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Résumé

Introduction

Les scientifiques utilisent le rayonnement synchrotron pour étudier différents types
d’échantillons et extraire des informations sur la structure atomique, la micro-structure,
la teneur en éléments et bien plus encore. Le rayonnement synchrotron a connu un
développement spectaculaire depuis ses débuts et, ces dernieres années, de nouvelles
sources synchrotron de 4°™¢ génération sont lancées. I'ESRF-EBS est le premier
et actuellement le seul synchrotron de 4°™® génération a haute énergie au monde.
Cette modernisation de I'ESRF a permis d’obtenir une cohérence et une brillance du
faisceau de rayons X inégalées, ce qui rend accessible & un plus grand nombre les
experiences utilisant rayons X a hautes énergies. Pour tirer véritablement parti de
cette nouvelle génération de sources synchrotron, les détecteurs doivent eux aussi
étre mis a niveau et donc faire I'objet de recherches et de développements.

Pour réaliser une imagerie a l'aide de rayons X avec la plus haute résolution
spatiale et un contraste optimum, des films minces scintillants, dont 1’épaisseur
correspond a la profondeur de champ de l'optique, sont requis. En conséquence
de cette faible épaisseur, 1’efficacité d’absorption des rayons X est considérablement
réduite, mais elle peut étre maximisée en utilisant des scintillateurs a tres haute
densité et un numéro atomique effectif Z élevé. Une autre approche consiste a
utiliser des scintillateurs micro-structurés qui peuvent, en principe, restreindre la
diffusion latérale de la lumiére en la guidedant vers le capteur, tout en préservant
une résolution spatiale acceptable, combinant ainsi efficacité et résolution.

Ce projet de doctorat vise a développer des scintillateurs nouveaux alternatifs
permettant de rivaliser avec les scintillateurs de pointe actuellement utilisés dans
les synchrotrons pour les expériences d’imagerie par rayons X a haute résolution.
Les deux approches discutées ci-dessus ont été utilisées pour atteindre 1’objectif de
la thése. La premieére consiste a développer par la méthode d’Epitaxie en Phase
Liquide (LPE) des films minces scintillants a tres haute densité et numéro atomique
effectif élevés. Pour ces composés, la Fonction de Transfert de Modulation (MTF),
la résolution spatiale, ainsi que le dépot d’energie effectif dans les films scintillants,
ont été étudiés au préalable a 'aide d"un outil de simulation mis au point au sein du
groupe détecteur de ’'ESRF. La réponse spatiale potentielle a été étudiée par un outil
de simulation et a donc été évaluée au préalable. La seconde approche consiste a faire
croitre des scintillateurs sous forme de couches minces de maniére micro-structurée

toujours en utilisant la méme technique d’LPE.



XVi

Prédire la Fonction de Transfert de Modulation des films scin-

tillants monocristallins

Un outil de simulation Monte Carlo Geant4 et des calculs analytiques développés
ultérieurement ont été utilisés pour prédire la MTF des films scintillants monocristallins.
L’outil estime la probabilité qu'une particule se déplacant dans le matériau inter-
agisse avec un type d’atome spécifique et et décrit le dépot d’énergie. La distribution
spatiale de I'énergie déposée dans les films est ensuite extraite et, la fonction de
dispersion linéaire sur-échantillonnée (LSF) est déduite. A partir de la LSF, la MTF

peut étre obtenue.

Deposited
Energy
X
Y|
X-rays\ m »
= | e
Z /
Z; a) b)

Représentation schématique du concept de I'outil de simulation.

L’'influence de la fluorescence X sur la résolution spatiale a été mise en évidence
a partir des LSF et MTF simulées pour des énergies des rayons X au voisinage
des seuils d’absorption des éléments composants le film mince et leurs substrats.
L'utilisation d’énergies supérieures aux énergies des seuils K d’absorption d’éléments
a Z élevés dans le substrat entraine une dégradation significative de la MTF, alors
qu’au-dessus d’éléments a Z élevés du film, la MTF est au contraire améliorée. La
diminution s’explique par le fait que la fluorescence du substrat atteint le film et
dépose de 1’énergie loin de l'interaction initiale entre le rayon X primaire et le film.
L’augmentation s’explique par le fait que les photoélectrons créés dans le film juste
au-dessus de son seuil K, ont par conséquent une longueur d’atténuation courte et
déposent donc l'essentiel de 1'énergie tres pres du point d’interaction initial. Une
figure de mérite est proposée pour évaluer les performances potentielles des films
minces scintillants. Elle comprend la MTF a 500 Ip/mm (correspondant a des car-
actéristiques de 1’ordre du micron) et la fraction d’énergie déposée dans le film qui
dépend de I'énergie des rayons X entrants. Cela permet d’évaluer la réponse du
contraste en fonction de la fréquence spatiale (MTF) et 'efficacité d’absorption du
scintillateur, qui sont toutes deux essentielles pour réaliser des expériences d’imagerie
par rayons X a haute résolution spatiale dans les synchrotrons. Les simulations ont
été validées expérimentalement pour des scintillateurs actuels et confirment ainsi le

bon fonctionnement de 1’outil.
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10 ym GGG:Eu on GGG 2.8 pym Lu,Hf,07:Eu on ZrOZ:

Radiographies utilisant GGG:Eu et LuyHf,O7:Eul5%.

Croissance de couches minces scintillantes ultra-denses

Divers composés de hafnate ont été développés avec succes par EPL sur des substrats
de ZrO,:Y avec les orientations cristallographiques (100) et (111). Parmi ces composi-
tions Lup,Hf,O7 possede une densité et un nombre Z effectif trés élevés, ce qui la rend
potentiellement idéalle pour 'imagerie a haute résolution spatiale pour les sources
synchrotron. La structure a été étudiée par diffusion Raman et Diffraction par Rayons
X (DRX) et s’est avérée correspondre, pour tous les films, a la structure fluorine désor-
donnée avec le groupe d’espace Fm3m, similaire a celui du substrat. Les différences
de parametres de maille du réseau ont été extraits et étaient tous inférieurs a 1%,
ce qui indique une bonne correspondance structuralle entre les films et le substrat.
Lu,Hf,0O7 dopé a I'europium a présenté des propriétés de scintillation modérée. Les
MTF des échantillons Luy,Hf,O7:Eu ont été extraites expérimentalement et une bonne
réponse spatiale a été trouvée. Cependant, ces MTF mesurées sont inférieures aux
MTF simulées. Ceci est attribué a la scintillation intrinseque du substrat, méme si
celle ci est extrémement faible en comparaison de celle de la couche. En appliquant
un filtre optique passe-bande, qui devrait soustraire partiellement 1’émission du
substrat, la MTF des échantillons étudiés est ameliorée, ce qui signifie qu'un meilleur
contraste est obtenu. Le rendement de scintillation augmente avec la teneur nominale
en europium, pour atteindre la valeur de 10 % du standard de référence pour une
concentraion d’europium de 45% dans la solution. Lors de l'utilisation des films
hafnates pour les radiographies et la tomographie, les faibles fréquences spatiales
sont résolues, en particulier lorsque les expériences sont réalisées en dessous du seuil

d’absorption K du zirconium.

Préparation et croissance de scintillateurs microstructurés

Des scintillateurs microstructurés GGG:Eu et LSO:Tb ont été développés avec succes
par PLE sur des substrats traités par laser picoseconde. Deux types de traitements
laser ont été testés, I’ablation et la modification, et avec ceux-ci, le modelage des
tranchées a été effectué. Apres croissance PLE, la morphologie des piliers obtenus
varie en fonction du composé et de I'orientation de la surface du substrat utilisé.
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Pour tous les cas étudiés, il y a également une croissance dans les tranchées. Cette
croissante est plus importante pour les substrats ayant subis une ablation laser que
pour les substrats modifiés. La structure atomique et les propriétés luminescentes des
microstructures sont similaires a celles des films non structurés. La lumiere issue de
la scintillation semble étre extraite favorablemnt des piliers pour les micro-structures
obtenues sur les substrats modifiés par laser, alors qu’elle est extraite en grande
partie par les tranchées pour les substrats ayant subis une ablation laser. L'hypotheése
retenue est la rugosité plus importante et a la croissance relativement importante
dans les tranchées résultantes d"une ablation.

17 ym

A-50 um-LYSO:Ce M-5 um-LYSO:Ce M-GGG-100

Morphologie des piliers pour différents composés et orientations.

Cette étude démontre que les scintillateurs microstructurés peuvent effectivement
étre obtenus par LPE sur des substrats traités au laser picoseconde.
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Summary

Scintillators with high stopping power for high spatial resolution X-ray imaging at
synchrotrons have been developed by employing two approaches.

The first approach was to grow thin Single Crystalline Films (SCFs) of high density
and high effective atomic number by Liquid Phase Epitaxy (LPE). This aimed to reach
a high spatial resolution while maximizing the absorption efficiency of the films.
Prior to LPE process development, the compounds were investigated with a Geant4,
Monte Carlo simulation tool, combined with subsequent analytical calculations to
evaluate their scintillating spatial response and X-ray stopping power. Following this
study, ultra-high density compound, Lu,Hf;,07, and other hafnates were successfully
grown on ZrO,:Y substrates. The atomic structure of the films was confirmed to be
iso-structural with the substrate and have a low lattice mismatch. It was observed
that various elements could enter the structure, and the flexibility of the hafnate
system for LPE growth was thereby realized. The grown films of Lu, Hf,O7 doped
with europium were detected to scintillate. However, the substrate itself displays
low-intensity emission. The films have a low light output compared to state-of-the-art
LPE-grown scintillators but deliver a good spatial response, validated by MTFs as
well as radiography and tomography experiments.

The second approach was to grow state-of-the-art SCF scintillators in a micro-
structured manner by LPE. The aim was to increase the stopping power by having
tall pillars containing light while maintaining a good spatial response. LSO:Tb
and GGG:Eu, were grown micro-structured onto laser-treated LYSO:Ce and GGG
substrates, respectively. The morphology of the pillars varies depending on the
compound and the substrate orientation. The atomic structures and luminescent
properties are comparable to their normal SCF counterparts. Therefore, a proof of
concept has been demonstrated.






Chapter 1

Introduction

1.1 Synchrotron radiation

Since its discovery in 1895 by Wilhelm Conrad Roéntgen, X-ray radiation has been
used extensively for medical purposes as well as research [1]. The following rapid
evolution of X-ray sources confirms the importance of this discovery [2, 3]. Going
from using only X-ray tubes to having synchrotron radiation was merely one of the
first steps in an incredible evolution, and today the 4" generation synchrotrons are
being taken into use, making it possible to conduct experiments scientists have only
been dreaming about earlier [4]. Synchrotrons show many benefits compared to X-ray
tubes, one being a much higher flux of photons and another the beam coherence.
A value describing well the performance of synchrotrons is the brilliance. X-ray
tubes typically have brilliance below 10° photons/s/mm?/mrad?/0.1%BW, where
most modern synchrotrons today reach above 10*! photons/s/mm?/mrad?/0.1%BW
(see Figure 1.1) making it possible to conduct various experiments such as imaging,

scattering, and absorption spectroscopy.

1.1.1 ESRF-EBS and the DDP

The European Synchrotron Radiation Facility (ESRF) has received users since 1992
and has been striving to create the best conditions for scientists to carry out research
[6]. Tt recently upgraded its storage ring to a 4" generation synchrotron source and
started welcoming users again in August 2020. The upgrade is named the “Extremely
Brilliant Source” (ESRF-EBS), and not without reason. Indeed, the upgrade led to
drastic improvements in both coherence and brilliance [7]. Two other 4" generation
synchrotrons are currently in operation, namely, MAX 1V in Sweden [8], and SIRTUS
in Brazil [9]. In addition, more upgrades are planned for current synchrotron sources
worldwide, leaving promises for excellent future science [4, 10, 11]. Among these
current 4" generation synchrotrons, ESRF-EBS is the only one operating at high X-ray
energies and is currently the brightest synchrotron light source in the world [12,
13, 6]. Inevitably, this makes it unique, and its performance paves the way for the
ESRF beamlines to perform more experiments, there among imaging, at high X-ray
energies (typically above 30 keV) without compromising the X-ray flux. The high flux
together with the outstanding coherence of the beam, makes phase contrast imaging
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FIGURE 1.1: a) The evolution of synchrotrons in terms of the brilliance
of the X-rays produced [5]. b) Photograph from Néron with the view
of Grenoble and the ESRF-EBS. Photo credit: Michal Ronovsky

experiments possible at larger and denser samples at high energies while obtaining
incredible contrast and resolution. For example, the new ESRF BM18 beamline takes
advantage of this, where at the moment, the samples are limited to a maximum of
30 kg, and 30 cm [14], which is already impressive. However, when the beamline is
fully finished, it will be possible to perform imaging at objects up to 2.5x0.6 meters
and 300 kg due to the possibility of using X-ray energies up to 350 keV. This will
allow imaging of a full post-mortem human body, with the ability to zoom-in in any
location with a spatial resolution down to 0.7 ym [15].

These high fluxes and the possibility of conducting experiments at higher X-ray
energies than ever pose significant challenges to the current detectors. It is, therefore,
necessary to perform elaborate research and development on the detector aspects to
fully benefit from the powerful new generation of synchrotrons.

The ESRF council officially accepted the detector development plan (DDP) pro-
posal in November 2016. This opened the possibility, both in terms of staffing and
financially, to explore and develop the detector technologies that can fulfill the needs
of the beamlines and the scientists using them [16, 17]. Within the DDP, new detector
systems have been investigated, but also the performance of existing systems has
been challenged, as well as the read-out schemes. Two great examples of new detector
systems developed in the DDP framework are XIDER and SPHIRD. XIDER is a high-
dynamic range detector applicable for scattering and diffraction experiments [18, 19].
The sensor is made of high Z-materials, CdTe or CdZnTe, and can efficiently detect
high-energy X-rays (30-100 keV). It aims to be operated under high fluxes with high
dynamic range (up to 10'° photons/s/mm?) and is capable of doing time-resolved
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experiments due to its novel read-out scheme based on incremental digital integration
[20]. The aim is to distinguish pulses in the 16-bunch filling mode of the synchrotron,
reaching a time resolution of 176 ns.

SPHIRD is a direct photon-counting pixel detector being developed for coher-
ent scattering and diffraction. It will be used at energies below 35 keV and aims
to be noise-free while coping with the ESRF-EBS beam high fluxes and maintain-
ing a high spatial resolution [21]. In addition to new detector developments, the
boundaries by combining state-of-the-art components of detector systems have also
been investigated for indirect X-ray detection (involving X-ray to optical photon con-
version). Combining a commercial sSCMOS camera with fiber-optics plate coupling
and a Gd,O,S:Tb powder-based scintillator, single-photon sensitivity was obtained
[22]. Regarding data acquisition, a novel acquisition system for high-performance
applications has also been developed, namely, RASHPA. It takes up the challenge of
managing and storing the acquired data efficiently since the experiments performed
at the beamlines now can produce data faster and in larger volumes than ever [23,
24]. These are just a few examples of what the DDP is working on and has achieved
for future detector systems.

The projects of this thesis have been in the framework of the DDP as well, and
the aim is to explore new scintillators for high spatial resolution X-ray imaging, also
at high energies combined with high stopping power. Before moving to the details,
the concepts required to understand the different projects will be presented, and an
overview of the projects that have been ongoing throughout the thesis will be given.

1.1.2 X-ray imaging

Most are familiar with X-ray imaging and encounter it repeatedly throughout their
life. If the doctor suspects a bone is broken, this will be investigated by radiography.
Before taking an airplane to visit your loved ones at home or going on new adventures,
airport security checks the luggage using X-ray imaging, ensuring restricted items
will not be brought on the airplane. The technique is powerful for many reasons, one
being that it is (most of the time) almost non-destructive to the material being exposed,
and another that X-ray imaging makes it possible to see what the eye cannot, meaning
the inner structure of a sample. At synchrotron facilities, the material exposed to
X-rays is rarely living humans or luggage. Instead, researchers bring various samples
to the beamlines to be investigated. The samples could be small, such as microscopic
biological crystals, or larger, such as batteries, human organs, or fossils.

An example is the X-ray imaging performed at the ESRF ID19 beamline of fragile,
non-hatched, fossilized dinosaur eggs of the South African dinosaur Massospondylus
carinatus [25]. The studied clutch of fossilized eggs is shown in Figure 1.2a. Each egg
was first imaged individually with a voxel (volume pixel) size of 13.11 ym with 4998
projections with an exposure time of 0.1 s for each projection. Then the resolution was
increased to a voxel size of 2.98 ym to investigate the embryonic skulls closer, having

8000 projections with an exposure time of 0.25 s per projection. It was performed
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FIGURE 1.2: a) A clutch of fossilized Massospondylus carinatus eggs.

Credit: Brett Eloff. b) From [25]. Digital reconstructions of Mas-

sospondylus carinatus embryonic skulls based on yCT data measured
at ID19, ESRE.

using a filtered white beam with detected total integrated energy of 175 keV and
166 keV, respectively. The research team was, from this data, able to reconstruct the
skull of the embryos presented in Figure 1.2b, and found that they develop in the

same order as those of crocodiles and chickens of today:.

1.1.2.1 Techniques

There are various approaches to perform X-ray imaging at the ESRF beamlines. Some
examples are phase contrast [26], absorption contrast [27], tomography, diffraction
contrast tomography [28], topo-tomography [29], and ghost imaging [30, 31].

Absorption contrast X-ray imaging is used at synchrotron sources but also commonly
in hospitals and industry. The contrast in the image depends on differences in the
absorption of the incoming X-rays in the imaged sample. This will be affected by
differences in density, the thickness of the sample, and the X-ray absorption K-edges
of the elements composing the object of interest, where higher-density features and
thicker samples absorb more X-rays and vice versa. The technique is often referred to
as radiography for 2D imaging. When 3D images are reconstructed from radiographs
recorded while rotating the sample, it is referred to as absorption tomography or
computed tomography (CT) [32].

Phase contrast X-ray imaging is commonly employed at synchrotrons and can be
performed differently. The contrast is driven by the beam coherence and the phase
shift induced by it passing through the sample. The phase shift is not measured
directly but is observed as variations in the beam intensity. This technique often gives
better contrast than absorption contrast for samples with low Z-numbers since subtle

variations in density are not detrimental. This is otherwise the case for absorption
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contrast. To perform phase contrast imaging, it is crucial to have an increased sample-
to-detector distance, as it enhances the contrast and to have a coherent beam. Phase
contrast tomography can also be performed by rotating the sample while recording
2D images to be combined into a 3D construction. The enhanced coherence of the
ESRF-EBS beam makes it possible to perform phase contrast imaging with better
contrast than ever. ESRF beamline BM18 is indeed exploiting the coherence of the
beam while having a higher flux at higher energies [16]. It is possible to have the
detector up to 38 meters away from the sample [15] taking full advantage of the EBS

beam.

1.1.2.2 Detectors

A detector is needed to record the data when performing any experiment. Depend-
ing on the experiment type and the scope of the investigation, the detector should
be chosen wisely to match those needs. 2D detectors (or area detectors) are typi-
cally used to perform X-ray imaging experiments. There are various types of 2D
detectors, which can be divided into two categories depending on their detection
schemes: direct or indirect. Direct detectors have a semiconductor image sensor that
converts the X-ray photons directly into an electrical signal. Indirect detectors have
one more step involved. The X-ray photons are first converted into optical photons
before reaching an imaging Charged Coupled Device (CCD) or Complementary
Metal-Oxide-Semiconductor (CMOS) camera, where they are converted into an
electrical signal. The screen that absorbs the X-rays and converts them into optical
photons is called a scintillator. An indirect detection scheme is chosen for most X-ray
imaging experiments at synchrotrons. There are several reasons for this, some being
it is a much cheaper solution than direct detectors, and they can withstand intense
X-ray beams without getting damaged. When working at higher X-ray energies, the
electronics behind the sensor of a direct detector can be damaged. The state-of-the-art
direct area detectors currently used at synchrotrons are often based on high-Z sensors
instead of the otherwise typical silicon sensor. This is to increase the detection effi-
ciency at energies above 15 keV. However, these high-Z sensors suffer from defects,
which can impose issues, especially when high X-ray fluxes are used. These defects
can vary with time and radiation dose, complicating the implementation of image
flat field corrections. When the detector is uniformly illuminated with X-rays (not
only a few pixels, as typical for X-ray diffraction experiments), another issue can
be the limitation of the global count rate of the detector. Direct detectors typically
have a minimum pixel size of 50 ym, which is unsuitable for imaging experiments
where micron-to-sub-micron spatial resolution is required unless X-ray lenses are
used for magnification. Whereas CCD or sCMOS cameras can have a pixel size down
to a few microns, and by combining with optics, the effective pixel size can easily be
reduced to sub-micron for indirect detection. The effective pixel size is the size of the
pixel after magnification by the optics, PS, f:PS/ M. Some of these advantages and
disadvantages of direct and indirect detectors are summarized in Table 1.1.
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| Direct | Indirect
Advantages High dynamic range High spatial resolution
Noise free Robustness in beam
No tails in the PSF Versatility (optics, scintillator)
Very high frame rates Low cost in general
Disadvantages Expensive Noise
Large pixel size Low abs. efficiency at high energy
Limited count rate Tails in the PSF
Defects in high-Z sensors

TABLE 1.1: Overview of some advantages and disadvantages for direct
and indirect detector systems.

Detectors can, depending on the architecture of the sensor and read-out electronics,
use different operation modes, namely, photon-counting or integrating.

Photon-counting detection is generating a pulse or burst of signal from each X-ray
photon impinging on the sensor. The pulses are then counted, and information such
as the time of arrival of the single photon and its energy can be extracted. It can
be advantageous to use photon-counting mode since a threshold above the noise
level can be chosen to reject any noise, where this is not possible for integration
mode detectors. Some modern pixel photon counting detectors even have several
thresholds, which allow, for example, the elimination of cosmic events or high X-ray
energy harmonics, typical when using synchrotron beams. Single photons can only
be counted if the flux is not too high. Otherwise, photons will be missed in the count
due to pile-up, and the amplitude measurement will be inaccurate or wrong. This is
the typical detection mode used in direct detectors.

Integrating detection accumulates the created charge for the chosen exposure time,
and the total signal is read at completion. The information is the charge generated by
the total amount of photons detected during the exposure time. For X-ray imaging
experiments at synchrotrons, the integration operation mode is mostly used for the
indirect detectors. However, as mentioned earlier, it is also possible to use single
photon counting for indirect detection [22].

1.1.2.3 Experimental goals

It is now concluded that to perform X-ray imaging at synchrotron beamlines, 2D
indirect detection systems using integration operation mode are often the optimum
choice. However, there are different goals when performing imaging experiments,
and compromises depending on these have to be made. This section will give a few
examples of the needs and aspects that can be compromised to extract the desired

information from imaging experiments with various goals.

Ultrafast imaging: If the goal is to investigate ultrafast mechanisms and the spatial
resolution can be compromised, a pink beam (non-monochromatic X-ray beam)
can be applied to obtain a higher X-ray flux as opposed to a monochromatic beam
[33]. The scintillator thickness can be increased to increase the X-ray absorption and
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thereby lower the exposure time per frame, which is essential to record ultrafast
events. However, a larger scintillator thickness degrades the spatial resolution of the
image, which will be discussed in detail later. This approach was used in a study
performing ultrafast X-ray imaging at ID19 during 3D printing that helped reveal
the mechanisms of microstructure formation [34]. A pink beam was applied for the
experiments, and an X-ray imaging system consisting of a 200 ym thick LuAG:Ce
scintillator. A Photron FASTCAM SA-Z 2100 K at 40 kfps was applied to maintain a
high time resolution. This combined setup gave a spatial resolution of approximately
4.76 ym per pixel and an exposure time of 12.5 yus.

Biological samples: For imaging of biological samples, it is generally essential to
have a low radiation dose in the investigated specimen. Using very high fluxes can
create radiation damage to the samples. This can be reduced with proper sample
preparation, such as paraffin embedding [33]. However, this is not always possible,
for example, when the sample is alive. When imaging small animals, it is also
beneficial to have a large field of view. An example is the imaging of anesthetized
pigs weighing more than 40 kg, a field of view of 150 mm x 150 mm was utilized
[35]. By choosing to use lower magnification optics, the field of view is not reduced,
and using a scintillator with a large thickness increases the detection efficiency and
thereby reduces the dose. For experiments with a monochromatic X-ray beam at ID17
(ESRF beamline), it is reported that combining a 350 ym thick YAG:Ce scintillator
with a CMOS camera and optics giving an effective pixel size of 3.1 ym is a good
compromise between spatial resolution and detection efficiency as well as a large
field of view (7.04 mm x 5.94 mm) [36].

L
1500 pm (b)

FIGURE 1.3: (a) Wooden tips bundle with a voxel size of
6.5 mmx6.5 mmx6.5 mm. (b) Corresponding higher-resolution im-
age with a voxel size of 0.7 mm x 0.7 mm x 0.7 mm adopted from [36].

High spatial resolution imaging: An SCF on a substrate should be chosen if having
a high resolution of the images is crucial. The film should be thin, and the optics of
relatively high magnification to reach a sub-micron resolution. It can be beneficial
for imaging beamlines to operate with multi-resolution systems first to have a large
overview of the sample and then to select an area of interest and then perform
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high-resolution imaging. The power of operating a multi-resolution system was
demonstrated by imaging a bundle of wooden tips. This is presented in Figure 1.3.
The low-resolution option of the system consisted of a 500 ym LuAG:Ce scintillator
with magnification optics x1, and the high-resolution option using a 19 ym GGG:Eu
on GGG scintillator combined with an objective with x10 magnification and 0.28
numerical aperture [36].

1.1.3 Scintillators

There are different types of scintillators, each having advantages and disadvantages.
The scintillator type should be chosen depending on the information wanted from
the imaging experiment. Unfortunately, compromises have to be made since there is
no such thing as a universal scintillator.

1.1.3.1 Types

Scintillators come in many flavors and shapes. They can be organic or inorganic
crystals, plastics, liquids, glasses, and even gases [37].

Liquid scintillators are fluorophors (scintillating activators) suspended in a solvent.
They cannot be used directly for imaging experiments since they would need to
be encapsulated in some way to maintain a spatial response. It has been proposed
to contain liquid scintillators in fibers for X-ray imaging purposes [38]. Liquid
scintillators are typically used for rapid neutron detection because of their high
content of hydrogen.

Plastic scintillators are very simply put fluorophors suspended in a solid plastic
matrix. To have good transparency and light output, the polarization conditions
have to be controlled [39]. Plastic scintillators are simple to produce, very flexible,
easy to shape, and possible to produce in very large sizes. Of all the scintillators,
this is the cheapest option. They generally show a fast response (decay time 0.3-
280 ns) and a reasonable luminosity (up to 10,000 ph/MeV) but generally suffer
from radiation damage and have very low density (1.04-1.56 g/cm?) and effective
Z-number (typically around 5.7), which reduces radiation absorption [39]. There are
ways to reduce this issue, for example, by introducing organometallics or inorganic
high-Z nanoparticles in the plastic [40]. It was found that by combining a scintillating
metal-organic framework (with a high atomic number) with a thermally activated
delayed fluorescence chromophore in a nanocomposite film, a spatial resolution of
441 pum for X-ray imaging was managed.

Glass scintillators are typically cerium-activated lithium or boron silicates. They are
used primarily for neutron detection due to the high thermal neutron cross-sections
of lithium and boron. Attempts have been made to make them suitable for X-ray
imaging applications. An example of this attempt is by embedding nano-crystals into
oxyfluoride glass ceramics [41, 42].
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Gaseous scintillators are often noble gases and are generally used in experiments
with heavily charged particles or fission fragments. It can only be used as an imaging
detector if it is encapsulated in a microstructure, like a capillary plate [43], guided
towards the imaging plate.

Organic crystal scintillators are typically aromatic hydrocarbon compounds that
contain benzene ring structures interlinked in various ways. It has been a general
idea that organic scintillators are not fitting for radiation detection due to their light
element composition, which reduces radiation absorption. However, in recent years
more are reporting for alternatives, especially since they are cheaper and easier
to produce than inorganic crystals. For example, by doing X-ray imaging using
a scintillating 9,10-diphenylanthracene it was reported that a spatial resolution of
20 Ip/mm was reached (using Au anode X-ray tube and a Nikon D90 digital camera)
[44] and organic manganese halides with an estimated resolution of 322 ym (18 keV
at a synchrotron source) [45].

Inorganic scintillators are most often crystals grown with various techniques. They
can be challenging to synthesize due to their high melting points. However, due to
their often high Z-numbers, they absorb more of the incoming radiation in the case of
7 or X-rays. This is beneficial for several reasons, such as lower radiation doses in

patients for medical imaging.

In this thesis, only inorganic scintillators are considered. These are currently the
best option for X-ray imaging at synchrotrons as they are the densest materials, which
is crucial to obtain maximal X-ray absorption efficiency.

1.1.3.2 Physics of scintillation process

Scintillation can occur from a material after illumination with any ionizing radiation,
and it is widely documented. Here only X-rays below 100 keV will be considered
since it is only relevant to the scope of this thesis. Many things affect if a material
will be scintillating, but as a first step, it is necessary to have a wide band gap for
inorganic crystals. The scintillation process can roughly be described with three stages:
Conversion, transport, and luminescence [46]. This concept is used in Figure 1.4 to
illustrate these three stages together with the description below.

Conversion: The X-ray photon interacts with the crystal lattice of the scintillator,
and its energy is absorbed through the photoelectric effect. This creates a hot electron
and a deep hole that will continue to interact in the material and multiply through
ionization processes such as electron-electron inelastic scattering and Auger emis-
sion. This energy exchange continues until their energy is too low to create further
excitations. Thermalization then occurs until the electrons reach the bottom of the
conduction band (CB) and the holes at the top of the valence band (VB), meaning
they interact with phonons and thereby reduce their energy.

Transport: The thermalized electrons and holes are now transferred toward the
luminescent centers. During transport, they migrate through the material, and due to
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defects, they may recombine through non-radiative processes and be trapped and
de-trapped. This leads to delayed luminescence, generally known as afterglow and
bright burn also known as radioluminescence sensitization. Holes and electrons are
finally reaching the luminescent centers.

Luminescence: They ideally return to the ground state through a radiative process
(luminescence). Alternatively, the emission center can return to the ground state

through non-radiative processes.
The scintillation mechanism is different for organic and inorganic scintillators [37]

but the organic mechanism is out-of-scope for this thesis.
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FIGURE 1.4: Schematic of the scintillating process in a wide band-gap

inorganic single crystal. The process is described with three stages:

Conversion, transport, and luminescence. VB: Valence band, CB: con-
duction band.

1.1.3.3 Interaction mechanisms

Some relevant interaction mechanisms are displayed as simple schematics in Fig-
ure 1.5. Ionizing radiation interacting with matter mainly occurs as photoelectric
absorption, Compton scattering, and pair production. For this thesis, X-ray energies
below 100 keV are mostly relevant, especially for the results from using the simulation
tool discussed in Chapter 2. Below 100 keV pair production is negligible, and the
contribution from Compton scattering is small. The photoelectric absorption through
the photoelectric effect is hence the main interaction for X-ray photons with matter at
these energies. The incoming photon is completely absorbed, and the residual energy
is transferred to the produced photoelectron. For Compton scattering, the incoming
X-ray photon is deflected and transfers part of its energy to an electron. The incoming
X-ray photon can also interact coherently with an atom. Without transferring any of
its energy, it is deflected from its initial path, typically referred to as Rayleigh scattering

[47].
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Photoelectric effect Compton scattering Rayleigh scattering Electron scattering

FIGURE 1.5: Schematics of interactions mechanisms. pe: Photoelectron,
ce: Compton electron, ie: ionized electron from electron scattering.

1.1.3.4 Materials and forms

Inorganic scintillators can be produced in various materials and forms, which will be
presented here. A general overview of the advantages and disadvantages is displayed
in Table 1.2. Due to the differences in properties and price, the different forms of

scintillators are used for various applications.

| Advantages Disadvantages
Powders Easy to prepare Low spatial resolution
Large FoV Low packing density
Relatively rad-hard
High efficiency
Cheap
Ceramics High packing density Afterglow
High transparency Non-uniformity (grain boundaries)
Micro-structured | Combines resolution+abs. eff. High afterglow (CsI:T1)
Complicated fabrication
Not radiation hard
SCF High density Difficult to fabricate
High optical quality Expensive
Highest spatial resolution Low DQE at high energies (thin)

TABLE 1.2: Overview of advantages and disadvantages for inorganic
types of scintillators.

Scintillating powder screens can provide a large field of view and are cheap and
easy to manufacture compared to the other scintillator types. The biggest drawback
is their limited spatial resolution, which approximately equals the screen thickness,
caused by scattering on grain boundaries and pores that then diffuses the light, see,
for example, Figure 1.6a. Gd2O,S:RE, where RE is rare earth elements (often referred
to as GOS, Gadox, or P43), is a well-known and highly used scintillating powder
[48]. The screen can easily be produced to provide a large field of view and has a
high conversion efficiency (55 ph/keV). The spatial resolution is approximately equal
to the thickness of the screen [49], and as a consequence, this limits the absorption
efficiency. This is especially critical for the performance since the packing density
of the powders is around half that of the single crystal. Scintillating powders are
the optimum choice when the spatial resolution can be compromised for higher

conversion efficiency, and a cheaper solution is more important.
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Ceramic scintillators manufacturing has been refined considerably since its begin-
ning. They are typically produced from pressed or cast nanopowders and subse-
quently sintered. Highly transparent ceramics is thereby obtained with a packing
density very close to those of a single crystal. Gd;O,S:RE can be synthesized as
a ceramic [50] as well as other well-known scintillators. In the grain boundaries,
defects are often present that can generate afterglow. This thereby also influences the
homogeneity of the scintillator screen, creating artifacts on the extracted image.

b) | X-ray C)

X-ray

substrate

Lower resolution Higher resolution

FIGURE 1.6: a) Powder, scattering on grains. b) Structured, restricts

light mostly in columns. However, cross-talk occurs. c) Single crys-

talline film on a substrate, total reflection happens on the backside of

the substrate, which enhances the resolution but reduces the extracted
light.

Crystalline micro-structured scintillators are of great interest due to the structure
serving as a light guide with the walls working as an optical barrier to reduce
cross-talk between adjacent columns. The existing technologies are limited to micro-
columnar CsI:Tl [51] and micro-structured CsL:TI screens [52]. They can often be
synthesized tall (above 100 ym and up to 600 ym), providing a thick scintillator to
benefit from a high absorption efficiency while containing and guiding the light in
the columns and thereby maintaining the spatial resolution. A fiber optic plate is
typically used to couple the micro-structured scintillator to the camera directly. In the
case of an effective pixel size of the camera being smaller than the column diameter,
the spatial resolution is limited firstly to the column diameter whereas the technology
today is limited to a few microns at its best. Secondly, the column length is crucial for
the spatial resolution due to cross-talking between columns for increasing thickness
[53], see Figure 1.6b. In addition, the column walls must be smooth to avoid scattering
on the roughness. If the structure is not deposited on a substrate, the issue of total
internal reflection that otherwise reduces the light extraction for thin SCFs grown on
substrates is avoided, and the light extraction is increased. The structured scintillators
are a good option for applications where a high light efficiency is required, combined
with a high stopping power and a high spatial resolution. However, for sub-micron
spatial resolution, they are not suitable. Unfortunately, the commercial availabilities
of columnar structures are currently limited to compositions such as CsI:T1, which
does not satisfy the current need for synchrotron applications.
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Single Crystalline Film (SCF) scintillators often consist of high-density inorganic
compounds. Due to their very good optical quality, almost without diffusive centers,
there is no scattering on grains, and the packing density is at its maximum. SCFs are
always coupled to the camera by lens optics, which introduces a Depth of Field (DoF).
The thickness of the film can be selected to be in the range of the DoF and thereby
reach a high resolution that is better than what can be reached for powder screens and
ceramics of the same thickness. It is therefore required to use SCFs to reach micron to
sub-micron spatial resolution in X-ray imaging experiments [54, 55, 56]. However,
total internal reflection can occur that reduces the light collection but ensures a higher
spatial resolution, see Figure 1.6¢c. For reaching the highest possible spatial resolution,
the SCF thickness must remain in the order of the DoF of the used optics. The image
will otherwise be partly out of focus and induce blurring in the final image. However,
reducing the SCF thickness decreases the X-ray absorption in the SCF, especially
if high-energy X-rays are used for the experiment. The optimum SCF scintillator
thickness is, therefore, a balance between the desired SCF X-ray absorption efficiency
and spatial resolution, both related to the X-ray beam energy.

1.1.4 Scintillating single crystalline films

Thin film deposition techniques: Many technologies exist that allow the preparation of
thin films. Here among sol-gel, Molecular Beam Epitaxy (MBE), Chemical Vapour
Deposition (CVD), Liquid Phase Epitaxy (LPE), and thinning of bulk single crystals.
Thinning can be done of substrates by polishing [57] but are limited to around
25-50 ym when freestanding. When glued to a substrate, they can be polished to
around 5 ym, but the glue usually degrades when exposed to high X-ray fluxes on
synchrotron sources and are therefore not a good choice.

Technique | Advantages Disadvantages
Sol-gel Less substrate constrained Low crystallinity
MBE No flux impurities High defect density
CVD No flux impurities High defect density
LPE High quality, low defect density =~ Substrate constrained

TABLE 1.3: Overview of main advantages and disadvantages of thin
film techniques in relation to growth for high spatial resolution X-ray
imaging.

The main advantages and disadvantages of some thin film growth techniques
are presented in Table 1.3 in relation to producing scintillating SCFs for high spatial
resolution imaging. Some general disadvantages are the slow growth rate for the
sol-gel, MBE, and CVD techniques compared to LPE. The growth rate using LPE is
in the range of 0.1-1 ym/min which is 10 to 100 times faster than molecular beam
epitaxy (MBE) or metalorganic vapor-phase epitaxy (MOVPE) [58]. Therefore, for
SCFs with thickness in the micrometer range, LPE is superior. For MBE and CVD,
the films are deposited at extremely high supersaturation far from thermodynamic

equilibrium. The films, therefore, often suffer from a high density of defects, which
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can harm the scintillating properties. LPE is a near thermodynamic equilibrium
technique, and the growth temperature is considerably lower than for bulk crystal
growth resulting in high-quality SCFs with a low defect density [59, 60]. For sol-gel
the risk of lower crystallinity and the presence of multiple structural phases is neither
desirable for this application. For the targeted thickness and quality desired for the
SCFs in the framework of this thesis, LPE is the suitable and typical technique [61, 62,
63, 64, 65]. The LPE technique will be described in depth in Section 1.3.

Important parameters for SCF scintillators: To have a good scintillating SCF, many
parameters should be considered. Table 1.4 presents parameters fulfilled for an ideal
SCF scintillator.

Film | Comments
Emission wavelength Should fit QE of camera
High density and Z,¢¢ For high stopping power
No birefringence Can otherwise degrade image quality
Thickness Around DoF, for highest spatial resolution
High light yield Otherwise increases exposure time
Low decay time Affects speed of the scintillating response
No afterglow Affects speed of scintillating response
No bright burn Better stability of quantitative measurements

Good radiation hardness Increases scintillator lifetime and stability

Substrate Comments
Transparent To not reabsorb emission from SCF
Emission-free Otherwise degrades resolution
High quality Single crystalline, surface well polished
Structural matching With the film
Commercial available For practical reasons
Cheap For financial reasons

Good radiation hardness Increases scintillator lifetime and stability

TABLE 1.4: Important SCF and substrate characteristics. QE: Quantum
efficiency.

The efficiency of the camera to convert photons into electrons, also known as
Quantum Efficiency (QE), depends on the photon wavelength. It is, therefore, optimal
to have a scintillator with an emission wavelength matching the sensor QE.

The decay time and afterglow are related to the timing of the scintillating processes.
The decay time is related to the speed of the scintillating conversion process and
is the short-time component of the scintillator. Scintillators with a low decay time
can be used for fast X-ray imaging experiments. The afterglow is related to traps
from crystalline defects and is the long-time component (microseconds to days). The
afterglow can impose issues if it is longer than the camera dead time, meaning the
time when the camera reads out the data between images, then the signal would build
up. Having afterglow can therefore create artifacts in the tomography reconstructions.

As is underlined in the table, the substrate also influences the quality and proper-
ties. The structural aspects will be discussed in several sections and chapters later in
this thesis but are essential to consider when performing LPE. Regarding the optical
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parameters, the substrate should be transparent, at least for the SCF emission, to
avoid optical re-absorption. Another crucial point is that it should preferably be
non-luminescent itself or at least not have overlapping emission lines with the SCF.
For non-overlapping emission, the substrate emission can be filtered out using optical
filters inserted in the optical path of the detector.

1.1.5 Detector characteristics

When considering a detector system, many parameters must be considered, and
often, optimizing one parameter is at the expense of another. This is the case when
optimizing a scintillator for high spatial resolution the efficiency is degraded. The
characteristics important for an ideal scintillator were already listed. Some important
parameters for the detector itself are displayed in Table 1.5, of which some are

discussed here.

Characteristics | Related to
Dynamic range Image quality
Linearity Stability

Lag Stability
Frame rate Readout time
Number of pixels FoV
Size of pixels Spatial resolution
MTF Spatial resolution
DQE Global efficiency

TABLE 1.5: Relevant detector characteristics.

The Dynamic range is the ratio of the maximum signal (before saturation) to the
system noise (for low exposure time, the system noise can be approximated to the
readout noise). The maximum signal (in electrons) depends on the full well capacity
of the sensor, while the total noise results from the quadratic sum of dark noise and
readout noise. For indirect detection, it also depends heavily on the uniformity of the
scintillator and its optical quality. For instance, in a region of the scintillator where
the light emission is significantly higher compared to the average, for example, on
scattering centers such as scratches or crystal inclusions, the exposure time should be
reduced to avoid saturation, leading as a consequence to a reduction of the dynamic
range. Afterglow from the scintillator can raise the noise level and reduce the dynamic
range.

Frame rate is the frequency at which consecutive images are acquired, measured
in frame per second (fps). It can also be referred to as frame frequency and expressed
in Hertz (Hz). It is the inverse of the time the camera needs to acquire an image and
read the data. If the exposure time is 1 s, the camera needs additional time to read
the data, making the total time above 1 s often referred to as the dead time. This is
especially important when doing time-resolved imaging where the frame rate should
be high.
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1.2 High spatial resolution X-ray imaging detectors

To reach micron to sub-micron spatial resolution when performing X-ray imaging
experiments at synchrotrons, thin SCF scintillators are required. The whole detector
system is composed of an SCF scintillator, microscope optics, and a CCD or CMOS
camera [54, 56]. See Figure 1.7 for a schematic of an imaging experiment with this
setup. The sample is positioned in the X-ray beam. It absorbs and changes the phase
of the X-rays. The transmitted X-rays are then partly absorbed by the scintillator,
which converts them into optical photons. An optical image is created in the total
thickness of the active layer, which is enlarged by the optics and projected through
the lenses onto the camera. The camera creates an electrical signal in each pixel
from the optical photons, and this is then processed on the computer as a 2D image.
Multiple images acquired at different angles lead to so-called tomography where a
3D reconstruction of the collected images can be created.

Optical light

Electric
signal

Q|| |
Scintillating 0 B
SCF i -

FIGURE 1.7: A schematic of an imaging experiment at a synchrotron

beamline using a high-resolution setup. The sample is a watercolor

painting of the Massospondylus carinatus embryos, image credit:
Mélanie Saratori.

1.2.0.1 Spatial resolution limitations

The spatial resolution of the final image depends on all three detector components
(scintillator, optics, and camera) that can each influence the resolution and should
therefore be considered and optimized.

The Scintillator degrades the spatial resolution along two aspects. First, when
the X-ray photons reach the scintillator and deposit energy not only at the initial
interaction point but as many interactions subsequently arise, the energy deposition
is spread spatially in the scintillating layer. This has a blurring effect on the optical
image created from it. The interactions influencing this are discussed in detail in
Chapter 2. In addition, to reach an ultimate high spatial resolution, apart from the
optical quality of the layer, which may induce diffusive centers, the thickness of the
SCF scintillator should match the DoF of the optics used for the experiment. The DoF
is defined as follows [66]:

Aemis * 1 n-PS
NA? NA-M

DoF = (1.1)
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FIGURE 1.8: a) The spatial resolution limit as a function of NA, cal-
culated including light diffraction and defect of focus due to the scin-
tillator thickness, for A=550 nm. The figure is from the Ph.D. thesis
of Federica Riva [70], and a similar result was already published by
Koch et al. in [56]. b) The calculated absorption efficiency of LSO for
different thicknesses. Data obtained from the NIST database [71].

Where A,,,;s is the emission wavelength of the scintillator, PS is the pixel size of the
detector, M is the total magnification imposed by the optics (objective and eyepiece),
NA is the numerical aperture of the objective, and n is the ambient index of refraction,
which is 1 when working with non-liquid optics (otherwise 1.5). The resolution is
plotted as a function of the NA for various SCF scintillator thicknesses in Figure 1.8a.
It shows the importance of matching the scintillator thickness with an appropriate
NA or vice versa to exploit the possible spatial resolution. It is especially important
not to choose a higher NA without reducing the scintillator thickness since this can
reduce the spatial resolution considerably. It also shows that to reach higher spatial
resolutions, a high NA should be chosen combined with thin scintillating SCFs below
10 pm thickness. Thus, the system faces a contradictory criteria quality since a smaller
thickness decreases the X-ray absorption, as is illustrated in Figure 1.8b.

The optics are limiting the spatial resolution due to the Abbe diffraction limit for a

microscope given by [67]:

o /\emis o /\emis
d_2-n-sin(9) ~ 2-NA (1.2

The optics will therefore have a large impact on the spatial resolution, which will also
be shown in detail by simulations in Chapter 2, using simulations at various X-ray
energies and NAs.

The detector is limited to a spatial resolution of approximately twice the effective
pixel size (PS,f=PS/M). This is valid for 2D cameras and is defined according to the
Nyquist-Shannon sampling theorem [68, 69]. As long as the effective pixel size of the
camera combined with the optics is lower than the diffraction limit of the optics, the
camera is not the limiting factor for the resolution. The detector system is then said

to be diffraction-limited.
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1.2.0.2 The high-energy, high-resolution challenge

Performing X-ray imaging where the detector is coupled to optics makes it possible
to resolve micrometer details, even of dense and large specimens such as fossils [72,
73]. A stunning example that exhibits the performance and strength of X-ray imaging
techniques, is the imaging of entire human organs, such as a covid infected lung
[74]. The X-ray imaging technique used for this is here referred to as hierarchical
phase contrast tomography. The whole lung is first imaged with low resolution and
subsequently, interesting areas are imaged with a higher resolution. Regional changes
in the tissue architecture of the covid infected lung were identified, which is novel
information in the study of the effect of covid on the lungs. For this experiment, the
smallest voxel size was 2 yum, sufficient to resolve the desired features using an X-ray
energy of 78 keV. This study has also resulted in a highly interesting project named
the human organ atlas, where data from the experiments are available, as well as 3D
constructions of a covid infected lung and a whole brain [75]. The EBS upgrade has
made experiments like this possible, with the increased flux and coherence, especially
at high energies.

High X-ray energies are required in such experiments to penetrate large and dense
specimens to reduce the sample absorption, otherwise detrimental to the contrast.
However, working at high energies with thin SCFs reduces the absorption efficiency
of the SCF considerably. Figure 1.8b shows the absorption efficiency for Lu,SiOs
(LSO) calculated from data from the NIST database [71] for various thicknesses. The
thinner the scintillating SCF, the fewer X-rays it absorbs, ultimately reducing light
production. The absorption efficiency (7,;s) of scintillators is proportional to the
density (p) and effective atomic number (Z,s) of the material [56]:

nabs X P . ngf (1.3)

And can thereby be maximized by tailoring the SCF to have a high density and Z.
This is why in high-resolution X-ray imaging communities, there is an ongoing quest
for compounds fulfilling these criteria while meeting the many other requirements
for scintillators as listed in Table 1.4.

1.2.1 Detector characterization

The performance of the detector system depends on each component as already
shortly described above. It is indeed challenging to consider every parameter at the
same time. However, there are different methods to evaluate the imaging performance
of detector systems. Some of these will be presented in this section.

1.2.1.1 Detective quantum efficiency

The Detective Quantum Efficiency (DQE) is an important value for evaluating detector
systems. It combines the effects of the signal (related to image contrast) and noise
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performance of an imaging system, generally expressed as a function of spatial
frequency. It describes how effectively an X-ray imaging system can produce an
image with a high Signal to Noise Ratio (SNR) relative to an ideal detector. The
DQE is a value that ranges from 0 to 1, typically presented as a function of spatial
frequency. If the detector detects no signal, the DQE will be 0. For an ideal detector,
the DQE will then be 1. A perfect detector does not exist since any statistical process,
background noise, or loss of events involved in the detection process lowers the DQE.
The DQE can be expressed in various ways, where a popular one is the transfer of the
square of the signal-to-noise ratio (SNR) at the output relative to the input [76]:
SNR?

out
(1.4)
SNR?,

DQE =

The final output signal is influenced by all the components starting from the input
signal going through the scintillator, then the optics, reaching the camera, and being
processed.

The DQE can be expressed as a function of spatial frequency as well:

G- Sy MTF(v)?
DQE() = =" Npse()

(1.5)

Where G is the gain, Sy is the average image signal per pixel, MTF is described
further in the next section but is related to the spatial resolution and contrast, NPSy is
the image noise power spectrum, and N is the number of points in NPSy [77]. From
this, it is clear that the detector system depends on the noise in the system as well as
the image contrast of the system.

According to [56] for sufficiently high conversion and optics collection efficiency
of the detector system, the DQE can be approximated to:

DQE = aps (1.6)

Which emphasizes the importance of having scintillators with high absorption
efficiency.

1.2.1.2 Resolution and contrast

To validate the spatial response of an indirect detector system, the Modulation Trans-
fer Function (MTF) is very useful. It describes the spatial response of the detector
system by combining the concepts of resolution and contrast. The spatial resolution
of a system quantifies the smallest features that can be fully resolved. In literature,
there is no complete agreement on how to refer to the spatial resolution of a detector
system, but it generally corresponds to the spatial frequency for which the MTF value
equals ~10—20%. The contrast, or modulation, is defined as [78]:

Imax - Imin
Cv)= —— 1.7
( ) Imax + Imin ( )
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for alternate black and white lines at a given frequency (v). Lay and L, are the
corresponding maximum and minimum intensities (number of optical photons de-
tected). A contrast of 100% is obtained when the I,,,;, is 0. See Figure 1.9 for a visual
explanation of this.

Object

100 %

11| BN

_100% .
I I I I M_ [
FIGURE 1.9: A schematic of alternate black and white lines and the
contrast profile for two different frequencies shown by the actual object
(left) and how the image could be (right). For the images, the lines

start to overlap when the distance between lines is close to the spatial
resolution limit, reducing the contrast.

The MTF basically provides the transmission of contrast through the system at
different spatial frequencies, and like the DQE, it ranges from 0 to 1. If there is
no contrast at a given spatial frequency, the MTF will be 0, and where there is the
perfect contrast, the MTF will be 1. Therefore, the MTF usually ranges from 1 to 0,
starting from 0 lp/mm and going towards higher spatial frequencies. See Figure 1.10a
for a schematic of an MTF. It differs from the DQE as it only considers resolution
and contrast, whereas the DQE takes many other things into account, such as the
different sources of noise in the system, as will be seen in the next paragraph on
DQE. The counterpart of the MTE, the Line Spread Function (LSF), helps understand
specific trends in the MTFs further because it directly shows the spatial distribution
of detected optical photons around the position of the primary interaction between
the X-ray photon and the SCF (see Figure 1.10b for a schematic of the LSF).

11 a) b)

MTF
LSF

» ! »

0 Spatial frequencyr[lp/mm] 0 Position [um]

FIGURE 1.10: Schematics of a) MTF, and b) LSE.

The energy of the incoming X-rays has a significant impact on the spatial distribu-
tion of deposited energy in the SCF and thereby the obtainable spatial resolution and
contrast of the final image. Generally, when increasing the X-ray energy, the generated
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secondary particles (X-rays, electrons) deposit energy at an increasing distance from
the initial point of interaction, resulting in a decreasing contrast. However, increases
and decreases in the spatial resolution arise when applying X-rays of energies around
the absorption edges of the elements in both the SCF and substrate. It is thus crucial
to consider the major impacts on the contrast occurring around the absorption edges.
These are factors that will be discussed in Chapter 2.

1.2.1.3 The slanted edge method

To experimentally extract LSFs and MTFs, the slanted edge method [79, 80] can be
used and was also practiced for experimental validation for the samples under study
in this thesis. As the name of the method indicates, the measurement involves an edge.
The edge is of GaAs and is either cleaved or polished to have an almost atomically flat
surface. If the edge is not flat enough, it might give the illusion of the detector system
not being able to resolve certain details, which appear in the extracted MTF. The edge
should therefore be of better quality than the resolution limit of the detector system.
Since we strive to reach a sub-micron spatial resolution, the edge needs to be almost
perfectly flat. The edge is positioned 1-3 mm away from the detector system to absorb
part of the X-ray beam when an image is acquired with the high-resolution setup. The
setup used at ESRF BM05 beamline, including the edge, is shown in Figure 1.11. The
setup consists of slits to shape the beam to fit the field of view of the camera, the edge,
then the scintillator, followed by a microscope objective, a mirror to direct the optical
photons upwards, then an eyepiece, and finally, the camera. A monochromatic X-ray
beam is always used for these measurements since we are evaluating scintillators for

high spatial resolution X-ray imaging.

FIGURE 1.11: The high-resolution setup for the slanted edge method
at ESRF BM05 beamline. Here equipped with a PCO edge 4.2 camera.

A few alignment procedures have to be performed before acquiring the images
used to find the MTF of the detector system in combination with a specific scintillator.
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First, the focus should be adjusted when changing the scintillator. Being out of focus
will degrade the MTF due to blurriness. Then, it is important the edge is perpendicular
to the X-ray beam. A series of images with the edge tilt varied perpendicular to the
beam is acquired to find the optimum tilt angle. This is only performed once since it
depends on the tilt according to the incoming X-ray beam.

To extract the MTE, the general procedure is as follows. Radiographs are acquired
with the edge cutting approximately half the image. It is before further analysis,
corrected by flat-field and dark images, meaning no edge image with and without
the X-ray beam, respectively. From this, the Edge Spread Function (ESF) is computed,
which is merely a curve showing how step-like the edge is imaged with the setup.
The LSF can then be calculated by taking the derivative of the ESF. Finally, the MTF
can be calculated by doing a Fast Fourier Transform (FFT) of the LSF. This procedure
is shown in Figure 1.12.

i d 0. 0.0+
0 500 1000 1500 2000 -5 10 5 0 5 10 15 302 0 1 2 3 0 200 400 600 800 1000 1200
Columns Distance [um] Distance [um] Spatial frequency [Ip/mm]

FIGURE 1.12: The procedure to obtain the MTF. From left: An image

of the GaAs edge cutting the image in half where a region of interest

is chosen to ease the computing time. The ESF is first found from the

image, then the derivative gives the LSF, and the FFT finally gives the
MTE.
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1.2.2 State-of-the-art scintillators

Even though this thesis focuses on spatial resolution combined with a high X-ray
stopping power, other important characteristics should be considered. Table 1.6 dis-
plays some of these characteristics of the current state-of-the-art scintillators used at
synchrotrons for high spatial resolution X-ray imaging experiments. It is important to
mention that these values can vary to some extent from sample to sample depending

on various small changes in the production procedure.

Film LSO:Tb LYSO:Ce GGG:Eu LuAG
Substrate YbSO YbSO GGG Non
Density [g/cm?] 7.4 7.2 7.1 6.7
Effective Z number 65 65 53 59
Emission wavelength [nm] 550 420 595 550
Decay 1ms 35ns 1ms 70ns
Afterglow [%] <0.001 <0.001 <0.001 0.005-0.08
Light output [ph/keV] 30-40 15-20 25-35 25-35
Substrate scintillation No No Slight*  No substrate

TABLE 1.6: Overview of characteristics for state-of-the-art scintillators.
Afterglow is at 20 ms after 0.1 s exposure (percent). *scintillation from
the substrate can be filtered out.
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1.3 Liquid Phase Epitaxy

Many samples for various projects have been produced for this thesis, and the com-
mon factor for them is they have been grown by LPE. In this section, this interesting
growth technique will be presented, and various considerations in relation to it are
explored to give the reader an idea of how much time and effort is put into the use of
this technique and the growth of the samples studied in this thesis.

The term epitaxy comes from the Greek epi, meaning "above", and taxis, meaning
"an ordered manner". Epitaxy is a crystal growth type where new crystalline layers
are formed with a well-defined orientation with respect to the single crystalline seed
layer (for example, a substrate). The grown or deposited SCF is referred to as an
epitaxial film or epitaxial layer. Epitaxial crystal growth can be performed from a
vapor, liquid, or solid state. In this thesis, only growth from the liquid phase has been
used due to its superiority for the growth of scintillating SCFs for high-resolution
X-ray imaging.

Epitaxial growth from the liquid phase is referred to as liquid phase epitaxy
(LPE). It is a high-temperature solution growth technique used to grow complex
oxides supported by single crystalline substrates. Parallels can be drawn from the
flux growth method since the growth is initiated from a supersaturated solution
comprised of the desired SCF oxide components, referred to as the solute, and an
appropriate solvent, typically also oxides. The role of the solvent is, first of all, to
lower the growth temperature since the solute oxides often have very high melting
temperatures that can be higher than the working temperature for many furnaces
(>1800 °C). The lower growth temperatures also ensure a high quality of the SCFs
with fewer defects. Using a solvent makes it possible to lower the growth rate giving
better control of the SCF thickness and growing on substrates without risking melting
them.

In this section, the LPE technique will be presented in more depth. The setup is
shown and described in detail, followed by details on the procedures from before
assembling the furnace to the growth. Finally, considerations such as the content of

the melt, lattice mismatch, and ionic radii of dopants are presented.

1.3.1 The setup

The solution is contained in a platinum crucible positioned in the lower part of a
specially designed vertical furnace for LPE. See schematic in Figure 1.13a. The furnace
consists of two resistive heating zones to better control the heat gradient, which the
sample especially will be affected by when entering and exiting the furnace. Three
thermocouples are used to control and monitor the temperatures. One is positioned
directly on the crucible, one on the lower part of the tube, and the last at the upper
part of the tube. A careful furnace design allows for temperature fluctuations of only
0.1 °C, which is important to control the growth fully.
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FIGURE 1.13: a) The Schematic depicts a cross-section of the applied
vertical dipping method LPE furnace, where the yellow is ceramic
parts, and TC is thermocouples. The sample rotation (1) and vertical
translation (z) can be controlled, as well as the temperature of the two
resistive heating zones. b) Photograph of the furnace. c) Photograph
of the furnace entrance with the stirrer ready. d) Photograph of the
furnace entrance with a sample ready before growth.

1.3.2 The procedure

Solution preparation: It is important to have high-purity powders of the solution com-
ponents. Otherwise, impurity atoms can be included in the grown SCF, potentially
resulting in a larger lattice mismatch or as light quenching centers reducing the
scintillation light output. All the oxide powders are mixed thoroughly and pressed
into a cylinder to fit in the platinum crucible. The furnace is heated to 1100 °C to
melt the powders. Subsequently, the solution is stirred with a customized platinum
paddle (see Figure 1.13c) to ensure all the powders are dissolved and the solution
is homogeneous. Stirring is repeated before each growth to ensure similar solution
homogeneity for each growth. The stirring is performed at elevated temperatures to
avoid crystallization on the paddle. After the stirring, the solution is cooled to the

growth temperature and ready for the growth procedure.

Growth: The substrate is carefully inserted in a specially customized platinum
holder on a rod. The growth is induced by the vertical dipping method [81], in
which the substrate is transferred into the solution. See the growth procedure as a
schematic in Figure 1.14. There are other procedures to perform LPE, for example, by
sliding boat technique [60]. During growth, the sample is rotating, with alternating
directions, to ensure the homogeneity of the solution also during growth. The growth
time is typically 5-60 minutes depending on the desired SCF thickness (longer growth,
thicker SCF). This procedure results in films on both faces of the substrate. After
growth, the sample is translated just above the melt, and an ejection procedure is
performed to remove as much as possible of the flux still present on the sample
surface, which can otherwise lead to uncontrolled growth.
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After growth: After the sample is transferred out of the furnace, is it cleaned, and
finally, the thickness of the SCFs is estimated from their density and weight gain after

growth.
Alternating
v
b ﬁ
Translation Growth Translation

then
ejection

FIGURE 1.14: Schematic showing the LPE growth procedure.

1.3.3 Concept and considerations

Performing and developing the LPE procedure for new materials is a time-consuming
and expensive task. There are many things to consider before initiating the prepara-
tion for the LPE experiment, especially if there is no literature on previous LPE growth
of the compound or similar. Of course, a literature review should be performed on the
targeted compound, and information like crystalline structure, melting temperature,
potential growth by LPE, and/or other high-temperature solution growth should
be studied. If there are any phase diagrams, these should be studied in order to
understand if there are any phase transitions that could be affecting the growth in

some way.

Crystalline structures: The crystalline structure of the targeted SCF and the sub-
strate is very important to consider and should be known prior to any growth
attempts. They should preferably be iso-structural or at least have a high degree of
structural matching. Otherwise, growth will not be possible with LPE. The lattice
mismatch is a practical way of evaluating how well the crystalline lattice of the SCF

and substrate fit each other. It is often defined as:

_ Afilm — Asubstrate

Aa -100% (1.8)

Asubstrate
Where a is the unit cell length. The lattice mismatch is preferred to be as low as
possible, with a rule of thumb is having it below 1%. However, even when doing
homoepitaxy (SCF host structure being the same as substrate structure), introducing a
dopant (luminescent activator) can increase the lattice mismatch too much depending
on the used concentration and the ionic radii. The consequence of this varies depend-
ing on the SCF being grown but could be lowering the growth rate until there is no
growth at all or introducing increased strain in the SCF that could negatively influence

the scintillating properties and the optical quality of the film. The lattice mismatch
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can be predicted from the reported unit cell lengths of the targeted compound and
substrate found in databases. The estimated lattice mismatch can hint if the SCF and
substrate are too different and allows for considering substitutions or similar to alter
the structure of the SCF to fit the substrate better or even change the substrate or the
substrate composition if possible. The effect on the lattice mismatch by introducing
dopants depends on the type of dopant and what element it is substituting in the
structure. This can be predicted by considering the ionic radii of the two. An example
using LSO:Tb (Lu,SiOs doped with Tb3*), terbium occupies the lutetium site in the
structure. The ionic radii of Lu®t with coordination number (CN) 6 is 0.861 A and for
Tb>+ with CN=6 it is 0.923 A [82]. The lattice normally expands when a bigger ion is
introduced into the lattice. However, other factors can also affect the expansion or

contraction of the lattice, for example, doping that induces oxygen vacancies.
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FIGURE 1.15: PbO-B,0O3 phase diagram from [83].

Solution content: The SCF components (solute) are dissolved in a flux (solvent).
The solvent should be chosen wisely. For the production runs of state-of-the-art
scintillators grown by LPE at the ESRF, PbO-B,03 is typically used as the solvent.
This is usually a very good solvent due to its high solubility of solute material and
low solution viscosity for high PbO content. B,O3 itself has a very high viscosity,
and therefore increasing the B,O3 content in the solvent increases the viscosity. The
advantage of including B,O3 is due to the eutectic system it forms with PbO. One
can see their phase diagram in Figure 1.15. Therefore, a way to decrease the growth
temperature is to increase the BoO3 content with the sacrifice of increasing the vis-
cosity. Having a higher viscosity can make it harder or even impossible to remove
the residual flux on the sample surface after growth, which can lead to uncontrolled
growth on the SCF surface. A downside of the PbO-B,0O3 solvent is its high toxicity.
Therefore, it is worth considering if other solvents can be applied in certain cases.
Also, for certain films, Pb can potentially act as an unwanted impurity, which may
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FIGURE 1.16: a) A schematic describing the principles of the LPE

growth having the temperature as a function of the solute over solvent

ratio. b) A schematic of the growth rate as a function of the growth
temperature (Ty).

act as a luminescence quencher.

Many factors influence the growth temperature. Other than the solvent com-
position, another factor is the solute-solvent ratio (solute/solvent) which normally
increases the growth temperature with increasing solute/solvent. This is because
the solute components have considerably higher melting point temperatures than
the solvent. A big advantage of the LPE technique is its ability to grow high melting
point compounds at reduced temperatures compared to bulk growth. This is indeed
due to the dissolution of SCF components in the solvent. The composition of the
solution influences the growth rate, the SCF quality, the dopant incorporation, and
much more. It should therefore be carefully optimized on all parameters to obtain
the best possible SCF quality and scintillation properties.

Consider Figure 1.16a, showing the temperature as a function of the solute/solvent.
As already discussed, the agitation is performed at elevated temperatures. It is essen-
tial to exceed the supersaturation temperature to avoid crystallization on the paddle
and crystals forming at the solution surface. After, the temperature is lowered to have
a supersaturated melt. This is important to obtain high-quality epitaxially grown
SCFs. The temperature range where the solution is supersaturated varies depending
on the solution composition. The growth rate in the supersaturated temperature
range normally varies according to Figure 1.16b. Decreasing growth temperature
gives increasing growth rates. Increasing the solute/solvent results in this preferred
growth range being shifted to higher temperatures and vice versa. If the growth tem-
perature is lowered too much, spurious nucleation occurs, and crystals will typically
form at the solution surface and/or deposit on the SCF. This is not desirable since it

can reduce the quality of the SCF.

Despite its complexity, LPE is ideal for growing scintillating high-quality SCFs on
substrates. To exploit the technique fully, it is important to understand the growth,
especially regarding the substrate and film structure, including the dopant incorpora-

tion.
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1.4 This thesis

The goal of this thesis has been to develop new scintillating screens combining high
spatial resolution X-ray imaging at synchrotrons with high stopping power, especially
for high X-ray energies. Two approaches to fulfill this have been used. The first was
to grow high density and high effective atomic number (Z,ss) thin SCFs with LPE
for reaching an ultimate high spatial resolution. The second was to grow state-of-
the-art SCF scintillators but with a microstructure, with the scope of compromising
the resolution for an effectively higher stopping power. In this framework, several
projects have been explored over the last three years and have opened new pathways
for further developments to reach a functional material. The projects have been
ongoing in parallel, and as a result, some are more advanced than others. This last
section will conclude the introduction chapter by presenting these various projects
while giving the thesis structure.

A simulation tool: To predict the spatial response and determine the critical mech-
anisms degrading it for potential scintillating SCFs combined with substrates and
compare them with state-of-the-art scintillators, a simulation tool was developed. It
is based on Geant4, Monte Carlo simulations, and the code was developed by former
Ph.D. student Federica Riva and is described in detail in her thesis [70]. During this
thesis, it has been used to understand the effects arising from using optics, different
SCF thicknesses, and especially when using varying X-ray energies, and the conse-
quences it has on spatial resolution. A manuscript was published in the Royal Society
of Chemistry, Journal of Materials Chemistry C in May 2022, concerning the tool,
including careful descriptions of the studies regarding X-ray energies and absorption
edges in the SCF and substrate [84]. More importantly, the simulation tool has been
used to pre-select the potential SCFs combined with substrates. These investigations
resulted in the initiation of LPE growth of hafnates and titanates. The publication is
displayed in Appendix A, whereas Chapter 2 presents the simulation tool and the
results of the investigations using it in more detail.

The hafnates: Various hafnate compounds were grown by LPE on ZrO,:Y substrates
and characterized. Especially LuyHf, Oy is very relevant for this thesis since it has a
very high density and Z,¢;. An extensive understanding of the hafnate system has
been achieved through comprehensive characterization and varying conditions for
the LPE growth. The hafnate system is highly flexible for LPE growth on the ZrO,:Y
substrates. PbO-B,0; is typically used as a solvent for LPE growth of state-of-the-art
SCF scintillators but was found to impose challenges and restrictions to the LPE
growth of the hafnates. A new solvent, Bi;O3-B,O3, was successfully used and has
opened up for further developments of this system. An overview of the various types
of hafnate samples grown by LPE and the characterization of these is presented in
Chapter 3.

The titanates: This project concern the growth and subsequent characterization
of PbTiO;3 films on SrTiO; substrates. Since PbTiO3 has a rather high density of
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7.95 g/cm? it was an obvious candidate. Unfortunately, the titanate samples did not
show any promising scintillation properties. The project details will, therefore, not be
dedicated to a chapter but only be summarized here.

We managed to grow PbTiOs films on SrTiO3 substrates, but the films are highly
strained and have a very rich domain structure. At room temperature, PbTiO3 has
a tetragonal structure, and above around 490 °C [85], it becomes paraelectric with
the cubic structure, which is the same structure as the substrate, SrTiO3, at room
temperature. The film, therefore, grows cubic, but when cooled, it undergoes a phase
transition, and domain formation is initiated that creates strain. To reduce this, stron-
tium was substituted onto the Pb-site, (Pb,Sr)TiOs. It is reported for Pb;_,Sr, TiO3 that
the tetragonality of the structure is reduced and the cubic structure is reached at room
temperature for x=0.5 [86, 87, 88]. Films of Pb;_,Sr,TiO3 with nominally x=0.33, 0.39,
and 0.43 were successfully grown with LPE. Several dopants were tested for both the
PbTiO3 and (Pb,Sr)TiO3, but unfortunately, without obtaining more than indications
of scintillation. Also, the strontium substitution significantly reduces the density of
the film, resulting in much less promising prospects for the scintillation properties
in the framework of this thesis. Simulations were conducted using the simulation
tool described in Chapter 2. On this background, the project was terminated since it
was simply out of scope, even though there were ideas on how to improve sample
quality. Nevertheless, the growth and structure are of interest to the ferroelectric
community. PbTiOj3 is a promising and well-studied multiferroic material and is
extensively studied with various substitutions to obtain different polar phases and
tunable piezoelectric and ferroelectric properties [89, 90, 91]. The project resulted
in a publication named: "Tunable crystalline structure and electrical properties in
(Pb,Sr)TiOs films grown by Liquid Phase Epitaxy", in the Royal Society of Chemistry,
CrystEngComm in February 2023 [92]. The publication is presented in Appendix B,
and the interested reader is encouraged to study the main findings on the titanate
project there.

Micro-structured scintillators: Finally, we also investigated an alternative solution
based on waveguided scintillators allowing to enlarge the scintillator thickness with-
out significantly degrading the spatial resolution. Substrates were laser-treated with
grids leaving pixels, and the goal is to grow pillars in these pixels by LPE, resulting
in micro-structured growth. In this framework, typical state-of-the-art scintillators,
LSO:Tb and GGG:Eu, were grown in a micro-structured manner on the laser-treated
substrates, LYSO:Ce and GGG. This is the seed for a hopefully much longer project,
but the findings and understanding of the growth and the characterization of samples
provide a first proof of concept. Descriptions from the laser treatment to the growth
and characterization of the properties are presented in Chapter 4.

Details concerning technical aspects of the instruments used for measurements
performed during this thesis are presented merely in Appendix C not to overwhelm
the reader with too many details.
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Chapter 2

Predicting the spatial response of
single crystal film scintillators

2.1 Introduction

Developing new scintillators can be a time-consuming and expensive process, es-
pecially when targeting scintillators for high-resolution X-ray imaging, where very
high-quality thin SCFs (Single Crystalline Films) are required [54, 55, 56]. We have
developed an important tool to avoid blindly trying to grow different films with the
time-consuming LPE technique. It predicts the potential scintillating performance
of thin SCFs, thereby letting us investigate if the targeted materials can possibly
compete with or preferably outperform the state-of-the-art scintillators utilized at the
synchrotron beamlines for high-resolution X-ray imaging. The simulations allow us
to consider more materials and limit the development and optimization of the LPE
growth to the more promising candidates. It saves time and money and provides a
more profound understanding of the performance of scintillators at various X-ray
energies.

Many additional factors than the potential scintillating performance have to be
accounted for before initiating the LPE growth procedure. Some examples are the
crystal structure of the SCF with respect to the substrate, which has to be iso-structural
or at the least have close structural matching. If phase diagrams are available, these
should be investigated carefully, especially because phase transitions and competing
phases can limit the growth and quality of SCFs. For a presentation of a more in-depth
evaluation of the LPE technique and the challenges encountered when working with
it, see the LPE section in Chapter 1.

The simulation tool, which was developed in the frame of Federica Riva’s thesis
[70], and large parts of the work presented in this chapter were published in May
2022 in the Journal of Materials Chemistry C, Royal Society of Chemistry [84].
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2.2 Geant4, Monte Carlo simulation tool

The proposed simulation tool evaluates the X-ray imaging performances of the SCFs
focusing on their spatial resolution limitations and X-ray stopping power. The former
depends on the absorption processes in the screen, for example, the SCF and substrate,
combined with the light collection through the optics. The latter depends on the
energy deposition driven by the composition and the screen geometry. The light
yield, as well as the matching of emission wavelength with the spectral sensitivity
of the camera, do not impact the spatial resolution, only the statistics, which can
be compensated by increasing the exposure time. In addition, the light yield of
scintillators often highly depends on the synthesis method, potentially leading to
various defects and impurities. For state-of-the-art SCF scintillators, it can vary from
sample to sample and cannot be predicted. Because we are focusing on the impact
of the energy deposition on the spatial resolution, we have considered the same
proportionality factor between the deposited energy and the number of emitted
optical photons. In other words, the light yield is not considered at this stage.

The tool is based on Geant4, a well-established Monte Carlo simulation package
[93] and subsequent analytical calculations. Geant4 predicts the spatial distribution
of deposited energy in the SCF, resulting from the material interacting with incoming
X-rays, and gives a spatial mapping of the deposited energy. We assume here that
the deposited energy provides the scintillator response. Since the target and focus
here is high-resolution X-ray imaging and this type of experiment is performed with
monochromatic X-rays at synchrotrons, the simulations are also performed using
monochromatic X-rays. In this thesis, simulations and corresponding results are
performed at a broad range of energies (5-100 keV) because the applied X-ray energy
at the beamlines depends on parameters such as the thickness and density of the
sample as well as the beamline energy range(s). In the case of fast or ultrafast imaging,
where the resolution can be compromised, a pink beam (non-monochromatic X-ray
beam) can provide a considerably higher X-ray flux [33]. However, this is out of scope
for this thesis but could easily be implemented in the tool. Analytical calculations
then compute the blurring by optical transport of the resulting image, including
diffraction of light and out-of-focus contributions. The resulting LSF and MTF can
then be extracted. We assume to be in a configuration where the camera does not
influence the spatial resolution, which is the case when the effective pixel size and
pitch are significantly smaller than the resolution limit. For a typical setup used
in this thesis, an effective pixel size of 0.2 ym is reached, and the resolution limit
according to the Rayleigh criterion is around 0.9 ym. An overall scheme representing
the applied principles is presented in Figure 2.1, and each step will be presented in

detail and evaluated in the following sections.
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FIGURE 2.1: Schematic presentations of: a) Geometry and axis conver-
sion applied in the simulation tool. b) Geant 4, Monte Carlo simula-
tions tracking the incident X-rays and the resulting secondary particles.
This reveals the spatial distribution of the deposited energy in the SCF,
which (we assume) correspond to the scintillator response. c) A matrix
describing the energy distribution for the depth of the scintillator. d)
Optics blurring is estimated by taking the simulation’s output and
using it as input for the analytical calculations. e) Final response on
the sensor, which is assumed as the sum of the response to every plane
in the SCF.

2.21 Geant4 configuration

The SCF geometry is defined as a slab with thickness ts and a lateral length of
1.4 cm. For consistency, all simulations presented in this study were performed
with t5=5 ym except for those in the experimental validation section. The SCF is
supported by a second 150 ym thick slab representing the substrate corresponding to
the currently applied substrates in high-resolution X-ray imaging for the state-of-the-
art scintillators. The SCF has a surface normal to the incoming X-ray beam along the
z-axis. When running the simulation, a monochromatic one-dimensional X-ray pencil
beam distributed along the y-direction hits the SCF perpendicularly to its surface (see
Figure 2.1a).

The following three classes are mandatory to construct the simulation code with
Geant4: G4VUserDetectorConstruction to describe the sample geometry and material,
G4VPhysicsList defines the physical model, and G4VPrimaryGenerator is the primary
particle generator hence the incoming X-ray beam. Integrated quantities must be
calculated while the simulation runs to get useful output. In our tool, the class
G4VSensitiveDetector is applied for this purpose by increasing the activated counters
in the bin associated with the position of the interaction. Different counters can be
defined, also simultaneously. The counter for energy deposited registers the energy
distribution in the SCE. Other counters can track, for example, the energy deposited
by a specific particle type (for example, only electrons), by a specific phenomenon
(for example, only Compton scattering), or count the number of interactions, the
number of secondary particles. The low-energy Livermore model [94, 95] is selected

as the physical model. It has been validated for electrons and X-rays, or gamma
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photons in the energy range from 250 eV to 1 GeV [94]. Every primary X-ray and
generated secondary cascading particle are tracked individually (see Figure 2.1b)
with a production threshold for secondary particles set at 250 eV. Consequently, a
particle is not generated if it would have an energy lower than 250 eV. Instead, it
is accounted for as if it deposited its energy in this bin. Low energy phenomena in
solid-state physics are therefore not taken into account. This threshold is not critical
for our model since we are studying diffraction-limited resolution, which is larger
than the attenuation length of electrons at 250 eV. The diffraction limit for the setup
used for this thesis is typically around 0.75 ym, and the attenuation length for an
electron with an energy of 10 keV is around 0.5 ym [96].

The modeling approach used for this tool does not consider solid-state physics
entities such as electronic bands, phonons, and excitons. The compounds investigated
as SCFs and substrates are merely defined by density and elemental stoichiometry.
In the simulations, they are random distributions of atoms respecting the defined
stoichiometry without considering their crystallinity. The program estimates the
probability for a particle traveling in the material to interact with a specific type of
atom and potentially deposit energy.

The energy deposition map provided by Geant4 is a two-dimensional matrix
containing the spatial distribution of the energy deposited in the SCFE. The substrate is
not considered to scintillate and is therefore not accounted for in the energy deposition
map, but this could be implemented. Every line corresponds to the LSF obtained at a
different depth (z;) in the SCF (Figure 2.1c). The LSF and MTF as a function of the
z-coordinate, the total LSF and MTF (without any consideration of the optical effects)
can be deduced, as well as the energy deposited in the SCF as a function of depth

(Edep(zi))-

2.2.2 Blurring by optics

The modeling of the optical transport to the camera is based on the analytical model
described by Hopkins [97], which calculates the response of an aberration-free optical
system. Considering the diffraction of light and the defect of focus (6z), the optical
transfer function (OTF) of a defocused optical system is calculated as a convergent
series of Bessel functions. The optics blur the image from each plane as a function
of the position of the plane along the thickness of the SCF (Figure 2.1d). Assuming
the system is focused at a specific position, zy (the focal plane), the planes within a
thickness dz equal to the depth of field (DoF) around zj are projected as a focused
image and thus only blurred by the diffraction of light. The planes outside dz are
additionally blurred as a function of the distance from z, (denoted 4z). The total MTF
is then calculated as the average of every plane in the SCF, weighted by the deposited
energy in the i’ slice (E?ep ) while assuming the system is focused on the j*" bin in z:
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Where N is the total number of bins along z, MTF:"( f) is here the MTF calcu-
lated from the energy deposited in the i slice obtained from the Geant4 simulations,
MTE” ! (f) is the modulus of the OTF and f is the spatial frequency in the object
plane. The position of zg was selected by calculating the maximum total MTF as a
function of the focus position along z. This then provides the final estimate of the
actual response, as seen by the imaging camera (Figure 2.1e).

2.2.3 Investigated materials

To validate the simulation tool, state-of-the-art SCF scintillators have been used
and compared to prospective scintillators, notably LSO:Tb on YbSO, GGG:Eu on
GGG, and freestanding LuAG:Ce, all applied on X-ray imaging beamlines today [98].
LuAG:Ce can also be grown by LPE on YAG substrates [64], and for the sake of com-
paring the different SCFs, the simulations include a YAG substrate. Furthermore, the
two more recently explored high-density SCFs: LuyO3:Eu on Lu;O3[99] and GAP:Eu
on YAP [100] are included for comparison as well as the prospective scintillating SCFs
investigated in this thesis namely.

A list of all the materials and the parameters used for the simulations and optics
calculations (stoichiometry, density, A.s, refractive index) are summarized in Ta-
ble 2.1. The applied emission wavelength (A.,,;s) of the SCFs is consistent with the
usual dopants for the state-of-the-art SCF scintillators. For the prospective scintillat-
ing SCFs, it was chosen to be 615 nm. The emission from different dopants is rarely
just one wavelength. However, for the sake of simplicity of the optics calculations,
the commonly most intense or relevant emission wavelength for the specific dopant
has been used. In the case of europium, the two main peaks are 595 and 710 nm, but
a wavelength of 615 nm was applied as a compromise.

Short Chemical Dopant Agyis  Density n Substrate
name formula [nm] [g/ cm?]
GAP GdAIO; Eu 615 7.50 1.97 YAP
LuyOs3 Eu 615 9.50 1.935 Luy03
LSO Lu,SiOs Tb 550 7.40 1.82 YbSO
LuAG Lu3zAl50qp Ce 540* 6.73 1.84 YAG
GGG Gd3Gas01n Eu 615 7.10 1.97 GGG
GdLuAP GdgsLug5A103 Eu 615 8.00 1.935 YAP
PTO PbTiO3 Eu 615 7.95 2.70 SrTiO3
PST Pb05Sr05T103 Eu 615 6.70 2.70 SI'T103
LHO Lu,Hf, Oy Eu 615 10.00 2.00 ZrOy:Y
TmyHf, Oy Eu 615 9.71 2.00 ZrOy:Y
HfO, Eu 615 10.00 21114 ZrOy:Y

TABLE 2.1: Commonly used short names if any, chemical formula,

dopant, and corresponding typical value for emission wavelengths,

(Aemis) where * indicates emission is normally a broadband, density,

refractive index (n), and substrate of the various materials investigated
with the simulation tool. P=Perovskite, G=Garnet.
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2.3 Simulation outputs

2.3.1 Energy Deposition

As already discussed, having the scintillating SCF thicker than the DoF will induce
blurring of the final image. To achieve the highest spatial resolution (~1 ym or
better), it is a requirement that the SCF is very thin. Let us consider, for example, a
GGG:Eu SCF combined in an imaging system with NA=0.4, total magnification of
x33, and a camera pixel size of 7.4 ym. For such a system, the DoF is around 4.4 ym
(Equation 1.1). This indeed renders the X-ray absorption critical, especially when
detecting high-energy X-rays. The X-ray absorption efficiency affects the Detective
Quantum Efficiency (DQE) of the system and should therefore be considered when
examining the overall performance of potential SCF scintillators.

In low-dimensional systems, the effective energy deposition differs from the
attenuated energy due to the escape of fluorescent X-rays. For this reason, the
effective energy deposited in some SCFs has been extracted from our simulations
at X-ray energies from 15 to 100 keV (Figure 2.2b). Comparing it to the attenuated
energy in the freestanding SCFs using the photon cross-section database from NIST
[71] (Figure 2.2a), notable differences at high energy are apparent. This is mainly
visible at energies higher than the X-ray absorption K-edge of the high Z element,
where the escape of secondary X-rays increases for both the SCF and the substrate.
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FIGURE 2.2: a) Percentage of incident beam energy attenuated by

5 pum thick SCFs of various materials, calculated using data from the

NIST database [71]. b) Percentage of incident beam energy deposited

in various 5 ym SCFs supported by 150 ym substrates, estimated by

tracking all the (secondary) X-rays and electrons using our application
based on the Monte Carlo Geant4 toolkit.

As computed from the photon cross-section, the attenuation provides a fair ap-
proximation of the effective deposited energy at X-ray energies below the K-edge
energies of the high Z elements in the SCE. When the X-ray energy exceeds these
K-edge energies from the SCF, the modeling of X-ray fluorescence is thus needed
to obtain an accurate estimate of the energy deposit. Secondary X-rays with these
energies can easily escape the thin SCF and do not deposit their energy within the SCFE.
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Opposite, when the primary X-ray photons interact in the substrate, the secondary
particles generated there can reach the SCF and deposit energy, potentially far from
the primary interaction.

The contributions from the different particles were isolated to investigate further
the effects of exceeding absorption edge energies of elements in the SCF and the sub-
strate. With the simulation tool, we have isolated the deposited energy distribution
of the following particle types: primary X-rays, secondary X-rays, photoelectrons
created from interactions with either primary or secondary X-rays, and resulting
electrons from electron-electron scattering. The interaction mechanisms were briefly
discussed in Section 1.1.3.3. We do not consider Compton electrons since the working
energies are lower than 100 keV, making their contribution insignificant. It is impor-
tant to note that in reality, the X-rays do not deposit their energy directly; instead,
they generate secondary electrons that eventually deposit energy. As mentioned, in
the Monte Carlo model, an energy threshold is set at 250 eV for the production of the
secondary particles. This results in secondary particles with an energy lower than the
threshold are not generated and, therefore, not considered. The remaining energy
is hence counted as deposited by the X-rays in the position of the interaction. It is
essential to keep in mind that the energy seemingly deposited by X-rays, therefore,
depends on this production threshold. In our case, it corresponds to the amount of
energy electrons deposit with a diffusion length shorter than the size of the voxel
defined in the simulation.

2.3.2 Spatial resolution and contrast

The energy of the incoming X-rays significantly impacts the spatial distribution of de-
posited energy in the SCF and, thereby, the obtainable spatial resolution and contrast
of the final image. Generally, when increasing the X-ray energy, the generated photo-
electrons deposit energy at an increasing distance from the first point of interaction
(between the primary X-ray beam and the SCF) due to their increasing kinetic energy:

Exin = Exray — Evinding (2.2)

where Ex;qy is the energy of the incoming X-ray and Ey;,4ing the binding energy of
the electron. This effect will induce blurring of the image resulting in a decreasing
contrast. It is thus crucial to consider the major impacts on the contrast occurring
when applying X-rays of energies close to the X-ray absorption edges of the elements
in the SCF and substrate.

In the following sections, quantitative improvement and degradation of the con-
trast when varying the X-ray energy will be presented and discussed for a selected

set of relevant materials, restricting the description to the energy deposition effect.
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2.4 Results

The energy of the secondary particles determines their attenuation length and plays,
therefore, a major role in the spread of the deposited energy, as already discussed.
The estimated attenuation length for electrons and photons in LuAG is displayed in
Figure 2.3a and b and can act as guidelines to understand the features in the energy
spread, which will be discussed in this chapter.
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FIGURE 2.3: a) The attenuation length of electrons in LuAG, calculated
from data from the NIST database [96]. b) Attenuation length of
photons in LuAG calculated from data from the NIST database [101].

24.1 Influence of X-ray fluorescence

It is known that X-ray fluorescence in scintillating materials degrades the spatial
resolution because they can deposit their energy far from the initial interaction point.
This section details this effect, and the role of the absorption edges of high Z elements
of the substrate and film is demonstrated. For this part, simulations were performed
on a typical SCF, namely LuAG:Ce supported by YAG substrate. The purpose is to
highlight the effects on the LSF and MTF when imaging is performed with X-ray
energies below and above the L- and K-edge of the heaviest element of the SCF and
the K-edge of the heaviest element of the substrate. Relevant high Z element edges
for LuUAG on YAG are listed in Table 2.2.

Element | Edge | Energy [keV]

Lu K 63.31
L3-1 9.24-10.87
M5-1 1.59-2.49

Y K 17.04
L3-1 2.08-2.37

TABLE 2.2: Relevant absorption edges [102] for high Z elements for
LuAG on YAG.

L-edges: As shown in Figure 2.4a, increasing the X-ray energy above the SCF
L3-edge initiates an increase of both the tails and broadness of the LSF. The increase in
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FIGURE 2.4: LSFs and MTFs simulated using X-ray energies close to
the L-edges of the SCF high-Z element. Red arrows indicate significant
changes in the direction of increasing X-ray energies. a) LSFs and b)
MTFs. LSFs from energy depositions of specific particles: c¢) Primary
X-rays (xrayl) and secondary X-rays (xray2), d) photoelectrons created
from primary X-rays, e) photoelectrons created from secondary X-rays,
and f) resulting electrons from electron-electron scattering. Simula-
tions are performed on 5 ym LuAG:Ce on 150 ym YAG.

tails is a result of more energy being deposited 1 to 10 ym away from the initial inter-
action point. The increase in broadness is then a result of the very localized particles
depositing energy slightly further into the SCF. Note the y-axis is a logarithmic scale,
so the increase in the tails is relatively small. Secondary particles (secondary X-rays,
secondary photoelectrons, and electrons from electron-electron scattering) cause this
spread in energy deposition (see Figure 2.4c,e,f). Note also that the scattered electrons
and fluorescent X-rays below the L3-edge only deposits energy a few microns away,
whereas above, it is more than 10 ym. This is a consequence of these being the first
energies where the fluorescent X-rays have enough energy to reach further away from
the initial interaction point before depositing energy. The probability then increases
to create secondary photoelectrons with a resulting higher energy already created
further away from the first interaction point. The tails in the LSF of the primary
photoelectrons are the same above and below the L3-edge, but the broadness of the
peak is larger when above the L-edge. This is due to their increasing resulting energy.
Considering the MTF in Figure 2.4b, the contrast is at maximum reduced 3-4%.

Lu also has M-edges between 1.6 and 2.5 keV (See Table 2.2). However, there
are no significant effects on the energy spread in the SCF because the energy of the
resulting fluorescent X-rays is also very small, and therefore the attenuation length.
The energy is deposited very close to the first interaction point and does not cause
any degradation of the LSF and MTFE.

K-edge of the substrate: As shown in Figure 2.5b, increasing the X-ray energy above
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FIGURE 2.5: LSFs and MTFs simulated using X-ray energies close to
the K-edge of the substrate high-Z element. Red arrows indicate sig-
nificant changes in the direction of increasing X-ray energies. a) LSFs
and b) MTFs. LSFs from energy depositions of specific particles: c) Pri-
mary X-rays (xrayl) and secondary X-rays (xray2), d) photoelectrons
created from primary X-rays (pel) and secondary X-rays (pe2), and e)
resulting electrons from electron-electron scattering. Simulations are
performed on 5 ym LuAG:Ce on 150 ym YAG.

the substrate K-edge initiates a sharp decrease of ~20% in contrast of the MTF. This
drop close to 0 Ip/mm corresponds to the increase of the tails in the LSF in Figure 2.5a.
The isolated LSF contributions from the relevant particle types are presented in
Figure 2.5c-e. All secondary particles deposit significantly more energy far from
the first interaction point when the incoming X-ray energies exceed the substrate
K-edge. This agrees with fluorescent X-rays generated in the substrate that then
interact and deposit energy in the SCF. The primary photoelectrons only deposit
energy continuously further away, corresponding to their increasing energy after the
photoelectric interaction.

K-edge of the film: As shown in Figure 2.6b, when exceeding the K-edge energy
of the SCF, here of Lu, there is a sudden increase in contrast of ~25 % of the MTFE.
Further increase of the X-ray energy induces a continuous increase in contrast until
it stabilizes around 70 keV with an additional gain of ~10 %. In the corresponding
LSF (Figure 2.6a), the effect is observed as a sudden decrease of the tails, followed
by a continuous reduction between 0.3 and 4 ym with increasing X-ray energy. In
Figure 2.6c-e are the isolated LSFs for the different particle contributions at these
energies presented. When exceeding the SCF K-edge, all types of generated electrons
deposit more of their energy very close or directly at the initial interaction point, giv-
ing rise to the sudden decrease in the LSE. This results from the increased probability
of the photoelectric effect when the incoming X-ray beam has energy above the SCF
K-edge. The fluorescent X-rays (secondary X-rays) also slightly increase the tails of
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FIGURE 2.6: LSFs and MTFs simulated using X-ray energies close to
the K-edge of the SCF high-Z element. Red arrows indicate significant
changes in the direction of increasing X-ray energies. a) LSFs and b)
MTFs. LSFs from energy depositions of specific particles: c) Primary
X-rays (xrayl) and secondary X-rays (xray2), d) photoelectrons created
from primary X-rays (pel) and secondary X-rays (pe2), and e) resulting
electrons from electron-electron scattering. Simulations are performed
on 5 ym LuAG:Ce on 150 ym YAG.

the LSF but due to their large energy and, therefore, large attenuation length (see
Figure 2.3b), most will escape from the SCF and those that do not contribute to the
image. However, the photoelectrons have sufficiently low energy resulting in short
attenuation length (see Figure 2.3a), leading them to deposit energy very close to the
initial point of interaction. The continuous improvement is ascribed to increased local
energy deposition due to the increased X-ray beam energy. Indeed, the energy of
the primary electrons will be ~0.7-6.7 keV (assuming they are created from primary
X-ray photons with energy 64-70 keV and the K-shell of Lu) the attenuation length
will typically be shorter than 0.5 ym (CSDA, NIST [96], see also Figure 2.3), thereby
containing the resulting energy deposit very close to the initial point of interaction.

Comparing edges: Figure 2.7 provides an overview of the MTFs for the same 5 ym
LuAG:Ce on YAG, simulated with incoming X-rays with energies from 5 to 100 keV. In
the figure, the type of element, respective type of absorption edge, and corresponding
energy are indicated to highlight what was already discussed earlier in this section.
The simulations show that the lowest MTF is obtained at around 62 keV for the
studied energy range.

In Figure 2.8, the MTFs simulated just above and below the relevant edges are
extracted for better visualization. The difference above and below the Lu L3-edge is
small (maximum 3-4 %) compared to the Lu K-edge (initial ~25 % then additional
~10 %) and the Y K-edge (~20 %).
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FIGURE 2.8: MTFs simulated at X-ray energies just above and below

the X-ray absorption edges causing the main features. Going above the

K-edge of the high Z-element of the SCF improves the MTF, whereas

the edges in the substrates decrease it. Simulations are performed on
5 ym LuAG:Ce on 150 ym YAG.

It is tempting to conclude at this point that the X-ray energy of the imaging exper-
iment should be either below or above the high-Z element K-edge of the substrate or
films, respectively, to gain spatial resolution. However, the energy at the beamlines
is, in reality, chosen according to the sample absorption, so the density, size, and
what is feasible at the specific beamline. Indeed, it would benefit the scientists at the

beamlines to consider these effects when choosing the energy.
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2.4.2 Combined influence of SCF and substrate

We demonstrated above the opposite contribution of the SCF and the substrate on the
MTF when the X-ray energy exceeds the absorption edges of their heaviest element.
For some scintillators, the substrate and the host structure of the SCF can be of
the same type, such as GGG:Eu supported by undoped GGG substrates. We have
simulated the LSFs and MTFs at X-ray energies from 48 to 58 keV (Gd K-edge at
50.24 keV) for this particular scintillating SCF.

Figure 2.9 shows that when exceeding the Gd K-edge both effects are visible but
at different spatial frequencies. There is a sharp decrease of the MTF at frequencies
below 150 Ip/mm caused by fluorescent X-rays from the substrate. While at higher
frequencies, the contrast is significantly increased owing to the low attenuation
length photoelectrons created in the SCE. When further increasing the X-ray energy,
the contrast above ~200 lp/mm is slowly increased due to the increased energy
deposition close to the first point of interaction until it stabilizes and starts to decrease
again for higher energies here being with an onset of 58 keV at 1200 Ip/mm.
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FIGURE 2.9: MTFs simulated around the X-ray absorption K-edge

of the high Z-element that is both incorporated in the SCF and the

substrate. Red arrows indicate significant changes in the direction of

increasing X-ray energies. Simulations are performed at 5 yum GGG:Eu
on 150 ym GGG.

When the X-ray energy exceeds the Gd K-edge energy, two effects occur. First, the
X-ray absorption cross-section increases by about one order of magnitude. Secondly,
the probability of X-ray fluorescence also drastically increases. If absorption occurs in
the substrate, part of the resulting fluorescent X-rays may be reabsorbed far from the
first interaction in the SCF, resulting in degradation of the low-frequency contrast.
When the interaction occurs in the SCF, the generated photoelectrons have a small
mean free path, and the energy deposited is very localized. The situation is degraded
when X-ray fluorescence occurs, for instance, when exceeding the L-edges, but its
re-absorption will mostly occur out of the SCF when working at higher energies.

Exceeding high energy absorption edges improves contrast at high frequencies, and
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the optics dominate the image degradation. Further, the continuous improvement
when the X-ray energy increases above the K-edge is caused by the increase of the

local energy deposition.

2.4.3 Including optics

The deposited energy is converted into optical photons in the SCF through scintilla-
tion. Since the energy is deposited along the thickness of the SCEF, the scintillation
"image" is blurred while projected onto the camera by the microscope optics. Fig-
ure 2.10 demonstrates the significant contribution of this blurring. At low X-ray
energies especially, the optical blurring strongly degrades the otherwise exceptional
spatial resolution expected by only considering the energy deposit contribution. At
high energies, however, most of the MTF degradation is caused by the energy spa-
tial distribution in the SCE. Notice at 60 keV, the MTF is better for GGG than LSO,
especially without blurring, since we are above the Gd K-edge but still below the Lu
K-edge.
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FIGURE 2.10: Comparing simulated MTFs with optics (MTF, ) and

without (MTFg,,;). The optics included here is NA=0.80. SCF, sub-

strate, and X-ray energies are indicated in the figures. The simulations
are performed for 5 ym SCF on 150 ym substrate.

In the figure, a Numerical Aperture (NA) of 0.80 is chosen. For the sake of
completeness, the influence of the NA at various X-ray energies is presented in
Figure 2.11. Here it is seen that at low energy (10 keV), the optics limit the spatial
resolution due to light diffraction. However, if the experiment does not require a
spatial resolution better than 2.5 ym (corresponding to 200 Ip/mm), a NA of 0.15 is
sufficient (also given by the resolution limit given by Rayleigh criterion). In this case,
a thicker SCF scintillator can be selected as long as it is not exceeding the depth of
tield. If we included SCFs thicker than the depth of field, we would have observed
the degradation caused by defocus. The role of the specific material becomes crucial
when using energies above the K-edge of high-Z elements of the substrate, which is
why the materials perform similarly at 10 keV.
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An evaluation of the scintillators (film+substrate) will not be suggested here, but

instead in relation to the figure of merit that is displayed in the next section since it

considers more energies as well as other aspects than just the spatial resolution.
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2.4.4 A Figure of Merit

Evaluating the achievable performance of scintillating SCFs is not straightforward
due to the overwhelming combination of factors that influence them. We thus propose
a Figure of Merit (FoM) to estimate the best compromise between a sharp image and
an efficient detector:

NA=0.40

FoM(E) = MTF (E) * Egep(E) (2.3)

500 Ip/mm

The value of the MTF at 500 lIp/mm is applied because it describes how well
1 ym sized features are resolved, thereby fitting the scope of this thesis. Eg,(E) is
the amount of energy deposited in the SCF extracted using the simulation tool as a
function of X-ray energy. This figure of merit allows us to evaluate the materials as
a function of X-ray energy while simultaneously considering the spatial resolution,
contrast (including blurring by optics), and absorption efficiency.

The performance of the complete detector system will be better described by
the Detective Quantum Efficiency (DQE). This figure of merit proposed is merely a
simple approach to evaluate and compare SCFs for high-resolution X-ray imaging
at synchrotrons. The figure of merit for some state-of-the-art and more recently
investigated SCFs is presented at energies from 5 to 100 keV in Figure 2.12b. Below
50 keV and from 64 to 100 keV, Luy0Os3 is the material that, on these terms, performs
the best according to the simulations, while between 50 keV and 64 keV GAP is

superior.
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FIGURE 2.12: The proposed Figure of Merit (FoM) calculated from the

energy deposited in the SCF and the contrast in the MTF blurred by

optics (NA=0.40) at a) 100 Ip/mm, b) 500 Ip/mm and c) 1000 lp /mm.

Values are extracted from simulations at X-ray energies 5-100 keV for
5 pm SCFs on 150 pym substrates.

The proposed figure of merit is an appropriate tool for investigating unexplored
materials and finding better alternatives to state-of-the-art scintillators. It allows one

to perform a thorough screening of materials before attempting to produce them
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but is not able to predict if a material will be scintillating in practice. The figure of
merit can easily be adjusted to evaluate a different spatial resolution by changing the
applied MTF value. This concept is presented in Figure 2.12a and c, where the MTF
at 100 and 1000 lp/mm are used for the calculation, respectively. This corresponds to
the ability of the system to resolve 5 ym and 0.5 ym details, respectively. However,
this figure of merit gives a limited vision of the potential scintillator performance,
especially because it only considers the MTF for a single spatial frequency. A more
fulfilling figure of merit could be created by integrating the MTF over a range of
selected spatial frequencies adjusted to the spatial resolution investigated instead.
Additionally, to truly examine and compare already existing scintillators one should
consider other parameters like the light yield and adequate matching of the emission
spectrum with the spectral sensitivity of the applied detector. The spectral sensitivity
depends on the specific sensor applied for the experiment and could be included.
However, the light yield is challenging to predict and varies with the growth method.
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2.5 Experimental validation

In order to validate the proposed simulation method, MTFs of several scintillating
SCFs were evaluated experimentally with the slanted edge method [79, 80]. The
concept of this method is described in Section 1.2.1.3. For these specific measurements,
a 525 ym thick GaAs edge carefully cleaved and positioned 1-3 mm away from the
scintillator was used to absorb part of the X-ray beam. Acquired edge images were
corrected by flat-field and dark images. The complete detector system comprises
the scintillator under investigation combined with microscope optics (NA of 0.4 and
10x magnification) followed by a 3.3x eyepiece magnification and either a PCO2000
camera (Figure 2.13a-b) or PCO edge 4.2 (Figure 2.13d) having a pixel size of 7.4 um
and 6.5 um, respectively. The measurements were performed using monochromatic
synchrotron radiation at ESRF beamline BMO05 using a Si(111) crystal with an energy
resolution of AE/E ~ 10~* [103].
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FIGURE 2.13: Experimentally measured (continuous lines) and simu-
lated (dashed lines) MTFs for various scintillating SCFs supported by
substrates at a) 16 keV and b) 18 keV. MTFs obtained from simulations
¢) and experiments d) for an ~11.5 ym GdLuAP:Eu scintillating SCF
supported by 150 ym YAP, at X-ray energies from 16 to 25 keV. All
experiments were performed with a monochromatic X-ray beam at

BMO5, ESRE.

Figure 2.13a-b shows good agreement between simulations and experimental
data. It should here be mentioned that many factors affect the experimental MTF,

such as the alignment of the beam and slits, as well as the quality and tilt of the
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edge. A small deviation from the simulated curve is difficult to avoid. Also, some
of the experimentally obtained MTFs in Figure 2.13 are actually out-competing the
simulations. This can be attributed to the effect of phase contrast which enhances
the contrast and thereby the MTFE. As predicted by the simulations, the MTFs of
all the considered scintillators are similar at 16 keV (Figure 2.13a) while at 18 keV
(Figure 2.13b) a sudden reduction of the contrast close to 0 Ip/mm is observed for
scintillators with Y-based substrates (K-edge of Y is 17.04 keV).

To further validate the predicted behavior of the MTFs at energies around the
substrate K-edge we have applied the slanted edge method on a ~11.5 ym Gd-
LuAP:Eu SCF supported by 150 ym YAP substrate [100]. The experimental MTFs in
Figure 2.13d found for X-ray energies from 16-25 keV are again in good agreement
with the simulations. The MTF undergoes a sharp decrease close to 0 Ip/mm when
exceeding the substrate K-edge energy. When further increasing the X-ray energy, the
contrast decreases also as expected. However, when carefully comparing the MTFs
from simulations (Figure 2.13c) with the experiments (Figure 2.13d) a difference in the
contrast up to 15% is observed. There can be several explanations for this. GALuUAP
SCFs are found to undergo birefringence, which degrades the MTF. By rotating the
SCF perpendicular to the X-ray beam, the degree of birefringence varies and the opti-
mum MTF affected the least by birefringence can thereby be found [100]. The MTFs
in Figure 2.13d are recorded at what was found to be the optimum rotation angle at
the specific beamtime. Since the rotation is manually adjusted, the angle was maybe
not truly optimized. A not-perfect adjustment of the rotation angle results in further
degradation of the MTFE. Furthermore, the YAP substrate scintillates slightly and to
filter out this emission, a bandwidth filter (634 nm, FWHM: 70 nm) was inserted in
the optical path. If part of this emission was not fully filtered out it could have partly
degraded the MTE. Also, the observed deviation between simulations and experi-
ments can simply be caused by a slight defect of focus in the optics. The experiment
nevertheless confirms to a large extent the observed trends in the simulations.
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2.6 Prospective materials

This simulation tool has been very helpful in better understanding the consequences
of performing imaging experiments above or below the absorption edge energies of
the scintillator and substrate. It also supported the pre-selection of materials before
performing the growth by LPE since this process is very costly and time-consuming,
as already described in Chapter 1. Families of compounds were identified, here
among the titanates and hafnates, and investigated using the simulation tool. To
evaluate if the LPE procedure should be performed, the simulations of the materials
were compared to those of state-of-the-art SCF scintillators. The simulation tool
cannot predict other important parameters such as the light yield, afterglow, and
bright burn. This section will present and evaluate the results from some of the many
simulations performed on prospective materials. The materials will be evaluated
with the help of the earlier defined figure of merit and compared to state-of-the-art
LSO:Tb on YbSO and GGG:Eu on GGG.

The Titanates: In Chapter 1, the project concerning the growth of titanates was
introduced and shortly described. Simulations were performed on these materials
to evaluate better the potential of such films. In Figure 2.14a, the figure of merit of
PbTiO3 is compared to the state-of-the-art scintillators. Below 50 keV it is similar
to LupyO3 but above it underperforms until reaching 90 keV and higher. However,
above 100 keV it is of all the investigated SCFs the best choice. Since the K-edge of
Pb is at 88 keV, the figure of merit decreases a lot before having the sudden increase
caused by exceeding the high-Z element K-edge and achieving low attenuation
length photoelectrons depositing energy close to the first interaction point in the
SCE. In Figure 2.14b, the figure of merit for the pristine PbTiO3 and Pb 551y 5TiO3
both doped with europium on SrTiO3 substrates are presented. Since the density for
PbTiO3 is 7.95 g/ cm?® and after the strontium substitution Pbg 5Sry5TiOs, 6.7 g/ cm3,
a general decrease in the figure of merit is expected. Initial growth experiments
showed that substitution with strontium in the structure is needed (described in
Chapter 1), which would then decrease the overall performance of the scintillating
SCE. Additionally, initial results did not show significant scintillation after doping
with different rare earth elements: chromium, samarium, erbium, and europium.
This made us terminate further test growth and development of this material for
scintillation purposes.

The Hafnates: In Chapter 3, the growth of various types of hafnates is presented.
Some simulations performed in relation to this project are presented in Figure 2.14c.
One of the compounds was grown successfully onto ZrO,:Y substrates and dis-
played a scintillating response: LupyHf,O7:Eu. This compound has a density close to
10 g/cm?, which is higher than most other SCFs we investigated. Its calculated figure
of merit from simulations compared to the other materials is presented in Figure 2.14a,
and it shows that it could indeed compete with and outperform the state-of-the-art
scintillators used in this field. It is rather comparable to Lu,O3:Eu, which received
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a lot of interest recently in the field due to its promising scintillation properties and
high density. LuyOs3:Eu have been grown successfully by LPE on Lu,;O3 substrates
earlier [104]. However, Lu,Oj3 substrates are not sold commercially since it is highly
challenging to grow bulk due to its high melting point of 2490 °C. ZrO,:Y is, on the
other hand, a commercially available substrate. All this makes it motivating to inves-
tigate and better understand the growth and properties of high-density Lu, Hf,O7:Eu
on ZrO,:Y.
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FIGURE 2.14: The calculated Figure of Merit (FoM) from the simula-

tions, for prospective materials and some state-of-the-art scintillators.
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scintillators. b) Comparing PbTiO3 and (Pb,Sr)TiOs. ¢) Comparing
some Hafnates.
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2.6.1 Lightyield considerations

The light yield of a scintillator is very difficult to predict and can vary depending on
the concentration of dopant in the film. Also, the growth technique can introduce
variations such as different types of defects and impurities, and the concentration
of these affects the light yield as well. A lower light yield can often simply be com-
pensated by increasing the data collection time. However, this is not always the best
option for a specific experiment or if there are time constraints. Figure 2.15 presents
a simple evaluation of how much influence the light yield has on the performance
of SCFs. Here the formula introduced for the figure of merit has been modified by
adding an extra parameter, namely the artificial LY:

FOM(E) = MTF. "

500 Ip/mm

(E) * Egep(E) * LY (2.4)

The LY is used to adjust the performance of the Lu,Hf,O7:Eu compared to
LSO:Tb. When assuming the two SCFs have the same light yield (considered as
100%), Lu,Hf,O7 outperforms LSO:Tb as already discussed earlier. Similar perfor-
mance to LSO:Tb can be obtained with a light yield at 60% with respect to LSO:Tb.
When lowering the light yield to 10% the performance is predicted to be considerably
lower than that of LSO:Tb. This, therefore, predicts that if the light yield of Lu,Hf,O7
is lower compared to LSO:Tb, down to 60%, it can still compete with it regarding
spatial resolution and efficiency. However, with a light yield lower than 60%, it
becomes less relevant for this project.
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FIGURE 2.15: Comparing an updated figure of merit including
light yield considerations, calculated from simulations of 5 ym
LupHf,O7:Eu on 150 pm ZrO;:Y and 5 pm LSO:Tb on 150 ym YbSO.
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2.7 Conclusions

The principles of our Geant4-based simulation tool and subsequent analytical calcula-
tions were presented and applied. We investigated how the LSFs and MTFs behave at
different X-ray energies for different materials, including potential and state-of-the-art
scintillators. The dependence on the X-ray energy was highlighted, as the image
quality is affected when using X-ray energies above or below the absorption edges of
elements in the SCF and substrate. This proves that both the SCF and the substrate
should be chosen wisely, as well as the X-ray energy, to obtain the highest spatial
resolution possible. Simulations, including the blurring introduced by microscope
optics, were discussed. At low energy, the optics strongly reduce the MTF, whereas,
at higher energies, most of the degradation is caused by the spatial energy distribu-
tion in the SCF. A figure of merit was proposed to evaluate potential scintillators
regarding spatial resolution, contrast, and absorption efficiency. Lu,O3z, LuoHf,O7,
and PbTiO3 have a predicted potential to outperform the other investigated SCFs
below 50 keV and above 64 keV. At 90 keV and above, PbTiO3 is the best choice from
this evaluation. The potential performance of materials grown in the framework of
this thesis, referred to as "titanates" and "hafnates", was evaluated both through the
simulations and some aspects of the growth and their properties.

More generally, this approach is indeed a promising tool for scintillating screen
development aiming to reach ultimate performances. The tool can, in addition,
easily be adapted to investigate other materials and geometries, as well as to include
polychromatic X-rays.
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Chapter 3

Growth of ultra-dense thin films

3.1 Introduction

To reach the ultimate high spatial resolution for X-ray imaging at synchrotrons, SCF
scintillators with a thickness corresponding to the depth of field of the optics are
essential. Consequently, small thicknesses in the range of a few micrometers are
required, and the absorption efficiency of the scintillator is reduced considerably,
which affects the light output of the scintillator. The absorption efficiency can be
increased by selecting materials with high densities and effective atomic numbers
(Z). In addition, working at X-ray energies just above the absorption edge energy of
the high Z elements in the SCF scintillator improves the absorption and the spatial
resolution. For these reasons, the quest for ultra-dense materials that can be grown
by LPE as SCFs has been in focus during this thesis. This was discussed in detail in
Chapter 1.

Compound | Density [g/cm®]  Z.5/

HfO, [105] 10.1 -
Lu,O5 [106] 9.4 69
Lu,Hf,05 [107] 10 69
GGG [62] 7.1 53
LSO [108] 7.4 65

TABLE 3.1: Overview of relevant compounds displaying their esti-
mated densities and effective atomic numbers.

Various hafnate compounds have been studied and attempted to be grown by
LPE on ZrO;:Y substrates with crystallographic orientations (100) and (111). This
substrate was chosen due to it being commercially available and reasonably cheap.
In Table 3.1, some of the compounds we have attempted to grow are listed with
their density and effective atomic number (Z,fs) and are compared to GGG and
LSO to emphasize their potential. Hafnates generally have a high density and Z,,
making them relevant for this project. The LPE growth of hafnate compounds on
zirconia substrates should be possible since HfO, and ZrO, are iso-structural and
behave similarly upon substitutions. At room temperature, they crystallize in a

monoclinic structure, and by substituting sufficiently with yttrium, a cubic structure
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is stabilized [109]. The substrate utilized for growing the hafnates films is yttria-
stabilized ZrO, with 19at% yttrium, in this thesis mainly referred to as ZrO,:Y. The
relationship between the yttria content in ZrO; and the structure is discussed further
in Section 3.5.1.

3.1.1 Project evolution

Our approach and understanding of the hafnate system evolved immensely as the
experiments progressed and the samples were characterized. Six LPE experiments
were performed, where the solution compositions were modified and optimized
during each experiment. This was to enable the growth of the various hafnate
compounds and attempt to obtain scintillation from the films. This evolution will
be described below and is summarized in Table 3.2. The references utilized for the
samples are already employed in the table. In general, only the solution number
(chronological order) and the solvent are used when referring to a specific solution,
for example, M1-Pb or M6-Bi. If referring to samples grown from a specific solution
composition, the expected composition of the film is also referred to, for example,
M3-Pb-LuyHf,Oy. If the crystallographic orientation of the sample is of relevance, this
will be added as a suffix. It is important to note that when the dopant is indicated, this
is the nominal content of the dopant in the solution and not the expected or deduced
content in the grown sample. Therefore, M3-Pb-Lu,Hf,07:Eu45%, is not expected to
have 45% europium in the structure. Typically when performing LPE, the segregation
coefficient for dopants is lower than 1 for incorporation from the solution into the
films. Some samples have been annealed. This will be indicated as yet another suffix
if relevant to the specific context. For example: M1-Pb-(Sc,Y),Hf,O7:Tb1%-100-A.

Attempts to predict if compounds could be grown on the substrate were made by
considering the potential lattice mismatch displayed in Table 3.3. The ionic radii of
elements were also considered to predict which elements would fit into the atomic
structures. The ionic radii for relevant are thus displayed in Table 3.4.

M1-Pb: The initial vision was to grow yttria stabilized HfO,, with 17 at% yttrium
that is reported to be the sufficient concentration for stabilizing the cubic phase [110].
However, no growth was reached with this solution composition. At that time, we
suspected the ionic radii of yttrium were too large to fit into the HfO, lattice when
performing LPE since the difference in ionic radii of Hf and Y in the structure is
0.189 A. Because scandium and hafnium in the structure have comparable ionic radii
with a difference of only 0.04 A, Sc;O3 was added to the solution. Films grew with
this solution composition, but only very thin (<1.1 ym). Tb4O7 was then added to
the solution in the effort of activating scintillation. The films were not scintillating
as-grown, but indications of scintillation were found after an annealing procedure,
which will be described in Section 3.4.2.1.

M2-Pb: For this LPE experiment, the initial vision was to test if HfO, without any
dopant could be grown on the substrate. Usually, the films are grown by LPE only on
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Solution references | Growth?  Scintillation? Test objective
M1-Pb-HfO,:Y17%

- Similar as substrate

M1-Pb-(Y,Sc), Hf,O7 + - Sc ionic radii fit structure
M1-Pb-(Y,Sc),Hf,O7:Tb1% + (+) Activate by Tb
M2-Pb-HfO, - - Monoclinic HfO,
M2-Pb-(Hf,5Sc),07 - - Sc worked in M1-Pb
M2-Pb-(Sc,Tm),Hf,O5 (+) -
M2-Pb-(Sc,Tm), Hf,O7:Ce3% + - Activate by Ce
M3-Pb-Lu,Hf,O7 (+) - Lu,Hf,0O7, but in what structure?
M3-Pb-(Lu, Tm),Hf, Oy + - Increase thickness
M3-Pb-(Lu, Tm),Hf,O7:Eul0% + - Activate by Eu
M4-Pb-Lu203 - - LUQO3
M4-Pb-LuyHf, 03 + - LupHf,O7 was growing in M3-Pb
M4-Pb-Lu,Hf,O03:Eul5% + + Activate by Eu
M5-Pb-Lu,Hf,O7:Tb10% + - Activate by Tb
M5-Pb-LuyHf,O7:Tb10%:Ce3% + - Activate by Ce
M6-Bi-Lu, Hf, O7 + - New solvent
Mé6-Bi-Lu,Hf, O7:Eud5% + + Activate by Eu

TABLE 3.2: Overview of the six LPE experiments stating if films were
grown and if scintillation was obtained. The initial test objective of
that specific solution composition is also briefly stated.

iso-structural substrates to reach the appropriate structural matching. Nevertheless,
since HfO, has a density above 10 g/cm? it is highly attractive for this project and
worth attempting to grow. Assuming the growth will occur with the a and b unit cell
parameters in-plane and the c axis out-of-plane of the substrate, the predicted lattice
mismatch is between -0.61% and 0.49%, which could be acceptable (see Table 3.3).
However, no growth was managed. Since adding Sc,O3 triggered the growth for
the first solution (M1-Pb), it was added again, but still, no growth occurred. Next,
Tm;,O3 was added, and even though the estimated thickness was minimal (only up
to 0.1 um) there were finally indications of growth, as was seen by investigating the
surface with the optical microscope. More Tm;0O3 was added as well as CeO in the
effort to activate scintillation. Thicker films were obtained (up to 4.5 ym) but without
any scintillation. Initially, thulium and scandium were expected to enter the structure
only as dopants of a few atomic percent. However, elemental analysis (SEM-EDX)
revealed that they incorporate significantly more. The results of this are presented
and discussed in Section 3.2.3.

These first results initialized further literature studies, which resulted in uncover-
ing Lup,Hf,0O7. The atomic structure of this and similar compounds will be discussed
in detail in Section 3.3. LuyHf,O7 has a high density, around 10 g/cm?, and a high
Z,sr of 69 (Table 3.1), making it very suitable for the project. Combined with its very
low predicted lattice mismatch of 0.02% (Table 3.3), it was ideal.

M3-Pb: The initial composition of this solution targeting Lu, Hf,O7 did not result
in any film growth. The amount of solvent was therefore increased in the solution
(solute/solvent decreased) to lower the melting point and hopefully the growth
region as well (concept detailed in Section 1.3). A film was then later discovered
by studying the sample with XRD. Upon performing a 26-() scan, two peaks were
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revealed, one from the substrate and an additional from a film. The film was so thin
that it could not be concluded from the usual sample weighing method. However,
before this thin film was confirmed, Tm,O3; was added to the solution, and films
were obtained but still very thin (<0.6 ym). Eu,Os was then added to the solution to
activate the scintillation, but no scintillation was realized in the samples grown from
this solution.

M4-Pb: For this solution, the initial composition aimed for growing LuyOs3. LupO3
also has a very high density of around 10 g/cm?® and a Z,fs of 69 and is therefore also
very suitable for the project. The estimated lattice mismatch is less encouraging than
the other compounds, but its structure is cubic, with a unit cell length of approxi-
mately twice that of the substrate. Therefore, to match the substrate, the comparison
was on half its unit cell of LuyO3, giving an estimated lattice mismatch of 0.93%.
However, we did not manage to grow any Lu,O3 films. HfO, and additional solvent
were added to the solution, and films were then obtained. Adding additional solvent
was necessary to keep the melting point in the temperature range of the furnace.
EuyO3; was added, and scintillation was finally obtained. The nominal europium
content in the solution was then gradually increased to investigate the scintillating

properties.
Compound \ Space group a b C Relevant angles
ZrOy:Y [111] Fm3m 5.1470 A - - -
HfO, [109] P2, /c 51156 A 5.1722 A 5.2948 A B=99.11°

LM - -0.61% 0.49% 2.87% -
Lu,Hf,O5 [112] Fm3m 5.148 A - - -
LM - 0.02% - - -
LuyO;3 [113] 1a3 10.39 A - - -

LM *0.93%

TABLE 3.3: Structure of relevant compounds and the estimated lattice
mismatch (LM) with the substrate ZrO,:9.5 mol% Y;0O3. * indicates
the lattice mismatch is calculated for half its unit cell.

At this point, we managed to grow hafnate films of various nominal compositions,
but very thin (maximum a few microns), and it was found that Lu,Hf,O7 doped with
europium scintillates.

M5-Pb: This solution initially targeted LupyHf,O7:Tb to find if scintillation can be
obtained when the host structure, Lu,Hf,Oy7, is doped with another rare earth element
than europium. Very thin (<0.1 ym) films were obtained but were non-scintillating.
More solvent and CeO, were added to the solution, and now thicker films were
obtained but still non-scintillating.

All the previous LPE experiments persistently had crystals on the solution surface
and material deposited on the paddle during the agitation. See the images and
discussions on this in the next section. An attempt to avoid this issue was to change
the solvent of the solution.
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‘ Element CN Ionic radii [A]

Zr4t 8 0.84

Hf4t 6 0.71

Substrate Hf4 8 0.83
or Lu3t 8 0.977
film Y3+ 8 1.019
Sc3t 8 0.87

Tm3+ 8 0.994

Tb3* 8 1.04

Tb** 8 0.88

Dopants | Ce3t 8 0.97
Cett 8 0.94

Eu3t 8 1.066

Pb*t 8 0.94

Solvent Bi3+ 8 1.17

TABLE 3.4: Relevant elements and their ionic radii for relevant oxida-
tion states and coordination numbers (CN) [82].

M6-Bi: Since scintillation was achieved with Lu,Hf>,O7:Eu this was the initial
composition while using Bi;O3-B,Os as a solvent. Growth, as well as scintillation, was
successfully achieved with this composition and solvent. The europium content in
the solution was again gradually increased to investigate the scintillating properties.

This screening of various hafnates demonstrates that some of the SCFs do not scin-
tillate. A literature review of scintillating hafnates will be presented in section 3.4. The
scintillating samples of this project and especially their properties will be prioritized
since this is the scope of the thesis. LPE solution aspects, structural considerations,
and other conclusions will be drawn from the other films.

3.1.2 Simulations

A useful simulation tool was presented in Chapter 2, and some prospective SCFs
were evaluated in the framework of the figure of merit defined in Section 2.6, here
among some hafnates. These simulations predicted that these could compete with
the state-of-the-art SCF scintillators for high spatial resolution X-ray imaging at
synchrotron sources. To underline this, the figure of merit of relevant compounds
from this chapter is presented in Figure 3.1 and is compared to GGG:Eu and LSO:Tb.
The spatial resolution capabilities and X-ray absorption efficiency are prerequisites for
launching the LPE experiments. Investigating the growth and studying their actual
properties is the next important step to explore if they can live up to the proposed
properties. It should be noted that investigating other compositions can also lead to
other potential improvements, such as decay time, radiation hardness, and bright

burn.
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FIGURE 3.1: Figure of Merit (FoM) proposed for evaluating thin SCF

scintillators for relevant compounds extracted from simulations per-

formed with the Geant4 tool presented in Chapter 2. All simulations
are performed for 5 ym thick films on 150 ym thick substrates.
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3.2 Growth of hafnates

During this project, it has been found that it is possible to grow various combinations
of hafnate compounds on the same type of substrate, ZrO;:Y. The hafnate system is
thereby not as rigid regarding LPE growth as other compounds. There is a certain
flexibility to accommodate various hafnate compositions on the same type of substrate.
Throughout this section, the procedures and the issues regarding the LPE growth
that was encountered and, in some cases, improved will be presented, as well as
the investigations on the elemental compositions and surface morphology. A brief
overview of some of the parameters important for the solutions is presented in
Table 3.6 and compared to the typical values for LSO and GGG LPE solutions.

3.2.1 LPE conditions

The compositions which were attempted and, in some cases, led to the successful
growth by LPE on ZrO,:Y19at% substrates with the crystallographic orientations of
(100) and (111) were already presented in Table 3.2.

| Compound  Melting point [°C]

HfO, 2760

LuZ03 2490

Hafnates TmyO3 2341
SC203 2485

Y,03 2425

GGG GdyO3 2420
Ga203 1900

LSO SiO, 1710
LuyO3 2490

PbO 888

Solvents B,O3 450
Biy O3 817

Substrate ZrO5:Y 2780

TABLE 3.5: Relevant compounds of solute components and their melt-
ing points compared to those of GGG, LSO, and the solvent compo-
nents.

The melting points of the solute components affect the LPE growth temperature,
as already discussed in Section 1.3. The melting points of the precursors used for the
hafnates, GGG, and LSO solutions, and the solvent components are listed in Table 3.5.
HfO; has the highest melting point, and the precursors that were used for the growth
of the hafnates are generally high, with them all being above 2300 °C. The hafnates
are, as a consequence, difficult to dissolve in solvents compared to those of LSO and
GGG. Therefore, either the growth temperature will be very high, maybe even above
the working temperature of the furnace, or only very little of the solute components
should be added to the solution (reducing the s/(s+S) ratio), making it possible to
dissolve and still have a not-too-high growth temperature. Therefore, the amount of
solute in the hafnate solutions is low compared to the growth of other types of SCFs
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by LPE, such as LSO and GGG (see Table 3.6). The composition of the solvent can
also be adjusted to reduce the growth temperature. Since the ratio between the two
components (Pb/B or Bi/B) affects the growth temperature revealed by their phase
diagrams, this can considerably affect the melting temperature and dissolution of
the solute in the solvent. This has been explored with some of the LPE experiments
within this project. However, a higher boron concentration results in a more viscous
solution. This can impose some constraints since it is more difficult to remove the
excess solution on the sample after the growth procedure. The A3* /Hf** ratio can
also affect growth. However, no direct correlation was found from these studies to
this value affecting the growth.

Solution reference | G scint A%"/Hf*" s/(s+S) Pb/BorBi/B
M1-Pb-HfO5:Y - - 0.20 2.59 5.3
M1-Pb-(Y,S¢),Hf, 05 + - 0.45 3.10 53
M1-Pb-(Y,Sc),Hf,O7:Tb | +  (+) 0.45 3.12 5.3
M2-Pb-HfO, - - 0 3.84-4.02 1.99-2.53
M2-Pb-(Hf,S¢)O, - - 0.02-0.24 4.10-5.54 2.53
M2-Pb-(Sc,Tm),HL,O; | (+) - 035054  6.0-6.80 253
M2-Pb-(Sc,Tm),Hf,07:Ce | + - 0.63 7.36 253
M3-Pb-Lu, H,O, © - 1 4226 51
M3-Pb-(Lu,Tm),H60; | + - 1.5-1 3338 51
M3-Pb-(Lu, Tm),Hf,O7:Eu | + - 1 3.3-34 5.1
M4-Pb-Lu,05 S 0 25 53
M4-Pb-Lu, Hf,O3 + - 4 3.0-2.4 5.0-3.1
M4-Pb-LuyHf,03:Eu + 4 4 2527 3.1
M5-Pb-Lu, HFf,O, Tb T - 23 21 53
M5-Pb-Lu,Hf,O7:Tb:Ce | + - 2317 2.0-3.8 53
M6-Bi-LuyHf, Oy + - 1 2.5-2 0-7.3
Mé6-Bi-LuyHf,O7:Eu + + 1.0 (1.0-1.8) 2.0-2.9 7.3
LSO ~9 ~9
GGG ~ 5-10 ~ 6

TABLE 3.6: Overview of some parameters of the LPE solution composi-

tions of this project compared to typical parameters growing LSO and

GGG. G: Growth, scint: Scintillation, s: Solute, S: Solvent. The atomic
contents are presented as the ratio between A3+ and B** elements.

Two different solvents were used. Namely, PbO-B,0O3 and Bi,O3-B,03, and the
purpose and details are discussed here.

PbO-B,05: This is a typical solvent used for the growth of, for example, LSO:Tb
[62], and GGG:Eu [114] SCFs by LPE. Unfortunately, issues arose employing this
solvent for the growth of hafnates. During the agitation procedure, material was
deposited on the paddle as displayed in Figure 3.3b. Before growth, the surface
of the solution was partly covered by crystals that nucleated during the agitation
and while cooling to the growth temperature. An image of the solution surface
is displayed in Figure 3.3a. These are both undesirable for the LPE growth since
material is extracted from the solution and this alters the solution composition,
making controlling the growth more challenging. The deposited material from
the paddle was retrieved and ground into powders. To extract information on the
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crystalline phases of this material, it was studied with PXRD. It was, in general,
found that these powders contain crystalline platinum (space group: Fm3m) and
PbHfO; (space group: Pbam) or Lu,Hf,O7 (space group: Fm3m). Two examples of
diffractograms obtained at powders extracted from M1-Pb and M5-Pb are presented
in Figure 3.2a and b, respectively. The relevant calculated references are displayed,
and a zoom above each diffractogram for better comparison. From this, it is seen that
platinum is the dominating crystalline phase in both powders since it accounts for
most of the intensity. Extracting platinum from the paddle after using it repeatedly
is normal. For M1-Pb, most of the remaining diffraction peaks can be assigned to
PbHfO3. Whereas for M5-Pb, Lu,Hf,O7 can be assigned. PbHfO3 is a competing
phase that must be created by combining the solvent and solute components: PbO and
HfO,, respectively. LuyHf,O7 is most likely deposited on the paddle after agitating
at too-low temperatures. During the LPE experiments, it was experienced that less
material was deposited on the paddle when reducing the agitation temperature,
which is why it was reduced during M5-Pb compared to M1-Pb.

These results suggest that by agitating at higher temperatures, PbHfO3 form,
whereas at lower temperatures, crystallization of PbHfOj3 is avoided, but instead, the
crystallization of LuyHf,O7 is favored. The crystals nucleating on the solution surface,
as shown in Figure 3.3a, are likely PbHfO3 or Lu,Hf,07, depending on the agitation
temperature. These findings demonstrate that the hafnium concentration dissolved
in the solution decreases from the initial concentration, which could explain the low
growth rates associated with Pb-based solutions.
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FIGURE 3.2: Diffractograms of powders recovered from the paddle

during two LPE experiments. a) M1-Pb-(Y,Sc),Hf,O7 and b) M5-Pb-

LupHf,O7. Calculated references are included for the relevant crys-
talline phases, and a zoom-in is presented at the top of each figure.

Bi,03-B>03: Typically only PbO-B,O3 is used as the solvent in the LPE lab at
the ESRF. However, changing to Bi,O3-B,0O3, ensured PbH{O3 could not crystallize
and thereby lower the hafnium concentration in the solution. Using this solvent
went successfully, and LPE growth of the hafnates could be performed from the

solution after minor composition adjustments. Bi;Os is significantly more corrosive
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Melt-Pb

Melt-Bi

FIGURE 3.3: a) M-Pb: The surface of a solution with many crystals

present. b) M-Pb: Paddle with material heavily deposited after several

agitations. c¢) M-Bi: solution surface with no visible crystals. d) M-Bi:
Paddle with platinum crystals extracted after several agitations.

to platinum than a PbO-based solvent. This is seen by the heavy extraction of
platinum crystals at the paddle after several agitation procedures, as displayed in
Figure 3.3d. PXRD confirmed that these crystals are indeed platinum (space group
Fm3m). No crystals visibly nucleated at the solution surface before growth unless the
agitation temperature was set too low. The solution generally looked very liquid, as
seen in Figure 3.3c. Often crystals nucleated during the growth, indicating the growth
temperature was too low and favoring spurious crystallization. Consequently, there

are crystal inclusions at the surface of these samples.

3.2.2 Film growth

Depending on the solution composition, the growth temperatures were between
890 and 970 °C, which is considerably lower than the melting temperatures of the
solute components (see Table 3.5). The growth rates were consistently low. The
typical targeted growth rate for state-of-the-art SCFs by LPE is around 1 ym/mn,
but for this project, it was generally between 0 and 0.27 ym/mn, resulting in films
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with thicknesses between 0 and 5 ym. Generally, the films grown on substrates with
orientation (100) for all solutions grew faster and thicker than those on (111). It is not
uncommon having various growth rates when growing on substrates with dissimilar
orientations. There can be numerous reasons for this, such as varying quality of the
substrates or preferred growth orientations for crystal systems.

The low growth rates are suspected to result from the low concentration of solute
components in the solution. As already discussed, the initial solute concentration is
lowered compared to the typical due to their high melting points. For the PbO-based
solutions, the competing phase PbHfO3 depositing on the paddle also extracted
hafnium, further lowering the concentration. This must ultimately result in lower
growth rates since the growth solution has less solute material. This is confirmed
by the growth rate generally increased when solute components were added to the
solution.

Solution | Max. growth rate

M4-Pb 0.01 ym/mn
Me6-Bi 0.27 ym/mn

TABLE 3.7: Comparing the highest obtained growth rate for M4-Pb
and M6-Bi.

Changing the solvent for the LPE growth from PbO-B,0O3 to Bi,O3-B,O3 was suc-
cessful even though it enhanced additional platinum extraction. Indeed the growth
rate increased significantly when growing from the Bi-based solution compared to
the Pb-based solutions, as displayed in Table 3.7 emphasizing this solvent is a better
option for the hafnate growth in general.

3.2.3 Elemental composition

The elemental compositions of selected samples were estimated using SEM-EDX, and
some results are presented in Table 3.8. The atomic contents are presented as the
ratio between A®" elements and Hf*". These results suggest that the stoichiometry
of samples is close to A3"Hf;"O7. Samples from M1-Pb have a higher A>* content.
In the table, the results extracted from the same sample but at different positions
are grouped in columns. From this, the composition seems to vary within the same
sample.

The dopants are generally detected in the samples. This confirms the dopants
are entering the structure when added to the solution. For samples of M4-Pb-
LuyHf,O7:Eu with increasing nominal europium content, the elemental content has
also been estimated. From this, there is an increase in europium content in the
samples with increasing nominal europium content in the solution. This result is
shown in Table 3.9. Here it is also apparent that the europium content estimated
in the samples is lower than the nominal content in the solution. Commonly, the
segregation coefficient for dopants added to LPE solutions entering the grown films
is lower than 1. However, since SEM-EDX is only a semi-quantitative method, the
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atomic percentage of the europium content in the samples should not be considered

as precise.
Reference | A3t JHF
3+pyed
ASTHE O, 1
M1-Pb-(Y,Sc),Hf,07 1.27,1.33 1.70,1.51
M2-Pb-(S¢,Tm),Hf,07:Ce5% | 0.90, 0.84 0.89, 1.06 0.86, 0.89, 0.78
M3-Pb-(Lu, Tm),Hf,O7:Eu10% 1.06, 0.96, 0.94
M4-Pb-Lu,Hf,O7:Eul0% 1.05, 1.03, 0.86, 0.99

TABLE 3.8: Results from SEM-EDX evaluating the ratio between the
A3" and Hf*" elements, with the results grouped in the same column
for measurements at the same sample.

Nominal Eu-content | Eu-content A" /Hf**

Eu0% 0 0.98
Eu5% 2.9% 0.99
Eul0% 4.8% 0.98
Eul5% 8.2% 0.93

TABLE 3.9: SEM-EDX estimated europium content and elemental ratio
for M4-Pb-Luy;Hf,O7-100 samples. Here A: Lu and Eu.

3.2.4 Surface morphology

The aim is to grow SCFs with mirror-like surfaces without crystal inclusions and
lines that can otherwise act as diffusive centers when performing X-ray imaging with

them. The inspection of the surface morphology is, therefore, essential.

M1-Pb-((Y,Sc);HR07:Tb1%-100

| M2-Pb-(Sc,TmpHf,07:Ce3%-111
M3-Pb-(Lu, Trm);HF,O07:Eu10%-100

M5-Pb-Lu, H,05: Th10%-111

FIGURE 3.4: Overview of some hafnate samples grown from the vari-
ous LPE solutions with varying content. Notice the difference in color
as well as transparency.

Visual inspection: Starting from a visual inspection in Figure 3.4, the substrate is
transparent, and most of the films are as well. However, samples grown on (100)
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oriented substrates typically have a cloudy appearance making them less transparent.
This is especially visible in Figure 3.4c. Terbium and cerium doping seem to give the
films a yellow /brown color (Figure 3.4b and e), confirming that the dopants enter the
SCFs when added to the solutions.
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FIGURE 3.5: Micrographs of samples grown on ZrO;:Y-100, using

an optical microscope operated in reflection or circular polarized

light—differential interference contrast (CDIC) configuration (stated
above each column). The sample reference is stated for each row.

Optical microscope: Studying the samples with an optical microscope, non-perfect
surfaces are revealed for the (100) orientation as exemplified in Figure 3.5. Most
samples have some crystal inclusions on the surface that result from not optimized
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growth conditions. It is seen that what appears visually as cloudy surfaces are caused
by various surface irregularities. These surface irregularities are dissimilar when
comparing samples from different solutions. Where most of the samples have distinct
surface irregularities, the samples from M6-Bi have what seems like a rough surface
instead. M1-Pb samples have lines, and this is displayed as well in Figure 3.8a-c. It
is typically understood that lines like these are present in films due to a high lattice
mismatch or indifferences in thermal expansion coefficients. The lattice mismatch
between the substrate and film could be too large, but this will be disconfirmed
and discussed in Section 3.3 for these samples. The thermal expansion could be too
different between the SCF and substrate, which could at the growth result in a larger
lattice mismatch at the growth temperature. However, this is not believed to be the
issue for these samples but cannot be omitted. The reason for these lines is unclear
but could be caused by local variations in the elemental composition as was presented
in Section 3.2.3.

0.3 pm M3-Pb-(Lu, Tm),HiO0Eu5%-111

6.5 um M6-Bi-Lu,Hf,0-100
1.7 um M6-Bi-LupHf,07-111

FIGURE 3.6: Micrographs of samples grown on ZrO,:Y, using an opti-

cal microscope operated in CDIC configuration. The sample reference

is stated for each row. The features on the samples are not prominent
and can be difficult to identify on a printed version.

The surfaces of samples grown on (111) oriented substrates typically have a more
mirror-like appearance, as seen in Figure 3.4b, d, and e. Micrographs showing the
surface of a sample grown on (111) substrates are displayed in Figure 3.6a-b. The
optical microscope is for these micrographs operated in CDIC configuration to reveal
the surface morphologies better. The surfaces have a roughness but not the same
surface irregularities as (100) samples from Pb-based solutions, as seen in Figure 3.5.
However, as discussed further below, surface irregularities are suspected not to be
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present on these samples since they are typically thinner than 1 ym when grown from
Pb-based solutions. In Figure 3.6b-c is the surface of M6-Bi-Lu,Hf,O7 samples with
(100) and (111) orientation compared. This (111) sample is almost 2 ym thick and has
similar surface roughness as the (100) sample from the same Bi-solution. This can be
caused by the M6-Bi samples, in general, showing a better surface quality.

SEM and 3D reconstructions: Figure 3.7 displays SEM images of the following
samples: M3-Pb-(Tm,Sc),Hf,O7:Eu and M4-Pb-Lu,Hf,O7:Eu. The appearance of the
surface irregularities is more visible here and can be suspected to be either pits or
bumps. It is also clear again that they are not identical for the two compositions
compared here. In Figure 3.8d-e are 3D reconstructions from confocal microscopy of
two (100) samples presented. From this, it is confirmed these surface irregularities are
indeed pits and not bumps. The SEM images of a 0.5 ym M4-Pb-LuyHf,O7:Eul5%-111
sample in Figure 3.7h-j show its surface do not have these pits. However, this could
be caused by these samples are rarely as thick as the (100) samples. The cross-section
of a 4.6 ym (100) sample is presented in Figure 3.7a, and it seems the morphology
evolves with its thickness (growth direction with the arrow). The first micrometer
looks less affected than the last part, and since the films grown on (111) substrates
rarely grow thicker than 1 ym this enforces the suggestion of the pits and roughness
evolving and increasing with film thickness. However, it cannot be excluded that
the substrate could initiate a difference in the growth of the films depending on its
orientation. The surface irregularities could arise from defects that evolve as the
films grow thicker. This could be defects already present in the substrate or crystal
inclusions during growth that evolves as the film grows. Another reason could be
that the growth temperatures are too low, giving excessive supersaturation. The films
are then, for the specific solution composition, growing very rapidly, and the mirror-
like surfaces cannot be reached. Since spurious nucleation occurs on the solution
surface, indicating the working temperatures have been too low, this seems like a
valid explanation for the surface irregularities.
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4.6 ymM3-Pb-
(Tm,Lu),H,0;:Eu10%-100

EHT = 20.00 kV

2,
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FIGURE 3.7: SEM images of selected samples. a) Cross section. b-j)
From above. The sample references are indicated on the left of each
row.
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M1-Pb-(Y,Sc),Hf,0,:Tb1%

i

g L
e 7

FIGURE 3.8: 3D reconstructed images using a confocal microscope.
Sample references are on the left of the figure, both grown on (100)
oriented substrates.
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Comparing M4-Pb and M6-Bi: It was already concluded the growth rate was
increased when using the Bi-based solvent compared to the Pb-based solvent. The
film quality was also enhanced because the M4-Pb samples have these distinct surface
irregularities that are not present for M6-Bi samples. An overview of the two samples
used for testing at the beamlines is presented in Figure 3.9. The results when using
them for imaging experiments are presented in Section 3.4.

2.8 um M4-Pb-Lu,HE,07:Eu15%-100
4.1 um M6-Bi-Lu,Hf,0;:EU45%-100

FIGURE 3.9: Micrographs of M4-Pb-Luy,Hf,07:Eu15%-100 and M6-Bi-

LuyHf,O7:Eu45%-100. Both have been lapped and polished on one

side as preparation for usage at the beamlines for imaging experi-
ments.
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3.3 Structural considerations

When performing epitaxial growth, it is essential to consider the atomic structures be-
fore attempting to perform growth. Then, when having successfully grown samples,
the structure should also be understood and investigated to optimize the growth.
In this section, structural considerations are evaluated in terms of predicting and

extracting information on the structures of the grown samples.

3.3.1 Fluorite, pyrochlore, and delta structures

a) A,B,0; (Fm3m) b A;B,0; (Fd3m) A4B30;; (R3)
Disordered fluorite ) Pyrochlore c) Delta
,_:4%.”" 1 - Z_'; —’-‘
.90 ¢ Q o
o q 0%0°
e

FIGURE 3.10: Relevant structures generated in Vesta from Crystallo-

graphic Information Files (CIFs). a) Disordered fluorite displayed with

stochiometry A;B,07, CN(A)=8, CN(B)=8 b) Pyrochlore, CN(A)=8,

CN(B)=6. c) Delta, CN(A)=6, CN(B)=6. The space group for each struc-

ture is indicated in brackets in the figure. CN: Coordination number.
Pink: A3*, Dark blue: B** and red: O%.

The substrate used for the LPE growth of the hafnates is ZrO,:Y19at%. Pristine
ZrO;, is monoclinic at room temperature with the P2, /c space group. By substituting
zirconium with more than approximately 12 at% yttrium, the long-range order of the
structure will be stabilized as cubic (space group Fm3m) and is often referred to as
yttria-stabilized ZrO, (YSZ) [111]. The ideal cubic fluorite structure, BX,, with the same
space group, can be described by cations (B*") occupying the regular sites of a face-
centered cubic (FCC) structure and anions (X) on the eight tetrahedral interstitial sites
[115]. For ZrO,:Y the description is the same but with yttrium randomly occupying
the zirconium site. Introducing the Y3 on Zr** sites induces oxygen vacancies in
the structure that are also not ordered. The structure is therefore often referred to as
the disordered or defective fluorite structure. This structure is presented in Figure 3.10a
with A;B,0Oy7 stochiometry. This structure, as explained, has disordering on both the
anion and cation sites, but for some elemental compositions, there can be an ordering
on these sites. This is referred to as the pyrochlore structure and is a super-structure
derivative of the ideal fluorite structure where the A and B cations are ordered along
the <110> direction. The additional anion vacancies reside in the tetrahedral interstice
between adjacent B-site cations [116]. This structure is presented in Figure 3.10b. In
the figure, one more structure is presented, typically referred to as the delta-phase
(Figure 3.10c). This structure is not cubic like the others but rhombohedral with space
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group R3. The delta-phase structure is understood as a disordered fluorite structure
with oxygen vacancies ordered along <111>. There are two cation sites, and for A3*
and B** cations with dissimilar ionic radii. For example, Lu®* and Hf*", the B cations
are said to exclusively occupy one of these sites, which accounts for 1/7 of all cation
sites. It has been proposed intuitively that compounds with similar ionic radii will
have less cation ordering than those of dissimilar radii within the delta structure [117,
118].

Whether a compound crystallizes in the disordered fluorite, pyrochlore, or delta
structure is reported to depend on the ionic radii ratio: rA3"/rB**. The stability
regions for the three structures described above are reported as: Disordered fluorite <
1.21 < delta-phase < 1.42-1.44 < pyrochlore < 1.78-1.83 and is visually presented in
Figure 3.11 [117]. Even though the elements in the different structures have different
coordination numbers, they are, for the sake of comparison, assumed for A3 being 8-
fold and B** being 6-fold coordinated, which is only valid for the pyrochlore structure.
For lutetium and hafnium, this will result in a rA3* /rB*=1.37, which suggests its
stable structure should be the delta-phase.
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FIGURE 3.11: Structure map from [117].

The available information on lutetium hafnate compounds is not overwhelming.
Searching in the Inorganic Crystal Structure Database (ICSD), only one entry is
found. This is a report on LuyHf301, with space group R3, the delta structure [119].
There are especially not many reports on single crystals due to the difficulties of
growth imposed by the high melting points of HfO, and Lu,O3 (Table 3.5). However,
recently single crystals of LuyHfs,Os.y were synthesized by arc plasma, and the
structure of the produced crystals was concluded to be fluorite (space group Fm3m)
[120]. They also present a phase diagram at high temperatures showing Lu,Hf,0O7
should crystallize in the fluorite structure. This agrees with another article stating
that LupHf,O7 at elevated temperatures occupy the fluorite structure, and upon
slow cooling, an order-disorder transition to the delta phase occurs [121]. They also
found that when cooling faster, for their study being 130 °C/h, maintains the fluorite
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structure at room temperature. This suggests that the films grow in the fluorite
structure at elevated temperatures and should potentially transition to the delta
phase when cooled to room temperature. However, since the cooling rate after LPE
growth is considerably faster than 130 °C/h the fluorite structure should, according
to this, be stabilized for our samples similar to the single crystals produced by arc
plasma [120]. However, due to the lack of literature on the structure and especially
because these structures have not before been reported grown by LPE, the samples
should be investigated with an open mind.

The atomic structures appear very different when comparing the delta phase and
disordered fluorite structure in Figure 3.10. Also, when considering the predicted
lattice mismatch, see Table 3.10, the delta structure (LugHf301,) has a huge mismatch.
It, therefore, seems highly unlikely that the film would grow in the delta phase on
substrates with the disordered fluorite structure. The delta phase will, therefore, not

be considered further in this study.

Compound \ Space group a b C Relevant angles
ZrOy:Y [111] Em3m 5.1470 A - - -
Lu,Hf,O; [112] Fm3m 5.148 A - - -
LM - 0.02% - - -
LuyHf3015 [119] R3 9.6085 9.6085 8.981 v=120°
LM *-6.66%  *-6.66% - -

TABLE 3.10: Structure of relevant compounds and the estimated lattice
mismatch (LM) with the substrate ZrO,:9.5 mol% Y,0s. * indicates
the lattice mismatch is calculated for half its unit cell.

It was discussed in Section 3.2 for M1-Pb and M2-Pb that growth was only ini-
tiated after increasing the A,O3; content in the solution. This is most likely a result
of the initial solution composition not containing enough A,QOg to stabilize the struc-
ture. Meaning if A3* (or B*") is underrepresented in the solution, growth cannot be
initiated. The compounds have mainly been discussed and displayed as A;B,O7. Nev-
ertheless, they can deviate from this stochiometry. This is true for the substrate that
is commonly referred to as ZrO,:Y 19at% but could be expressed as Y 762132407 ¢2.
Most of the samples studied by SEM-EDX in this project have been demonstrated
to have an elemental composition close to A,Hf,O7 except for the M1-Pb samples
(Section 3.2.3). In this chapter, all the samples will be referred to as A,Hf,O7 for

simplicity and as a reference to the structure.

Various techniques can be used to investigate the atomic structure of the grown
films. This study has applied Raman spectroscopy and XRD for this purpose. A
crucial difference is that Raman probes the local structure, whereas XRD probes the

long-range order.
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3.3.2 Raman spectroscopy

The Fm3m space group has only one active Raman mode, which involves oxygen
ion vibration in a tetrahedral environment formed by four cations. Six active Raman
modes exist for the Fd3m space group. Five involve cation-anion vibration, and the
highest wavenumber mode is related only to the oxygen sub-lattice [122]. Each active
Raman mode is associated with a peak in the Raman spectra. Since Raman is probing
the local structure, disorder in the structure will be revealed in the spectra. Therefore,
the spectrum of a sample with the disordered fluorite structure (space group Fm3m)
will not show one well-defined peak as is otherwise expected for its space group. The
disorder will cause disturbances in the vibrations and therefore provoke at least a
broadness of this peak. Whereas if the films are growing in the pyrochlore structure
(space group Fd3m), well-defined Raman peaks should be seen since the structure
has complete ordering. Examples from literature are presented in Figure 3.12a and
b, for LaoHf,Oy7 in the pyrochlore structure and ZrO,:Y in the disordered fluorite
structure respectively.

b)

a) Disordered fluorite ZrO,:Y12at%
Pyrochlore La,Hf,0;

Intensity, a.u.

200 400 600 800 1000 1 240

v v v v v
100 200 300 400 500 600 700
Raman shift, cm”

FIGURE 3.12: Raman spectra from literature. a) La, Hf,O7 concluded

to crystallize in the pyrochlore structure (space group Fd3m) [112]

b) ZrO,:Y 12at% concluded to crystallize in the disordered fluorite
structure (space group Fm3m)[123].

The recorded Raman spectra for selected samples are displayed in Figure 3.13.
The samples were excited from the top in Figure 3.13a-c meaning each spectrum
is a mixed contribution from the film and the substrate, and the film contribution
varies depending on the film thickness. The spectra of the substrates were collected
without any films. The sample was excited from the side in Figure 3.13d. Since a
micro-source with a focal point of approximately 2 ym was used for the excitations,
it was possible to excite the film more individually. The substrate has therefore
influenced the collected spectrum of the film much less, if any, compared to those
excited from the top. It could have been beneficial to collect the spectra for all samples

like this, but since the films are thin, it is more challenging to do so.

The substrate spectra are consistent with the expected broadness arising from the
disorder in the structure discussed above and with previously reported spectra on
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this structure [123] with a redrawing of this also presented in Figure 3.12b for better
comparison.

Considering the spectrum in Figure 3.13d of M4-Pb-Lu, Hf,07:Eu15% excited from
the side, the film has similar features as the substrate but with some variations in the
intensities. However, since Raman is probing the local structure, the composition and
site occupancy variation can introduce differences like this. This, therefore, strongly
suggest that the film is crystallizing in the same structure as the substrate, namely,
the disordered fluorite structure.

Considering the spectra collected by excitation from the top of the samples M1-
Pb-(Y,Sc),Hf,07-100, M2-Pb-(Tm,Sc),Hf,07-111 and M4-Pb-Lu,Hf,07-100 in Fig-
ure 3.13a, b and ¢, respectively. The features of the investigated samples are all similar
to those of the substrates. Indeed, these spectra are dominated by the substrate spec-
tra, but if the film has the pyrochlore structure, distinct peaks would have revealed
this due to the high degree of ordering in this structure.

It can be reasoned from these investigations that the films crystallize in the same
structure as the ZrO,:Y substrates, namely, the disordered fluorite structure (space

group Fm3m).

a) b) ——2Zr0,:Y-111
M2-Pb-(Tm,Sc),Hf,0,:Ce
je=2.0 pm
j=——15.3 um

—— Zr0,:¥-100

—— 0.92 ym M1-Pb~(Y Sc),Hf,0,

—— 0.12 ym M1-Pb~(Y,Sc),Hf,0,:Tb
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FIGURE 3.13: Raman spectra of selected samples (see sample refer-
ences in the legends) compared to substrates with appropriate orien-
tations. a-c) The samples are excited from the top. d) The samples
are excited from the side, thereby isolating the contributions from the

film and substrate. The excitation wavelength for spectra in a) and c)
457 nm and b) and d) 488 nm.

3.3.3 X-ray diffraction

Studying the structure of these samples with XRD can give somewhat restricted
information since the films are growing epitaxially on the substrates meaning they
should have a high degree of preferred orientation. When performing symmetric
20-w scans on the samples, diffraction will only occur on the planes parallel to the
sample surface, making it impossible to evaluate the structure entirely. Calculated
diffractograms of Lu,Hf,O7; with the defect fluorite and pyrochlore structure are
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(hkl) — Defect fluorite: Fm-3m - Lu,Hf,0, (F)
—— Pyrochlore: Fd-3m - Lu,Hf,0; (P)
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FIGURE 3.14: Diffractograms calculated for two relevant references.

Some peaks are referred to as the fluorite (F) and pyrochlore (P) struc-

tures corresponding to (hkl) for the (111) oriented samples and (h00)

for (100) oriented samples. * indicates the low-intensity peaks unique
to the pyrochlore structure.

displayed as references in Figure 3.14. These diffractograms are presented as if they
were from powders with no preferential orientation of the planes. Both structures
have, at first glance, similar diffractograms. Looking closely, the pyrochlore structure
gives rise to a few additional low-intensity peaks. The hafnate samples” single
crystalline nature results in a completely preferred orientation. The relevant peaks
associated with the two orientations of the substrate are marked in the figure as (h00)
and (hkl). These are at similar 26 values for the pyrochlore and fluorite. This indeed
challenges the structure determinations of the films with XRD. The additional peaks
from the pyrochlore structure can be revealed by performing asymmetric scans, but
this search can be tedious and is not further evaluated here.

With Raman, the difference between the disordered fluorite and ordered py-
rochlore is pronounced, as discussed in the section above. However, even though the
structure cannot be determined from XRD, other valuable and interesting information
can be extracted.

Some of these results extracted from performing XRD are presented in Figure 3.15
for samples M4-Pb-Luy,Hf,0O7:Eul5% with orientation (111) and (100). The peaks
observable with symmetric 26-w scans and w scans are displayed, comparing the
substrate and film contribution for each sample. The diffraction peaks from the
films are generally broader than from the substrates. This is especially evident when
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considering the w scans. This indicates there is a broader range of unit cell lengths,
which can be caused by strain in the film lattice or variations in composition as well
as slight variations in the parallelity between film and substrate. There are ripples
around the film peaks for M4-Pb-Lu,Hf,7:Eu15%-111 in Figure 3.15a. This results
from the film being only around 0.5 ym thick and is similar to features that arise
when performing X-ray reflectometry on thin film samples.
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FIGURE 3.15: a-d) 26-w and w scans for relevant peaks of 0.5 ym M4-
Pb-Lu,Hf,O7:Eul5%-111. e-h) 26-w and w scans f01; relevant peaks of
2.8 ym M4-Pb-LuyHfp7:Eu15%-100. A = 1.5406 A(Copper K,1)

For most of the samples, the XRD results look similar to those presented for the M4-
Pb-LuyHf>7:Eul5% samples. However, for M1-Pb-(Y,Sc),Hf,Oy, several often partly
overlapping peaks would be present for the films, similar to those in Figure 3.16c
and d, marked as 1 and 2. The extracted lattice mismatch for this sample is -0.33%
calculated for film peak marked 2, which is the furthest away from the substrate,
meaning the largest mismatch. Typically, having a lattice mismatch below 1% is not
causing significant issues for the film quality, so indeed -0.33% is not an unreasonable
lattice mismatch. From SEM-EDX, it was found that films from this solution have
variations in the elemental composition. This can result in variations in the unit cell
length of the film and thereby give rise to several diffraction peaks. It is noteworthy
that the position of the film peak in relation to the substrate peak is reversed compared
to the M4-Pb samples, establishing this M1-Pb film has a unit cell length shorter than
the substrates, whereas, for the M4-Pb samples, it is larger. This results in a tension
of the lattice of M1-Pb samples, which is typically more devastating for the film
quality than compression. Combined with the varying elemental composition, this
could provoke these films to have lines. The surface of an M1-Pb sample was shown,
for example, in Figure 3.8. The extended 26-w scans, like the one displayed for
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M1-Pb-(Y,Sc),Hf,0O7 in Figure 3.16a, typically only display peaks arising from the
expected (hkl) planes, indicating only a single crystalline phase is present. However,
for this sample, additional low-intensity peaks are found (one indicated with a star).
These peaks are suspected to arise due to PbHfO3, but it is challenging to conclude
because only a few low-intensity peaks are present. However, this suspicion is
supported by the findings presented in Section 3.2 that PXRD identified the material
depositing on the paddle during agitation as PbHfOj3. This secondary phase found in
the diffractogram of the M1-Pb-(Y,Sc),Hf,O7 sample most likely originates from the
crystals deposited on its surface (see Figure 3.5a-c) and not the film itself. Especially
since it can be concluded the additional peaks are not arising from the pyrochlore or
the delta phase.
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FIGURE 3.16: 20-w scans for a M1-Pb-(Sc,Y),Hf,0O7 sample. A =
1.5406 A(copper K1)

An overview of extracted lattice mismatches from samples grown from the differ-
ent solutions presented in relation to their nominal elemental content is displayed in
Figure 3.17. The unit cell parameter, a, is calculated by combining the d-spacing with

Bragg’s law. For a cubic system, the following is valid:

1 R+t

- (3.1)
Ay a?

And combined with Braggs law, the a-parameter is:

2\ 1/2
a= ((h2+k2+12)- <2.;‘in9> ) (3:2)
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The lattice mismatch is then calculated according to equation 4.1. An increase in
lattice mismatch with increasing nominal dopant content is generally observed. This
indicates the dopants enter the films increasingly with the nominal increase in the
solution. This again confirms the great flexibility of this structure. Considering the
ionic radii of the rare earth elements in the structure presented earlier in Table 3.4, all
dopants are larger than Hf**, and all except Ce** are larger than Lu®*. Substituting
with these elements will naturally lead to an expansion of the lattice. It is also
observed that samples grown on (111) substrates generally have a larger lattice
mismatch than for (100). This can explain the slower growth rate of these samples.
The lattice mismatch is positive for all compositions except those including scandium
(M1-Pb and M2-Pb). The lattice parameters of the films are, therefore, larger than that
of the substrate, demonstrating that the films are in compression.
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FIGURE 3.17: Overview of the lattice mismatch compared to nominal
content of rare earth dopant elements for hafnate samples.
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3.4 Scintillating Lu,Hf,O7:Eu

The ultimate goal is to have high-density scintillating screens able to perform high-
resolution imaging that can outcompete the current state-of-the-art SCF scintillators.
From the simulations, the hafnates are promising candidates. However, as has al-
ready been showed, unfortunately, not all grown hafnate compositions demonstrated
scintillation. Slight scintillation was found for M1-(Sc,Y),Hf,O7:Tb after performing
an annealing procedure, and reasonable scintillation was obtained instantly for M4-
Pb-Lu;Hf,O7:Eu and M6-Bi-LupyHf,07:Eu samples. These are, therefore, in focus for
this section. First, a literature review will be presented on the scintillation in lutetium
hafnates. Then the photoluminescence results of various samples will be presented,
and these abilities will be discussed. The remaining part of the chapter is restricted
to the scintillating samples, where results on radioluminescence, light output, decay,
and imaging abilities at beamlines are presented to thoroughly evaluate their abilities
as scintillators.

3.4.1 Literature

Since the general literature on lutetium hafnates is limited, the same is valid for
its scintillating properties. A recently published review concerning scintillation in
hafnium-based oxide materials also underlines this [124] since only a few compounds
are described here. Table 3.11 displays the main results from the literature on scintil-
lation in these compounds.

Compound | Dopant Growth method Scintillation Decay

HfO, [125] EuY Sol-gel (P) 31000 ph/MeV 9.5 us

Lup O3 [104] Eu LPE (SC) 5-20%** -
Lu,Hf,O7 [126] | Ce Combustion + sintering (C) 1000 ph/MeV 20 ns
LugHf;0p [127] E?];;b €& Solid state sintering (C)  Eu: 137%*, Tb: 56%" -
Lu,Hf,O7 [128] Un-doped Floating zone (SC) Low yield 81 ns and 641 ns
Lu,Hf,O7 [107] Ce, Pr, Tb Floating zone (SC) Low yield Pr: 27.2 us, Tb: 161 us

TABLE 3.11: Overview of literature on scintillating lutetium hafnates.
P: Powder, C: Ceramics, SC: Single Crystals. *of BGO and **of YAG:Ce.

The report on single crystalline Lu,Hf,O7 doped with either cerium, praseodymium,
or terbium, states the scintillation from these samples is inefficient. They find that af-
ter annealing of Lu,Hf,07:Ce at reductive conditions, the emission spectrum change
shape, and they suggest the valence state of cerium therefore transforms. They sug-
gest that praseodymium and terbium probably partly remain as tetravalent ions,
which may degrade their luminescent properties. It is suggested from these results
the Hf** site is interfering with the preferential substitution of ions and leading to
inefficient luminescence properties [107]. However, no direct proof of this claim has
been displayed.

Substrate: It has previously been reported that yttria stabilized ZrO, exhibit
emission [129, 130]. It was suggested that the broad scintillation band arises due
to a defect structure with all nearest neighbors of Zr*" being oxygen vacancies. In



3.4. Scintillating Lup,Hf,O7:Eu 83

addition, they also observed a low-intensity peak around 610 nm, which they suspect
is caused by rare earth impurities in the structure [129].

3.4.2 Luminescence
3.4.2.1 Annealing procedures

We briefly investigated the influence of thermal annealing on the luminescent proper-
ties. For that purpose, samples of M1-Pb-(Y,Sc),Hf,O7:Tb1%, M3-Pb-Lu, Hf,O7:Eu
and M4-Pb-Lu,Hf,O7:Eu were selected, and the emission spectra under X-ray excita-
tion before and after annealing were investigated. The general annealing procedure
was in a muffle furnace in air. The cooling and heating rate was 100 °C/h, and the
annealing temperature was 1100 °C for 12 h.

For M1-Pb-(Y,Sc),Hf,O7:Tb1% samples, indications of Tb3* emission lines were
found in the radioluminescence spectra only after the annealing procedure. However,
a thermal annealing procedure in air normally transforms Tb3* into Tb**. The an-
nealing could have reduced a defect concentration in the film that otherwise initially
quenched the scintillation. Alternatively, the X-ray flux used for the second measure-
ment was slightly higher, making it possible to detect the low-intensity scintillation.
Nominally in the growth solution, there was only 1% terbium, but it has been con-
firmed by photoluminescence and the change in film color that terbium enters the
structure, which will be presented in the next section. The scintillation yield could
potentially have been increased by increasing the terbium content. However, this was
not pursued. Since scandium and yttrium occupy the structure heavily, as concluded
by elemental analysis in Section 3.2.3, the density of these samples is reduced below
6 g/cm?® making it less relevant in the scope of this thesis.

For M3-Pb-Lu,Hf,0O7:Eu and M4-Pb-Lu,Hf,07:Eu annealing in air at 1100 °C did

neither enhance nor reduce its radioluminescence.

3.4.2.2 Photoluminescence

Photoluminescence has been used to extract further information on the dopant incor-
poration in the lattice and to identify the emission lines better since the radiolumines-
cence is of lower resolution making it harder to identify them.

M1-Pb-(Y,Sc),Hf>,07:Tb1%-A-100: Figure 3.18a displays the photoluminescence
spectra of a M1-Pb-(Y,Sc),Hf,0O7:Tb1%-A-100 film and the substrate. The photolu-
minescence spectra were recorded by exciting from the side of the sample. Since
the excitation source has a focal point of approximately 2 ym, it was possible to
excite the film more individually by exciting mainly the film, thereby reducing the
substrate signal and maximizing the film signal. This is meaningful since the emission
from M1-Pb films is low intensity, and the film is only 0.12 ym thick. The emission
lines characteristic for Tb®* are identified as indicated in the figure, being °Dy to 7F;
(j=5/4,3) transitions. Here it is also important to notice that the substrate itself exhibits

photoluminescence. The origin of this was discussed above, and for these specific
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lines, rare earth impurities must be present in the substrate. It is not unusual having
rare earth element impurities in single crystals. To avoid it, the precursors should be

very pure, which is very expensive.

5| 7,
] °D,>7F a) L b)
[—— 0.12 um M1-Pb-(Sc,Y),Hf,0,:Tb1%-A-100 —2zro,v-111
—— Zr0,:Y-100 | |=—1.1 um M3-Pb-(Sc, Tm),Hf,0,:Eu10%-111 top

side

Intensity [arb. units]

J‘:::

T T T T T T T T T T T T
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A [nm] A [nm]

FIGURE 3.18: Photoluminescence spectra a) M1-Pb-100 sample, excita-

tion from the side to excite the film more individually. b) M3-Pb-111

sample, excitation from the top with the laser power for the sample

being 5% and for the substrate 1%. The excitation wavelength for all
spectra is 488 nm.

M3-Pb-(Sc,Tm),Hf,07:Eu10%-111: The spectra of M3-Pb-(Sc,Tm),Hf,O7:Eul0%-
111 is presented and compared to a substrate without film in Figure 3.18b. This
sample was excited from the top, meaning the spectrum is a combination of the film
and the underlying substrate. For these specific measurements, the power of the
laser was 1% for the substrate and 5% for the sample. The sample and substrate
spectra are very similar, and the typical emission lines corresponding to europium
transitions are absent. This agrees with the absence of scintillation from these samples.
However, it was already confirmed europium is incorporated in the structure from the
increase in lattice mismatch in section 3.3. Tm3" is typically found to be luminescent
itself, but there are reports on concentration quench as well as the initial increase of
Eu’" luminescence followed by a concentration quench when co-doped with Tm3*
reducing the emission [131]. It is therefore suspected the large concentration of
thulium in the structure quenches the Eu®* emission.

M3-Pb-LuyHf,O7: The photoluminescence spectra of M3-Pb-Lu,Hf,O7 samples
with increasing europium content and a substrate are compared in Figure 3.19a. These
spectra are not corrected for the film thicknesses. The typical Eu®" lines characteristic
for the °Dy to “F; (i=1,2,3,4) transitions are identified for the europium doped samples.
The same lines can be identified for radioluminescence (see Figure 3.20). The substrate
emission without any films seems very large compared to the films here, but it should
be noted that the substrate is 500 m thick where the films are only a few microns (see
figure legend). However, it is also apparent that the substrate emission is dimmed for
the samples with the film. The relevant emission lines for scintillation purposes when
combined with a CCD or sCMOS camera are studied closer in Figure 3.19b. Here the

spectra are corrected for their thicknesses to evaluate their relative intensities. With
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| ——2zr0,:v-100 a) b)
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—— 1.2 um Eu0%
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FIGURE 3.19: Photoluminescence spectra M4-Pb-100 samples with

varying nominal europium content a) Not thickness corrected. b)

Thickness-corrected spectra focusing on the typical europium lines

relevant for scintillation purposes. The excitation wavelength for all
spectra is 488 nm

increasing nominal europium content, the europium peaks increase in intensity. This
is indicated with arrows in the figure. There is also some overlap of lines from the
substrate and the film.

3.4.2.3 Radioluminescence

The radioluminescence is, of course, the most relevant since the project aims for
scintillation. Comparing the photoluminescence and radioluminescence spectra of
Z105:Y-100 substrate and M4-Pb-Lu,Hf,O7:Eul5% in Figure 3.20 overall agreement is
found. However, the substrate has a broad emission band in radioluminescence that
is absent in photoluminescence. This indicates it requires higher energies to be excited
than europium since the europium lines are present both for photoluminescence and
radioluminescence. The scintillation from the substrate is a broad band from around
350 nm to 575 nm and a few low-intensity peaks above 600 nm. It has previously
been reported that yttria stabilized ZrO, exhibit emission [129, 130], and the origin of
this was discussed earlier.

The radioluminescence spectra recorded for M6-Bi-Lu,Hf,O7:Eu samples with
increasing nominal europium content is presented in Figure 3.21. The europium-
doped samples show an increasing intensity of the emission lines with the nominal
europium content. From this, it is also seen the lines are similar regardless of the
substrate orientation.

Bandpass filters: Scintillation from the substrate can be detrimental to the final
imaging applications at beamlines since this will mimic a much thicker scintillator and
generate an image out of the focal plane deteriorating the spatial resolution. Therefore,
Two bandpass filters were tested to exclude the emission from the substrate itself
while retaining the emission from the films. The characteristics of the two filters are
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FIGURE 3.20: Comparison of normalized spectra of radioluminescence
and photoluminescence for a) ZrO,:Y-100 substrate and b) M4-Pb-
Lqusz7:Eu15%—100.
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FIGURE 3.21: Radioluminescence spectra of M6-Bi-Luy Hf,O7 samples
with increasing europium content. The spectra are corrected for the

film thickness. The two samples with Eu35% overlap. Excitation was
performed with a molybdenum source.

presented in Table 3.12. The emission spectra collected using the filters are displayed
in Figure 3.22a and b for filterl and filter2, respectively. The substrate emission
overlaps with some of the europium lines of the films. Therefore using bandpass
filter1l, only some substrate emission can be omitted as seen in Figure 3.22a blue
curves. When using bandpass filter2, one europium line at 590 nm from the film
is transmitted, and the substrate emission seems completely omitted. However,
both filters also reduce the film emission, which reduces the overall efficiency of the
scintillator. Despite this, the problem of substrate scintillation can be resolved by
using bandpass filters like these in the detector setup.
| Central wavelength FWHM

Filterl 634 nm 70 nm
Filter2 590 nm 10 nm

TABLE 3.12: Overview of the two bandpass filters used for omitting
the substrate emission.
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FIGURE 3.22: Radioluminescence spectra a) M4-Pb-LuyHf,O7:Eul5%-
100 with and without filter1. b) M6-Bi-Lu, Hf,O7:Eu45%-100 with and
without filter2. See the description of filters in Table 3.12. Excitation

was performed with a molybdenum source.

3.4.3 Light output

T
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The light output is difficult to predict since it depends on many factors. Of course, it

depends on the band structure itself, but the growth method often influences which

and how many defects and impurities are present. However, it is an important

parameter for scintillating samples and should be evaluated.
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FIGURE 3.23: Light output for increasing europium content in samples:
a) M4-Pb-LuyHf,O7. b) M6-Bi-Lu,Hf,O;. Excitation was performed
with a molybdenum source. The light output is calculated relative to a
YAG:Ce bulk single crystal and is corrected according to the thickness.

No bandpass filter has been used for these measurements.

45

50

The light output was measured for the scintillating samples relative to the light

output of a YAG:Ce bulk single crystal and corrected according to the X-ray absorption

and, thus, the thickness. The light output is summarized in Figure 3.23 and is

presented as a function of the nominal europium content of the samples. It is worth

mentioning here again that the nominal and actual europium content is not the same.
See more in Section 3.2.3. For both M6-Bi-Lu,Hf,O7:Eu and M4-Pb-Lu,Hf,O7:Eu,
there is an increasing light output dependence with increasing nominal europium

content. This is caused by the increased probability of recombining radiative as the
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europium content increases, leading to increased light output. Saturation of the light
output is not yet reached for these samples as is otherwise typical when increasing
the dopant content in scintillating samples. The light output is below 10%, which is
considerably less than what was hoped for. The solvent elements (here Pb and Bi)
may be incorporated into the films and introduce killing luminescence centers, which
reduce or eliminate the light output. As the structure is very flexible for LPE growth,
some solvent ions are likely incorporated into the grown films, affecting the light
output.

The light output of the substrates is also indicated in the figure and is below 2%.
Since the substrate thickness is large in comparison to the thickness of the film and
the light output here is corrected for the thickness, even a very low luminescence con-
tribution cannot be ignored since it is enough to spoil the contrast when performing

X-ray imaging.

3.4.4 Decay

Decay measurements of M6-Bi-Luy,Hf,O7:Eu samples with increasing nominal eu-
ropium content are presented in Figure 3.24. The excitation wavelength was 465 nm
and the emission wavelength 590 nm to isolate the contribution from the film. In-
creasing nominal europium content results in a lower decay time. This is a typical
phenomenon seen when the dopant level increases since the mean distance an excited
electron has to travel before recombining non-radiative decreases. It is important to
note that these decay measurements are performed with optical light excitation, not
X-rays. The light output measurements are performed using X-ray excitation, and an
increase in light output is observed with increasing nominal europium content. For

X-ray excitation, electron-hole transfer has to be considered.

St
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FIGURE 3.24: Decay curves for M6-Bi-Lu,Hf,Oy:Eu samples. The
excitation wavelength was 465 nm, and the emission wavelength was
590 nm.
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The decay time constants have been extracted from the decay curves. For the
non-doped sample, M6-Bi-Lu,Hf,O7, the curve was described well using two decay
constants, being 1.1 us and 2.3 ps, which must origin from the substrate emission.
The sample with nominal Eu5%, LuyHf,O7:Eu5%, three decay constants described
the curve well, being 0.58 us, 2.0 us, and 3.9 pus. Comparing with the values for decay
times listed from literature in Table 3.11 for doped Lu,Hf,Oy, these decay constants
are considerably lower. However, the values are not directly comparable since the

decay measurements were not performed with X-ray excitation.

3.4.5 At the beamlines

Before performing any tests of the newly developed hafnate scintillators at the beam-
lines, the samples had to be prepared. There are films on both sides of the 500 ym
thick substrate after LPE. To remove the film and reduce the substrate thickness to
around 150 pym the samples were lapped and polished on one side. Micrographs
of the two samples prepared for use at the beamlines were presented in Section 3.2,
Figure 3.9. Since the M4-Pb-Lu,Hf,O7:Eu sample was grown some months before
the M6-Bi-Lu,Hf,O7:Eu sample, this was used for the first radiographs at BMO05.
Due to the better surface quality, M6-Bi-Lu,Hf,O7:Eu was mainly used for the later
experiments performing tomography.

3.4.5.1 Spatial resolution

To experimentally verify the ability of the films to produce high-resolution images,
MTFs were extracted from radiographs of a GaAs edge. The method to obtain
the MTFs was described in detail in Section 1.2.1.3. These experiments were per-
formed at the ESRF BM05 beamline with monochromatic radiation using a Si(111)
crystal monochromator with an energy resolution of AE/E ~ 10~% [103]. The high-
resolution X-ray detector system comprised a 10x magnification (NA=0.4) microscope
objective and a 3.3x eyepiece. The scintillator was coupled to a Zyla 4.2 sCMOS
camera through these magnifying optics. The system allows for the insertion of an
optical filter in the infinity-corrected part of the optical path.

To optimize the focus, radiographs of foam were recorded while changing the
focus. Uncorrected radiographs of foam and the edge is presented in Figure 3.25, ob-
tained using a M4-Pb-Lu,Hf,O7:Eu15%-100 sample and M6-Bi-Lu, Hf,O7:Eu45%-100
sample. The M4-Pb-100 samples have the before-mentioned pits on the surface (see
Figure 3.7e-g), and as a consequence, when recording radiographs, the scintillating
light is enhanced in these. However, after correcting with a flat field image, these
pits do not affect the image quality considerably for the radiographs but could intro-
duce severe issues when performing tomography. The foam and edge radiographs
obtained using M6-Bi-Lu, Hf,07:Eu45%-100 have a few bright spots. These are due to
crystal inclusions on the film surface, enhancing light extraction in those spots acting

as diffusive centers.
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FIGURE 3.25: a) and c) radiographs of foam. b) and c) radiographs

of GaAs edge. The scintillator applied is stated on each row, and the

images are not dark or flat field corrected. All radiographs are taken
using 17 keV monochromatic X-ray energy.

The MTFs extracted at 17 keV using M4-Pb-Lu,Hf,O7:Eul5%-100 and M6-Bi-
Lu,Hf,O7:Eu45%-100 are shown in Figure 3.26a and b, respectively including sim-
ulated MTFs at 17 keV and 19 keV. Each sample was used with and without filterl
(Table 3.12) to validate that reducing the substrate emission improves the MTFs. The
curves have been smoothed using a smoothing average for better comparison. The
experimental MTFs for both samples are lower than the simulated MTF at 17 keV.
When using filterl, the MTFs are enhanced, indicating filter]l removes sufficiently
the emission from the ZrO,:Y substrate to enhance the MTFs. However, the experi-
mentally obtained MTFs are still not fitting the simulated MTF at 17 keV. It is instead
comparable with the simulated MTF at 19 keV, especially below 600 Ip/mm. It was
discussed in detail in Chapter 2 that using X-ray energies above the absorption K-edge
of high-Z elements in the substrates results in a degradation of the MTE, especially at
low Ip/mm. This effect is seen for the simulated MTFs in Figure 3.26 where energies
below and above the zirconium absorption K-edge were used. However, the yttrium
absorption K-edge energy is 17.04 keV, meaning just above the energy used for the
experiments in Figure 3.26. The absorption edge energies arising from the substrate
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FIGURE 3.26: Experimentally obtained (solid lines) and simu-

lated (dashed lines) MTFs. a) M4-Pb-Lu,Hf,O7:Eul5% b) Mé6-

Bi-LupHfyO7:Eu45%. All radiographs are obtained using 17 keV
monochromatic X-ray energy.

are reported in Table 3.13. The monochromatic energy chosen at the beamline should,
in principle, be very precise. Nevertheless, these results indicate that the X-ray energy
was at least partly above the yttrium absorption K-edge. Comparing the experimental
MTFs using M4-Pb-Luy,Hf,O7:Eul5%-100 and M6-Bi-Lu,Hf,O7:Eu45%-100 in Fig-
ure 3.26a and b, it can be concluded they are comparable. The pits present in the
M4-Pb-Lu,Hf,07:Eul5%-100 sample are, as already discussed, not decreasing the
spatial resolution when used for radiography. Filter2 (Table 3.12) was also tested at
the beamline, but the signal was reduced too close to the noise level of the sensor,
and the extracted MTFs were highly noisy and will therefore not be presented here.
Element ‘ Edge ‘ Energy [keV]

Zr K 18.00
Y K 17.04

TABLE 3.13: Relevant absorption edges [102] for the substrate, ZrO,:Y.

Figure 3.27 shows the experimentally extracted MTFs at X-ray energies 17 keV
and 19 keV, below and above the zirconium K-edge (Table 3.13), using the M6-Bi-
Lup,Hf,07:Eu45% sample compared to the corresponding simulated MTFs. For these
measurements, the filter was not applied since using it reduces the scintillating light.
The experimental MTF obtained at 17 keV is slightly higher than that at 19 keV, but
they are comparable. The typical decrease of the MTF when using energies above
the absorption K-edge energy of an element in the substrate is only slightly observed.
This supports the suggestion that the 17 keV at the beamline was not the actual energy.
It seems it has been higher than the yttrium absorption K-edge energy leading to
MTF degradation by substrate fluorescence.

The MTF curves experimentally extracted using the hafnate scintillators generally
show good spatial response. They are lower than the simulated MTFs at the initially
expected X-ray energy, but this can most likely be ascribed to the substrate scintillation
and fluorescence induced by the yttrium. Unfortunately, this last point was not
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considered when performing the experiments at the beamline. It would be beneficial
to perform the experiments at lower energies to confirm or disconfirm this suspicion.
However, it was unfortunately not possible to perform additional measurements
before the end of this thesis.
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FIGURE 3.27: Experimentally obtained (solid lines) and simulated

(dashed lines) MTFs using monochromatic X-rays with energies:

17 keV and 19 keV, which are below and above the zirconium ab-
sorption K-edge, respectively. No filter was applied.

3.4.5.2 Imaging at beamlines

Radiographs at BM05

To further explore the abilities of the hafnate scintillators, radiographs were taken
of a dead woodlouse (an insect) with the same setup described above for obtaining
the MTFs. The woodlouse in front of the setup is displayed in Figure 3.28a. The
experiments were performed using 17 keV monochromatic X-rays. This beamtime
was performed before growing the samples with the Bi-based flux, and therefore here,
the M4-Pb-Lu, Hf,07:Eu15% sample was compared to a GGG:Eu SCF scintillator. Due
to the difference in light output of these two scintillators, the exposure times were
not the same. For the 10 ym thick GGG:Eu, an exposure time of 10 s was sufficient to
be well above the noise level of the camera. However, for the hafnate scintillator, an
effective exposure time of 150 s was necessary.

Radiographs are presented in Figure 3.28c-d, and Figure 3.28b, obtained with M4-
Pb-LuyHf,07:Eul5% and GGG:Eu, respectively. These radiographs demonstrate that
many small features can be resolved with the hafnate scintillator, witnessing the good
contrast and resolution already shown through the MTFs. The pits of the hafnate
samples, which act as diffusive light centers as seen in uncorrected images, are not
influencing the radiographs when corrected from the dark and flat images. They
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do, therefore, not seem to be an issue for the final image quality when performing

radiography, as was also concluded from the MTFS.

2.8 pm M4-Pb-Lu,Hf,0,:Eu15%

10 ym GGG:Eu

FIGURE 3.28: a) Photograph of the insect used for the radiographs in

front of the setup. b) Radiograph using 10 ym GGG:Eu of woodlouse

(insect). c-e) Radiographs using 2.8 ym M4-Pb-Luy;Hf,O7:Eu15%-100

of woodlouse (insect) and a resolution target. All radiographs are

taken at BM05 using monochromatic X-rays with energy 17 keV and
is dark and flat field corrected.
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Tomography at ID19

To explore a hafnate scintillator in real beamline conditions, tomography was per-
formed at ID19 (ESRF beamline) on a micro-structured aluminum-silicon alloy. The
high-resolution X-ray detector system comprised a 10x magnification (NA=0.3) mi-
croscope objective and a 2x eyepiece. The scintillator was coupled to a PCO edge 5.5
camera through these magnifying optics. The system allows for the insertion of an
optical filter in the infinity-corrected part of the optical path. The X-ray energy used
for the imaging is around 19 keV. Image slices from the tomography experiments are
presented in Figure 3.30 comparing M6-Bi-LupyHf,O7:Eu45% with and without filter2
and an LSO:Tb with comparable thickness. To better compare the hafnate sample and
the LSO:Tb, the acquisition time for the LSO:Tb was reduced to have similar intensity
in a radiograph as the hafnate without using a filter.

There are rings present in the image slices using the hafnate. This is normally a
result of dust on the scintillator surface or a too-low signal-to-noise ratio. For this
specific hafnate sample, it can also be due to crystal inclusions at the surface, which is
more likely. The pits on the surface of the samples grown from the Pb-based solution
could impose a larger issue when performing tomography than radiography. Com-
paring the zoom on the heart-shaped feature for each scintillator, LSO:Tb is resolving
some features not visible with the hafnate scintillator. From these tomography slices,
the filter does not visibly enhance the resolution. However, since the energy applied
is around 19 keV it is above the absorption K-edge of zirconium, and therefore the
contrast should be better for the LSO:Tb thin SCF scintillator. Some simulations
showing this are presented in Figure 3.29.

Nevertheless, it has been successfully demonstrated that Lu, Hf,O7:Eu grown
by LPE in a Bi-based solvent can be applied to perform high-resolution imaging at

synchrotron beamlines.
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FIGURE 3.29: Simulated MTFs of LSO:Tb (dashed lines) and

LuyHf,07:Eu (solid lines) using monochromatic X-rays with ener-

gies: 17 keV and 19 keV, which are below and above the zirconium
absorption K-edge, respectively.
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M6-Bi-Lu,Hf;0;:Eu45%
M6-Bi-Lu,Hf,07:Eud5% w filter2

LSO:Tb

FIGURE 3.30: Tomography slices performed on a micro-structured

aluminume-silicon alloy at ID19 (ESRF beamline) using scintillators:

a) 4.1 ym M6-Bi-LupHf,O7:Eu45% with filter2, b) 4.1 ym M6-Bi-
LuyHf,O7:Eud5%, and c) 4.8 ym LSO:Tb on YbSO.
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3.5 Possible optimization

As this chapter has hopefully highlighted, extensive research has already been per-
formed on these hafnate compounds. We understand much more than we did at the
beginning of the project and the opportunities following it. With the experience from
the LPE process and characterization of the grown samples, we understand better
how the growth takes place, which crystal structure can be expected, and the possibil-
ities for new compositions. We experienced how detrimental competing phases can
be for LPE growth and that it is possible to use Bi,Os as a solvent for the growth of the
hafnates. Finally, the most important experience is perhaps the apparent flexibility of
this system for LPE growth, allowing a wide range of compositions to be grown on a
single type of substrate. This section will present some possibilities for optimizing
the samples.

3.5.1 The substrate

This section will briefly discuss some substrate aspects which could be optimized for
potential later studies. It should be noted that optimization of the substrate is not in
the scope of this thesis.

Substrate structure: The substrates applied for the LPE growth of the hafnates are
Zr0,:Y (9.5 mol% Y>03) grown by the skull melting technique [132]. The relation
between the amount of yttrium substituted into the structure and the unit cell length

is reported to be as follows:

a = 5.11742 + 0.00159 - x (3.3)

where x is the yttria content in mol% YO, 5 [111]. For our commercial substrates,
it is reported x = 19 mol% YO 5, which according to the above formula, results in a
=5.14704 A. From XRD measurements performed on substrates and samples (film
on substrates), we generally find that a = 5.146 A for the substrate, fitting quite well
with the equation. Since we did not investigate the elemental composition of the
substrate, the Y,O3 content could vary slightly from the reported content and thereby
inducing this difference. Since the yttrium content in the structure determines the
unit cell length, the substrate could be modified and optimized to reduce the lattice
mismatch. This also allows testing other film compositions, which might be out of

reach with the current substrate a-parameter.

Substrate scintillation: As discussed in Section 3.4.3, the scintillation from the
substrate cannot be ignored even though it does not seem significant. As seen in
Section 3.4.2 the scintillating emission from the substrate is a rather broad band and a
low-intensity peak around 610 nm. Even a low impurity level in samples can result
in emission, especially for rare earth element inclusions. The peak around 610 nm
is suspected to arise due to this. To reduce or avoid substrate emission, the crystal
growth procedure should be purified to avoid any rare earth impurities responsible
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for the emission. However, some defects are intrinsic to the crystal growth method, for
example, oxygen vacancies and anti-site defects. The broad emission band we have
observed from the substrate most likely arises due to oxygen vacancies, as discussed
earlier, and can, therefore, not be avoided by purifying the substrate crystal growth.
However, as already demonstrated this seems to be easily omitted by applying optical

filters.

3.5.2 The films

Low light output: Using a scintillator with this low light conversion (<10% of YAG:Ce)
efficiency is an issue for practical purposes. It would require to use much longer
acquisition times for the imaging experiments and it can therefore not compete with
current state-of-the-art LuAG:Ce, LSO:Tb, and GGG:Eu SCFs. Indeed it would be
beneficial to perform quantitative elemental analysis to detect precisely the impurity
atoms present in the different samples and the dopant levels. This could reveal
whether the low light output is caused by low dopant incorporation or too-large
impurity levels of elements such as Pt and Pb in the films.

It is worth remarking that the Bi-based LPE solutions for the growth of hafnate
compounds have not been fully explored yet. The nominal europium content was
increased successfully up to 45%, which resulted in increasing light output. Therefore
a study to explore even larger europium content would be valuable. The limit could
be the lattice mismatch of the films with respect to the current substrate, but by
modifying the composition of the substrate, it could be possible to grow Eu, Hf,0O5.
Other dopants and possibly co-doping could also be investigated to enhance the
light output and further annealing studies. Furthermore, due to the apparent large
flexibility of the lattice and the possibility to adapt the substrate structure, it opens
the opportunity to grow A;B,O7 structures with other A and B ions. This requires an

extensive bibliographic study beforehand.
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3.6 Conclusions

A broad range of hafnate compositions have been explored for LPE growth on ZrO,:Y
substrates with crystallographic orientations (100) and (111).

It was found that the hafnate system offers a broad range of compositional options
to grow on a single substrate type. Thin films of (Y,Sc,Hf)4Og_, (S5c,Tm),Hf,0O7,
(Lu,Tm),Hf,O7 and LuHf,0O7 was successfully grown, proving these hafnates to
be a more flexible system for LPE than what is typically observed. Two different
solvents, PbO-B,0O3 and Bi»O3-B,O3, were used for these LPE solutions. Changing the
solvent from Pb-based to Bi-based was successful, and thicker films of higher quality
were obtained. The elemental content estimated from SEM-EDX revealed that most
samples have a stochiometry close to A;B,0O7. Raman spectroscopy suggests that the
films have the disordered fluorite structure, similar to the structure of the substrate.
The lattice mismatch extracted from XRD performed on the samples varies from -0.3%
to 0.85%, depending on the nominal solution content. From this, it was concluded that
they increasingly entered the films by nominally increasing the dopant concentration
in the solution. From photoluminescence measurements, the emission lines of terbium
were identified for (Y,Sc,Hf);Oz_,:Tb and europium for Lu,Hf,O7:Eu. Significant
scintillation was only reached for Lu,Hf,O7:Eu. The light output increased with
increasing europium content but was estimated to be lower than 10% of YAG:Ce. The
substrate, ZrO,:Y, also scintillates. This can be diminished and perhaps eliminated
by using optical bandwidth filters that are mainly transparent for film emission.
The MTFs were experimentally measured, showing that Lu,Hf,O7:Eu has a good
spatial response. Compared to the simulated MTFs, the experimental MTFs were
lower, indicating that something was decreasing the contrast. This is attributed
to the substrate emission, and it is postulated that the X-ray energy used for the
experiments was slightly higher than expected. This would cause a reduction of the
MTF because the K-edge absorption energy of the substrate would then be exceeded,
and fluorescence would thereby degrade the spatial resolution. From radiography
and tomography experiments, the ability of Lu,Hf,O7:Eu to perform high-resolution
X-ray imaging was explored and validated.

These initial results demonstrate that high density, high effective atomic number,
Lup,Hf,O7:Eu can be successfully grown by LPE, and the samples possess promising
scintillating properties. Indeed, these studies have also opened the opportunity to
grow a broad range of compounds by LPE on ZrO,:Y substrates, which could lead to
exciting materials studies in the future.



99

Chapter 4

Preparation and growth of
micro-structured scintillators

4.1 Introduction

4.1.1 Micro-structures

The microstructure of surfaces is, in numerous cases, of great importance. It is seen
in nature for some animals, insects, and plants, where a well-studied example is
lotus leaves. Due to their surface structures, they repel water allowing raindrops
to roll freely [133, 134]. While rolling, they collect dirt resulting in a self-cleaning
effect, sometimes called the lotus effect [135]. Physically creating micro-structuration
of material surfaces can enhance specific properties or even provide the material
with new properties, such as friction. An example is solar cells. It has been found
that structuring the surface with a femtosecond laser increases the photocurrent by
about 30% [136], and by controlling the grain growth of nano-beads as a surface
micro-structuration, there is a significantly higher conversion efficiency compared to
assemblies with just nanoparticles [137].

As discussed in Chapter 1, developing microstructured scintillators has the ad-
vantage of having more efficient detection while maintaining a spatial resolution of a
few microns at the best case [53]. A very studied structured scintillator, and so far the
only commercialized, is the columnar CsL:Tl. The columns are grown on a substrate
using vapor deposition, and by varying the deposition parameters, the structure can
be controlled and adjusted [51]. However, even though longer columns have a better
conversion efficiency, they also have a lower spatial resolution than scintillating SCFs.
This is caused by optical photons crossing between the columns or needles, often
referred to as the cross-talk problem [53]. Even though sub-micron resolution cannot
be obtained with these, the spatial resolution is still high, and combined with the
high absorption efficiency, these are ideal for many medical purposes, having a low
dose in the patient. An example is displayed in Figure 4.1, a radiograph of a hand
obtained with a 500 ym thick CsI:T]1 columnar screen. The limitations for usage at
synchrotron sources are their pour radiation hardness [138] and high afterglow [51].
The damages created, especially by the high flux and high energy synchrotron beams,

result in light output losses and inhomogeneous responses.
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FIGURE 4.1: Radiograph of a hand, acquired with a 500 ym columnar
CsI:T1 screen, adopted from [51].

Other attempts to create self-growth array-derived structured scintillators are
of Lu;O3 and ZnO. However, these are less-developed options. The transparent
LuyOs3:Eu coatings of 6 to 10 ym have been deposited on sapphire substrates by
Electron-Beam Physical Vapor Deposition (EBPVD). From SEM images, a columnar
appearance of the deposited Lu, O3 is observed [139]. By performing radiolumines-
cence microscopy, a cell-based imaging experiment, they compared the Lu,O3z:Eu
sample with a CdWOj scintillating screen. They concluded that using the structured
LuyOs3:Eu could provide a better-resolved cell image than initially used CdWO,
scintillators. ZnO nanorod arrays have been deposited via magnetron sputtering
and treated subsequently with a hydrothermal reaction method [140]. They were
fabricated on quartz substrates with an average diameter of 500 nm and a thickness of
18 ym. From imaging an imaging target at a beamline using 20 keV low flux X-rays,
they conclude to have obtained a spatial resolution of 513 Ip/mm (~1 ym) at an MTF
of 10% using their sample.

The concept and idea behind structured scintillators are very good and seem
promising, especially at high X-ray energies, to maintain spatial resolution. However,
the execution of the concept should still be explored and optimized. Especially for
use on beamlines, the currently available options are not optimal.

In this chapter, the complete procedure of obtaining the first promising results
of LPE grown micro-structured samples will be presented. This includes details
about the laser treatment performed at Fraunhofer Institute for Laser Technology
(Fraunhofer ILT) on the substrates and the subsequent treatment and preparation
before the growth. The LPE growth itself will be described in detail as well as the
issues encountered. Finally, the thorough sample characterization that has helped to
understand better the sample growth and behavior of them will be presented and
discussed. This chapter merely describes the first steps in exploring LPE growth as a
valid synthesis route for growing micro-structured samples. Hopefully, many more
tests and investigations will be performed in the future.
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4111 Concept

Before going into details about the different procedures to obtain a structured sam-
ple, the concepts, and ideas will shortly be described here. This should provide an
overview and understanding of the pathway as well as an overview of the nomencla-
ture used in this chapter for the samples.

Pillars

LA AL ] | BB B EEEEEEE]

Substrate — Substrate — Substrate
Laser treatment LPE growth

FIGURE 4.2: A schematic showing the simplified idea and concept
used in this project to obtain micro-structured samples. In reality, there
will be growth of a typical film on the opposite side of the pillars.

The pathway utilized in this project is demonstrated simplified in Figure 4.2, and
a schematic of the laser-treated substrates is presented in Figure 4.3. The substrates
being objectives for the laser treatments are of the same quality as for conventional
LPE growth of single crystalline thin films. These substrates are first treated with a
laser that creates trenches vertical and horizontal, leaving squares of 50 ym x50 ym
in between them. After growth, these squares will be referred to as pillars. The
combination of the horizontal and vertical trenches is referred to as a grid. The
laser-treated substrates with several grids are then the subjects for LPE growth. The
growth is performed conventionally, but instead of the layer growing homogeneously
flat on the substrate, it grows ideally only at the squares and has no or at least very
limited growth on the laser-treated trenches. Each of the steps will be described in

detail in the following sections.

Grid

Trench
" -
e

L1

GGG LYSO:Ce

FIGURE 4.3: A schematic of a GGG and LYSO:Ce substrate after laser

treatment. For GGG the grids are rotated at eight different orientations,

and for LYSO:Ce, the trench size is varied. The schematic also shows
what is referred to as a grid, square, and trench.
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4.1.1.2 Substrates

Two types of single crystalline substrates were used for the laser micro-patterning
and subsequent LPE growth. One is Cerium doped Lutetium Yttrium Orthosilicate
(LYSO:Ce, Lu1 8Y(25i0Os5):Ce grown by the Czochralski method. Two crystallographic
orientations have been used. One is (010), and the other is an unknown orientation.
Several attempts have been made to determine the orientation of this substrate
by Laue diffraction, but due to its low symmetry (monoclinic), it is challenging
to determine. This, unfortunately, also makes it difficult to correlate the growth
behavior of the two different orientations. All LYSO:Ce substrates are disks with
1 inch diameter and 0.5 mm thickness. It crystallizes in a monoclinic lattice (space
group: C2/c) with cell parameters a = 14.245 A, b = 6.635 A, c = 10.242 A, B = 122.188°.
The other type of substrate is undoped Gadolinium Gallium Garnet (GGG, Gd3GasO12)
also grown by the Czochralski method. Two crystallographic orientations have been
used: (100) and (111). The (100) substrates are 10 mm x 10 mmx 0.5 mm, and (111) are
disks of 1 inch in diameter and 0.5 mm thickness. GGG crystallizes in a cubic lattice
(space group: [a3d) with a = 12.383 A.

The laser treatments on the substrates will be summarized in the next section.
The section after will encompass the preparation performed of the micro-patterned
substrates before the LPE growth as well as some growth parameters. The results
and discussion on LSO:Tb and GGG:Eu will be separated into two sections to make
a comprehensible overview of these. Finally, a comparison and discussions on
the future of the project as well as the possible approaches to optimize the micro-
structured samples, is discussed in the last section of this Chapter.
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4.2 Laser treatment of substrates

A very important step in growing micro-structured scintillators is the laser treatment
performed on the substrates. This treatment was performed at Fraunhofer ILT in close
dialog with the person responsible for the project. Before the complete treatment
of the grid on the substrates, initial testing was performed to have optimized the
lasing parameters for the best outcome. Some parameters tested were: pulse duration,
repetition rate, scan speed, pulse energy, line spacing, and the number of repeats. The
numerous parameters were studied to avoid the formation of cracks and obtain the
most uniform laser treatment. Many more parameters could have been varied and
tested, but this was a compromise between the quality of laser treatment, time, and
price.

421 Patterning methods

All the laser patternings were performed with a laser working at the wavelength
1030 nm with the beam focused through an objective giving an approximately 2 ym
focal spot. Different laser treatments were tested to find which is better to grow
structured scintillators by LPE. Here, a brief summary of the initial tests conducted
on LYSO:Ce substrates will be provided.

Modification: This laser treatment results in the material are not removed but only
modified. What the modification results in from a structural point of view have
been investigated further by Raman and XRD and will be described in the following
section. Back-side modification was initially tested and as the names suggest, the
focus of the laser would be from the back side of the substrate, modifying volume
under the substrate surface.

Ablation: This type of laser treatment results in the removal of material. This
creates a difference in height from the bottom of the trench to the squares already
before LPE growth. Ablation was tested as both front and back-side. With the back-
side ablation cracks and some in-homogeneity in the ablation profile was found.
Since the back-side ablation is also more complex, front-side ablation was preferred.

Trench width [pm] ‘ Initial trench depth [pm]

5 2-3
10 7-12
25 20-23
50 22-32

TABLE 4.1: Estimated depth range for A-LYSO samples from measure-
ments of the profiles.

LYSO:Ce was initially tested with three methods, and the most promising methods
were the back-side modification and front-side ablation. These were then used for the
final treatment of the LYSO:Ce substrates. Different trench widths (5, 10, 25, 50 ym)
were made to study this effect on the micro-structured growth when performing the
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LPE. For the ablated substrates, the depth of the trenches has been estimated from
their profile, and the estimated depth range is displayed in Table 4.1.

For the GGG substrates, only front-side modification was tested and optimized.
For the final laser treatments, the trench width was constantly 15 ym, but different
grid orientations were made as depicted in Figure 4.3. This is to investigate if the grid
orientation in relation to the orientation of the atomic structures impacts the growth
and especially the morphology of the micro-structure.

Patterning Trench Substrate  Substrate  Number of grid

type width [pm] type orientation orientations
A 5,10,25,50 LYSO:Ce 7?7? 1
M 5,10,25,50 LYSO:Ce 010 1
M 15 GGG 111 8
M 15 GGG 100 8

TABLE 4.2: Overview of laser-treated substrates. A: ablated, M: modi-
fied. All square sizes are 50 ym x50 pm.

4.2.1.1 Sample reference names

The following reference names are applied in this chapter to deviate between the
samples in this study easily. An A (ablation) or M (modification) will be used as a
prefix to the substrate type to indicate when a substrate has been laser-patterned. The
orientation of the substrate is added as a suffix if it is relevant to the discussion, for
example, M-LYSO:Ce-010. Referring to a sample after growth could be as follows:
10 ym LSO:Tb/M-10 ym-LYSO:Ce. First, stating the estimated thickness and the film
type, "/"is used as "on", then the type of laser treatment, followed by the trench width
and the substrate type. A normal film is referred to as 10 ym LSO:Tb/LYSO:Ce-010.
The same reference system is used for GGG:Eu on GGG. An overview of the final
treatments of the different substrates is summarized in Table 4.2.

4.2.2 Structural changes

The ablation results in material removal, whereas modification changes the atomic
structure of the material locally. The atomic structure was therefore studied to better
understand the material before initiating the LPE growth.

4.2.2.1 Raman mapping

Raman mapping was performed on a M-LYSO:Ce-010 substrate. Spectra were col-
lected spatially by exciting point by point on a defined substrate area. Information
from each Raman spectrum has been extracted. This allowed for the study of varia-
tions between the modified and non-modified parts. The most intense Raman peak
of LYSO:Ce, at 914 cm !, has been used to extract information. In Figure 4.4 is the
mappings showing first a micrograph of the investigated area, then the information
extracted from the investigated Raman peak: the intensity, the FWHM, and the peak
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position. The intensity of the modified trenches has been reduced, indicating a certain
loss of crystallinity caused by the laser modification. The FWHM has been broadened,
indicating more defects or a disordered structure. The peak position reveals a slight

blue shift of the Raman peak, indicating material modification.

Optical microscope
Intensity [arb. Units]

FWHM [cm']
Peak position [cm']

FIGURE 4.4: For a M-LYSO:Ce substrate: a) Optical micrograph. Ra-

man mapping with the most intense Raman peak at 914 cm~! mon-

itored for mapping its b) intensity, c) FWHM, and d) peak position.
Objective: 20x. Excitation wavelength: 514 nm.

Indeed, it can be concluded that the laser modification has altered the local
atomic structure. It seems especially to have degraded the crystallinity. This is an
encouraging result since a reduced crystallinity of the structure in the trenches could
diminish the epitaxial growth by LPE here and facilitate the growth of pillars.

4.2.2.2 X-ray diffraction

XRD was performed on the modified substrates to gather more information on the
atomic structure, here the long-range order. It is not possible to probe just the trench
or a single square with the diffractometer used for these measurements since the
beam size cannot be reduced sufficiently. It can be reduced to a grid size (a few
millimeters), thereby maximizing the modified contribution to the outcome. Nev-
ertheless, the diffractograms will inevitably be mixed contributions from modified
and non-modified materials. It was discussed in Section 3.3.3 that when performing
symmetrical 20-w scans on epitaxially grown samples, only information from the
planes parallel to the surface is collected. This is also valid for these samples.

There will not be presented results from XRD on M-LYSO:Ce-??? since its un-
known orientation does not give rise to any diffraction peaks when performing
symmetric 26-w scans. This suggests that the substrate was cut randomly, and the
surface does not correspond to a specific crystalline plane or at least a plane that does

not give rise to any diffraction peaks.
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M-LYSO:Ce-010: Figure 4.5a-c compares the (060) diffraction peak from non-
modified and modified substrate areas. The intensity is reduced considerably for
the modified area, and the peak has gained additional broadness. This agrees well
with the results from Raman scattering, concluding the modification of the substrate
leads to reduced crystallinity and induced strain due to the laser treatment. When
performing the laser treatment, a heat load will naturally be imposed on the substrate,

which can result in strain formation and local structural changes.
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FIGURE 4.5: XRD investigations of (060) peak for M-LYSO:Ce substrate

comparing modified and non-modified areas. a) 26-w scans. b-c)

Reciprocal space mapping. The elongated shape of the peak originates
from the shape of the X-ray beam. A = 1.5406 A (Copper K,).

M-GGG: The XRD investigations on these modified samples show a different
feature than for M-LYSO:Ce. Indeed there is a broadening of the diffraction peaks
after modification, but it seems the laser modification provokes a second peak at
slightly lower angles (larger lattice parameter). This is seen for both M-GGG-100
(Figure 4.6b) and M-GGG-111 (Figure 4.7). For the measurement of M-GGG-111, the
size of the beam was carefully limited to the area of modification and centered on this
to make sure to have as much modified area and as little non-modified area probed
by X-rays as possible. Here, the "modified peak" has a maximum intensity as high as
the normal (888) peak. It can therefore be concluded, as for the M-LYSO:Ce, that the
modification reduces the crystallinity of the GGG substrates.
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4.3 Liquid phase epitaxy on laser-treated substrates

4.3.1 Substrate preparation

Before performing LPE growth, the substrates are prepared differently depending
on the laser treatment. This section will briefly present these procedures before
describing the LPE growth.

@
Lapping+
polishing
— === -l <
Laser modfication T — o
LPE growth

FIGURE 4.8: Concept of the whole process from the laser treatment to

the growth on modified samples. The lapping and polishing step is

unnecessary for the ablated substrates since the ablation is already at
the surface.

Lapping and polishing: The modified material resulting from the laser modification
process was located 15-25 ym below the substrate surface. The modified substrates
were therefore mecano-chemically lapped and then polished to have the modified
patterning at the surface. This procedure is illustrated in Figure 4.8. Since the depth
of the modified material is only a few microns, it was necessary to proceed carefully
while polishing not to remove the modified volume. Unfortunately, it was impossible
for most samples to reveal all of the modifications simultaneously at the surface.
In areas of 500 ymx500 pum, part of the modification was removed before the rest
was fully revealed, as displayed in Figure 4.9a. This was provoked by a slight tilt
between the two coordinate systems of the sample translation and laser movement.
The laser-treated an area of 500 ymx500 ym at a time, and then the sample was
translated for the next area. This is also seen as slight overlaps in the modification,
displayed in Figure 4.9b. The ablated substrates were not lapped and polished since
the ablation was at the surface.

Annealing: During the first attempted growth, the substrate (A-LYSO:Ce) broke
into two pieces while being transferred into the furnace. This is most likely due to
when the sample is heated by being transferred into the furnace, cracks appeared
caused by the strain formed in the substrate during the laser treatment. In the worst
case the cracks make the substrate break. More minor cracks were observed before
growth on some of the laser-treated samples, see for example, Figure 4.9¢, and for
some laser-treated substrates, the cracks were observed to evolve considerably after
annealing procedures (see Figure 4.10). To avoid more substrates breaking and
releasing any strain caused by the laser treatment, annealing was performed on the
remaining samples. They were annealed 8 hours at 1100 °C in an air muffle furnace

with very slow heating and cooling rates. Some samples would be annealed several
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FIGURE 4.9: a) Tilt of 500x500 ym during laser treatment is visible. Im-

age using the optical microscope in CDIC configuration for an M-GGG-

100 substrate with 15 ym trench width. b) M-50 ym-LYSO:Ce. Arrows

indicate positions of modification overlap. c¢) M-50 ym-LYSO:Ce. Ar-

row indicates a crack. M-LYSO:Ce after lapping/polishing to reach

modified volume. Micrographs were obtained with an optical micro-
scope transmission configuration for b and c).

times to release any strain in between other actions, like polishing, to ensure the
samples would be ready for the LPE growth.

Cleaning: The A-LYSO:Ce substrates were, after annealing, cleaned thoroughly in
an ultrasonic bath since some residuals from the laser patterning could remain in the
trenches. The samples were placed in a holder inside an isopropanol bath and dipped
in an ultrasonic cleaner until the trenches appeared empty when inspected with an
optical microscope. This approach was also used in between growths for samples
where the trenches could have residues of flux captured in them.

Before the LPE growth, all the substrates were thoroughly cleaned with alternate
baths of isopropanol and de-ionized water in an ultrasonic bath to ensure a clean
surface. Since a dirty surface can result in spurious growth during the LPE growth
procedure this step is essential.

For the M-GGG, there were severe crack formations in the modified areas already
after the laser treatment. It seemed to depend partially on the grid orientation since
some orientations had a higher crack density than others. These cracks would extend
further and evolve as the substrates were cleaned and annealed. However, they are
mostly at the surface since, after lapping and polishing, most of the cracks were
removed. See micrographs of a single grid after each step of cleaning or annealing in
Figure 4.10.
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FIGURE 4.10: Micrographs of a M-GGG-111 substrate before and af-

ter cleaning, annealing, and polishing treatments to follow the crack

formations. The optical microscope is operated in reflection configura-

tion, and the micrographs were stitched together to include the whole
grid.

4.3.2 Growth

The LPE solution was prepared as described in Chapter 1, and the standard PbO-B,0O3
solvent was used since this is the one typically used for the growth of LSO:Tb on
YbSO [62] and GGG:Eu on GGG [114]. The nominal doping level in these melts was
5% europium for GGG:Eu and 15% terbium for LSO:Tb. Note that the doping level
here is indicated as the nominal content in the solution and not the actual doping
level in the grown samples.

The LSO:Tb micro-structures were grown in the temperature range 1015-1045 °C
with growth rates 0.17-2.16 ym/mn leading to estimated thicknesses in the range
10-25 ym. The GGG:Eu micro-structures were grown in the temperature range 1024-
1028 °C with growth rates in the range of 0.9-2 ym/mn leading to layer thicknesses
in the range 8-75 ym. However, the thicknesses are most likely underestimated since
less material grew in the trenches, and the calculations assume a SCF. In general, the
thicknesses indicated for the samples will be the estimated weight and not the actual
one unless otherwise stated.

It is worth mentioning here that a substrate is typically only dipped in the solution
once. However, for studying the growth as a function of sample thickness, the
substrates for this project were dipped several times and investigated in between to
extract as much information as possible.
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4.4 Micro-structured LSO:Tb

This section aims to present and discuss the results found on the LSO:Tb micro-
structured samples. The morphology of these samples is a crucial topic of investi-
gation and will be presented first. The investigation performed to understand the
structure and structural differences will then be presented and discussed. Finally, the
luminescent properties, especially the scintillation, will be evaluated.

4.4.1 Sample morphology

LPE growth of LSO:Tb/A-LYSO:Ce and LSO:Tb/M-LYSO:Ce resulted in micro-
structuration. Overviews of two such samples are presented in Figure 4.11. Here is a
general homogeneity of the micro-structured growth revealed. For the LSO:Tb /M-
LYSO:Ce sample (Figure 4.11b), some inhomogeneity is visible that will be discussed
further below.

6 um LSO on A-50 pm-LYSO:Ce 9 um LSO on M-50 ym-LYSO:Ce

FIGURE 4.11: Overview of LSO:Tb grown on a) A-LYSO:Ce and b)
M-LYSO:Ce. Micrographs are obtained with an optical microscope.

Studying the samples closer (Figure 4.12 and 4.13) reveals the morphology of
the pillars was evolving differently for the two types of laser-treated substrates,
especially with increasing thickness. This could be due to the difference in laser
treatment (ablated or modified) or the crystallographic orientation of the surface.
Since LYSO:Ce has a monoclinic structure, the difference in morphology can most
likely be ascribed to the orientations that most likely favor different growth directions
related to crystalline planes.

LSO:Tb/M-LYSO:Ce: The pillars grew towards a pyramidal shape and got more
elongated in one direction as the thickness increased. For 10 ym LSO:Tb/M-LYSO:Ce-
010, the initial square shape of the pillars was still maintained as seen in Figure 4.12a,
but after another growth reaching 24 ym thickness, the pillars were going towards a
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more pyramidal shape as seen in Figure 4.12b. Figure 4.12d-e shows 3D reconstruc-
tions of a 12 ym LSO:Tb/M-25 ym-LYSO:Ce, revealing this pyramidal-like shape as
well as some texture in the trench. Here a peculiar feature is also visible. Namely, a
small valley at the top plateau. This was found for some of the samples, especially as
they were grown thicker. The origin of this is unclear. It seems the pillars continued
to evolve in this pyramidal shape with increasing thickness, and in some cases, the
top would eventually be a point or a thin line, as in Figure 4.12c. The evolution of
the pillar shape with thickness is comparable regardless of the trench width, and
a thorough study of this is therefore not presented here. However, samples with
larger trench widths generally appeared to have more growth in the trench, as seen in
Figure 4.12f-h. This is ascribed to a more inefficient modification of the larger trench
than the more narrow trenches and the increased probability of flux flowing well in
the trench during growth. This would favor growth within the trench more than if
the trench is narrow and the flux barely flows in the trench.
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FIGURE 4.12: Micro-structured LSO:Tb grown on M-LYSO:Ce. a-c)
and f-h) Micrographs from an optical microscope operated in reflection
configuration. d-e) 3D reconstructions using a confocal microscope.
The thickness of the samples is stated above each image, and other
information is indicated on the left side of the row.

Since this is the first test, optimizing the laser processing can most likely overcome
some of the above-mentioned issues. For example, by repeating the lines or making
the line spacing smaller for the laser processing.
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LSO:Tb/A-50 uym-LYSO:Ce

LSO:Tb/A-5 um-LYSO:Ce

LSO: Th/A-50 pym-LYSO:Ce

LSO:Tb/A-25 pm-LYSO:Ce

FIGURE 4.13: Micro-structured LSO:Tb/A-LYSO:Ce. a-h) Micrographs

from an optical microscope, operated in reflection configuration for

all except f), which is CDIC. i-k) 3D reconstructions using a confocal

microscope. The thickness of the samples is stated above each image,
and other information is indicated on the left side of the row.

LSO:Tb/A-LYSO:Ce: For these samples, the growth and morphology of the pillars
depended on the trench size. The morphology of the pillars grown on larger trench
size (25 and 50 ym) A-LYSO:Ce was going toward a trapezoidal-like shape as shown
in Figure 4.13a-c. They also expanded laterally and therefore started to overlap as they
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grew taller. For the pillars grown on smaller trench size (5 and 10 ym) A-LYSO:Ce, the
overlap occurred when they were a few microns thin, as visible in Figure 4.13d-f. The
lateral expansion was favored more in one direction, resulting in the pillars merging
and overlapping in this direction. In Figure 4.13f, the position of the laser-ablated
trench appears brighter, and from this, it is seen the border of the growth is shifted in
comparison. There is not any separation between the pillars, and the growth seems
to have been more like an overgrowth than pillar growth.

The cross-section of an 8 ym LSO:Tb/A-50 ym-LYSO:Ce is presented in Fig-
ure 4.13g. The ablated substrates already had a depth, meaning a height difference
before growth. By studying the cross-section, it is visible that there was a rough
textured layer growing in the trench, both at the bottom and up the sides of the pillar.
This layer is evaluated at this micrograph as being around 13 ym thick, which is
thicker than the estimated height from the weight gain (8 m). The depth of pillar-top
to trench-bottom has been measured to be around 23 ym, and therefore it seems this

layer in the trench was growing as fast or faster than the layer on the pillars.

Initial Growthl Growth2 Growth3 After treatments
[pm] [pm] [pm] [pm] [pm]
LSO:Tb/A-50 ym-LYSO:Ce | 0/ 23 6 /25 15/ 22 21/22 21/ 30
LSO:Tb/M-10 pm-LYSO:Ce | 0/0 10/ 16 24 /24 - -

TABLE 4.3: Comparing the estimated height calculated from the weight
gain after growth with the depth estimated with the microscope:
height / depth.

The effective height difference has been investigated further for a LSO:Tb/A-
50um-LYSO:Ce and LSO:Tb/M-10um-LYSO:Ce sample by evaluation with an optical
microscope. The difference was estimated by observing the micro-structured sample
from the top, first focusing on the pillar top and then on the bottom of the trench.
This difference is estimated to be the depth. These observations are presented in
Table 4.3 by comparing the height: estimated from the weight gain after a growth,
with the depth: estimated using the focus of the microscope. The depth indicated
here is the difference between the highest and the deepest point in focus of the pillar
and the trench, respectively. For the LSO:Tb/A-50pm-LYSO:Ce continued growth
did not increase the depth. Whereas for LSO:Tb/M-10um-LYSO:Ce, it did increase.
Considering that the ablation laser treatment is not altering the structure but merely
removing material in the trenches, this must not be enough to hinder the growth
there. It could maybe even give rise to faster growth due to its roughness. Based
on these investigations, it has been concluded that the LPE growth on A-LYSO:Ce
seems only to have reduced the aspect ratio of the pillars. The pillars did not grow
faster than the material growing in the trench, where in some cases, it seems like the
trench did grow faster, which is definitely not optimal for growing high aspect ratio
micro-structured scintillators.
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Etching

Since material was growing in the trenches of both types of laser-treated substrates,
which is not favorable for this project, initial tests of removing it were performed. As
indicated in Table 4.3 it was successful since the depth was enlargened.

It was found that a combination of heated nitric acid followed by hours in an
ultrasonic bath was the most effective method. Diluted nitric acid also worked
but took much longer time. First, the heated and stirred nitric acid would partly
dissolve the trench material, which could then be removed by placing the sample
with the micro-structure downward for hours in an ultrasonic bath. Overviews of a
21 um LSO on A-50 u-LYSO:Ce before and after the described treatment are presented
in Figure 4.14a and b, respectively. The additional material deposited in the trench
was removed, but the shape of the pillar was also modified. However, in this case,
the pillar still had an enlarged height compared to the initial depth of the trench
after ablation. Some residues of the material are visible in the lower right corner of
Figure 4.14b. This could be removed by dipping it in the ultrasonic bath longer. A
downside to this procedure is its harshness. The pillars inevitably suffered some
damage, and it seems the growth on top of the pillars in some cases was partly
removed as well during the treatments. A single test using hydrofluoric acid resulted
in a significantly damaged pillar surface, and since it is a harsh treatment, this was
not investigated further.
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FIGURE 4.14: Before a) and after b) etching treatment of 21 ym
LSO:Tb/A-50 ym-LYSO:Ce.

These tests were only performed on samples grown on A-LYSO:Ce, and further
optimization is needed to avoid damaging the pillars. However, it is encouraging

that this could be a valid procedure to optimize these types of samples.
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4.4.2 Structural considerations

It has been shown in section 4.2.2 based on Raman and XRD measurements that
the laser modification slightly altered the atomic structure of the substrates. In this
section, the structure of the grown samples will be evaluated.

44.2.1 X-ray diffraction

XRD was performed to extract information on the long-range crystalline structure
and especially to verify the pillars were growing in the same structure as the normal
LPE-grown LSO:Tb films.

LSO:Tb/M-LYSO:Ce-010: In general, when performing 26-w scans on the LSO:Tb/M-
LYSO:Ce-010 samples, only diffraction peaks are present from the (0k0) planes. An
example of this is presented in Figure 4.15a, where the sample is compared to a calcu-
lated reference with preferred orientation for (010), a M-LYSO:Ce-010 substrate, and
a typical LSO:Tb/LYSO:Ce-010 sample. They all show matching with the calculated
reference. This confirms LSO:Tb grows epitaxially from the M-LYSO:Ce-010 surface.
From Figure 4.15b, it is seen the (020) peak position is the same for LSO:Tb grown on
LYSO:Ce and M-LYSO:Ce, and therefore also the unit cell b-parameter is the same.
This indicates that the normal and structured films grew similarly, with comparable
terbium incorporation. However, the peaks corresponding to the structured film are
slightly broader, indicating a distribution of the lattice b-parameter. Since the signal
from the pillars and trenches cannot be distinguished, it cannot from this alone be
concluded if it is from one or the other. The rocking curve (w-scan) is also broader
for the micro-structured part of the sample, as seen in Figure 4.15c. This suggests
that there is strain present in the films, and the substrate and film are not perfectly
parallel. Comparing the (020) peak arising from LSO:Tb and the M-LYSO:Ce-010
substrate, there is a difference in peak position, corresponding to a lattice mismatch
of approximately -0.18%, meaning the micro-structured LSO:Tb lattice is larger than
the lattice of LYSO:Ce. This is similar to the normal LSO:Tb/LYSO:Ce-010.

The lattice mismatch was first displayed in Section 1.3.3 calculated according to
the a-parameter. For these samples, the lattice mismatch is calculated in relation to
the b-parameter instead since it is related to the surface planes (0k0):
bfiim

- bsu
S TS 100% (4.1)

Mismatch =
bsub

Since the substrate and film were growing in a monoclinic structure, the unit cell
parameters are dissimilar, a # b # c and « = v = 90° # B. The lattice spacing, d, is
therefore calculated for this type of lattice as follows:

1 h? k2 12 2-h-1-cosp

1 k= 42
a2,  a%-sin?B Tt sin’p T sin?p (4.2)
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FIGURE 4.15: Results from XRD measurements on LYSO:Ce-010
samples. a) 20 — w specular scans on LSO:Tb/M-LYSO:Ce-010,
LSO:Tb/LYSO:Ce-010, M-LYSO:Ce-010, and a calculated LSO
reference with preferred orientation for (010). b) 20 — w scans around
the (020) peak for the samples in a) except the calculated reference.
¢) w scan (rocking curve) around (060) peaks. FWHM(LSO:Tb/M-
LYSO:Ce)=0.09995°, FWHM(LSO:Tb/LYSO:Ce)=0.01803° and
FWMHM(M-LYSO:Ce)=0.01418°. A = 1.5406 A(Copper K-y1).

However, for the specular scans, only the out-of-plane component is considered,
which are the (0kO) planes for these samples. This simplifies the relation above
since h=1=0 and makes it possible to extract the b-parameter from these scans by
combination with Bragg’s law:

b= (k- -d*)V? = (kz, ( A >2>1/2 (4.3)
2 -sind

b-parameters and the resulting lattice mismatch for a LSO:Tb/M-LYSO:Ce-010
and LSO:Tb/LYSO:Ce-010 are presented in Table 4.4. It is worth mentioning the b-
parameters of the substrates were extracted from XRD measurements before growth
since the layers are too thick to have a contribution from the substrate. The (060) peak
position of LYSO:Ce and M-LYSO:Ce was found to be identical in section 4.2.2 and is
therefore assumed here to have the same b-parameter.

| brso.rs bryso.ce  Lattice mismatch

19 um LSO:Tb/M-LYSO:Ce | 6.658 A  6.647 A 0.18%
19 yum LSO:Tb/LYSO:Ce | 6.658 A  6.647 A 0.18%

TABLE 4.4: Lattice b-parameter of a LSO:Tb/M-LYSO:Ce compared
to a normal LSO:Tb/LYSO:Ce sample. The substrate b-parameter is
extracted from XRD measurements before growth.
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4.4.2.2 Raman spectroscopy

Excitation was performed individually on a pillar, trench, and non-patterned film
(referred to as "film"), and their local structures can this way be compared. See the
recorded spectra in Figure 4.16.

LSO:Tb/M-LYSO:Ce: The Raman spectra of the pillar and film have the same
features indicating the local structures are very similar. The trench spectrum also has
similar features, but several other peaks are present, some of which are indicated
with arrows in Figure 4.16b. This is ascribed to the trench growing more randomly,
meaning various orientations are present. This is visible in Figure 4.12, where the
trench appears less ordered than the pillars. Since the structure is anisotropic, different
Raman modes are active depending on the orientation. However, this structural
disturbance is not observed in the XRD investigations. This indicates the long-range
order is not disturbed or that the contribution from this is too small to detect with
XRD and thereby hidden in the background of the diffractograms. The intensity of
the peaks is relatively similar for the pillar and the trenches, but the intensity is lower
for some of the Raman peaks for the trench, indicating slightly lower crystallinity.
However, the intensity from the pillars is lower than that of the film, indicating that
the reduced crystallinity observed with XRD cannot be exclusively ascribed to the
contribution from the trench. It seems both the trench and pillars of the LSO:Tb /M-
LYSO:Ce are lowered.

@ 7[5 um LSO:Tb on A-LYSO:Ce a) Pillars c)
€ _|—Fim 5 um LSO:Tb on A-LYSO:Ce
> Trench —{|——12 pm LSO:Tb on M-LYSO:Ce
2 Pillar
8,
b - -
2 | z
Q c
g S5 -
T T T T T T T T * T "1 a
5,
@ |[12 um LSO:Tb on M-LYSO:Ce] b)| >
T J—Fim 2
= Trench g
g Pillar €7
JCA
2 i
[0}
cd
g
== -
— T T " T T T T " T T T T 1 T T T T T T T T T
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 @800 900 1000
Raman shift [cm™] Raman shift [cm™]

FIGURE 4.16: Raman spectra recorded after the excitation of a pillar,

film, and trench. a) LSO:Tb/A-25 ym-LYSO:Ce, A¢xe = 457 nm. b)

LSO:Tb/M-25 ym-LYSO:Ce, A,y = 488 nm. The arrows indicate ad-

ditional peaks from the trench that are not present in the two other

spectra. ¢) Comparing the pillar spectra of the two samples from a)
and b).

LSO:Tb/A-LYSO:Ce: The Raman spectra of the pillar and film are so similar they are
almost completely overlapping, which is why the curve for the film can be challenging
to see in Figure 4.16a. All features are similar for the three spectra, indicating the local
structures are almost identical. The trench spectrum has the same features as well,
with no additional peaks present. Only its intensity is considerably lower, indicating

a lower crystallinity.
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Comparison: The two spectra from the pillars are compared in Figure 4.16c. They
have all the same features but with variations in the intensities of the modes. This
indicates some differences in the local environments of the two types of samples. This
was expected since they have different orientations. Also, their thickness is dissimilar,
and the contribution from the substrates can vary and give rise to these variations as

well.

4.4.3 Luminescence
4.4.3.1 Photoluminescence

The photoluminescence spectra were also collected with a micro source, making it
possible to excite individually pillar, trench, and film areas to record any variations.

LSO:Tbh/A-LYSO:Ce: The spectra for LSO:Tb/M-LYSO:Ce are presented in Fig-
ure 4.17a and the spatial mapping of the intensity at 543 nm in Figure 4.17b. From
these, the guiding of light appears different than for the LSO:Tb/M-LYSO:Ce. The
intensity is highest at the sides of the pillars, and the middle of the trench gives the
spectrum with the lowest intensity. The light seems to have been extracted more at
the sides of the pillars. This is most likely due to the roughness of the trenches, which
then enhance the light extraction.
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FIGURE 4.17: For a 5 ym LSO:Tb/A-LYSO:Ce sample, a) Photolumi-

nescence spectra with individual excitation of pillar, trench, and film.

b) Photoluminescence mapping, where the intensity for the emission
peak at 543 nm is spatially plotted. For all spectra, Apxc = 488 nm.

LSO:Tb/M-LYSO:Ce: For all three spectra (pillar, trench, and film), the features
are similar, as seen in Figure 4.18a. This indicates that terbium is incorporated in
all three. There are differences in the intensities between the three spectra, with the
highest intensity being the pillar spectrum and the least being the trench spectrum.
However, this can be provoked by the amount of terbium-activated volume being
excited. For the trench, it could be less since its thickness is smaller than for the pillar.
Whereas the same is valid for the film part. It can also simply be an effect of the
structured nature of the pillars that enhance light extraction. Figure 4.18b-c displays
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a spatial mapping of the intensity at 543 nm. It shows that the light generated within
the pillars was guided through them and extracted. This supports the argument
that the intensity is higher in the pillars due to enhanced light extraction. Since
the b-parameter extracted from XRD is the same for a normal LSO:Tb film and the
structured film, the terbium incorporated should be similar and, therefore, not affect

the photoluminescence intensity.
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FIGURE 4.18: For a 12 ym LSO:Tb/M-25 um-LYSO:Ce sample, a)
Photoluminescence spectra recorded by excitation of pillar, trench,
and film. b-c) Photoluminescence mapping, where the intensity for the
emission peak at 543 nm is spatially revealed, using an x50 objective
and x20 objective, respectively. For all spectra, Aoyxc =488 nm.

4.4.3.2 Radioluminescence

The radioluminescence was not collected using a micro-source as the excitation
source. Instead, an area of approximately 2 mmx2 mm was excited with X-rays.
It was made sure the excited parts were a micro-structured area. The spectra are
presented for selected samples in Figure 4.19. Note the intensities of the spectra have
been normalized. The LYSO:Ce substrate gives rise to a broad emission band centered
at approximately 420 nm due to Ce®*" transitions. Due to the limited thickness of
the films and the broad X-ray emission spectrum used, a part of the X-ray beam is
absorbed within the LYSO:Ce substrate, giving rise to this emission. In Figure 4.19 on
the left side is a micrograph of the cross-section of an 8 ym LSO:Tb/A-50 ym-LYSO:Ce
sample that is excited with a UV lamp. Here, it is clear that the substrate emits blue
light while the pillars emit green.
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12 pm LSO:Tb/M-LYSO:Ce-010|

5 um LSO:Tb/A-LYSO:Ce-?2?,
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FIGURE 4.19: Radioluminescence spectra of relevant samples. The

sample references are indicated above each curve. For all spectra,

excitation was performed using a molybdenum X-ray tube. On the

left is a micrograph of the cross-section of 8 ym LSO:Tb/A-50 ym-
LYSO:Ce excited by a UV lamp.

4.4.3.3 Comparison

Comparing the photoluminescence and radioluminescence spectra of 12 ym LSO:Tb /M-
LYSO:Ce in Figure 4.20, similar features are observed. Consistently with Tb®" emis-
sion the bands characteristic for the °Dj to 7F]' (j=6,5,4,3) transitions are present as
indicated in the figure.

It is worth mentioning that the emission from the LYSO:Ce substrate can be
reduced by using an optical filter when performing imaging experiments. Choosing a
fitting optical filter makes it possible to remove the part of the spectrum corresponding
to the emission from the substrate. This is a viable option since the emission from the
substrate and the film are not overlapping.

D ~>'F, 12 um LSO:Tb on M-LYSO:Ce
= deyc = 488 nm

exc
< hexc = Copper source

°D~>"Fs

T T T T T
450 500 550 600 650 700
Wavelength [nm]

Normalized intensity [arb. units]

FIGURE 4.20: Comparison of the normalized radioluminescence and
photoluminescence of a 12 ym LSO:Tb/M-LYSO:Ce. Excitation wave-
lengths are stated in the legend.
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4.4.3.4 Color camera

As already discussed above, the LYSO:Ce substrates scintillate blue. This is seen
in Figure 4.21 as well, where a color camera was used in reflection geometry. The
thinnest samples visibly emit blue light, whereas the thickest seem only to emit green
light. LSO:Tb with a thickness of approximately 24 ym absorbs around 89% of the
X-rays when using a copper source, whereas 5 ym LSO:Tb will only absorb around
36% (calculated from NIST data [71]). The remaining X-rays will excite the substrate,
enhancing the blue light emission. It is also visible that the area on the samples with
structured growth emits more light, as well as the edges and scratches or similar
features on the samples.

24 ym 12 pm 9 um 7 pm 5pum

\ M-LYSO:Ce i A-LYSO:Ce

FIGURE 4.21: LSO:Tb/M-LYSO:Ce or A-LYSO:Ce excited by X-rays
(copper source). The estimated thickness of the LSO:Tb is noted above
each image, and the type of laser-treated LYSO:Ce under.
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4.5 Micro-structured GGG:Eu

The purpose of this section is to present and discuss the findings for the GGG:Eu
micro-structured samples. The structure of the chapter will be similar to the one on
the microstructured LSO:Tb, including the morphology of the structuration, structural
investigations, and finally, the luminescent properties.

28 ym [ 85 um |

M-GGG-111

FIGURE 4.22: Pictures of M-GGG before and after growth, the esti-
mated GGG:Eu thickness is indicated above each image. a-b) M-GGG-
111. c-d) M-GGG-100.

The first successful attempts of micro-structured growth by LPE were performed
on the laser-treated LYSO:Ce substrates. Based on the growth outcome of these, some
parameters were changed for the GGG substrates. The GGG substrates were only
laser treated with modification and not ablation since the aspect ratio of the pillars
of LSO:Tb /M-LYSO:Ce was more promising than LSO:Tb/A-LYSO:Ce. The trench
widths were fixed to 15 ym for the GGG substrates since no significant differences
were observed for the various trench widths of laser-treated LYSO:Ce. Instead, the
grids have eight different orientations, meaning the grids are rotated relative to the
surface, as seen in Figure 4.22. This is to study the pillar morphology when growing
on grid orientation varied in relation to the atomic structure. Laser modifications

have been performed on two different orientations of GGG, namely, (111) and (100).

4.5.1 Sample morphology

The LPE growth on M-GGG-111 and M-GGG-100 resulted in different morphologies
in the laser-patterned areas. This was already revealed by visual inspection of the
samples as displayed in Figure 4.24b and d. The GGG:Eu/M-GGG-111 is visibly
structured, but for M-GGG-100 the light has to reflect on the surface before the
structured part can be observed. From the optical microscope overviews of two
samples in Figure 4.23, the grids appear brighter for M-GGG-100 than M-GGG-111,
even though similar settings are used for the microscope for both samples. When
studying the samples closer, it is found that the growth of GGG:Eu/M-GGG-111
resulted in a distinct micro-structure, but GGG:Eu/M-GGG-100 the trenches and
features, in general, are not as well-defined as all the other micro-structured samples
from this project. The structuration is not homogeneous, but this originates from the
laser treatment from the tilt in the depth of the modification, as discussed in detail in



124 Chapter 4. Preparation and growth of micro-structured scintillators

Section 4.2. These variations in the modified quality are carried on during the growth,
proving how important the laser treatment step is for the final micro-structured

quality.

8 ym GGG:Eu/M-GGG-111

10 pm GGG:Eu/M-GGG-100

FIGURE 4.23: Overviews of GGG:Eu grown on M-GGG-111 and M-
GGG-100 from microscope in reflection configuration. The marked
grid indicates the enlarged grid on the right.

GGG:Eu/M-GGG-111: The pillar morphology evolved from square-shaped to-
wards pyramidal with increasing thickness, as shown in Figure 4.24a-d. The surfaces
of the pillars are very well defined, which is apparent in Figure 4.24e-g where the
microscope was in CDIC configuration. However, there was also growth in the
trenches, although at a slower rate than the pillars themselves. The base of the pillars
expanded laterally and seemed to have merged into a network of paths. This is
especially visible in Figure 4.24h-j, where 3D reconstructions of the micro-structure
are presented. Further growth resulted in the pillars merging completely and making
longer paths, as seen in Figure 4.24k-m. By comparing all eight grid orientations,
the morphology and growth rate were comparable. The grid orientation is therefore
concluded not to have affected the pillar morphology or the growth rate for GGG:Eu
grown on M-GGG-100 and M-GGG-111.
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FIGURE 4.24: Microstructured GGG:Eu/M-GGG-111. a-d) Evolution

of morphology. The microscope was operated in reflection configu-

ration. e-g) The microscope was operated in CDIC configuration to

enhance the features of the surface. h-j) 3D reconstructions created

using a confocal microscope. k-m) Microscope in reflection configura-
tion. The thickness is stated in the figure for each sample.
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GGG:Eu/M-GGG-100: The layers were growing in a textured manner without any
well-defined features. This is displayed in Figure 4.25. The squares and trenches are
still visible under microscope observations, but the trenches get less visible as the
thickness of the layer was increased. This results in a more pillow-like texture, as
shown in Figure 4.25a-c. The morphology of the structuration was studied with the
microscope in CDIC configuration since it was otherwise difficult to observe due to
the soft features. This is demonstrated in Figure 4.25d-e, where micrographs obtained
in reflection configuration of the microscope are displayed. The 3D reconstructions
in Figure 4.25f-h also underline how smooth the structuration is compared to the
other samples. Here it is visible that there is a height difference from the bottom of
the trench to the top of the pillar. However, the difference is only around 0.5 to 1 ym.
Using the optical microscope, it was not possible to identify the depth since it is so
small, but also, there are no distinct features to focus on.

Comparison: GGG:Eu/M-GGG-111 indeed succeeded the best for this project. The
height, estimated by the gain in weight, compared to the depth, estimated using
the optical microscope to find the difference in height from the top of a pillar to
the bottom of the trench, is presented in Table 4.5. For GGG:Eu/M-GGG-111, the
estimated depth increased with increased height. Material has been growing in the
trenches, but more slowly than the pillars. For the GGG:Eu/M-GGG-100, the concept
of pillars was lost from the beginning. If the orientation of the substrate causes this or
that the laser treatment was not optimized for this orientation cannot be concluded
from current observations. However, since the substrates behaved similarly to the
laser treatment, it seems it could be an issue of preferred growth direction from this
orientation and not the laser treatment itself.

Growthl Growth2 Growth3 Growth4 After treatments
[pm] [pm] [#m] [pm] [#m]
M-GGG-111 9/6 18 /11 38/ 15 92 /35

M-GGG-111 9/6 - - - 9/6
M-GGG-100 10/0 47 / 0 85/0

TABLE 4.5: Comparing the estimated height calculated from the weight
gain after growth with the depth estimated with the optical microscope:
height / depth.
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GGG:Eu on M-GGG-100

9.7 pm 47.2 ym 85.2 um

FIGURE 4.25: Microstructured GGG:Eu/M-GGG-100. a-c) Evolution

of morphology with thickness. The microscope was operated in CDIC

configuration to enhance the visibility of the soft structuration. d-

e) Microscope operated in reflection configuration, focusing on the

surface and into the volume, respectively. f-h) 3D reconstructions with

a confocal microscope. The thickness is stated above the figure for
each sample.
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4.5.1.1 Etching

The etching procedure tested on the micro-structured GGG:Eu/M-GGG-111 samples
is similar to that for the LSO:Tb/A-LYSO:Ce. Therefore, go to Section 4.4 for a detailed
process description. It was found that using this etching treatment, material was
removed from the trenches for GGG:Eu micro-structured samples. However, the
pillars were damaged during the treatment and appeared more rough after. This
is shown in Figure 4.26. Another issue is that for the tested sample, the depth was
measured to be similar before and after the treatment (see Table 4.5). However, for
this material, tests were performed only on one thin sample being 9 ym GGG:Eu/M-
GGG-111. Perhaps the effect would be more apparent on thicker samples where more
material can be removed, which also was observed for LSO:Tb/A-LYSO:Ce where
the tests were performed on 21 ym LSO:Tb. More tests should be performed to make
the treatment more gentle to the pillars while removing the material in the trenches.

9 pm GGG:Eu/M-GGG-111

FIGURE 4.26: Before a) and after b) etching treatment of 9 ym
GGG:Eu/M-GGG-111. The etching treatment is described in the text.

4.5.2 Structural considerations
4.5.2.1 X-ray diffraction

GGG:Eu/M-GGG-111: Performing specular scans on these samples displayed the
expected diffraction peaks corresponding to diffraction on the planes (444) and
(888). The diffractograms are displayed in Figure 4.27a compared to M-GGG-111
and a calculated reference of GGG-111 with preferred orientation. This confirms the
structured GGG:Eu grew epitaxially on the M-GGG-111 surfaces since no other peaks
are present. Studying the (888) peak of the 93 ym GGG:Eu/M-GGG-111 more closely
in Figure 4.27b, a second peak is revealed at lower 26. This is similar to what was
observed for the M-GGG substrates in Section 4.2.2 and is also visible for the M-GGG-
111 in Figure 4.27b. For both the modified substrate and the microstructure, this
secondary peak is well separated from the main peak but with lower intensity. For
GGG:Eu/M-GGG-111, the two (888) diffraction peaks remain but shift to higher 26
angles than the M-GGG-111. The w scans (rocking curves) of these two peaks (in the
figure denoted A and B) reveal the peak arising from the modification is much broader
with an FWHM(B)=0.03894° compared to the main peak with FWHM(A)=0.00943°.
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FIGURE 4.27: Results from XRD measurements on GGG-111 samples.
a) 20 — w specular scans on GGG:Eu/M-GGG-111 sample, M-GGG-
111 substrate, and a calculated reference with preferred orientation for
(111). b) 20 — w scans only around the (888) peak(s) for GGG:Eu/M-
GGG-111 sample and M-GGG-111 substrate. ¢) w scan (rocking
curve) around (888) peak in b) for peaks A and B of GGG:Eu/M-
GGG-111, with the maximum centered at 0. FWHM(A)=0.00943°and
FWMHM(B)=0.03894°. A = 1.5406 A (Copper, Kal.

This indicates strain in the modified regions, most likely caused by the laser treatment,
which is then carried on in the structured growth. From these measurements alone, it
cannot be concluded if the modified peak is arising only due to contribution from the
trench or if the pillars also suffer from increased strain.

GGG:Eu/M-GGG-100: The specular scans of GGG:Eu/M-GGG-100 also show the
expected diffraction peaks corresponding to the (h00) planes. As seen in Figure 4.28a
it is similar to the calculated reference with preferred orientation and the M-GGG-100
substrate. When investigating the peaks arising from M-GGG-100 more closely, the
dual peaks at slightly lower angles for each main diffraction peak are also identified
for this orientation. This is shown in Figure 4.28b. However, for the GGG:Eu/M-
GGG-100, only one diffraction peak is present but with a rather large tail towards
lower angles. When considering the w scan of this sample, the peak has a shoulder
and is probably corresponding to this secondary peak origin from the modification of
the material (see Figure 4.28¢).

| accc:Eu accc  Lattice mismatch
2.5 um GGG:Eu/GGG-111 | 12373 A 12.382 A -0.07%
38 yum GGG:Eu/M-GGG-111 | 12375 A 12.381 A -0.05%
85 yum GGG:Eu/M-GGG-100 | 12378 A 12.382 A -0.04%

TABLE 4.6: The lattice a-parameter on relevant samples and their

substrates and the corresponding lattice mismatch. The a-parameters

are extracted from 26-w scans. The lattice parameters for the M-GGG
substrates (aggg) are measured before growth.
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FIGURE 4.28: Results from XRD measurements on GGG-100 sam-
ples. a) 20 — w specular scans on GGG:Eu/M-GGG-100 sample, M-
GGG-100, and a calculated reference with preferred orientation for
(100), respectively. b) 20 — w scans only around the (800) peak for
GGG:Eu/M-GGG-100 and M-GGG-100 substrate. c) w scan (rocking
curve) around (800) peak of GGG:Eu/M-GGG-100, with the maximum
centered at 0. FWHM=0.0054°. A = 1.5406 A (Copper, Ka1).

The lattice parameter is extracted from the 26-w scans using Equation 3.2 and
is presented in Table 4.6 where the lattice mismatch calculated from Equation 4.1
is also compared. The lattice parameters are very similar for GGG:Eu/M-GGG-
111 and GGG:Eu/M-GGG-100, and they are comparable to a normal LPE grown
GGG:Eu/GGG-111 as well. The lattice mismatch is relatively low for all investigated
samples, which is highly desirable. However, GGG:Eu has a shorter unit cell length
than the GGG substrates. This indicates that doping with europium in the GGG lattice
result in a contraction of the a-parameter. At first, this seems like an unusual result
since europium substitutes with gadolinium in this structure, and its ionic radii are
slightly larger, meaning the lattice should expand and not contract. See Table 4.7 for
the relevant ionic radii. However, this is not unique for the micro-structured GGG:Eu
samples. It is generally also observed for regular GGG:Eu/GGG grown by LPE. The
explanation can be that the GGG substrates are grown at high temperatures with the
Czochralski method. Growth at high temperatures typically induces more oxygen
vacancies than LPE growth performed at lower temperatures. Oxygen vacancies in
structures can, in some cases, lead to an expansion of the lattice, which is previously
reported for GGG [141].

Element Coordination number Ionic radii

Gd3+ 8 1.053 A
Eudt 8 1.066 A

TABLE 4.7: Overview of the ionic radii relevant for GGG:Eu [82].
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4.5.2.2 Raman spectroscopy

Pillar, trench, and film were individually excited, and the Raman spectrum was col-
lected. The spectra for GGG:Eu/M-GGG-111 and GGG:Eu/M-GGG-100 are presented
in Figure 4.29a and b, where the local structures are compared.

GGG:Eu/M-GGG-111: The same features are found for the spectra in Figure 4.29a.
This indicates the pillars, trench, and film are growing iso-structurally and most likely
with the same orientation, which XRD confirms for the long-range order. The intensity
of the Raman peaks of the pillars is higher than the film, suggesting they have the
highest crystallinity. The lowest intensity spectrum is from the trench. This agrees
with the observations of reduced growth in the trenches. This combined suggests it
must be less favorable for material to grow in the trench, which is desirable for this
project.

GGG:Eu/M-GGG-100: All spectra have the same features as seen in Figure 4.29b.
The pillars also have the highest intensity, and the trench and film have similar
intensity. What was observed from the morphology of these samples is that the trench
was growing, and pillow-like structuration was obtained instead of well-defined
pillars. It was therefore expected the Raman spectra being similar for the pillar and

trench.
a) 38 um GGG:Eu on M-GGG-111) b) 17 um GGG:Eu on M-GGG-100
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FIGURE 4.29: Micro-Raman scattering on samples with the excita-
tion individually pillar, film, and trench. a) GGG:Eu/M-GGG-111, b)
GGG:Eu/M-GGG-100. For all spectra, Aeye = 488 nm.

Comparing Figure 4.29a and b, the two orientations of the samples have the same
features but with variations in the intensities of the peaks.

4.5.3 Luminescence

4.5.3.1 Photoluminescence

The photoluminescence spectra were also collected by exciting with a micro source
similar to Raman. The spectra features are all similar. This includes the spectra for pil-
lar, trench, and film and comparing the two substrate orientations. This demonstrates
that europium is incorporated in all.
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GGG:Eu/M-GGG-111: The highest intensity for GGG:Eu/M-GGG-111 is from the
pillar as seen in Figure 4.30b. The trench and film are of lower but similar intensity.
There can be several reasons for this. One is the amount of europium incorporated
not being the same, or the europium-activated volume being excited being effectively
less for these.

GGG:Eu/M-GGG-100: For GGG:Eu/M-GGG-100, the spectra of the film is highest
in intensity but similar to the pillar and trench (see Figure 4.30c). As discussed
earlier, for these samples, the pillars are growing more like pillows (see, for example,
Figure 4.25), and the difference between trench and pillar is small considering the
morphology and is similar for the photoluminescent properties.

38 um GGG:Eu on M-GGG-111
“|—pillar
= Trench
= Film

Intensity [arb. units]

a)

17 um GGG:Eu on M-GGG-100
——Film
== Trench
Pillar

Intensity [arb. units]

T T T T T T T T T
560 580 600 620 640 660 680 700 720 740
A [nm]

FIGURE 4.30: Photoluminescence investigations. Spectra recorded

while excitation individually pillar, trench, and film a) GGG:Eu/M-

GGG-111, with inset of spatial intensity mapping for 591 nm, and b)
GGG:Eu/M-GGG-100. For all spectra, Aeye = 488 nm.
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4.5.3.2 Radioluminescence

Like described for the microstructured LSO:Tb, the X-ray excitation was performed
on an area of approximately 2 mm x2 mm, making sure to excite the micro-structured
area mainly. Radioluminescence spectra are presented in Figure 4.31. It is important
to note the intensities of the spectra have been normalized. Both orientations of the
GGG substrates used for the laser treatment are slightly scintillating. This creates
a background emission, which reduces the spatial resolution when used for high-
resolution X-ray imaging experiments. However, optimizing the growth of these
substrates can lead to emission-free substrates. The emission is not identical for the
micro-structured samples on the two orientations. The GGG:Eu grown on M-GGG-
100 have emission lines close to the UV due to the substrate emission, whereas this is
not the case for GGG:Eu/M-GGG-111.

When a GGG:Eu/M-GGG-111 is excited with UV, the emission appears orange/red.
This is shown in Figure 4.31 on the left. Here it is also seen that in addition to the

edges of the scintillator, the micro-structured areas extract the light to a higher degree

44 um GGG:Eu on GGG-111 /\&

I8 pm GGG:Eu on M-GGG-111

than the normal film areas.

GGG-111

—

17 um GGG:Eu on M-GGG-100

Normaized intensity [arb. units]

400 450 500 550 600 650 700 750
wavelength [nm]

FIGURE 4.31: Normalized radioluminescence spectra of relevant sam-

ples and substrates. The sample references are indicated above each

curve. For all spectra, excitation was performed using a molybdenum

X-ray source. On the left is a photograph of 18 ym GGG:Eu/M-GGG-
111 excited by a UV lamp.
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4.5.3.3 Comparison

Comparing photoluminescence and radioluminescence, the same features are found
as presented in Figure 4.32. Under both UV and X-ray excitation, the micro-structured
GGG:Eu samples show consistently with the Eu3* emission the bands characteristic
for the °Dy to ’F; (i=0,1,2,3,4) transitions, as marked in the figure.

- 17 um GGG:Eu on M-GGG-100|
— )..... = Mo-source

5D0_)7F1 [ heye = 488 NM
’ *Dg>'F4

5Do_)7F2

Normalized intensity [arb. units]

T T T T T T T
550 575 600 625 650 675 700 725
A [nm]

FIGURE 4.32: Comparison of the normalized radioluminescence and
photoluminescence of 17 ym GGG:Eu/M-GGG-100.
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4.6 Comparison and optimization

The results of the laser treatments and subsequent growth on the two types of ma-
terials have been presented and discussed separately. This section will then shortly
compare and discuss the two micro-structured materials.

4.6.1 Results
4.6.1.1 Laser treatment and LPE growth

The crack formation was more severe for GGG than for LYSO:Ce. Of course, the laser
treatment should be further optimized for each material, and maybe the parameters
chosen and tested initially for LYSO:Ce was better guessed than for GGG. It can also
be a possibility that LYSO:Ce is just more susceptible to this type of laser treatment.

The LPE growth itself for both materials and all orientations followed fairly the

typical parameters and behavior as the growth of their normal films.

4.6.1.2 Morphology

The morphology of the micro-structured LSO:Tb and GGG:Eu is very different. This
is expected since their structures are monoclinic and cubic, respectively, occupied by
different elements. Therefore the favorable growth directions will not be the same. A
comparison of the pillar morphologies is presented in Figure 4.33.

17 pm

a)

A-50 um-LYSO:Ce M-5 uym-LYSO:Ce ” M-GGG-111 M-GGG-100

FIGURE 4.33: Comparing the morphology of the micro-structure with

an optical microscope with the same magnification (x20) and operated

in reflection configuration. a-b) LSO:Tb. c¢-d) GGG:Eu. The thickness
and substrate are stated in the figures for each sample.

4.6.1.3 Structure

The laser treatment seems to have affected the materials differently. Considering the
XRD measurements on M-GGG, the modification leads to an additional diffraction
peak, the "modified" peak, where this is not observed for LYSO:Ce. However, consid-
ering the extracted FWHM from the w scans, the microstructured LSO:Tb also has
the highest FWHM, even higher than the FWHM extracted from the modified peak.
A comparison of the extracted FWHM of selected samples is displayed in Table 4.8.
Both materials are growing epitaxially and similarly to the normal film. Even the
investigations of the trenches show a very similar structure to the micro-structure
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Sample | FWHM

19 ym LSO:Tb/LYSO:Ce-010 | 0.09995°
85 ym GGG:Eu/M-GGG-100 | 0.0054°
92 ym GGG:Eu/M-GGG-111 (A) | 0.00943°
92 ym GGG:Eu/M-GGG-111 (B) | 0.03894°

TABLE 4.8: Evaluation of the extracted FWHM of the w-scans of rele-
vant samples. A: normal peak, B: modified peak (see section 4.5.2 for
further explanation).

and normal film parts. In general, the trenches seem to be less crystalline than the
pillars, whereas the pillars seem to be highly crystalline.

4.6.1.4 Luminescence

An important observation and point of discussion are the enhanced light extraction in
the pillars for LSO:Tb/M-LYSO:Ce and GGG:Eu/M-GGG-111. LSO:Tb/A-LYSO:Ce
extracts the light in the trenches, presumably due to the roughness or texture of the
trench, whereas the others seem to extract more light on parts of the pillars. This can
be observed in Figure 4.34 from the photoluminescence mappings.

12 pm 5um 38 ym
|

M-25 um-LYSO:Ce A-25p 0:Ce

FIGURE 4.34: Spatial mapping of the photoluminescence intensity.

a-b) LSO:Tb, intensity at 543 nm. c¢) GGG:Eu, intensity at 591 nm. The

thickness and substrate are indicated in the figure for each sample. a)
and b) have been included in figures in previous chapters.

4.6.2 Future perspectives

To our knowledge, there are no reports on using LPE growth to grow micro-structured
samples like those presented in this chapter. There are examples of overgrowth
methods where LPE is used in various ways, For example, by using gold seeds and
subsequent LPE growth [142]. But what has been done in this project is truly unique.
There are many challenges to be encountered and solved still, but this has been a
successful proof of concept. Issues such as the low aspect ratio should be solved
before the samples can be used for X-ray imaging. However, solving this would
likely not be enough to proceed to the final application. This final section will discuss
some possible optimization possibilities as well as further aspects that should be

considered before the samples would be ready for application.

Improvement of laser treatment As mentioned and shown in the last sections, the
laser treatment is imperfect. Optimization of the modification process and thereby
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minimizing growth in the trenches could be obtained by decreasing the line spacing
or doing repeated lines to ensure an entirely modified volume.

Perhaps a combination of ablation and modification could combine the best of
the two approaches. From the results obtained from the two methods, growth in
the trenches of the modified samples is less than for the ablated samples. However,
having already a height difference before LPE growth could also be considered
beneficial in terms of reducing the flow of the flux within the trenches and therefore
having less growth triggered in the trenches in general. Therefore, having a depth
of the trench before growth while making sure growth in the trenches are not very
favorable could be a good combination. These are ideas and possibilities which are
already under discussion with Fraunhofer ILT.

Polishing: After obtaining pillars of appropriate height, the substrate should be
removed. Otherwise, the light is no longer contained in a well-defined space, and the
spatial resolution will decrease. The substrate can be partly or entirely removed by
polishing. Therefore, gluing the sample onto, for example, a glassy carbon substrate
before the polishing is beneficial to support the microstructure and be able to remove
the single crystalline substrate completely. This way;, if there has been a bit of growth
in the trenches, this can also be removed.

Dead space: In the ideal case for the final application, the trench size should not be
50 ym wide. There should preferably be no trench, or it should at least be as small
as possible. Assuming the samples, after careful optimization, would have the light
created and guided in the pillars perfectly. Then the final image created using this
will have some dead space where this part is omitted from the image. When having a
15 pm trench and 50pum x50um squares, the image will have approximately 40% dead
space. Here it is assumed the pillars grow without any deviation from the square,
meaning no lateral reduction or increase in the pillar dimensions while growing.
Considering more ideal options, with the trench size reduced to the minimum, which
is for this setup limited by the focal spot of the laser being around 2 ym, the dead
space will be ~8%, which is considerably better. Some calculations on this are shown
in Table 4.9. Reducing the square size is not optimal for this approach since this
increases the dead space. For the laser treatment, the microscope objective used for
focusing the laser beam on the sample could be changed to create a smaller focal
point, and a more narrow trench width could be obtained this way.

Square size [um] Trench size [um] Dead space [%]

50x50 15 ~ 40
50x50 2 ~8
25x25 2 ~ 14
10x10 2 ~ 31

5x5 2 ~ 49

TABLE 4.9: Calculations of the dead space for various square and
trench sizes without considering the shape of the pillar after growth.
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Coatings: Ideally, the wall surfaces should be smooth, with low roughness. If the
surface of the pillar walls is rough, the light will scatter and be extracted at the sides,
similar to what was observed for the LSO:Tb /A-LYSO:Ce, where the light was not
extracted mostly in the pillars but more in the trench that is rough. This will increase
the risk of having significant cross-talk between the pillars and the trenches. The
cross-talking could potentially be minimized by adding reflective coatings on the
pillar walls to reflect the light more effectively inside the pillars.

Other treatments: Other treatments than laser patterning have been considered.
Initial testing of depositing metals as a mask to avoid growth was briefly investigated
in collaboration with Helia Photonics. A summary of the result is presented in
Figure 4.35. First, photolithography was performed for patterning of the substrates
and subsequent deposition of a metal, either hafnium or lead. Both these steps went
well. The lift-off to remove the metals at the squares and leave the trenches covered
by the metals is failing. Here most of the metal is removed. The results were similar
for both GGG and LYSO:Ce substrates and both hafnium and lead metal deposition.
Various lift-off procedures were tested, but the results were the same every time.
An additional adhesion layer under the metal could increase the adhesion, but it is

difficult to predict which would work, if any and was not explored further.

Patterning Deposition Lift-off

FIGURE 4.35: Treatment of GGG and LYSO substrates at Helia photon-
ics. Patterning was performed by lithography, then metal deposition
(hafnium and lead was tested), and finally, lift-off.
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4.7 Conclusions

By performing laser patterning on single crystalline substrates and subsequently
performing LPE growth, micro-structuration has successfully been obtained. This is,
to the best of our knowledge, the first time this specific approach has been utilized.
Laser patterning was performed on typical substrates used for LPE growth of state-
of-the-art scintillators LSO:Tb and GGG:Eu: LYSO:Ce and GGG, respectively. For the
LYSO:Ce substrates, two laser treatment procedures were used for the patterning,
modification, and ablation. The trench width was varied, and it was concluded this
did not have a significant effect on the growth. The structured growth from the
modified substrates resulted in a higher aspect ratio of the pillars. Consequently, the
GGG substrates were only laser modified while keeping the trench width at 15 ym.
Instead, the laser-modified grids were patterned to have eight different orientations,
and it was thereby found that the grid orientation relative to the orientation of the
atomic structure, does not influence the growth morphology of the GGG:Eu micro-
structure. Well-defined pillars were grown on GGG with crystallographic orientation
(111), whereas for (100) the features were softer and without a well-defined trench.
From XRD investigations, it was observed for all micro-structured samples, the atomic
structure was the same as their non-structured counterparts, and that the unit cell
lengths were comparable. With Raman spectroscopy, the pillar, trench, and normal
film were also found to have similar local structures. Studying the photoluminescence,
it was found the dopants were incorporated into pillar, trench, and film parts of all
samples. Photoluminescence and radioluminescence have similar features that were
ascribed to the characteristic transitions of the dopants. From all these results, it is
concluded there is some growth in the trenches, and indeed optimization is required
to reduce or avoid this to obtain the best possible micro-structure.

A proof of concept is thus demonstrated: by laser patterning single crystalline
substrates and performing LPE growth, micro-structuration is achieved with atomic
structure and luminescent properties similar to their normal thin film counterparts.
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Thin single crystalline film (SCF) scintillators are essential when performing high resolution X-ray imaging
with micron to sub-micron resolution. Especially when high energy X-rays are required for the
experiment, the absorption efficiency is reduced considerably due to the limited thickness of the SCF.
The absorption efficiency can be maximized by tailoring the SCF to have a high density and effective Z
number. However, the quest to find these optimized scintillators is both time consuming and expensive
when performing material screening. By combining simulations performed using the Geant4 package
with subsequent analytical calculations, we propose an efficient simulation tool. Geant4 simulations
predict the spatial distribution of the deposited energy in the SCF and the analytical calculations mimic
the blurring introduced by the microscope optics. Using our simulation method, we evaluated the
performances of a selection of scintillating screens, extending from state-of-the-art to various potential
scintillators for incoming X-rays with energies between 5 and 100 keV. To efficiently evaluate and

compare the performance of (potential) scintillators for high resolution X-ray imaging experiments, we
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Introduction

X-ray imaging techniques applied at synchrotron sources are
powerful tools to investigate 3D structures without using
destructive analysis. Two-dimensional pixelized detectors are
today preferred for imaging experiments," but also for many
other X-ray applications like absorption® and various scattering
experiments.”>* Current X-ray imaging techniques can by
coupling optics with the detector resolve micrometer details
even of dense and/or large specimens such as fossils.”® A
spectacular example that displays the performance of such a
technique was recently presented. Intact human organs, such
as a covid infected lung, were successfully imaged using
hierarchical phase contrast tomography.” By first scanning
the whole lung with low resolution and subsequently going to
higher resolution for the interesting areas regional changes in
the tissue architecture of the covid infected lung was identified.
For this experiment, the smallest voxel size was 2 pm, which
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France
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demonstrate the crucial role of the substrate for the spatial resolution performance of the device.

was sufficient to resolve the desired features at X-ray energies
up to 78 keV. High X-ray energies are indeed required in such
experiments in order to penetrate large (or very dense) speci-
mens and reduce the sample absorption, which is otherwise
detrimental to the phase contrast. Many X-ray imaging experi-
ments often require a detector system with spatial resolution
down to micrometer or even sub-micrometer scale. In addition,
it must be efficient over a wide range of X-ray energies and X-ray
fluxes to be applicable for different types of samples demand-
ing low to very high X-ray energies to fit the requirements in
terms of X-ray penetration in the object. Detectors based on an
indirect X-ray detection scheme are the only candidates poten-
tially meeting these challenging criteria. They combine a con-
verter screen, microscope optics and an imaging Charged
Coupled Device (CCD) or Complementary metal-oxide-semi-
conductor (CMOS) camera.®® The converter screen is a scintil-
lator, which absorbs X-ray photons and converts them into
multiple optical photons, generally UV or visible. An optical
image is thus formed, which is enlarged by the optics and
finally projected through the lenses onto the camera. Scintilla-
tors can be produced from a variety of materials and technol-
ogies. Powders or ceramic phosphors, such as Gd,0,S:Tb*°
(often referred to as GOS, Gadox or P43), are often the most
economical solution. They can provide a large field of view but
do not combine efficiency and spatial resolution because of
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their diffusive aspect. Crystalline microcolumnar scintillators
allow for a thick scintillator and thereby an increased absorp-
tion efficiency at high X-ray energies while maintaining a
decent spatial resolution. Nevertheless, existing technologies,
such as microcolumnar CsL:TI'"' and microstructured CsL:Tl
screens,'” do not currently reach micrometer spatial resolution.
In order to reach micrometer to sub-micrometer spatial resolution
in X-ray imaging experiments, single crystalline film (SCF) scintilla-
tors are therefore required.>>"* This could either be scintillators
grown by liquid phase epitaxy'*® or polished wafers.'® In this case,
it is crucial that the film thickness remains in the order of the depth
of focus of the optics, otherwise the image will be partly out of focus
reducing the resolution. However, reducing the film thickness
decreases the X-ray absorption in the SCF considerably. The opti-
mum SCF scintillator thickness is therefore a balance between the
desired SCF X-ray absorption efficiency and spatial resolution both
with respect to the applied X-ray beam energies. The absorption
efficiency of scintillators is proportional to the density and effective
atomic number of the material,” which is why in high resolution
X-ray imaging communities there is an ongoing quest for thin films
fulfilling these criteria.

The European Synchrotron Radiation Facility (ESRF) recently
upgraded its storage ring to become the first high energy 4™
generation synchrotron source in operation, the Extremely Brilliant
Source (ESRF-EBS).>° This upgrade led to drastic improvements in
both coherence and brilliance of the source. As a result, the
synchrotron beamlines are able to run experiments at higher
Xray energies (e.g up to 350 keV at the new BM18 EBSL3
beamline,® ESRF) following the 10 to 100-fold gain in X-ray flux.
In order to fully exploit the possibilities offered by this new
generation of synchrotrons and reach the ultimate performance of
the scintillators by combining optimized spatial resolution and
stopping power, investigation of a new generation of SCF scintilla-
tors is now required. Unfortunately the variety of parameters to take
into account, combined with varying experimental conditions at the
beamlines render the material screening not efficient.

Because preparing real scintillating screens is time and money
consuming, we propose in this contribution an efficient simulation
tool, which combines the spatial distribution of the deposited
energy in SCFs and the impact of the optical transfer for various
numerical apertures of the optics. Experiments have been per-
formed to validate our approach. As a result, we define a figure of
merit evaluating (potential) scintillator screens and propose a
selection of optimal SCFs for various X-ray energy configurations
for high resolution X-ray imaging experiments at synchrotrons. We
also identify the crucial role of choosing the X-ray energy in relation
to the K-edge energies of elements comprised in the SCF as well as
the substrate, which both have a huge impact on the final image
resolution and the energy deposition. The simulation tool presented
here is a very useful guide for material selection toward the
preparation of scintillating SCFs showing ultimate performances
in the field of high resolution X-ray imaging.

Simulation tool

The proposed simulation tool aims at evaluating the X-ray
imaging performances of the SCFs focusing on their spatial
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resolution limitations and X-ray stopping power. The former
depends on the absorption processes in the screen combined
with the light collection through the optics and the latter on the
energy deposition that is driven by the composition and the
geometry of the screen, ie. the SCF film and the substrate.
The light yield, as well as the matching of emission wavelength
with the cameras spectral sensitivity do not impact the spatial
resolution, but only the statistics that can be compensated by
increasing the exposure time. In addition, the light yield of
scintillators often highly depends on the synthesis method
leading potentially to various types of defects, impurities. For
the state-of-the-art SCF scintillators it can therefore vary from
sample to sample which cannot be predicted. Because we are
focusing our interest to the energy deposition impact on the
spatial resolution, we have considered the same proportionality
factor between the deposited energy and the number of emitted
optical photons.

It is based on Geant4, a well-established Monte Carlo
simulation package®” and subsequent analytical calculations.
Geant4 is predicting the spatial distribution of deposited
energy in the SCF, which is a result of the material interacting
with the incoming monochromatic X-rays. This results in a
mapping of the deposited energy that provides the ultimate
scintillator response. Analytical calculations then compute the
blurring by optical transport of the resulting image including
diffraction of light and out-of-focus contributions. The result-
ing Line Spread Function (LSF) and Modulation Transfer
Function (MTF) can then be extracted. We assume to be in a
configuration where the camera itself does not influence the
spatial resolution, which is the case when the effective pixel size
and pitch are significantly smaller than the resolution limit. An
overall scheme representing the applied principles is presented
in Fig. 1 and each step will be evaluated in the following
sections.

Since we are targeting high resolution imaging at synchro-
tron, the simulations are performed using monochromatic
X-rays at various energies (5-100 keV). In the case of fast or

Deposited
Energy
X
Y|
X-rays\
—\ X-r 4
/ 7 A
z
z4zy

Z; a) b)

Fig. 1 Schematic presentations of: (a) Geometry and axis conversion
applied in the simulation tool. (b) Geant 4, Monte Carlo simulation tracking
the incident X-rays and the resulting secondary particles. The tracking
reveal the spatial distribution of deposited energy in the SCF, which (we
assume) correspond to the scintillator response. (c) Matrix describing the
energy distribution for the depth of the scintillator. (d) Optics blurring
estimated by taking the output from the simulation and use it as input for
the analytical calculations. (d) Final response on the detector assumed as
the sum of the response to every plane in the scintillator.

This journal is © The Royal Society of Chemistry 2022
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ultrafast imaging where the resolution can be compromised a
pink beam (non-monochromatic X-ray beam) can be applied to
obtain a higher X-ray flux.”> However, this is out of scope for
this study but could easily be implemented in the tool for a
future new study.

Geant4 configuration

The SCF geometry is defined as a rectangular box of thickness ¢
and a lateral length of 1.4 cm. For consistency, all simulations
presented in this study were performed with ¢ = 5 um. The SCF
is supported by a second 150 um thick box representing the
substrate corresponding to the currently applied substrates in
high resolution X-ray imaging. The SCF has a surface normal to
the incoming X-ray beam along the z-axis and when running
the simulation a monochromatic one-dimensional X-ray beam
distributed along the y-direction hits the SCF perpendicularly
to its surface (see Fig. 1a).

For the energy deposition mapping, the size of the bins is
defined as 0.1 pm in the x-direction and 0.2 pum in the
z-direction. These bin sizes are a compromise between resolu-
tion and noise. In addition, since solid state aspects such as
phonons and exciton migrations are not included in the Geant4
simulations a too small bin size could compromise the accu-
racy of the results. Due to the symmetry of the geometry no
binning is set in the y-direction. The low energy Livermore
Physics model>**> was selected for the simulations. Every
primary X-ray and generated secondary cascading particle are
tracked individually (see Fig. 1b) with a production threshold
for secondary particles at 250 eV. This threshold is not critical
for our model since we are studying a diffraction-limited
resolution, which is larger than the attenuation length of
electrons at 250 eV.

The materials applied for the SCFs and substrates are
defined by the density and the elemental stoichiometry.
Depending on these two parameters the program estimates
the probability of a particle traveling in the material to interact
with a specific kind of atom and potentially deposit energy,
while the concepts of crystals, namely the electronic band
structure as well as phonons, are not included. For the state-
of-the-art scintillators: GGG, LSO and LAG, the relevant Aemis
when they are doped with their usual dopants: GGG:Eu, LSO:Tb
and LAG:Ce are applied. For the prospective scintillating SCFs,
the Zemis Wwas chosen to be 615 nm. The emission from different
dopants is rarely just one wavelength but for the sake of

View Article Online
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simplicity of the optics calculations (described in next section)
the commonly most intense or relevant emission wavelength
for the specific dopant has been used. In the case of Europium
the two main peaks are usually 595 and 710 nm but a wave-
length of 615 nm was applied as a compromise. A list of all the
materials and the information applied for the simulations and
optics calculations (stoichiometry, density, Aemis, refractive
index) are summarized in Table 1.

The energy map provided by Geant4, is a two-dimensional
matrix containing the spatial distribution of the energy depos-
ited in the SCF. Every line corresponds to the LSF obtained at a
different depth (z;) in the SCF (Fig. 1c). The LSF and MTF as a
function of the z-coordinate, the total LSF and MTF (without
any consideration of the optical effects) can be deduced, as well
as the energy deposited in the SCF as a function of depth

(Edep(zi))'

Optics calculations

The modelling of the optical transport to the camera is based
on the analytical model described by Hopkins,*® which calcu-
lates the response of an aberration-free optical system. Taking
into account the diffraction of light and the defect of focus (5z),
the optical transfer function (OTF) of a defocused optical
system is calculated as a convergent series of Bessel functions.
The image from each plane is blurred by the optics as a
function of the position of the plane along the thickness of
the SCF (Fig. 1d). Assuming the system is focused at a certain
position, z, (the focal plane), the planes within a thickness dz
equal to the depth of field (DoF), around z, are projected as a
focused image and thus only blurred by the diffraction of light.
The planes outside dz are additionally blurred as a function of
the distance from z, (denoted 3z). The total MTF is then
calculated as the average of every plane in the SCF, weighted
by the deposited energy in the /" slice (E{P) while assuming the
system is focused on the j bin in z:

N )
5. MTF™(f) - MTF™ (82, f) - E*

MTFL (1) == 1)

N

> ET
i

i=1

where N is the total number of bins along z, MTF;“™( f) is here
the MTF calculated from the energy deposited in the i slice
obtained from the Geant4 simulations, MTF{P( f) is the mod-
ulus of the OTF and f is the spatial frequency in the object

Table1l Materials and their short names, chemical formula, dopant and corresponding emission wavelengths, the density, refractive index and substrate
applied in the Geant4 simulations. In reality the Aemis is Not a single line but composed of several lines or a broad band (indicated by *). Here is only the

applied wavelength for the simulations indicated

Name Short name Chemical formula Dopant Jemis [nm] Density [g cm ] n Substrate
Gd-Al-Perovskite GAP GdAIO; Eu 615 7.50 1.97 YAP
Lu-Oxide Lu,O5 Lu,O5 Eu 615 9.50 1.935 Lu,O5
Lu-Orthosilicate LSO Lu,SiOs Tb 550 7.40 1.82 YbSO
Lu-Al-Garnet LAG Lu;Als04, Ce 540* 6.73 1.84 YAG
Gd-Ga-Garnet GGG Gd;Gaz0,, Eu 615 7.10 1.97 GGG
Gd-Lu-Al-Perovskite GdLuAP Gdg 5Lug 5A10; Eu 615 8.00 1.935 YAP
Pb-Titanate PTO PbTiO; Eu 615 7.95 2.70 SITiO;

This journal is © The Royal Society of Chemistry 2022
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plane. The position of z, was selected by calculating the
maximum total MTF as a function of the focus position along
z. This then provides the final estimate of the actual response,
as seen by the imaging camera (Fig. 1e).

Results and discussion
Investigated materials

The materials under investigation in this study are the state-of-
the-art SCF scintillators (formulas and applied parameters are
given in Table 1): LSO:Tb on YbSO, GGG:Eu on GGG and
freestanding LAG:Ce that are intensively applied on X-ray
imaging beamlines.”” LAG:Ce can also be grown by Liquid
Phase Epitaxy (LPE) on YAG substrates'” and for the sake of
comparing the different SCFs it is here simulated on a YAG
substrate. Furthermore, the three more recently explored high
density SCFs: Lu,0O;:Eu on undoped Lu,0;,*®* GAP:Eu on
undoped YAP?® and PbTiO;:Eu on undoped SrTiOj; are included
as prospective materials for ultimate high density SCFs.

Energy deposition

As discussed above, achieving ultimate spatial resolution
(~1 pm or better) requires SCFs of thickness thinner than
10 pm rendering the X-ray absorption critical, especially when
applying high energy X-rays. The X-ray absorption efficiency
affects the Detective Quantum Efficiency (DQE) of the system
and should therefore be considered when examining the overall
performance of SCF potential scintillators.

In low dimensional systems, the effective energy deposition
differs from the attenuated energy due to the escape of X-ray
fluorescence and even hot electrons and Auger electrons in the
particular case of nanoscintillators.>®*' The effective energy
deposited in the investigated SCFs has been extracted from our
simulations at X-ray energies from 15 to 100 keV (Fig. 2b). Its
comparison to the attenuated energy in the freestanding SCFs
using the photon cross section database from NIST*” (Fig. 2a)
highlights notable differences at high energy, mainly at

—m— GAP —#— GAP on YAP
—e—Lu,0, —o—Lu,0; on Lu,O,4
~h—LSO ~4—LS0 on YbSO
—v—LAG —v—LAG on YAG
——GGG —&— GGG on GGG

—<—PbTiO,

—<—PbTiO, on SrTiO,

% Attenuated energy (NIST)
% Energy deposited (Geant4)

a) b)
20 30 40 50 60 70 80 90 100 20
Energy [keV]

30 40 50 60 70 80
Energy [keV]

90 100

Fig. 2 (a) Percentage of the incident beam energy attenuated by various
kinds of 5 um thick SCFs, calculated using data from the NIST database.*?
(b) Percentage of the incident beam energy deposited in various 5 um SCFs
supported by 150 um substrates, calculated by tracking all the secondary
X-rays and electrons using our application based on the Monte Carlo
Geant4 toolkit.

J. Mater. Chem. C

View Article Online

Journal of Materials Chemistry C

energies higher than the K-edge, where the escape of secondary
X-rays increases for both the film and substrate.

The attenuation as computed from the photon cross section
provides a fair approximation of the effective deposited energy at
X-ray energies below the K-edge energies of the high Z elements
comprised in the SCF. When the X-ray energy exceeds these K-edge
energies in the SCF, the modelling of X-ray fluorescence photons is
thus needed to obtain an accurate estimate of the energy deposit.
Secondary X-rays can indeed easily escape the thin SCF and do
thereby not deposit their energy in the SCF. On the opposite, when
the X-ray photons interact in the substrate, the secondary particles
generated there can possibly reach the SCF and deposit energy,
potentially far from the primary interaction.

Spatial resolution and contrast

The MTF describes the spatial response of a system by combin-
ing the concept of resolution and contrast. The spatial resolu-
tion of a system quantifies the smallest features that can be
fully resolved. It generally corresponds to the spatial frequency
for which the MTF equals ~10% taking into account the
definition of the Rayleigh criteria for the diffraction limit.
The contrast or modulation is defined as:**

C) = i ®)
Inax + Inin
for alternate black and white lines at a given frequency (). Iinax
and I, are the corresponding maximum and minimum
intensities (number of optical photons detected).

The MTF basically provides the transmission of contrast
through the system at different spatial frequencies. The coun-
terpart of the MTF, the LSF is helpful to further understand
specific trends in the MTFs because it directly shows the spatial
distribution of detected optical photons around the position of
the primary interaction between the X-ray photon and the SCF.
The energy of the incoming X-rays has a significant impact on
the spatial distribution of deposited energy in the SCF and
thereby the obtainable spatial resolution and contrast of the
final image. Generally, when increasing the X-ray energy, the
generated secondary particles deposit energy at an increasing
distance from the initial point of interaction, resulting in a
decreasing contrast. It is thus crucial to consider the major
impacts on the contrast occurring when applying X-rays of
energies close to the K-edge of the elements comprised in the
SCF and substrate. In the next subsections we will then present
and discuss quantitative improvement and degradation of the
contrast for a selected set of relevant materials, restricting the
description to the energy deposition effect.

Influence of X-ray fluorescence

We performed simulations of the standard SCF, namely LAG:Ce
supported by YAG substrate to highlight the effects on the LSF
and MTF when imaging is performed with X-ray energies below
and above the K-edge of the heaviest element of the substrate
(resp. the SCF), here Y at 17.04 keV (resp. Lu at 63.31 keV).

As shown in Fig. 3b, increasing the X-ray energy above the
substrate K-edge of Y initiates a sharp decrease of ~20% in

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Simulated LSFs (left) and MTFs (right) for a 5 um LAG:Ce SCF supported by 150 um YAG substrate. (a and b) X-ray energies from 14 to 24 keV.
K-edge energy of Y is 17.04 keV. (c and d) X-ray energies from 60-70 keV. K-edge of Lu is 63.3 keV.

contrast. This drop in the MTF close to 0 Ip mm ", corresponds
to the increase of the tails in the LSF (Fig. 3a).

By isolating the contributions from the different particle types of
the LSF, we note that a significant number of secondary X-rays
deposit energy far from the initial interaction point when the
incoming X-ray energy exceed the substrate K-edge. This is in
agreement with fluorescent X-rays generated in the substrate and
then interacting in the SCF. The isolated LSFs representing the
contributions from the different particle types is presented in Fig. S1
(ESIY).

As shown in Fig. 3d, when exceeding the Lu K-edge energy
there is a sudden increase in contrast of ~25% of the MTF.
Further increase of the X-ray energy induces a continuous
increase in contrast until it stabilizes around 70 keV with an
additional gain of ~10%. In the corresponding LSF (Fig. 3c) the
effect is observed as a sudden decrease of the tails followed by a
continuous decrease between 0.3 and 4 pm with increasing
X-ray energy. The isolated LSFs for the contribution of different
particles types are presented in Fig. S2 (ESIf). All types of
generated electrons (primary and secondary photoelectrons
and resulting electrons from electron-electron scattering)
deposit more of their energy very close to the initial point of
interaction when exceeding the SCF K-edge.

This journal is © The Royal Society of Chemistry 2022

The sudden decrease of the tails is the result of the
increased probability of the photoelectric effect when the
incoming X-ray beam have energy above the SCF K-edge. This
effect is especially present after normalization of the LSF, which
is how to normally display it. The X-ray fluorescence mostly
escapes from the SCF and do not contribute considerably to the
image. Meanwhile, the photoelectrons have a sufficiently low
energy resulting in short attenuation length, leading them to
deposit energy very close to the initial point of interaction.

The continuous improvement is caused by photoelectrons
created from primary X-ray interactions and subsequent elec-
trons from electron-electron scattering events. We ascribe this
effect to the increase of local energy deposition due to the
increase of the X-ray beam energy. Indeed, the energy of the
primary photoelectron will be ~0.7 to 6.7 keV (assuming they
are created from 64-70 keV primary X-ray photons and the
K-shell of Lu) the attenuation length will typically be shorter
than 0.5 um (CSDA, NIST**), thereby containing the resulting
energy deposit very close to the initial point of interaction.

Combined influence of SCF and substrate

We demonstrated above the opposite contribution of the SCF
and the substrate on the MTF when the X-ray energy exceeds

J. Mater. Chem. C



Open Access Article. Published on 16 May 2022. Downloaded on 6/2/2022 3:04:35 PM.

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

Paper

the K-edge of their heaviest element. For some scintillators, the
substrate and the host structure of the SCF can be of the same
type, such as GGG:Eu supported by undoped GGG substrates.
For this particular scintillating screen, we have simulated the
LSF and MTF for X-ray energies around 48-58 keV (Gd K-edge at
50.24 keV). Fig. 4 shows that when exceeding the Gd K-edge it
combines the two opposite effects, but acting at different frequen-
cies, as observed in the previous section. There is the sharp decrease
of the MTF at low frequencies below 150 Ip mm ™" caused by the
substrate fluorescence, while at higher frequencies the contrast is
significantly increased owing to the photoelectrons created in the
SCF. When further increasing the X-ray energy, the contrast above
~200 Ip mm " is slowly increased due to the increased energy
deposition close to the initial point of interaction until it stabilizes
and starts to decrease again for higher energies.

When the X-ray energy exceeds the Gd K-edge energy two effects
occur. First, the X-ray absorption cross section increases by about
one order of magnitude, and second the probability of X-ray
fluorescence also drastically increases. If absorption occurs in the
substrate, part of the resulting X-ray fluorescence may be reabsorbed
far from the primary interaction in the SCF, resulting in degradation
of the low frequency contrast. When absorption occurs in the SCF,
the dominant effect is the significant improvement of the absorp-
tion, generating photoelectrons interacting almost locally due to the
small mean free path of such electrons, which corresponds to the
ideal situation (high absorption and local energy deposition). Of
course, X-ray fluorescence also occurs but its re-absorption will
mainly occur out of the SCF. In this latter case, an improved
contrast at high frequency is expected, and the degradation of the
image is dominated by the optics. Further, the continuous improve-
ment when the X-ray energy increases above the K-edge is caused by
the increase of the local energy deposition.

Blurring by optics

The deposited energy is converted into optical photons in the
SCF through the scintillation mechanism. Due to the thickness

1.0

[keV]
48
f—49

Gdsubst. ate K-edge

0.8 === 50|

MTF

GGG on GGG

0 200 400 600 800
Spatial frequency [Ip/mm]

Fig. 4 Simulated MTFs for a 5 pum GGG:Eu SCF supported by 150 um GGG
substrate. X-ray energies from 48 to 58 keV. K-edge energy of Gd is
50.24 keV.
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of the SCF, the scintillation “image” is blurred while projected
onto the camera by the microscope optics. Fig. 5 demonstrates
the significant contribution of this blurring. At low energies
especially, the optical blurring strongly degrades the excep-
tional spatial resolution that would be expected by only taking
into account the energy deposit contribution. At high energies
however, most of the MTF degradation is caused by the energy
distribution in the SCF. Notice at 60 keV the MTF is better for
GGG compared to LSO, especially without blurring, since we are
above the Gd K-edge but still below the Lu K-edge. In the figure,
a numerical aperture (NA) of 0.80 is chosen. For sake of
completeness, the influence of the NA at various X-ray energies
is presented in Fig. S3 (ESIY).

Figure of merit

It is not straightforward to evaluate the achievable performance
of scintillating screens due to the overwhelming combination
of factors which influence it. We thus propose a figure of merit
(FoM) in order to estimate the best compromise between a
sharp image and an efficient detector:

FoM(E) = MTF% | (E) X Eaep(E) (3)

This allows us to evaluate the materials as a function of X-ray
energy, while simultaneously considering the spatial resolu-
tion, contrast (including blurring by optics) and absorption
efficiency. The value of the MTF at 500 Ip mm ' is applied
because it describes how well 1 pm sized features are resolved.
The performance of the complete detector system will of course
be best described by the Detective Quantum Efficiency (DQE).

The figure of merit for the evaluated SCFs are presented at
energies from 5 to 100 keV in Fig. 6. We can see that below
50 keV and from 64 to 95 keV, Lu,0; is material which performs
the best, while between 50 keV and 64 keV GAP is superior.
PbTiO; is similar to Lu,O; between 20 and 50 keV and best
above 95 keV.

The proposed figure of merit is the appropriate tool for
investigating unexplored materials and find better alternatives
to the state-of-the-art scintillators. It allows to perform a
thorough screening of materials before attempting to produce
them but is of course not able to predict if a material will be
scintillating in practice. However, this figure of merit gives a
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Fig.5 MTF (solid lines) and MTF . (dashed lines) for 5 um films

supported by 150 pm substrates, evaluated for NA = 0.80 at different

X-ray energies. The corresponding SCF, substrate and X-ray energies

selected for the simulations are indicated in the figure.
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limited vision of the potential scintillator performance espe-
cially because it only takes into account the MTF for a single
spatial frequency (500 Ip mm™"). A more fulfilling figure of
merit could be created by using an integration of the MTF over
all spatial frequencies instead. For illustration, figure of merit
are presented at 100 and 1000 Ip mm ™' in Fig. S4 (ESIt).

Additionally, to truly examine and compare already existing
scintillators one should consider other parameters like the light
yield and adequate matching of the emission spectrum with the
spectral sensitivity of the applied detector.

Experimental validation

In order to validate the proposed simulation method, MTF of
several scintillating SCFs was evaluated experimentally with the
slanted edge method.**>° A 525 um thick GaAs edge carefully
cleaved and positioned 1-3 mm away from the scintillator was
used to absorb part of the X-ray beam. Acquired edge images
were corrected by flat-field and dark images and the edge
spread function (ESF) was computed. Subsequently, the
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Fig. 7 Experimentally measured (continuous lines) and simulated (dashed lines) MTFs for various scintillating SCFs supported by substrates at (a) 16 keV
and (b) 18 keV. MTFs obtained from simulations (c) and experiments (d) for an ~11.5 pm GdLUAP:Eu scintillating SCF supported by 150 um YAP, at X-ray
energies from 16 to 25 keV. All experiments were performed with monochromatic X-ray beam at BMO5, ESRF.
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derivative gives the LSF and a Fast Fourier Transform provides
the MTF.>® Fig. S5 (ESIt) gives an illustration of the method.

The complete detector system comprises: the scintillator
under investigation combined with microscope optics (numer-
ical aperture (NA) of 0.4 and 10x magnification) followed by a
3.3x eyepiece magnification and either a PCO2000 camera
(Fig. 7a and b) or PCO edge 4.2 (Fig. 7d) having respectively a
pixel size of 7.4 pm and 6.5 pm. The measurements were
performed using monochromatic synchrotron radiation at the
beamline BMO05 at the ESRF using a Si(111) crystal with energy
resolution of AE/E ~ 10 %%

Fig. 7a and b show good agreement between simulations
and experimental data. As predicted by the simulations, the
MTFs of all the considered scintillators are similar at 16 keV
(Fig. 7a) while at 18 keV (Fig. 7b) a sudden reduction of the
contrast close to 0 Ip mm ™ is observed for scintillators with Y-
based substrates (K-edge of Y is 17.04 keV). It is noteworthy that
some of the experimentally obtained MTFs in Fig. 7 are out-
competing the simulations. This can be attributed to the effect
of phase contrast which artificially enhances the contrast and
thereby the MTF.

In order to further validate the predicted behavior of the
MTFs at energies around the substrate K-edge we have applied
the slanted edge method on a ~11.5 pm GdLuAP:Eu SCF
supported by 150 um YAP substrate.>® The experimental MTFs
in Fig. 7b found for X-ray energies from 16-25 keV are again in
good agreement with the simulations. The MTF undergoes a
sharp decrease close to 0 Ip mm ™' when exceeding the sub-
strate K-edge energy. When further increasing the X-ray energy,
the contrast decreases also as expected. However, when care-
fully comparing the MTFs from simulations (Fig. 7c¢) with the
experiments (Fig. 7d) a difference up to 15% in contrast is
observed. Several reasons can explain this. GALUAP SCFs are
found to undergo birefringence, which degrade the MTF. By
rotating the SCF perpendicular to the X-ray beam, the degree of
birefringence varies and the optimum MTF affected the least by
birefringence can thereby be found.?® The MTFs in Fig. 7(d) is
recorded at what we found to be the optimum rotation angle.
Since the rotation is manually adjusted the truly optimum
angle may not be used, which then results in a slight degrada-
tion of the MTF. Furthermore, the YAP substrate scintillates
slightly and to filter out this emission a bandwidth filter
(634 nm, FWHM: 70 nm) was inserted in the optical path. If
part of this emission was not fully filtered out it could have
partly degraded the MTF. Also, the observed deviation between
simulations and experiments can simply be caused by a slight
defect of focus in the optics. The experiment nevertheless
confirm in a large extent the observed trends in the
simulations.

Conclusion

We presented the principles of our simulation tool based on
Geant4 and subsequent analytical calculations and applied it to
investigate the behavior of the MTFs especially at X-ray energies
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close to the K-edges of elements in the SCF and substrate.
Exceeding the K-edge energy of an element in the SCF gives rise
to an increase in the MTF above ~ 200 Ip mm™"' whereas for a
substrate element the MTF is reduced close to 0 Ip mm™".
These trends are assigned to the increased probability of the
photoelectric effect combined with short attenuation length of
the created photoelectrons and substrate fluorescence, respec-
tively. The latter trend was confirmed by experimental data
collected using monochromatic synchrotron radiation and we
plan to measure and validate the effect around the K-edge
energy of high Z elements comprised in the SCF in future work.
Simulations including blurring introduced by microscope
optics was presented and shortly discussed. It is clear that
especially at low energy the optics strongly reduce the MTF,
where at higher energies most of the degradation is caused by
the energy distribution in the SCF. We also proposed a figure of
merit to evaluate potential scintillators in terms of spatial
resolution and contrast but also absorption efficiency. Of the
investigated SCFs, Lu,0; and PbTiO; may outperform the other
investigated SCFs below 50 keV and above 64 keV while
between 50 and 64 keV GAP is the best compromise. At
100 keV and above PbTiO; is the better choice. We believe that
such an approach is a great support for the scintillating screen
development aiming to reach ultimate performances.
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Introduction

Tunable crystalline structure and electrical
properties of (Pb,Sr)TiO3 films grown by liquid
phase epitaxyf

Laura Wollesen, @ *3° paul-Antoine Douissard,? Ingrid C. Infante, (D}
Jeremie Margueritat, ®P Brice Gautier, ®¢
Thierry Martin® and Christophe Dujardin O

Ferroelectric epitaxial films of Pb;_,Sr, TiOz (PST) with nominal compositions of x = 0, 0.33, 0.39, and 0.43,
supported by (100) SrTiOs (STO) substrates, have been successfully grown by liquid phase epitaxy (LPE).
Energy dispersive X-ray measurements performed on selected films reveal an increase in the Sr-content
for each nominal increase in the growth solution. Structural and spectroscopic investigations, from X-ray
diffraction and Raman spectroscopy, unveil that all of the PST films possess a tetragonal structure at room
temperature, and with increasing Sr-content, the tetragonality and Curie temperature decrease accordingly
with values approaching those of reference bulk compound materials. These results confirm we achieved
full control of the composition, structure, and transition temperature of the ferroelectric films, by adapting
the nominal composition of the LPE growth solution, performing epitaxial growth while maintaining the
bulk-like properties. Finally, using piezoresponse force microscopy, various nanoscale polar domain
configurations for the PST epitaxial films were disclosed. This indicates that films having a higher Sr content
can have polar domain configurations compatible with different a/c and ¢ nanodomains. This work
underlines the usefulness of the LPE method for controlling tetragonal ferroelectric PST film growth, in
order to tune the nanoscale polarisation landscape in films having bulk-like structures and ferroelectric
transition temperatures. This opens a path to new investigations fully exploiting the combined advantages
of multiple nanoscale electrical boundary configurations within bulk-like ferroelectric films.

properties.””” When substituting Sr onto the Pb-site, Pb,_,Sr,-
TiO; (PST), the tetragonality of the structure is reduced and

The perovskite structure is adopted by numerous elements
and therefore exhibits a wide range of various properties
including  ferroelectricity,’  superconductivity,>  and
magnetism.® The perovskite PbTiO; (PTO) is a promising and
well-studied multiferroic material. At room temperature, it is
ferroelectric and ferroelastic with a tetragonal structure (space
group: P4mm), and above the Curie temperature (Tcyurie) that
is around 490 °C," it becomes paraelectric with a cubic
structure (space group: Pm3m). It has been extensively studied
with various elemental substitutions to obtain different polar
phases and tunable piezoelectric and ferroelectric
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the cubic structure is reached at room temperature for x =
0.5.57'° Controlling the Sr-content and thereby the structure
allows the electrical properties to be tuned.”'" This includes
reducing the Tcuie but also stabilizing a-domains having
interesting nanoscale switching phenomena when grown as
thin films."

It is possible to grow ferroelectric (thin) films using
various techniques that have their own strengths and
weaknesses'*'* depending on the requirements of the final
application. The technique for growing samples should
therefore be chosen depending on the desired properties
while including considerations such as homogeneous doping
and impurity incorporation. Here, a relatively unexplored
technique for the growth of ferroelectric films, namely liquid
phase epitaxy (LPE), has been applied. LPE is a unique and
powerful technique that is normally applied for growing
complex oxides supported by single crystalline substrates. It
is especially relevant for the growth of single crystalline films
for high spatial resolution X-ray imaging at synchrotron
sources.””™"” The growth is initiated from a supersaturated
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solution composed of the desired film oxide components and
an appropriate solvent. The growth rate is high compared to
those of other (thin) film deposition techniques, in the range
of 0.1-1 m min !, which is 10 to 100 times faster than
molecular beam epitaxy (MBE) or metalorganic vapor-phase
epitaxy (MOVPE).'® Since LPE is a near thermodynamic
equilibrium technique and the growth temperature is
considerably lower than that for bulk crystal growth, the
defect concentration is often low.'®"’

In this contribution, the results from the LPE growth of PST
films with a nominal x = 0, 0.33, 0.39, and 0.43 on STO
substrates with the crystallographic orientation (100) are
presented. We demonstrate through thorough characterization
of selected samples that it is possible to control the elemental
composition, crystalline structure, and Tcyne Of the films by
adapting the nominal composition of the LPE melt.

Experimental section
Growth

The films were grown from two different LPE melts. One
targeting films of PTO (melt 1) and the other PST with x =
0.33, 0.39, and 0.43 (melt 2). All films were supported by
single crystalline STO substrates with the crystallographic
orientation (100). Both surfaces of the substrates are of an
epi-ready quality, which is necessary for the growth of high-
quality epitaxial films. The substrates are 500 um thick and 1
inch in diameter with two truncations. However, before
growth, they would be cleaved into smaller pieces. The
substrates are purchased from Crystal GmbH (grown using
the Verneuil method).>’ They report the orientation accuracy
(miscut) of the substrates as +0.5 °C but it is typically <0.3
°C.*! PbO-B,0; was applied as the solvent and the starting
powders were PbO (4 N), B,O; (4 N), and TiO, (4 N) for melt
1 and for melt 2, SrO (3 N) powder was added increasingly
between growths. Since Pb was part of both solvent (flux) and
solute (film components) for these melts, meaning it is a self-
flux, the Sr-content was calculated from the Ti-content even
though it is expected to occupy only the Pb-site in the
structure.

For LPE growth at the European Synchrotron Radiation
Facility (ESRF), the melt is contained in a platinum crucible
positioned in the lower part of a specially designed vertical
furnace for LPE (see the schematic drawing in Fig. 1a). The
furnace consists of two resistive heating zones to control the
heat gradient at the furnace opening. This is important
because a too steep heat gradient can cause the sample to
break when entering or exiting the furnace. Three
thermocouples are used to monitor the temperature: one
directly on the crucible, and on the lower and upper parts of
the tube. With this LPE furnace, there are normally
temperature fluctuations of only approximately 0.1 °C.
However, during the experiments of this study, the
temperature fluctuations are estimated to be around +2 °C.
The substrate is attached to a special customized platinum
sample holder and growth is induced by the vertical dipping
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Fig. 1 a) Schematic depicting a cross-section of the applied vertical
dipping method LPE furnace, where the yellow color indicates ceramic
parts and TC represents thermocouples. The sample rotation (2) and
vertical translation (z) can be controlled as well as the temperature of
the two resistive heating zones. b) During film growth, the temperature
of the melt was around 800 °C, meaning the film grows in the
paraelectric cubic perovskite structure. c) When the sample is
transferred out of the furnace, the temperature will decrease and
reach below the Curie temperature (Tcyie). Here, the sample
transforms to be ferroelectric with the tetragonal perovskite structure.

method.*” The sample rotates during the growth process with
alternating directions to ensure homogeneity. After growth,
the sample is positioned just above the melt, while still in
the crucible, and an ejection procedure with an accelerated
rotation speed is performed. This is done to remove as much
of the flux still present on the sample surface as possible.
The thickness of the films is estimated from their density
and weight gain after growth.

Characterization

The grown films were studied using a Zeiss microscope with
various objectives and geometries (reflection, transmission).
For elemental analysis, a SEM-EDX instrument was used. It
has an LEO 1530 scanning electron microscope equipped
with an Oxford X-Max spectrometer and before elemental
analysis, the instrument was calibrated with a Co sample.
X-ray diffraction (XRD) and reciprocal space mapping (RSM)
were performed on a Rigaku Smartlab diffractometer
equipped with a Cu anode, operated at 45 kV and 200 maA.
Due to the large thicknesses of the studied films (10-17 um),
there is no contribution from the substrate, and the
alignment was performed in relation to the sample surface.
For Raman spectroscopy, the samples were excited with a 532
nm laser operated at a power of 20 mW using a microscope
Nikon %20 long working distance objective with a numerical
aperture of 0.35 and a DILOR XY 500 spectrometer. A
LINKAM stage was used for sample temperature control from
18 to 600 °C. Temperature-resolved spectra were collected,
both with polarized (VV) and cross-polarized (HV)
configurations. Piezoresponse force microscopy (PFM) was
performed using an NT-MDT NTGRA microscope completed
with a Zurich Instruments HF2LI system working in dual
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Table 1 Atomic ratios (R) applied in the two melts: Pb/B (R1), Pb/Ti (R2), and Sr/(Sr + Ti) (R3). For the four samples focused upon in this study, the
following values are given: Sample references, film thicknesses (t), applied growth temperatures (T,), growth rate (GR), nominal content in the melt, and

the estimated content in the specific films by SEM-EDX

R1 R2 R3 Sample reference t [m] Ty [°C] GR[ms™] Nominal content SEM-EDX
Melt 1
2.1 24 0 M1-17 pm 17 800 2 1.65 — PbTiO;
Melt 2
2.0 32 0.33 M2-Sr0.22-10 um 10 800 2 1.00 Pbos,Sro35TiO; Pby7gSto2,TiO5
2.0 32 0.39 M2-S10.25-13 pum 13 805 2 1.34 Pboe1STos0TiOs Pbi75ST05TiO5
2.0 32 0.43 M2-Sr0.31-12 pm 12 815 2 1.23 Pbys,STo45TiO5 PbogoSTos,TiOs

frequency resonance tracking (DFRT) mode. PtIr coated tips
were used with a stiffness between 2 and 10 N m™". Both the
vertical and lateral deflections were recorded to detect the
component of the polarisation perpendicular to the surface
(vertical) and in the plane of the surface (lateral). These are
referred to as VPFM and LPFM, respectively.

Results and discussion
LPE growth

Each specific melt composition is given a reference name
and for simplicity, only the samples under investigation in
this paper are presented with the film thickness, growth
temperature, and growth rate in Table 1. For LPE melt 2, the
atomic ratios were adjusted during the experiment to
investigate the influence of Sr-content, as indicated in the
table. When discussing the specific samples, the reference
name indicated for the specific melt composition and the
estimated film thickness will be noted. An example could be
M2-Sr0.31-12 pm, where M2 refers to the film grown in melt
2, Sr0.31 indicates that the film is estimated by SEM-EDX to

i
i

15 U

it

contain Sr/(Sr + Ti) = 0.31, and the film thickness is
estimated to 12 um. When making a general statement about
the samples, the thickness is then omitted.

Melt 1. According to the description of LPE growth of PTO
films by Morikoshi et al.,*® a Pb/B ratio of 2.1 was used.
However, the high B,0O; content resulted in a viscous melt.
The films are transparent but have a faint brown/yellow color
and have a structured appearance of lines even by visual
inspection. The films would often partially separate from the
substrates, see Fig. 2a, and in some cases, the samples would
even break when handled after growth. This is ascribed to
the large structural deformation happening in the cubic to
tetragonal phase transition at 490 °C (ref. 4) and the
consequent formation of polar/structural domains when
cooling the sample, or in other words transferring it out of
the furnace, see Fig. 1b and c. Attempts to reduce this effect
have been tested for example by slowing down the cooling by
transferring the sample slowly out of the furnace and
applying a more gentle cleaning method of samples after
growth. However, these attempts did not cause any
substantial improvement.

Fig. 2 Surface morphology of samples from M1 investigated with an optical microscope: a) M1-46 um, partially detaching from the substrate,
microscope in reflection geometry. b) M1-17 um, microscope in reflection geometry. c) M1-17 um, microscope in transmission geometry. Samples
from M2: d) photograph of M2-Sr0.25-15 um compared to an STO (100) substrate. Surface morphology of samples from M2 investigated with an
optical microscope: e) M2-Sr0.25-15 um, microscope in reflection geometry. f) M2-Sr0.31-12 um, microscope in transmission geometry.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 X-ray diffraction 20-o specular scans with indications of (H00) and (00L) peaks for the different films, with g, = 2//sin(9) and /. = 1.54056 A.
a) Full scans. b) Zoomed-in scans of the (003) and (300) peaks for each investigated sample. c) The c-parameter calculated from the (003) and
(004) 20 values as a function of the SEM-EDX estimated Sr-content. The error bars on the c-parameter are smaller than the symbols and are
calculated as the difference between the c-parameters found from the (004) and (003) peaks. The error bars on the Sr-content are calculated from
the data from the SEM-EDX measurements. The results are compared to crystalline bulk references here included in symbols connected by lines
corresponding to c-parameters from Pbg;Sro3TiOz (00-057-0222), PbgoSro1TiO3s (00-057-0221) and PbTiOs (01-070-4258). See ESI Fig. S3 for the

complete series of crystalline bulk references.

Melt 2. The next attempt to avoid the film separation from
the substrates was to increasingly add SrO to the melt to
substitute Sr onto the Pb-site, (Pb,Sr)TiO;, and thereby reduce
the otherwise high tetragonality of the structure. The
obtained films were also a faint brown/yellow color but did
not separate from the substrates, see Fig. 2d. The samples
still have a structured appearance as well as a bumpy surface
for all Sr-contents, see Fig. 2e and f. This can be explained by
the residual flux not being easily removed after growth due to
the high melt viscosity, which can result in uncontrolled
growth when transferring the samples out of the furnace and
thereby a bumpy surface.

Film composition

The elemental analysis by SEM-EDX validated that by adding
SrO to melt 2, there was increased Sr incorporation in the films,
see Table 1. The segregation coefficient*® from these results
suggests that the corresponding values should be lower than 1
for the Sr incorporation. This is usual for LPE growth when
adding elements as dopants or substitutions.>>>* Considering
the ionic radii and coordination numbers of Pb>* (coordination
number: 12) = 1.49 A and Ti** (coordination number: 6) = 0.61 A
in the PbTiO; structure, it is most favorable for Sr** to substitute
into the Pb-site since its ionic radius (coordination number: 12)
=144 A

From specular 20-w spectral scans, both (00L) and (H00)
peaks are identified, see Fig. 3a. From this and the XRD-RSM
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patterns presented in Fig. 4 (discussed in the next section), it
is confirmed that all films have tetragonal symmetry and that
¢- and a-oriented domains are both present. In addition,
there are no detectable secondary phases present, see the
ESIT for Fig. 3a in log-scale (Fig. S2).

The unit cell c-parameter for each film is calculated from
the peak positions of (003) and (004). Since the ionic radius®
of Pb*" (coordination number: 12) = 1.49 A and Sr
(coordination number: 12) = 1.44 A, it is expected that the
unit cell parameter decreases with increasing Sr while
keeping the same space group. When considering the
c-parameter behavior as a function of the SEM-EDX estimated
Sr-content, it clearly follows this trend: increasing Sr-content
results in decreasing c-parameter and thereby a decreased
tetragonality, see Fig. 3c. This also supports the film
composition obtained from SEM-EDX being an accurate
estimation. However, when comparing M1-17 pum to the
reference curve, there is a small offset (0.013 A), which is
postulated to be due to some remaining strain in the film.

Domain structure

During the phase transition from the paraelectric cubic
structure to the ferroelectric tetragonal structure, various
domain configurations form depending on the relative
orientation of the long axis (c-axis) and short axis (a-axis) of
the tetragonal lattice against the surface and other
neighboring domains. Already by visual inspection, the films

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 XRD-RSM patterns around the (003) and (300) peaks with the sample references indicated above each figure. The types of domains and

peaks are indicated on the right side of the figure.

are observed to have a microscopic domain structure as
verified using an optical microscope, see Fig. 2.

By applying XRD-RSM, details are revealed about the
domain structure. Due to the large thicknesses of the
investigated films (10-17 pm) there are no contributions
from the substrate. To have well-separated peaks, and thereby
better be able to study the domain structure, RSM was
performed around the (300) and (003) diffraction peaks, see
Fig. 4. A tetragonal component is revealed for all the samples
including a decreasing c-parameter (g oc d') with increasing
Sr-content. Indeed, domains of both a-type (in-plane) and
c-type (out-of-plane) are present for all the samples and the
domain structure evolves with increasing Sr-content; namely,
the relative domain tilts are decreasing. The tilt angle
between the a- and c-domains, Aw’ = 2 x arctan(c/a) - /2 as
defined in ref. 27, of M1-17 um is calculated to be 3.47°. For
the investigated M2 samples, it spans from 1.96 to 1.56° with

increasing Sr-content. This is consistent with the decreasing
c-parameter as well as the change in surface morphology
from M1 to M2 samples, for example by comparing
Fig. 2b and e.

To further investigate the domain structure, PFM was
applied on the investigated samples, see Fig. 5. The results
from M2-Sr0.22-10 pm are not included here due to its low
signal. The PFM analysis reveals for all investigated samples
the existence of polar a- and c-domains consistent with the
XRD-RSM measurements. The domain structure for all
studied samples consists of domains with a polarisation both
in and out-of-plane. There are large (several microns)
superdomains inside, in which a combination of relative
orientations can be found. The introduction of Sr seems to
lead to a more complex domain scenery, with more and
smaller different superdomains and different configurations
of orientations. In particular, M2-Sr0.31-12 pm exhibits a

LPFM PHA

e & =

Superdomain

Yoo o

Fig. 5 a) PFM applied on three of the investigated samples. Each row corresponds to a different sample with the sample reference stated on the
left. Each column corresponds to a different signal with the type stated at the top where LPFM: longitudinal PFM (in-plane contribution) and
VPFM: vertical PFM (out-of-plane contribution). For the amplitude images (AMP): bright indicates low amplitude and dark high amplitude. For the
phase images (PHA), there is 180° from dark to bright. Notice the difference in the size of the investigated area indicated at the right. b) LPFM of
M2-Sr0.31-12 pum, the same as in a), including a schematic drawing of a possible (qualitative) configuration of domains, where the red lines

indicate a domain wall.
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very complex domain structure where various domain
structures can be found in a small area of the sample. The
same kind of configuration is also visible on the M2-Sr0.25-
13 um surface. The domain landscape becomes more
complicated, with different shapes, angles, relative
extensions, and locations of the different domains when the
Sr-content is increased.

An example of a qualitative polarisation mapping is shown
in Fig. 5b, where the relative orientation of the polarisation
in a small region of the M2-Sr0.31-12 um sample was
derived by considering both VPFM and LPFM images. This
detailed analysis of the polar domain configuration reveals
the coexistence of a/c to ¢ domains.

Fig. 2d and f demonstrate that the domain structure
influences the optical transmittance. Detailed transmission
spectra are presented in Fig. S7.}

Curie temperature

The development of the phase transition temperature and
thereby the T.... were investigated by temperature-resolved
Raman spectroscopy, see Fig. 6a. According to the selection
rules, there are several Raman modes active for the tetragonal
perovskite structure that are not active for the cubic
structure,?® theoretically making it easier to recognize this
phase transition.

The in-depth focus of the applied optics for the Raman
scattering is estimated to be larger than the film thicknesses,
meaning any potential substrate contribution cannot be
ignored. Since STO is cubic in the applied temperature range,
there should not be any contribution from active Raman
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modes originating from it. However, there are indeed second-
order bands arising from two phonon scattering.*®*° Spectra
were recorded both in HV and VV configurations. As it
appears, the second-order bands are partially suppressed
when working in HV, in accordance with the result in ref. 29.
Therefore, only spectra in HV are presented for the relevant
temperatures. All other scans are shown in the ESIf for
completeness, see Fig. S5 and S6, respectively.

For M1-17 pum at room temperature, all the observed
Raman peaks can be assigned to the modes for tetragonal
PTO.>®3' See the assignment in Fig. S4 in the ESL} The
Raman spectra of the M2 samples are dominated by broad
bands in the frequency ranges of ~200-550 and ~550-800
em', which persist also during heating. These broad bands
are similar to the second-order bands for STO and are
reported for (Pb,Sr)TiO; ceramics®®*> as well as BaTiO,
ceramics and single crystals.*?

To follow the phase transition, the E(TO1) mode, marked
by * in Fig. 6a, was integrated as a function of temperature
for all investigated samples. The Tcurie is here assumed to be
attained when the integrated intensity for E(TO1) reaches
zero. The result of this is presented in Fig. 6b with the
integrated intensity normalized to the maximal value. The
estimated T, iS presented as a function of the SEM-EDX
estimated Sr-content in Fig. 6c together with the two
references noted as [Xing]'® and [Nomuara].>* The samples
follow the general trend of a decreasing Tcrie With increasing
Sr-content. However, the T, values are higher than the
reference ones for a Sr-content below x = 0.25. This has been
reported previously where the heightened phase transition
temperature (up to 80 °C) was attributed to the formation of
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Fig. 6 a) Selected HV Raman spectra, with the sample reference stated above each figure, at selected temperatures from 20 to 600 °C. The stars
(*) indicate the position of the E(TO1) mode, in which the disappearance temperature is estimated to be the Ty in our study. b) Temperature
dependence of the normalized integrated intensity of the E(TO,) soft mode collected in HV configuration. c) The estimated T from a) as a
function of the SEM-EDX estimated Sr-content. The error bar for T, is calculated as the difference between the HV and VV T.,. values.
However, it is most probably overestimated both because in VV, the modes are harder to identify due to the overlapping secondary bands and for
most series of spectra, the temperature step size is 20 °C. The error bars on the Sr-content are calculated from the data from the SEM-EDX

measurements. The experimental data are compared with earlier reported results from the literature: [XING
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microscale polar regions and related local symmetry
breaking.”® This was postulated since it was only observed
when studying the shortrange order probed by Raman
scattering, whereas the long-range order, probed by
temperature-resolved XRD, was showing the expected phase
transition temperatures.

The error bar on the T, values for the samples of this
study is calculated as the difference between the results of
HV and VV. It is most likely overestimated since in VV, the
overlapping second-order bands are more intense and
therefore it makes the integration of the modes more
difficult. In addition, the temperature step size is 20 °C for
each spectrum, introducing further uncertainty on the
estimation of the T.u . However, within all these
considerations, the results and trend of the T.u;e values for
all explored compositions agree with the corresponding bulk
data.

Conclusion

Films of PTO and PST on STO (100) substrates have
successfully been grown with the LPE crystal growth
technique. By increasingly adding SrO to the LPE growth
melt, the Sr-content in the films increases with the
tetragonality and T¢e decreasing. The values approach those
of bulk references, showing that the investigated PSTs
maintain bulk-like properties while being grown epitaxially
by LPE. The investigated samples were found by XRD-RSM
and PFM to have both a- and c-oriented domains. In
addition, PFM investigations revealed that the domain
structures are indeed polar and the complexity of domain
configuration increases for the Sr-containing samples. This
study shows that LPE is a promising method for growing PST
as films while preserving the bulk properties. It is the
authors' hope that these encouraging results inspire others to
explore LPE as a synthesis route for ferroelectric materials.
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SEM-EDX

Table 1 gives an overview of the results from the SEM-EDX mea-
surements performed on the studied samples and the subsequent
calculations made to obtain the chemical formulas. When calcu-
lating the chemical formula of the perovskite structure (ABOj3),
Ti is assumed to only occupy the B-site, Pb and Sr are assumed to
occupy only A-site. For the nominal values in the LPE growth melt
we refer to the main article. In Figure 1 the three spectra from the
SEM-EDX measurement are presented for the three Sr-containing
samples.

X-ray diffraction

In Figure 2 is the 26 — ® specular scans from the main article
presented, but here with a logarithmic Y-scale. Besides the (H00)
and (OOL) peaks some low intensity satellite peaks, indicated with
* for samples M2-Sr0.22-10 um and M2-Sr0.25-12 um are here
revealed. These low intensity peaks fits with diffraction on (HOL)
planes but correspond to a negligible part of the sample.

Raman spectroscopy

For M1-17 pm at room temperature all the observed Raman peaks
can be assigned to the modes for tetragonal PTO 12, see Figure 4
for both HV and VV configuration.

In figure 6 and Figure 5 is all recorded Raman spectra in HV
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Figure S 1 SEM-EDX spectra on the Sr-containing samples. Sample

references are indicated on each spectrum.
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Table 1 SEM-EDX. Line: Characteristic X-ray lines, wt%: weight percent, at%: atomic weight percent, Formula: chemical formula. o: error at first

T T T T T

(00—062—0320), Pb().45l’0_6TiO3 (00—062—0321), Pbo_5SFO_5TiO3 (00—052—

sigma level.
Sample reference  Element Line wt% o (Wt%) at% o (at%) Formula o (Formula)
M1-17 pum
Ti K-series  20.32 0.80 52.45 0.73
Pb M-series 79.68 0.80 47.55 0.73
M2-5r0.22-10 um
Ti K-series 22.52 0.82 52.35 0.60 1
Sr L-series 8.22 0.86 10.44 0.83 0.22 0.012
Pb M-series 69.26  1.09 37.21 0.35 0.78 0.0120
M2-5r0.25-13 um
Ti K-series 23.47 0.84 53.13 0.59 1
Sr L-series 9.57 0.90 11.84 0.82 0.25 0.012
Pb M-series 66.96 1.12 35.03 0.28 0.75 0.012
M2-5r0.31-12 um
Ti K-series  22.27 0.83 50.42 0.63 1
Sr L-series 12.44 0.94 15.4 0.78 0.31 0.009
Pb M-series  65.3 1.15 34.18 0.24 0.69 0.009
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I T T T I T T T T T Figure S 3 The c-parameter of the investigated samples calculated
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51 A i ! l EDX estimated Sr-content. The error bar on the c-parameter is
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Figure S 2 X-ray diffraction 26 — @ specular scans with indications of
(HOO0) and (00L) peaks for the studied samples, with q;=2/A- sin(0)
and A = 1.54056 A and Y-axis in logarithmic scale.
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1119), Pbo_(,sr().4TiO3 (00—057—0223), Pb()_7SF0A3TiO3 (00—057—0222),
Pbg.oSro,1 TiO3 (00-057-0221 ) and PbTiO; (01-070-4258)
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Figure S 4 Raman spectra at room temperature for M1-17 um in VV and HV configuration with assignment of the modes according to 2.

and VV configuration, respectively presented as a function of tem-
perature for the four investigated samples.

Transmission spectra

The transmission spectra were collected using a Xenon lamp
placed in an APEX illuminator (Newport). The lamp was coupled
to a Cornerstone C260 monochromator with a 1200 lines/mm
grating blazed at 350 nm. The transmitted beam reaches the sam-
ple with a spot size of ~3x3 mm. The transmitted intensity was
measured with a 918D-UV detector (Newport) and the sample-to-
detector distance is ~8 mm. The substrates both used for growth
and for reference here, SrTiO3, is 500 pum thick. The samples con-
sist of a substrate with film on both sides, which is a consequence
of growth by LPE.

The recorded transmission spectra are shown in Figure 7. The
transmission for all the studied samples is lower than what is re-
ported for thin films of similar compositions3~>. However, these
thin films have a thickness in the range of 280-620 nm whereas
the samples grown for this study are several micrometers thick.
Indeed M1-13 m (PbTiO3) has a reduced transmission compared

to the Sr-containing samples, which are more comparable to the
substrate. The different types of domains will have various trans-
mittance and possibly scatter/deflect the light in different ways.
Since the spot size of the incoming light is considerably larger
than a single domain, a mix of contributions from the different
types of domains in the film on both sides and the substrate con-
tribute to the transmission spectra. Single domain transmission
spectra will be the subject of a future analysis.
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Figure S 5 All collected Raman spectra obtained in VV configuration, with the sample reference stated above each figure, at temperatures from 20 to
600 °C.
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Appendix C

Experimental technical details

C.1 Microscopes

C.1.1 Optical

To investigate the quality of the as-grown epitaxial films and micro-structures, a
Zeiss Axio Imager optical microscope was used with various objectives (x2.5, x10,
x20, and x50) and imaging configurations such as bright field and dark field in
both transmission and reflection configuration as well as Circular polarized light -
Differential Interference Contrast (CDIC).

C.1.2 Confocal

Confocal microscopy was performed at CIMAP with the help of Gurvan Brasse. To
produce the 3D reconstructed surfaces, a Sensofar S neox microscope was applied
using its confocal configuration. By performing micrographs during a z-scan, the
software reconstructs the surface topology.

C.2 Raman spectroscopy and photoluminescence

The Raman spectroscopy and photoluminescence included in this thesis were per-
formed at CIMAP with the help of Pavel Loiko. For both the Raman and photolumi-
nescence, the excitation source was a pulsed laser that was micro-focused to around
2 ym. The instrument for the measurements is a Renishaw invia Raman microscope
and was handled in a back-scattered configuration. The excitation wavelength could
be chosen to be either 488 nm, 457 nm or 514 nm. Various microscope objectives can
be applied using this instrument. In this thesis, a x20 (NA: 0.4) or a x50 (NA: 0.3) was
applied.

C.3 Radioluminescence and light output

The X-ray excitation source for both radioluminescence and light output measure-
ments was a laboratory Phillips X-ray generator with interchangeable X-ray tubes.
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For the radioluminescence spectra, the generator was equipped with a molyb-
denum anode X-ray tube and operated at 40 kV and 40 mA without any additional
filtration. The spectra were registered with an R3896 photomultiplier tube fitted at
the output of an Oriel 77200 monochromator using a 1200 lines/mm grating with
500 nm blaze wavelength.

For the light output measurements, the generator was equipped with a copper
anode X-ray tube and operated at 20 kV and 40 mA. A copper filter was used to
maximize the copper K-alpha contribution. The sample (scintillator) is inserted in a
high-resolution setup consisting of the scintillator followed by microscope optics, a
mirror reflecting the scintillating light towards the CCD Sensicam. A binning of 4x4
was applied and an exposure time of 60 s. The samples are compared to a 500 ym
thick YAG:Ce and are therefore expressed as a percentage of this. The light output is
corrected accordingly to the expected absorption taking into account the thickness as

well as the spectral matching with the CCD sensor.

C.4 Diffractometer

XRD was performed at room temperature with a multi-purpose Panalytical Empyrean
diffractometer equipped with a Ge (220) monochromator generating monochromatic
cupper K,; radiation. Measurements were performed with diffracted-beam anti-
scatter slits of 7.5 mm, diffracted-beam soller slits of 0.04 Rad, and data were acquired
with a 2D Hybrid photon counting Pixel detector.
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