm. This spectral structure is typical for samples activated with divalent

samarium ions. (The expected Sm2+ lines are indicated at the top of Figure 4.11).

We, therefore, attribute the sharp peaks to the 4f-4f transitions and the broad band

∼ 700 nm to the 5d-4f transition of the reduced Sm2+ ions. It is worth pointing out

that the PL spectrum of the annealed sample also contains fluorescence by Sm3+

ions. Despite the fact that the concentration of Sm2+ is much lower than that of

Sm3+, the fluorescence intensity by Sm2+ is much stronger than that of Sm3+.

Similar effects have been observed in X-ray induced luminescence (XL) spectra

shown in Figure 4.12. The dotted curve refers to an XL spectrum of an as-prepared

sample, while an XL spectrum corresponding to an annealed sample is shown as a

solid curve. The sample was annealed at 270 ◦C for 30 min in a gas mixture of 5 % H2

and 95 % Ar. The both samples contain 0.25 % of reducing agent. As in the case of

photoluminescence above, the as-prepared sample showed only weak X-ray fluores-

cence by Sm3+, and in addition much stronger fluorescence by Sm2+ was observerd

from the annealed sample. The sharp peaks and the broad band are attributed to

4f-4f and 5d-4f transitions, respectively. Despite the much lower fraction of Sm2+

with respect to that of Sm3+ (0.3 %), much stronger fluorescence have been observed

in both photoluminescence and X-ray induced luminescence (approximately 8 times

stronger for XL).
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Figure 4.11: Photoluminescence spectra recorded at room temperature for
samples with 0.25 % of added reducing agent NaBH4 before and after annealing
at 270 ◦C for 30 min in a nitrogen gas.
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Figure 4.12: X-ray luminescence spectra before and after annealing sam-
ple with 0.1 % of reducing agent added. The spectra were recorded at room
temperature. Annealing conditions were: 270 ◦C for 30 min in a mixture of
hydrogen and argon gases.
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4.2.6 Summary

Effects of heat treatment have been investigated comparing experimental results of

samples before and after annealing.

As-prepared samples are glasses (from XRD) and appear to be highly transpar-

ent to the eye. The transparency depends on the heat treatment, that is, annealing

temperature and time. X-ray diffraction measurements showed that suitable an-

nealing would induce the nucleation and growth of BaCl2 nanocrystals. The crystal

structure is either hexagonal or orthorhombic depending on the heat treatment con-

ditions. The size of nanocrystals varies depending on the heat treatment conditions

as well. Typically higher annealing temperature and longer annealing times would

result in larger nanocrystals to grow.

Optical absorption of as-prepared samples showed mainly a broad band. Upon

annealing, additional peaks appeared in the absorption spectrum, which is in good

agreement with that of a single crystal BaCl2:Sm2+. This similarity suggests that

the reduced Sm2+ ions have been embedded in the BaCl2 nanocrystals.

Luminescence from Sm2+ when induced by ultraviolet and X-ray was completely

absent in as-prepared samples, and only fluorescence from Sm3+ ions was observed.

However, annealed samples showed emissions from both the Sm3+ and Sm2+, and

the Sm2+ showed very strong fluorescence (∼ 8 times that of Sm3+) despite the fact

that only a small fraction of the total Sm3+ ions had been converted (0.3 %).

From these results, it is suggested that as BaCl2 nanocrystals grow upon heat

treatment, and the reduced Sm2+ substitute for the barium ions in the BaCl2 crystals.

Fluorescence by Sm2+ is active only when embedded in the BaCl2 nanocrystals.

However, the fluorescence emission from Sm2+ is very efficient, and its intensity is

much stronger than that of Sm3+.

67



4.3 Photoluminescence Characterization

Photoemission by Sm2+ is highly efficient when embedded in the BaCl2 nanocrystals.

The crystal structure of the nanocrystals is either orthorhombic or hexagonal. It is

worth to study the hexagonal BaCl2 since it is metastable under common conditions

and there is hardly any data on that. Moreover, the investigation of luminescence

from the Sm2+ would be of a great interest because it would be a probe of the local

environment of the ions. Photoluminescence (PL) experiments as a function of tem-

perature were carried out on a number of samples with different annealing histories.

The experimental details are described in Section 3.6.

4.3.1 Optical Transitions of FCZ:Sm2+

PL spectra as a function of temperature have been investigated for three types of

samples: FCZ glass-ceramics with (a) orthorhombic BaCl2 nanocrystals, (b) hexag-

onal BaCl2 nanocrystals, and (c) a mixture of orthorhombic and hexagonal BaCl2

nanocrystals.

Figure 4.13 shows examples of photoluminescence spectra recorded at 12, 50, 100,

150, and 200 K for the three types of samples. The crystal structures were identified

by using X-ray diffraction analysis as explained previously (Section 4.2.3). The sam-

ple that predominantly contains the orthorhombic BaCl2 nanocrystals showed a very

strong temperature dependence of photoluminescence. The transitions were from the

excited 5D0 state to the 7FJ (J = 0, 1, 2, . . .) multiplet ground levels above 100 K.

For temperatures below 100 K, the dominant transitions were mainly from the 5D1

level, and the intensities increased as the temperature dropped. While, the sam-

ples with hexagonal BaCl2 nanocrystals showed consistent optical transitions over

the whole temperature range; however, the intensity increased as the temperature

decreased.
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Figure 4.14: A schematic diagram of energy as configuration coordinate for
a Sm2+ in the orthorhombic barium chloride structure, drawn approximately
to scale based on the parameters deduced by Lauer and Fong [53] and by He
et al.[71]. The dashed line shows the suggested relative position of the 4f55d1

level for Sm2+ ions in hexagonal barium chloride (see also [67]).

This strong temperature dependence can be explained with the configuration-

coordinate energy level diagram for a single crystal BaCl2:Sm2+ (orthorhombic) as

illustrated in Figure 4.14. The diagram was drawn to an approximate scale based

on the works by Lauer and Fong [53], and by He et al. [71]. The 4f55d1 level is

typical for a divalent rare-earth ion. At low temperatures, excitation into the upper

5d states is followed by relaxation into the lowest 5d state. This level has a short

life time, and hence a rapid non-radiative transition occurs into the lowest 5D1 level.

This results in the 5D1 to 7FJ transitions, observed in the lower part of Figure 4.13
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(a). For the orthorhombic phase, the 4f55d1 level lies about 1270 cm−1 above the

5D1 level. At higher temperature, de-excitation into the 5D0 level becomes possible

through the 4f55d1 level. This allows a non-radiative transition from 5D1 to 5D0 fol-

lowed by 5D0 to 7FJ transitions. A transition from 4f55d1 state into 7FJ level is also

possible, and this results in a broad band radiative emission evident in Figure 4.11.

The very different temperature dependence for hexagonal barium chloride would be

explained if the lowest 4f55d1 level lies below the 5D1 level as drawn with a dashed

line in Figure 4.14. If it is the case, radiative transitions from the 5D0 and 4f55d1

states would be expected even at low temperatures as in our consistent observations.

The 5D1 to 7FJ transitions would be either very weak or absent. For samples con-

taining a mixture of the two phases, simply the characteristics of each phase is seen;

at low temperatures, both transitions from 5D1 and 5D0 to 7FJ are seen; while, only

the 5D0 to 7FJ transitions appear at higher temperatures.
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Figure 4.15: Photoluminescence spectra of samarium doped FCZ glass-
ceramic samples predominately containing (a) the orthorhombic and (b) the
hexagonal BaCl2 phases. The spectra were recorded at room temperature and
normalized to the peak emission intensities.
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Figure 4.15 compares photoluminescence spectra of Sm2+ doped FCZ glass-ceramic

samples: predominantly containing (a) the orthorhombic and (b) hexagonal BaCl2

nanocrystals. The spectra were recorded in the visible and near infrared ranges at

room temperature and then normalized to the peak emission intensity. As we can

clearly see, the sharp 4f-4f transitions dominate in the orthorhombic BaCl2, while

the divalent samarium ions in the hexagonal BaCl2 show mainly a broad and strong

5d-4f transition. This crystal structure dependence would be explained if you accept

the assumption of the down shift of the 4f55d1 level in the hexagonal BaCl2:Sm2+

because, if so, the 4f55d1 level would be more populated; as a result, the stronger

5d-4f transitions would occur.

Consequently, both the unique and strong temperature dependence and crystal

structure dependence of photoluminescence are comfortably explained with the as-

sumption that the bottom of the 4f55d1 level shifts down to below the 5D1 level. It is

worth noting here that an effective down shift of the 4f55d1 level was also observed

when applying a high pressure onto a Sm2+ doped orthorhombic crystal [72].
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4.3.2 Crystal Phase Identification

FCZ glass-ceramics contain BaCl2 nanocrystals in either the orthorhombic or hexag-

onal structure depending on the heat treatment conditions. In some cases, both

the orthorhombic and hexagonal phases coexist (mixture of phases) within the glass

matrix.

As we discussed in the previous section, at low temperatures, photoluminescence

spectra show only the 5D1 to 7FJ transitions for the hexagonal BaCl2:Sm2+. In the

case of the orthorhombic phase, we observe 5D0 → 7FJ emissions, and transitions

from the 5D1 level are completely absent, or very weak. This change in transitions is

attributed to the lowered position of the lowest 4f55d1 level in the hexagonal phase

with respect to that of the orthorhombic phase (Figure 4.14). For this reason, the

prominent difference appearing in PL spectra may be used to identify the crystal

structure of the embedded barium chloride nanocrystals, or content ratio of the

crystal phase in the case of a mixture that contains the both phases. We therefore

define a following “figure of merit”:

Cortho =
A(640)

A(640) + A(687)
× 100 [%] (4.3)

where A(640) and A(687) are the relative intensities of 5D1 →7F1 and 5D0 →7F0

emissions both at low temperature, respectively. This parameter gives 100 % when

orthorhombic BaCl2 nanocrystals dominate in the glass-ceramic. While, it is 0 % in

the opposite case in which the glass-ceramic predominantly contains the hexagonal

BaCl2. In the case of a mixture, the value lies between 0 – 100 %. This approach

could be used as a convenient indicator of the relative concentration of the two crytal

strucutures. However, it is instructive to note here that, for more accurate estima-

tions of the concentrations, the unknown oscillator strengths for the corresponding

transitions must be considered.
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4.3.3 Investigation of the Nanocrystal Size

Barium chloride nanocrystals grow in a fluorochlorozirconate glass matrix upon heat

treatment. From our observations over a number of annealed samples under different

conditions, the crystal size depends on the annealing conditions.

Figure 4.16 compares photoluminescence peaks corresponding to the 5D0 →7F0

transition in three samples with different annealing histories and that in a Sm2+

doped single BaCl2 crystal. The spectra were recorded at 100 K. The annealing

conditions are as follows: (a) 238 ◦C - 5 min; (b) 225 ◦C - 16 hours and 280 ◦C -

5 min; and (c) 225 ◦C - 16 hours and 270 ◦C - 20 min. Data for the single crystal

BaCl2:Sm2+ were extracted from the work by Lauer and Fong [53].

It can be seen that the spectral widths for our glass-ceramics are much broader

than that for the single crystal. Those spectral broadenings of emissions from glass-

ceramics should be due to the random variation of the crystal fields in the vicinity of

the activator ions embedded in the host matrix. This inhomogeneous broadening is

typically caused by lattice distortions seen close to the surface, which are minimum

inside a BaCl2 crystal but stronger closer to the surface. Moreover, this effect is even

stronger in smaller nanocrystals, which has a higher surface-to-volume ratio. X-ray

diffraction investigations have shown that the average size of those nanocrystals in

Figure 4.16 are 9 nm, 46 nm, and 170 nm for samples (a), (b), and (c), respectively.

At temperatures higher than ∼ 100 K, the 5D0 →7F0 transition peak is observed

in a sample containing BaCl2 nanocrystals of any of the structural phases. Our ob-

servations over more than 30 samples with different concentrations of reducing agent

and with different annealing histories showed that the peak was seen at practically

the same position (686.4±0.3 nm). Also, the atomic vibration, which may cause

additional spectral broadening, is small [53] at 100 K. We have, therefore, chosen

the 5D0 →7F0 transition peak to investigate the dependence of spectral broadening
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Figure 4.16: Photoluminescence spectra corresponding to the 5D1 →7F1 tran-
sition for three FCZ:Sm2+ glass-ceramic samples with different BaCl2 nanocrys-
tal sizes: (a) 9 nm, (b) 46 nm, and (c) 170 nm , and (d) for the single crystal
BaCl2:Sm2+ , which was extracted from the work by Lauer and Fong [53]. The
spectra were recorded at 100 K. The curves represent Gausssian fits to the data
as explained in the text. (See also [67].)

on the nanocrystal size.

The photoluminescence peak corresponding to the 5D0 →7F0 transition has been

approximated by a Gaussian:

Φ(λ) ∝ exp

−(λ− λo
∆

)2
 (4.4)

where λ is the wavelength, λo is wavelength of the peak centre, and ∆ is spectral

dispersion of the peak.

Figure 4.17 shows the dependence of the average nanocrystal size < L > on the

spectral width ∆. The nanocrystal size was obtained from XRD data using the
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Figure 4.17: A correlation between the spectral broadening of the 5D0 →7F0

singlet (∆) measured at 100 K and the average size of the BaCl2 crystallites
< L >, which was derived from XRD data. The singlet line was approximated
by a Gaussian in accordance with Equation 4.4 and ∆ was used as a measure
of the spectral broadening of the line. The straight line is the least squares fit
to the experimental data (log-log plot).

Sherrer formula (Equation 4.2) over a number of samples. The plots have unveiled

a linear correlation on a log-log plot, which is fitted as:

< L >= 6.0×∆−2.64. (4.5)

It is instructive to mention that the data had been taken from a subset of our samples

in which both XRD and PL experiments had been carried out. Equation 4.5 may

be used as a convenient indicator of a nanocrystal size embedded in a glass matrix.

Figure 4.18 shows the observed correlation between nanocrystal sizes and con-

centrations of added reducing agent for our samples. The data were taken from

those with different reducing agent concentrations (0.05 ∼ 1.0 %) annealed under
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Figure 4.18: A correlation between the nanocrystal size and the fraction of
added reducing agent. The samples were heat treated under the same con-
ditions (270 ◦C, 30 min, H2 + Ar). The crystal sizes were estimated using
Equation 4.5.

the same conditions: 270 ◦C for 30 min in a mixture of hydrogen and argon gases.

The average crystal size was calculated using Equation 4.5 which takes account of

the spectral broadening in the photoluminescence.

As seen in Figure 4.18, although all the samples had been annealed under the

same conditions, the size of nanocrystals tends to decrease as the concentration

of reducing agent increases. As seen in as-prepared glasses (see Figure 4.1), more

disruptions of the host matrix can be visually observed as more reducing agent is

added. This fact suggests that it be possible for the disruptions to prevent the growth

of BaCl2 crystallites.
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4.3.4 Occupation of Sm2+ Ions in BaCl2

Sm2+ ions may substitute into barium sites of BaCl2 nanocrystals in a FCZ glass-

ceramic. The crystal structure may be either orthorhombic or hexagonal, depending

upon the heat treatment conditions. On the one hand, orthorhombic BaCl2 has

a single crystallographic group symmetry site for barium ions (Cs). On the other

hand, there are two different symmetry sites in the hexagonal phase (C3h and D3h).

The symmetry differences result in different crystalline fields which affect the ac-

tive centres differently. As a result, different energy levels or energy level splitting

would be expected at each centre. Hence, the emission spectra of samples annealed

under different conditions are of interest to study the effects of the local environment.

Figure 4.19 illustrates an example of photoluminescence spectra corresponding

to the 5D0 →7F0 and 5D0 →7F1 optical transitions in FCZ:Sm2+ glass-ceramics pre-

dominantly containing (a) the orthorhombic and (b) hexagonal BaCl2 crystallites.

The sample in (a) contains 40 nm BaCl2 crystallites, while the crystallites are 12

nm for the sample in (b). It is clearly seen that both types of sample show a single

peak (∼ 686 nm) corresponding to the 5D0 →7F0 transition as well as a triplet cor-

responding to the 5D0 →7F1 transition.

In samples containing predominantly the orthorhombic BaCl2 nanocrystals, the

peak positions of the triplet appeared to be consistent and centered at 698.1±0.2,

700.3±0.2, and 703.0±0.1 nm. The averaging was done over 10 samples annealed

under different conditions. Also, the relative intensities of the peaks are in a good

agreement to those found in the orthorhombic BaCl2 single crystal [53]. The samples

containing predominantly the hexagonal phase also show consistent peak positions

for the triplet centering at 698.1±0.3, 700.3±0.2, and 703.7±0.6 nm in Figure 4.19.

The averaging was done over 20 samples. However, unlike the orthorhombic phase,

the relative intensities vary dramatically. Also, it seems as though the position of

the right-most peak in the figure has shifted to 704 nm with respect to that in the
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Figure 4.19: Photoluminescence spectra corresponding to the 5D0 →7F0 and
5D0 → 7F1 optical transitions in FCZ:Sm2+ glass-ceramics containing predom-
inantly (a) the orthorhombic and (b) the hexagonal BaCl2 crystallites.

orthorhombic phase.

Relative intensities of photoluminescence peaks corresponding to the 5D0 →7F0

and 5D0 →7F1 transitions have been investigated for samples that were heat treated

under different conditions. Figure 4.20 shows the peak ratios by samples contain-

ing predominantly (a) the orthorhombic and (b) hexagonal phases. The three-digit

numbers in the figure indicate the peaks in terms of their rounded position in nm.

In samples containing predominantly the orthorhombic phase, the relative intensi-

ties corresponding to the 5D0 →7F0 and 5D0 →7F1 transitions do not depend on the

crystallite size. This explains that all of the Sm2+ ions in the nanocrystals experience

the same crystal field since there is only a single group symmetry site (Cs) for Sm2+

in the orthorhombic BaCl2.

In comparison to the samples containing predominantly the orthorhombic BaCl2

nanocrystals, the relative intensities of the 5D0 →7F0 and 5D0 →7F1 peaks vary from
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Figure 4.20: Peak ratios of photoluminescence intensities corresponding to
the 5D0 → 7F0 and 5D0 → 7F1 optical transitions in FCZ:Sm2+ glass-ceramics
as a function of the spectral dispersion of the 5D0 →7F0 peak. (a) corresponds
to samples containing predominantly the orthorhombic BaCl2 crystallites and
(b) corresponds to that of hexagonal.

sample to sample for those containing the hexagonal phase. This spectrum variation

can be explained if we assume that the triplet consists of two doublets (698(c) and

704(c); 700(d) and 704(d)) originating from two different luminescent centres at C3h

and D3h, respectively. This assumption is supported by the following two facts:

1. Sm2+ ions may occupy the two different crystallographic sites in hexagonal

BaCl2 crystallites.

2. Our observations over a number of samples shows that contributions to the

704-nm peak from the Sm2+ ions at the two different optical centres remain

constant, A(704(c))/A(698(c)) = 0.4 and A(704(d))/A(700(d)) = 0.6. This fact

suggests that the triplet is actually two doublets whose right most peaks over-

lap at ∼ 704 nm, and they originate from two different crystallographic centres.
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Further analysis would identify the origin of the two different doublets with the

group symmetry sites in the hexagonal BaCl2 nanocrystals. As seen in Figure 4.20,

the peak intensity ratio between those at 686 nm and 698 nm ((698)/(686)) re-

mains practically constant over a number of samples with different annealing histo-

ries (square plots). This suggests that the origins of the 5D0 →7F0 singlet and the

doublet (698(c), 704(c)) be the same luminescent centre. The group theory analysis

suggests that the 5D0 →7F1 transitions of Sm2+, which was observed to be a doublet,

is allowed for both the C3h and D3h sites; however, the singlet 5D0 →7F1 transition

is only allowed at the C3h site. For these reasons, we attribute the singlet at 686 nm

and the doublet at 698 and 704 nm to the luminescence by samarium ions at the C3h

sites in the hexagonal BaCl2 nanocrystals. In addition, we attribute the doublet at

700 nm and 704 nm to that at the D3h sites.

There is a correlation of peak intensities with respect to the ∆, or the average

nanocrystal size < L >. When < L > is small, the doublet (700(d), 704(d)) is strong,

while the doublet (698(d), 704(d)) is practically absent. However, as the nanocrystals

grow larger, relative intensities of the doublet (700(d), 704(d)) decreases and that of

the other doublet (698(c), 704(c)) increases. This fact suggests that Sm ions prefer to

occupy the C3h site in small-size hexagonal BaCl2 crystals, while D3h site becomes

more likely occupied as the nanocrystals grow.
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4.4 X-ray Luminescence

Divalent samarium doped fluorochlorozirconate (FCZ:Sm2+) glass-ceramics have been

produced for X-ray scintillator applications. It is, therefore, of primary importance

to investigate X-ray induced luminescence (XL) of our samples. Earlier in this work

we have shown that divalent samarium ions can be activated upon heat treatment

and the only ions embedded in the resulting BaCl2 nanocrystals showed efficient flu-

orescence (see Section 4.2.5). This section will discuss X-ray induced luminescence

in terms of heat treatment conditions and the resulting nanocrystals.

As-prepared glass samples with different fractions of added reducing agent (005,

0.1, 0.25, 0.35, and 1 molar %) were annealed in either a nitrogen or a mixture of

5 % hydrogen and 95 % argon gas with a fixed temperature and time (270 ◦C for

30 min). X-ray luminescence spectra of the resulting glass-ceramics were recorded

at room temperature and were integrated over the 200 – 1000 nm range. The inte-

grated intensities of the samples were normalized to the thicknesses of samples and

were plotted as a function of the quantity of reducing agent added in Figure 4.21.

The squared plots correspond to annealing in a nitrogen atmosphere, while the circle

plots represent samples annealed in a hydrogen + argon gas.

As seen in the graph, the annealed samples in a hydrogen containing atmosphere

tend to show higher XL intensities than those annealed in nitrogen. One may argue

that it is due to Sm3+ to Sm2+ reduction by the hydrogen gas. Another argument is

that hydrogen atoms may stimulate the reconstruction of the host matrix surround-

ing BaCl2 nanocrystals and thus may facilitate the transport of excess electrons and

holes created by X-ray excitation towards luminescence centres. A similar effect in

a ZBLAN glass was observed by Hasz et al. [73]. Further studies should be done in

future work.

For both the annealing atmospheres, the graphs show the fluorescence intensities
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Figure 4.21: Thickness-normalized integrated X-ray fluorescent intensities
versus concentration of reducing agent added. The samples were heat treated
in either a nitrogen or a mixture gas of 5 % hydrogen and 95 % argon at 270◦C
for 30 min.

become stronger as the amount of reducing agent added increases until it saturates

around 0.35 % of reducing agent concentration. This correlation is in good agreement

with that of the reduced Sm3+ ion concentration (see Figure 4.4). The reduction pro-

cess saturates around 0.35 % and higher. Therefore, this common correlation clearly

explains the strong dependence of XL intensity on the amount of reduced divalent

samarium ions. However, at the present time only a small fraction of Sm3+ was

succesfully reduced to the divalent state. Thus, we expect much stronger X-ray

scintillation from FCZ:Sm2+ glass-ceramics if we could successfully achieve efficient

valency conversion.

It is well known that non-radiative transition (energy transition without an emis-
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Figure 4.22: Integrated X-ray induced luminescence intensities versus the
nanocrystal sizes embedded in the FCZ glass matrix. The samples contain
0.25 % of reducing agent.

sion of radiation) is efficient near the crystal surface. Since for a small crystallite

the surface-to-volume ratio is large, weaker luminescence is expected than that of

larger crystallite containing samples in general. FCZ glass-ceramic samples contain-

ing different sizes of BaCl2 nanocrystals have been prepared by annealing under dif-

ferent conditions. Figure 4.22 illustrates integrated XL intensity as a function of the

nanocrystal size. To our surprise, samples with smaller nanocrystals had stronger

fluorescence. Further investigations unveiled that the two samples which showed

stronger emission contain predominantly the hexagonal phase, while the orthorhom-

bic BaCl2 were predominately contained in the other two samples as indicated in the

figure. This conflict would be explained by taking into account the down shift of the

4f55d1 level, which was discussed in Section 4.3.1. This lowered 4f5d level would be

more likely to be populated, thus the 5d-4f transitions would become more prefer-

able. Moreover, photoluminescence investigation revealed that the optical transition
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of divalent samarium ion in the hexagonal BaCl2 is dominated by a strong and broad

band, which is due to the allowed 5d-4f transitions, rather than sharp peaks by the

4f-4f transitions.

Consequently, in order to obtain a strong X-ray induced luminescence, samples

should be annealed in a hydrogen containing atmosphere, eg. H2 + Ar, as well as

the annealing condition should be such that BaCl2 nanocrystals grow in the hexago-

nal crystal structure. Moreover, dramatic improvement of the fluorescence intensity

would be expected to be achieved by improving the valency conversion efficiency.
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Chapter 5

Summary and Conclusions

The objective of this project was the preparation and characterization of di-

valent samarium doped fluorochlorozirconate (FCZ:Sm2+) glass-ceramics for high-

resolution X-ray imaging scintillator applications. In order to obtain a high-resolution

X-ray image, the scintillator matrix has to be transparent to the X-ray induced light

emission (X-ray luminescence, XL) to avoid light scattering as it travels towards the

surface. The FCZ as a host glass was expected to be a good choice for its well-known

excellent transparency. In addition, it is strongly preferred for the scintillator to give

an XL in the red region of the spectrum, in which today’s Si-based imaging sensors

are sensitive. Many materials containing Sm2+ ions as a photoactivator have shown

a strong red emission. Moreover, the well-known sharp optical emission spectrum

of Sm2+ corresponding to the 4f-4f transitions would be a useful probe for the local

environment of this ion.

Doping FCZ glasses with Sm2+ is not so straightforward because SmF2 or SmCl2

is not commercially available. Therefore, we have attempted to convert Sm3+ in

FCZ:1%Sm3+ glasses to the divalent state by adding a few molar fractions of a com-

mon reducing agent (NaBH4) into the melt. The obtained glass samples showed

an excellent transparency in the optical range of interest (> 600 nm). Moreover,

absorption coefficients of the samples suggested the existance of samarium ions in

the divalent state in the glass matrix. We have, therefore, developed a method to

dope an FCZ glass with Sm2+ that involves the addition of a reducing agent into

the melt. However, the estimated concentration at most was only 0.3 %, and the

conversion process was effective up to approximately 0.35 % of reducing agent added.

86



Meanwhile, a reduction of Zr4+ to the lower valence state, seen as black spots, were

found in the glasses. This may cause a loss of image quality if these samples were to

be used for X-ray imaging applications.

In order to obtain glass-ceramics, the as-prepared glass samples were further an-

nealed. Powder X-ray diffraction (XRD) studies have been carried out on the samples

with different annealing histories in terms of the annealing temperature, time, and

atmosphere. The XRD studies confirmed the existence of BaCl2 nanocrystals in the

glass matrix. Further data analyses have unveiled that the crystal structure and

average crystal size depend upon the annealing conditions. The crystal structure

was either the orthorhombic or hexagonal, while the average crystal size varied from

8 nm to 170 nm. It is instructive to mention here that BaCl2 is highly hygroscopic;

however, it was easily encapsulated by the FCZ glass matrix upon heat treatment.

As-prepared glass samples showed a broad optical absorption band by Sm2+ ions.

Upon heat treatment, the resulting glass-ceramic samples showed additional sharp

peaks from the Sm2+ ions, which are in a good agreement with the spectrum obtained

from a BaCl2:Sm2+ single crystal reported by Lauer and Fong [53]. This explains

that the converted Sm2+ ions were embedded in the BaCl2 nanocrystals as they grew.

When as-prepared samples were irradiated by UV light and X-rays at room tem-

perature, only very weak luminescence from Sm3+ ions was observed. Further, we

could not detect any XL nor PL from Sm2+ ions even though their presence was

confirmed by optical absorption. However, annealed samples showed strong red light

emissions mainly from Sm2+ ions, and the intensity was much higher (∼ 8 times

higher in the case of XL) than that of as-prepared samples. In addition, appro-

priately annealed glass-ceramic samples showed equivalent transparency to that of

as-prepared glass samples. These results suggest that our glass-ceramics have con-

siderable potential for scintillator applications in high-resolution X-ray imaging.
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Photoluminescence (PL) spectra as a function of temperature were recorded for

a number of glass-ceramic samples heat treated under different conditions: temper-

ature, time, and atmosphere. The analysis unveiled a very strong dependence of the

4f-4f optical transitions of Sm2+ ions in BaCl2 on the temperature when the crystal

structure is the orthorhombic phase. Approximately above 100 K, the 5D0 →7FJ (J

= 0, 1, 2, . . .) transitions are dominant, while the 5D1 →7FJ (J = 1, 2, 3, . . .) tran-

sitions were mainly observed below 100 K down to 12 K. In contrast, samples with

the hexagonal BaCl2 nanocrystals showed only the 5D0 →7FJ transitions over the

entire temperature range of measurement (12 – 200 K). The latter was comfortably

explained under the assumption that the bottom of the 4f55d1 level down shifted to

lie below the 5D1 level to act as a channel to feed the lower 5D0 level even at low

temperatures.

When samples contain both the orthorhombic and hexagonal BaCl2 nanocrystals,

we observed the simultaneous presence of the above two characteristics. At low tem-

peratures (e.g. 12 K), relative strengths of the transitions 5D0 →7FJ and 5D1 →7FJ

differ sample to sample. Based on this fact, we have established a ’figure of merit’

to identify the relative concentration of the two phases by simply comparing peak

intensities of the 5D1 →7F1 and 5D0 →7F0 transitions, which represent concentra-

tions of the orthorhombic and hexagonal BaCl2 nanocrystals, respectively (though

the oscillator strengths must be taken into account for more accurate calculations,

which are unknown at present).

A spectral broadening of a sharp PL peak corresponding to the 5D0 →7F0 tran-

sition recorded at 100 K can be used to estimate the average size of nanocrystals

embedded in the glass matrix. Both the PL at 100 K and XRD at room temperature

were carried out for a number of samples with different annealing histories. By com-

paring the PL spectral widths corresponding to 5D0 →7F0 (by assuming the peaks

have a Gaussian shape) and the estimated nanocrystal sizes by the XRD technique,

we have established a useful correlation to estimate the nanocrystal size.
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The singlet peak corresponding to the 5D0 →7F0 transition and three-line split

manifold of the 5D0 →7F1 transition peaks were extensively studied together for a

number of glass-ceramic samples heat treated under different conditions. While all

the samples containing the orthorhombic BaCl2 nanocrystals showed consistent rel-

ative peak ratios, the relative peak ratios vary sample to sample for those containing

the hexagonal BaCl2 nanocrystals. Further analysis unveiled that the triplet consists

of two partially overlapped doublets. Moreover, the singlet peak and one of the dou-

blets at 698 nm and 704 nm originate from the Sm2+ ion embedded at a C3h site of

the hexagonal BaCl2 nanocrystal; meanwhile, the other doublet at 700 nm and 704

nm are from the Sm2+ ion at a D3h site. In addition, upon nucleation of the BaCl2

nanocrystals, the Sm2+ ions were more likely to populate the D3h sites; whereas, as

the crystals grow, the C3h sites become more populated.

X-ray induced luminescence (XL) was carried out on our FCZ:Sm2+ glass-ceramic

samples and suggested three interesting conclusions. First, the glass-ceramic samples

were annealed under the same temperature and time but different atmospheres (H2

+ Ar and N2); as a result, the samples annealed in a H2 + Ar gas showed higher

XL intensities (integrated over the 200 – 1000 nm range) compared to that annealed

in a N2 gas. Second, XL intensities from glass-ceramic samples as a function of the

fraction of added reducing agent showed a good correlation with that of the Sm2+

ion concentrations, in which the saturation was observed when the reducing agent

concentration was higher than 0.35 %. This fact explains that the XL intensity

is strongly dependent on the concentration of Sm2+ ions embedded in the sample.

Since our current samples contain only a few percentage of Sm3+ ions were reduced

to Sm2+ (0.003 %), it suggests that a more efficient valency conversion, or a higher

concentration of Sm2+ ions will enable us to obtain a much more efficient FCZ:Sm2+

scintillator. Third, samples containing the hexagonal BaCl2 nanocrystals showed

higer intensities than those with the orthorhombic BaCl2 despite the fact that the

former had smaller nanocrystal size than that for the latter — non-radiative transi-
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tions are expected to be higher in smaller crystals. This conflict could be explained

with the assumption, which was made from the photoluminescence characterization,

that the lowest 4f5d level of Sm2+ ions embedded in the hexagonal BaCl2 nanocrys-

tals down shifts with respect to that in the orthorhombic phase so the 4f5d level

becomes more likely to be populated and, as a result, the allowed 5d-4f transitions,

which gives a strong red emission, become more probable.

The following points are suggested as possible future experiments on the subject:

1. Annealing conditions should be optimized in order to obtain the hexagonal

BaCl2 nanocrystals in the glass matrix with a reasonably large size while main-

taining the optical transparency; the crystal size should be less than 50 nm in

diameter.

2. We should use higher concentrations of Sm2+ ions in FCZ:Sm2+ glass-ceramics

for more efficient scintillators.

3. A quantitative measurement of an X-ray image quality such as the modula-

tion transfer function should be evaluated with our FCZ:Sm2+ glass-ceramic

scintillator screen.
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