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Abstract

The growing frequency of diagnostic and therapeutic medical pro-
cedures based on minimally invasive techniques of interventional ra-
diology, has raised concerns about the occupational radiation doses
to medical professionals. Radiation doses heavily depend, among
others factors, on the complexity of the procedure and the opera-
tor’s technique and experience. The very close proximity of medical
operators to the incident beam increases significantly the risk for
radiation-induced health effects such as malignancies, cataract de-
velopment and radiation dermatitis. Monitoring the occupational
radiation exposure during such procedures, has resulted in the re-
duction of radiation exposure and long-term dose-dependent health
risks. Several types of active and passive radiation detectors have
been used by medical professionals to monitor the radiation expo-
sure during occupational ionizing radiation-based procedures. For
most personal dosimeters, passive systems are used. Such systems
usually accumulate radiation doses over an occupational period of
one month. At the end of this period, the accumulated dose is being
monitored. This requires the involvement of an accredited dosimetry
service and special radiation readers, a practise that does not allow
real-time monitoring of the accumulated dose. Although electronic
personal dosimeters do offer real-time monitoring capabilities, the
size of those devices implies usage limitations. In this study, the first
step towards a small x-ray radiation detector is made, to incorporate
the benefits of conventional passive dosimeters with the real-time ca-
pabilities of electronic personal dosimeters. Hence, an investigation
of two independent material systems is presented; a) a system based
on AlGaN/GaN high electron mobility transistor (HEMT) and b) a
hybrid device consisting of a synthetic thin film diamond layer and a
piezoelectric lithium niobate (LiNbO3) surface acoustic wave (SAW)
delay line. It was found that both material systems provide the ca-
pability of real time monitoring in the medical diagnostic dose-rate
regime. The first system showed a rapid signal increase, and a sim-
ilar signal decrease after the radiation was switched of. Moreover,
a linear sensor response with dose rate was observed between about
20 to 50 uGy/s. However, it turned out that the signal increase was
only in the order of several tens to hundred pA which is difficult to
be used in practical environments. In contrast, the second system
shows a much more pronounced signal increase under exposure to
ionizing radiation. Dependence on dose rate was rather linear with
a tendency to saturate at higher dose rates of more than 800 uGy/s.
The system was tested under typical medical radiation fields (C-arm
and CT-scanner) and turned out to be useful. The SAW detection
principle offers the unique possibility for wireless remote powering
and sensing, features that increase the practicability of such radia-
tion sensor in clinical practice. This study can anticipate promising



applications of the developed prototypes as radiation detectors in ra-
diation fields where lightweight, compact devices and modification
flexibility matters in medical applications.
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Zusammenfassung

Die zunehmende Héaufigkeit diagnostischer und therapeutischer
auf minimalinvasiven Techniken der interventionellen Radiologie ba-
sierenden medizinischen Verfahren hat Besorgnis hinsichtlich der be-
rufsbedingten Strahlungsdosen fiir medizinische Fachkrifte erregt.
Strahlungsdosen héngen u. a. stark von der Komplexitidt des Ver-
fahrens sowie von technischer Kompetenz und Erfahrung des Bedie-
nungspersonals ab. Die unmittelbare Ndhe der medizinischen Fach-
kréifte zum Strahlungsfeld erhoht das Risiko fiir strahleninduzier-
te gesundheitliche Auswirkungen wie z.B. Malignome, Kataraktent-
wicklung und Strahlungsdermatitis. Die Uberwachung der berufsbe-
dingten Strahlenexposition wihrend oben genannter Verfahren hat
zu einer Verringerung der Strahlenexposition und somit der langfris-
tigen dosisabhéngigen Gesundheitsrisiken gefithrt. Verschiedene Ar-
ten von aktiven und passiven Strahlungsdetektoren sind in Gebrauch,
um die Strahlenexposition bei der Anwendung von auf ionisierender
Strahlung basierenden Verfahren zu iberwachen. Fiir die meisten Do-
simeter werden passive Systeme verwendet. Normalerweise akkumu-
lieren derartige Systeme Strahlungsdosen iiber einen Zeitraum von
einem Monat. Am Ende dieses Zeitraums wird die akkumulierte Do-
sis dokumentiert. Dies erfordert den Einsatz eines akkreditierten Do-
simetriedienstes und spezieller Auslesegerite, ein Verfahren, das kei-
ne Echtzeitiiberwachung der akkumulierten Dosis ermdoglicht. Zwar
bieten elektronische Personendosimeter Echtzeitiiberwachungsfunk-
tionen, deren Nutzung ist jedoch durch die Grofle dieser Geréte einge-
schréankt. In dieser Studie wurde der erste Schritt in Richtung eines
kleinen Rontgenstrahlungsdetektors gemacht, um die Vorteile her-
kémmlicher passiver Dosimeter mit der Echtzeitfihigkeit elektroni-
scher Dosimeter zu verbinden. Dazu wurde eine Untersuchung zwei-
er unabhingiger Materialsysteme durchgefiihrt: a) ein System basie-
rend auf einem AlGaN/GaN Transistor mit hoher Elektronenmobi-
litdit (HEMT) und b) ein Hybridsystem, das aus einer diinnen syn-
thetischen Diamantschicht und einer piezoelektrischen Verzogerungs-
leitung fiir akustische Lithiumniobat (LiNbO3)-Oberflaichenwellen
(SAW) besteht. Es wurde festgestellt, dass im Prinzip beide Mate-
rialsysteme die Féahigkeit zur Echtzeitiiberwachung im medizinisch-
diagnostischen Dosisleistungsregime bieten. Das erste System zeigte
einen schnellen Signalanstieg und einen &hnlich schnellen Signalab-
fall nach dem Ausschalten der Strahlenquelle. Auflerdem wurde eine
lineare Sensorantwort in Abhéngigkeit von der Dosisleistung zwi-
schen etwa 20 und 50 uGy/s beobachtet. Es stellte sich jedoch heraus,
dass der Signalanstieg nur in der Gréfenordnung von mehreren zehn
bis hundert pA lag, was in der téglichen Arbeitspraxis schwierig an-
zuwenden ist. Im Gegensatz dazu zeigt das zweite System einen viel
starkeren Signalanstieg unter Einwirkung ionisierender Strahlung.
Die Abhéngigkeit von der Dosisleistung war anndhernd linear mit



einer Tendenz zur Séttigung bei héheren Dosisleistungen von mehr
als 800 uGy/s. Das System wurde unter typischen medizinischen
Bestrahlungsfeldern (C-Arm und CT-Scanner) getestet und erwies
sich als niitzlich. Abschliefend sei betont, dass das SAW-Prinzip
die einzigartige Moglichkeit bietet, das gemessene Signal drahtlos
auszulesen, was einen auf diesem Prinzip basierenden Sensor fiir An-
wendungen in der klinischen Praxis besonders attraktiv erscheinen
ldasst. Die im Rahmen dieser Arbeit erzielten Ergebnisse zeigen, dass
insbesondere das zweite untersuchte System der Kombination einer
diinnen Diamantschicht und einer SAW-Verzogerungsleitung grofles
Potential fiir die Entwicklung von leichten und kompakten Strah-
lungsdetektoren bei medizinischen Anwendungen aufweist.
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Introduction 1

Recent years have brought an increase in medical procedures with the use of
ionizing radiation as diagnostic and therapeutic tool, for example in vascular
and interventional radiology (IR), interventional cardiology, orthopaedics,
urology and interventional neuroradiology (INR) [1]. The minimally inva-
sive procedures in these fields have been benefited from fluoroscopy-guided
procedures, raising concerns about the radiation exposures and associated
health risks to medical operators and patients [2]. The inevitable occupa-
tional radiation dose that medical operators are exposed during interven-
tional therapeutic or diagnostic procedures, is affected by various factors
such as procedure time, patient condition and complexity of the procedure
[3]. As the number of fluoroscopically guided interventional procedures have
increased over time [4], the necessity for radiation monitoring increases con-
currently and attention should be given to the medical professionals that
daily utilize such procedures, from their first training up to their retirement
[1]. Radiation monitoring of medical professionals is based on active per-
sonal dosimeters, such as passive thermoluminescence dosimeters (TLDs)
and electronic personal dosimeters, which are the most widely used solu-
tions among medical professionals [5]. Nevertheless, crucial drawbacks in
terms of precision, real-time readout, flexibility and operational costs, in
combination with the continuous improvement of semiconductor materials,
have increased the interest for alternative solutions in radiation detection
and dosimetry [6].

Wide band-gap I1I-V compound semiconductor materials like GaAs [7],
GaN [8], synthetic diamond [9][10], as well as structures like the high mobil-
ity AlGaN/GaN transistor [11][12] and radiation-sensitive field-effect tran-
sistor (RADFET) [13] have been introduced as alternative solutions for ra-
diation detection applications based on their physical properties, compared
to other semiconductors [14]. Semiconductor-based detectors exhibit higher

1
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material density than gas detectors [6], as well as lower ionization energy
when compared to gas detectors and scintillators [15]. In principle, there
is absence of internal amplification of the radiation-induced signal, with
the exception of materials that have the two-dimensional electron system
(2DES) channel. Thus, the small output signal and the additional elec-
tronic components that accompany such detectors result in the increase of
manufacturing costs [16]. The capability of such materials to be combined
with simple electronic circuits [13], could overcome the obstacle of passive
readout (for the thermoluminescence dosimeters) and size limitations (for
the electronic personal dosimeters). Allthough III-V compound semicon-
ductors have been suggested as radiation detection materials, they exhibit
low displacement energy and are thus subject to defects during irradiation
[7][17]. In contrast, such defects are absent from diamond as this material
exhibits a higher displacement energy, thus resulting in radiation hardness
compared to other semiconductor materials [18]. Despite this remarkable
characteristic, a comparison with other semiconductor materials shows that
diamond exhibits very low mass attenuation coefficient for x-rays, due to
low atomic number (Z = 6) and mass density (p = 3.515 g-cm™3) [19]. This
causes diamond devices to be more efficient for very high dose-rates, while
for lower dose-rates the coupling of additional equipment such as radiation
converters is required [20].

Another approach that has been suggested as radiation detection so-
lution with capabilities for wireless real-time readout are surface acoustic
wave (SAW) devices [21][22]. The use of SAW-based devices offers relatively
low production costs [23][24], in combination with high sensitivity for very
low conductivities [25]. Previous studies about the operation of SAW delay-
lines in radiation environment concluded that such devices are radiation
hard and there is no modification of the delay-line as result of exposure
to ionizing radiation [26]. SAW-based radiation detectors could follow the
operation principles of sandwich structures. Such structures have been ex-
tensively studied in the field of semiconductors, for example the interaction
of SAWs with the 2DES channel in GaAs/AlGaAs heterostructures, through
the dependence of attenuation and sound velocity of the propagating SAW
as function of conductivity change [27][28][29], as well as interactions of
SAW with graphene layer [30].

The present work investigates the idea of combining radiation hard semi-
conductor structures and materials, such as AlGaN/GaN high-electron mo-
bility transistor (HEMT) and heteroepitaxial synthetic diamond, with SAW
structures according to the operational principles of a sandwich structure,
for low-energy continuous x-ray fields in the keV range, which are typical in
the medical diagnostic procedures. The investigated AlGaN/GaN HEMT
system was commercially fabricated on custom-made wafer that was de-
veloped specifically for this project. This approach was chosen to reduce
instabilities that were observed in the first prototypes produced in the clean



room of the University of Augsburg. The fabrication process that was fol-
lowed is the standard photolithography in clean room environment [31][32].
Upon completion the HEMT devices were characterized under an optical
microscope in order to confirm their physical condition of different parts.
Resulting HEMTs were further evaluated for their electrical properties, us-
ing common current-voltage characteristics. Subsequently, the promising
devices were characterized under low-energy x-rays at normal-off mode, in
order to evaluate the radiation induced response from HEMTs. In this stage,
the goal was to find the HEMTs with the proper response under irradiation
and combine them with SAW structures for further investigation. Paral-
lel to this approach, an independent fabrication of synthetic diamonds was
performed using the fabrication technique of hetero-epitaxy [33][34][35]. In
parallel, standard SAW devices were fabricated using photolithography and
evaluated in terms of frequency domain characterization. Next, the final
assembly of the sandwich structure was performed under clean room envi-
ronment. The ready hybrid-devices were initially irradiated under the same
technical x-ray configuration as the HEMT devices, with the resulting de-
vices to be evaluated under '*’Cs gamma-source. Finally, the performance
of the resulting hybrid-device was investigated using medical diagnostic ra-
diation equipment, in order to evaluate the capabilities of such material
combinations under real medical radiological fields.

The present thesis is divided into the following parts; in Chapter 2 the
necessary theoretical background is developed. Specifically, in (Section
2.1) there is a discussion of the AlGaN/GaN Material System, followed by
the diamond (Section 2.2) and the SAWs (Section 2.3). The theoretical
part concludes with a brief discussion about the dosimeters that are cur-
rently being used from medical professionals (Section 2.4). In Chapter
3, the components and materials that were used through-out this thesis are
discussed (Section 3.1), providing descriptions about the experimental
methods and configurations that were employed (Section 3.2). Subse-
quently, in Chapter 4 the experimental results for both (AlGaN/GaN and
SAW) approaches are scrutinized, accompanied by discussion of findings
and solutions reported in the literature. Finally, the conclusions of this
investigation are presented (Chapter 5) followed by the necessary Refer-
ences, an Appendix with textbook knowledge about the interaction of
photons with matter, as well as a List of Figures, List of Tables and
Acknowledgements.

Finally it should be mentioned that part of this study was published in
a peer-reviewed journal on March 29th, 2021.1

! Dimitrios Topaltzikis, Marek Wielunski, Andreas L. Hérner, Matthias Kiif, Alexan-
der Reiner, Theodor Griinwald, Matthias Schreck, Achim Wixforth, and Werner Riihm,
"Detection of x rays by a surface acoustic delay line in contact with a diamond crystal”,
Applied Physics Letters 118, 133501 (2021) https://doi.org/10.1063/5.0047043






Theoretical Background 2

This chapter provides the necessary theoretical background of different com-
ponents that were used in this thesis. Fundamental theoretical description
of matter interaction with radiation can be found in the Appendix section.

2.1 AlGalN/GalN Material System

2.1.1 Properties

An overview of the crystal structure of gallium nitride (GaN) is shown
in Figure 2.1. Gallium (Ga) assembles a tetrahedral bond structure to
nitrogen (N) under a theoretical sp® hybridization angle of 109.47°. The
combination of such tetrahedral structures results in the formation of either
binary cubic zincblende (S-GaN) or a hexagonal wurtzite (a-GaN) crystal
structure [32][36][37]. The former is a metastable crystal structure while
on the contrary the latter is a stable structure that was used in this study.
The sp? hybridization corresponds to an ideal wurtzite lattice with zero net
total polarity, as consequence of the symmetrical binary system of dipolar
bonds. Despite the fact that Ga and N differ in Pauling electronegativity,
the geometry of these bonds allows to construct a wurtzite structure without
a macroscopic polarization [32].

The consideration of wurtzite lattice as finite unit increases the contribu-
tion to the total crystal energy of surface charges. The break of tetrahedral
symmetry as consequence of the abrupt termination of the crystal lattice,
causes distortion of the crystal as the charge round the structure counter-
vails for the boundaries [32]. This leads to the counterbalance of positive
and negative charge of wurtzite structure, hence driving the crystal to new
point of equilibrium causing the break down of tetrahedral symmetry, re-
sulting in the spontaneous polarization of the crystal at zero strain [32]. The

5
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FIGURE 2.1: Crystal structure of GaN (from Ref. [32]). (a) Theoretical
sp® hybridization angle of 109.47° of tetrahedral bond structure formed
between Ga and N. (b) Creation of periodic dipoles due to differences
in electronegativity of the atoms. (c) Binary hexagonal structure of the
thermodynamically stable form of GaN. (d) Wurtzite crystal unit cell with
unit vectors c and a.

electrical properties of the device that is fabricated on top of this layer of
GaN are strongly affected by the vector of spontaneous polarization, as the
above mentioned difference in electronegativity induces a polar behaviour
in each GaN crystal structure [38].

Depending on the selection of the direction of crystal growth, different
physical properties are created as consequence of the polar effects of the
material; layers that start growing from Ga-atoms ending with a surface of
N-atoms, typically called N-face, as well as conversely, layers grown start-
ing from N-atoms that end with a surface of Ga-atoms, so called Ga-face.
Figure 2.2 shows the schematic drawing of the above mentioned faces.

At this point, it should be mentioned that throughout this study, het-
erostructures of Ga-face <0001> gallium nitride (GaN) and aluminium gal-
lium nitride/gallium nitride (AlGaN/GaN) grown on sapphire (Al,O3) were
investigated, similar to Ref. [32].

The advantages of GaN over the dominant materials typically used in
the field of semiconductors, like Si and SiC, are quantitatively presented in
Table 2.1. In more detail, the wide band-gap of GaN typically results in



2.1. AlGaN/GaN Material System

Substrate

Substrate

FI1GURE 2.2: Sketch of the crystal structure of wurtzite Ga-face and N-face
layer for GaN (from Ref. [39]).

Parameter Silicon (Si) GaN SiC
Band Gap (eV) 1.12 3.39 3.26
Breakdown Field (MV /em) 0.23 3.3 2.2
Saturation Velocity (cm/s) 0.8 x 107 2.5 x 107 2.0 x 107
Electron Mobility (¢cm?/V - s) ~ 1400 1500 950
Permittivity e, 11.8 9 9.7
Thermal Conductivity (W /em - K) 1.5 1.3 3.8
Johnson’s figure of merit 1 20 27.5

Table 2.1: Material Properties of Silicon, GaN and SiC (from Ref. [40][41]).

a high breakdown voltage, as a result of the high electric-field (Breakdown
Field) that is required to initiate band-to-band impact ionization. From
the combination of high electric-field with high carrier velocity saturation,
Johnson’s figure of merit (JM) index could be extracted that indicates the
power and frequency limit of a material based solely on its physical proper-
ties, as shown in Equation (2.1) [41].

IM — EbreakdownZ' Usaturation (21>
n

Moreover, as the energy band gap of a material relates to the strength
of chemical bonds between the atoms in the crystal lattice, it indicates that
higher energy band gap materials like GaN, are less susceptible to radiation
effects [38].

Recently, GaN has become more attractive compared to Si and SiC, due
to its ability to establish heterostructures, that has enabled the fabrication
of High Electron Mobility Transistors (HEMTs), which is part of the subject
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of this study [40]. Such devices are based on a heterostructure bounded by
materials of high-energy gap, that permit the integration of the high carrier
concentration including in the doped-layer, with the high mobility of the
channel that is located on the intrinsic semiconductor. Historically, the
initial HEMT devices were developed on an AlGaAs-GaAs heterostructure
accompanied by an n-doped layer (barrier layer) of AlGaAs on top and an
intrinsic layer (buffer layer) of GaAs on the bottom [38]. In case of GaN,
the crystal structure from Figure 2.1(a) results in piezoelectric properties
that in turn results in very high conductivity compared to other semicon-
ductor materials. These piezoelectric properties are mainly caused by the
displacement of charged elements in the lattice. Presuming the crystal lat-
tice is subjected to strain, a diminutive shift of the atoms in the lattice will
be caused that will result in the generation of an electric field. As GaN
is an n-doped system, by growing a layer of AlGaN on top of this buffer
layer, a Ga-face polarity GaN—AlGaN heterostructure is created that in-
duces a compensating two dimensional electron gas (2DEG) [32][40].
The channel of 2DEG is highly conductive, mainly due to the confinement
of a large amount of electrons to a very thin region at the interface. The
mobility of the electrons increases, as result of this enclosure, from about
1000 em?/V - s in slacked GaN up-to 2000 ¢cm?/V - s in the 2DEG channel
[40].

Ga-face N-face
=0 GaN +C
vPs | 2DEG A P
tensile -= } - = ;-;’ tensiile
strain | L Psp & Pee | AlGaN [T Psp 4 Ppe | strain
ey |
"""" 2DEG -c
¥ Pep GaN 4r,
G -
substrate substrate

F1GURE 2.3: Creation of a 2DEG for Ga-face and N-face topology with
the induced interface charge (from Ref. [38]). It should be distinguished
that Psp correspond to spontaneous and Ppg to piezoelectric polarization
vectors.

The high carrier concentration between the layers, appears for only one
combination in each topology, as shown in Figure 2.3. Hence, the arrange-
ment of layers for Ga-face will have an AlGaN barrier layer on top of the
GaN buffer layer, with the tensile strain on the AlGaN that engenders the
2DEG on the upper interface of GaN layer. On the contrary, for N-face
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the channel of 2DEG is located between the GaN channel on top of the
structure and the AlGaN barrier layer.

Source Gate Drain

cap layer

2DEG
barrier layer

channel layer

buffer layer

nucleation layer

substrate

FIGURE 2.4: Cross Section of classical structure for AlGaN/GaN HEMT.
(not to scale)

In Figure 2.4 the conventional structure for Ga-face AlIGaN/GaN HEMT
devices is presented. The main heterostructure is growth by molecular-
beam-epitaxy (MBE) or metal-organic chemical vapor deposition (MOCVD)
above the substrate [42], with the three contacts of source, gate and drain
on top to be fabricated by photolithography [43]. The substrates on which
HEMTs are currently grown are silicon [44], sapphire [45], silicon carbide
[46] and GaN [47].

In more detail, the substrate should exhibit high thermal stability and
close crystal lattice matching with the AlGaN/GaN layer, at reasonable
cost [40]. The nucleation layer that is located between the substrate and
the buffer layer, scales down the defects propagation from the substrate to
the active layers, due to lattice mismatch [16]. Moreover, the channel layer
reduces the residual scattering that is created as consequence of interface
roughness, improving the confinement of electrons and escalating electron
mobility [38][48]. The barrier layer that is grown on top of the channel
layer exhibits a higher energy band-gap and smaller electron affinity than
the channel layer [49]. The polarization difference as well as the conduc-
tion offset between the barrier and channel layer, results in the creation
of a potential quantum well where the electrons are trapped inside, thus
creating the channel of 2DEG. The contacts on top of the protective layer
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(cap layer) are made of metal (Al, Au, Ni or Ti) according to the preferred
characteristics and desired properties of the device. Most preferred example
is the formation of drain and source contacts or ohmic contacts by evapo-
rating Ti/Al/Ni/Au followed by annihilation at high temperature to attain
the connection with the layer [38]. Various comprehensive and thorough
fabrication methods, as well as the physical properties of HEMT devices
are reported in Ref. [50].

2.1.2 Ionizing Radiation and AlGaN/GaN High
Electron Mobility Transistors

AlGaN/GaN HEMTs are recognized as promising solutions for radiation-
harsh environments such as those encountered in space applications, due
to their relative radiation hardness [51]. Moreover, the soaring demand for
dosimetry solutions in modern medical environment, like in brachytherapy
or interventional medicine, with small energy efficient detectors, has already
triggered research towards that direction [12]. The use of HEMT structures
overcomes the physical limitations of GaN concerning its interaction with
ionizing radiation. More precisely, the low absorption coefficient of GaN
impacts the ability of the material in x-ray detection [8]. As the absorption
of x-rays is substantial for photon energies between 10 and 20 keV, in com-
bination with the enormous absorption reduction at higher energies [52],
multilayer GaN structures are required to increase the incoming photons.
As it was mentioned before, AlGaN/GaN HEMT devices have already been
proposed and investigated as GaN-based multilayer structure for ionizing
radiation detection with promising results for x-ray dosimetry [53].

High Energy Beam

Ti/AVTi/Au Contacts

GaN/AlGaN/GaN (2DEG)

C : GaN Buffer layer

FIGURE 2.5: Schematic illustration of GaN/AlGaN/GaN HEMT with the
related 2DEG channel (from Ref. [11]).

It has been suggested that the radiation tolerance of GaN-based HEMTs
is due to the intrinsic defectiveness of the GaN material, with radiation-
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induced defects to have almost no impact [54]. In addition, considering the
high threshold energy for atomic displacement of GaN compared with other
[T1-V materials [55], there are proportionately fewer atoms to be displaced
[56]. As for this device’s performance, it was reported that unfocused x-
rays shift the characteristic I-V curves with increasing dose-rate, indicating
change in gate leakage current and source drain current [57].

In contrast, investigation of Al1GaN/GaN High Electron Mobility Tran-
sistors with focused x-ray beams (Figure 2.5) from Ref. [11], showed ex-
tremely large sensitivities for medical dose-rate regimes, as shown in Figure
2.6. The AlGaN/GaN heterointerface creates an intrinsic amplification of
the collected number of electrons, through the 2DEG channel, thus resulting
in the reported sensitivities [11].
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FIGURE 2.6: Characteristic curves of an AlGaN/GaN HEMT-based device
under focused radiation beam (from Ref. [11]).

2.2 Diamond

2.2.1 Properties

Diamond is the hardest known natural material. Diamond lattice is con-
structed by tetrahedrally bonded sp? carbon atoms, which form a face-
centred cubic (fcc) crystal structure as shown in Figure 2.7. The conven-
tional structure is formed by two interpenetrating fcc lattices, permitting
each carbon atom to form four covalent bonds. It is the lattice arrangement
that results in the extreme stability of this allotrope of carbon.

Diamond is categorised as electrical insulator at room temperature due
to its extremely high thermal conductivity, in combination with very high
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F1GURE 2.7: Diamond structure with characteristic cubic edge length
at room temperature [58].

electrical resistivity or very low electrical conductivity .

Property Diamond  Silicon (Si)
Band Gap (eV) 5.5 1.12
Breakdown Field (V' /cm) 107 3 x 10°
Electron Mobility (em?/V - s) 1800 ~ 1400
Hole Mobility (¢cm?/V - s) 1200 450
Saturation Velocity (cm/s) 2.2x 107 0.8 x 107
Atomic Number 6 14
Dielectric Constant 5.7 11.9
Energy to create e-h Pair (eV') 13 3.6
Resistivity (2 - cm) > 101! 2.3 x 10°
Thermal Conductivity (W -m™ - K~1)  ~ 2000 150
Intrinsic Carrier Density (cm™3) < 103 1.5 x 10%°
Wigner Energy (eV) 43 13-20

Table 2.2: Properties of diamond and silicon (Si) at room temperature
[6][59][60].

Many of the properties (see Table 2.2) of diamond, promote it as a
promising candidate for semiconductors applications against silicon (Si), a
material that is widely used for radiation detection. Diamond exhibits a
higher band gap energy than silicon, resulting in a lower leakage current
which implies less noise at the same bias voltage in high radiation envi-
ronments. Its high thermal conductivity gives diamond the advantage of
operation without the necessity for active cooling. Moreover, its atomic
number (Z¢ = 6) which is very close to the mean atomic number of human

IElectrical resistivity is the reciprocal of electrical conductivity
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soft tissue (Zjssue = 6.5), characterizes diamond as almost tissue equiva-
lent.

One of the significant advantages of diamond, in comparison with other
semiconductor materials such as silicon (Si), gallium nitride (GaN), gallium
arsenide (GaAs) and germanium (Ge), is the high Wigner Energy (the
energy needed to remove an atom from its lattice site) that results in the
radiation hardness in radiation harsh environments [6][60]. The benefit
from high resistance to radiation damage may allow for the development of
detectors that do not require recalibration or replacement. Thus, diamond
is an excellent material for radiation detection applications in space, nuclear
facilities, as well as in medicine.

2.2.2 Synthesis

The first attempts to synthesize diamond, date back to the 1880s when re-
searchers understood that diamond was a high temperature, high pressure
form of carbon. Despite the fact that many research groups were claiming
the synthesis of diamond in a laboratory environment, it was not until 1955
when researchers at General Electric Laboratories announced the synthe-
sis of diamond, using a high-pressure-high-temperature (HPHT) laboratory
process [61].

Even thought that the HPHT process resulted in remunerative diamond
industry, it was the development of the Chemical Vapor Deposition (CVD)
process in the early 1980s that expanded the field of diamond applications.
Moreover, the attempts of diamond replacing silicon (Si) as alternative band
gap semiconductor material for electronic devices, resulted in the increase
of funding towards the CVD method. Despite the fact that diamond has
not managed to substitute silicon (Si), the ongoing research has revived the
use of CVD diamond in electronic devices and sensors [61].

The CVD process involves the deposition of solid material from a gas
mixture on a substrate, under particular conditions. Figure 2.8 shows the
principal components of the CVD process. The whole process takes place
inside a reactor chamber, under very low atmospheric pressure. Initially,
we have the decomposition of the gas mixture, that consists of methane
(CHy) highly diluted in hydrogen (Hj), with the use of hot filaments or
lasers [63]. The transferred energy causes fragmentation of molecules into
reactive radicals and atoms. This results in the creation of ions and electrons
that heat up the gas mixture up to a few thousand kelvins. Then, the gas
molecules react with the substrate, with the dissociated Hs, preventing the
development of graphitic sp? bonds, allowing instead the deposition of sp?
bonds, that results in diamond growth [61][64].
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FIGURE 2.8: Schematic diagram of the CVD process [62].

2.2.3 Iomnizing Radiation and CVD Diamond

The behavior of CVD diamond under ionizing radiation, shows similarities
with the other semiconductor materials that are used as solid-state detec-
tors, as the mechanism by which the transit of charged particles through
the detector is measured is the generation of an electrical signal in an appro-
priate external circuit [64]. This indirect approach is the basis for modern
radiation detectors that use CVD diamond as sensing material and will be
the vehicle to describe the physical processes that occur during the exposure
to ionizing radiation.

A typical diamond-based radiation detector is fundamentally being con-
structed by a high resistivity diamond sandwiched between two metal elec-
trodes [65], as shown in Figure 2.9. When a charged photon with energy
about three times the bandgap energy [65] passes through the volume of
the diamond, it leaves behind a trail of excited and ionized atoms that re-
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FIGURE 2.9: Schematic diagram of a typical CVD diamond radiation de-
tector.

sult in the production of electron-hole pairs [66]. These electrons and holes
are both able to move within the diamond lattice and in the absence of
an externally applied electric field they would recombine quickly. However,
in the presence of an electric field, the electron-hole pairs are separated
between the electrodes and eventually become pinned or trapped within
the defects of the material or travel up to the boundaries [66]. The signal
on a diamond-based radiation detector is generated in the external circuit,
because of the charge movement within the diamond. Tapper [66] gives
a quite simple explanation about the charge which flows in the external
circuit. More specifically, when one positive (+q) and one negative (-q)
charges? separate in a distance x in a homogenous electric field £, the total
work done for maintaining the electric field by the power source would be

W = Eqx (2.2)

If we consider as [ the width of the gap and V' the applied potential,
then the electric field would be

E = % (2.3)

and if we combine equations (2.2) and (2.3), we could write the work as
Vax

W = - (2.4)

2Tt should be evident that by positive charge, we refer to holes and by negative charge
to electrons.
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As Formula 2.4 represents the amount of energy that is transferred to
the detector, there should be a relevant electrical current flowing around
the external circuit. The time integral of this current would represent the
total charge which actually flows and is given by dividing equation (2.4) by
voltage, which results in the final equation (2.5) for the total charge that
flows within the circuit.

Q=1 (2.5)

For calibrated ionizing radiation detectors (so called dosimeters) it is
the correlation of this total charge with the absorbed dose within the sensi-
tive volume, that provides the necessary information about the existence of
a dose due to exposure to ionizing radiation to the user. The total charge
is proportional to the production of electron-hole pairs from the incident
radiation and the presence of defects populations (such as impurities, point
defects, dislocations, etc) usually leads to a reduction in conductivity, be-
cause they trap or scatter charge carriers [60].

In general, these populations are classified as either shallow or deep, with
the classification to depend on the temperature or energy at which they are
electrically emptied. In Figure 2.10 there is a very informative example
from the literature, illustrating the result of such defects on the temporal
response of a CVD diamond. At the beginning of irradiation, there is a
progressive increase in the radiation-induced current, because of the charge
carriers that are no longer able to fill the traps in the material, as they
steadily become more detected. After a certain time, the gradual increase
of the induced current slows down, as traps in the diamond volume are
filled. The de-trapping of charge in shallow defects in the diamond appear
as a tail, after the stop of irradiation until the moment when there is a
second irradiation of the diamond. The radiation-induced current reaches
saturation more rapidly, as there was no sufficient time for the de-trapping
process to complete and empty the deep traps in the diamond’s volume.

A CVD diamond shows some important properties that are relevant
for a detector material and describe the physical background of diamond as
radiation detector. The physical processes that are relevant to the radiation
detector technology are the following;

e Charge pair production
e Recombination
o Drift of charge pairs

o Leakage current

The charge pair production process in a CVD diamond shows the
same behaviour as in other semiconductor materials. Diamond requires
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FiGure 2.10: Example of priming effects in a CVD diamond radiation
detector under X-ray irradiation in clinical conditions (from Ref. [67]).
Priming effect is defined as the process of filling the diamond lattice traps
with charged carriers and it is correlated with material quality.

higher energy to create electron-hole pairs (see Table 2.2) than silicon. This
results in the production of fewer charge pairs for the same amount of de-
posited energy. Furthermore, the physical phenomenon of recombination
occurs through two processes, with its lifetime to depend primarily on the
level of impurities of the material. Impurities and defects in the crystal
lattice of a CVD diamond create intermediate energy levels within the for-
bidden region of energy (band gap) that expedite the recombination of
charge pairs, so called extrinsic recombination. In addition to this, the
usual direct recombination of an electron that falls from the conduction to
the valence band takes also place, the so called intrinsic recombination. The
expected lifetime for both recombination processes depends on the quality
of the material and according to Table 2.3 varies from a few ns to about 1
S.

Recombination Process Lifetime
Intrinsic few usto 1s
Extrinsic 0.1 - 10 ns

Table 2.3: Charge-carrier lifetime ranges for the characteristic recombina-
tion processes in CVD diamond [6].

In general, the effective charge-carrier lifetime depends on the recombi-
nation lifetime of all volumetric recombination processes that occur both
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in the bulk and at the surface of the considered material. Equation (2.6)
describes the lifetime of the carriers

1 111
=—+—+—, (2.6)

Teff Tint Teat Ts

where 7;,; is the lifetime of intrinsic recombination, 7.,; the extrinsic
lifetime and 7, the carrier lifetime due to surface recombination [68]. As
surface recombination could be considered as insignificant for semiconductor
applications, it is apparent that the effective lifetime of a CVD diamond is
dominated by the extrinsic lifetime process [6][69].

In the Appendix, Figure 6 describes the three dominant interaction
mechanisms that are probable to take place, during interaction between
photons and matter. For diamond, the photoelectric effect dominates for
energies below 30 keV, while in the energy range from 30 keV to 20 MeV
the Compton effect is prepotent, with pair production to be the dominant
effect for energies greater than 20 MeV [64].

2.3 Surface Acoustic Waves

The first demonstration of surface acoustic waves was by Lord Rayleigh
in his 1885 publication, describing the behaviour of seismic waves in an
isotropic material after a ground shock [70]. His work became the step-
ping stone in the investigation of acoustic waves by other researchers, intro-
ducing experimental methods in the fields of seismology, non-destructive
evaluation of materials and radars [71]. In 1965, R. M. White and F. W.
Voltmer demonstrated the generation of surface acoustic waves through the
fabrication of an interdigital transducer (IDT) on a quartz (SiO,) crystal
substrate [72]. This combination (Figure 2.18) of an IDT on a piezoelectric
substrate proved to be a technological milestone that laid the foundation
for the fabrication and application of SAW devices in modern electronics
[73].

The low acoustic losses, together with the high Q-values and the re-
markable versatility made SAW-devices indispensable components in almost
every industrial and commercial electronic product [71]. Mobile phones,
mechanical sensors, biosensors and environmental sensors cover the most
traditional usage of SAWs [74].

2.3.1 Propagation of Acoustic Waves in Solids

In order to describe the propagation of acoustic waves in solids, we will
first consider an isotropic, homogeneous and perfectly elastic material with
density p. To simplify the approach, it is assumed that there are no external
forces acting on the material, as well as no free charges and that it shows
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FI1GURE 2.11: Sketch of the first IDT application on piezoelectric substrate
(from Ref. [72]).

no piezoelectricity. The displacements will be expressed in terms of strain
(S) while the forces in terms of stress (T).

Suppose that an infinitesimal volume element of the material is located,
in the equilibrium state, at the point x = (z1, %3, x3). If this volume has
a displacement from its equilibrium state by a distance u = (uy,us, us)
to a new position x’, then we have the following correlation x’ — x + u.
Assuming that the displacement u is time-independent and there are no
internal forces, the strain at each point is defined by

1 aul (9uj

Sij(x1, 9, x3) = 5(8:1: + 2,
J )

), i,j=12.3 (2.7)

where S;; is a symmetrical second-rank tensor, therefor S;; = Sj; [75].
In order to describe the internal forces, we will consider one infinitesimal

volume element of the material in Cartesian coordinates as in Figure 2.12.

As the material is elastic, any deformation that occurs due to applied forces
will be reversible after the release of the force. The statement by Hook’s
Law that for relatively small deformations of an object the displacement
is proportional to the deforming force, could be generalised and one can
state that in one-dimensional case stress is proportional to strain [76]. This
correlation is described by

Eg - chijklskla i7j7k7l - 17 27 3 (28>
k l

where ¢;jp; is defined as stiffness tensor which is also symmetric [75].

Assuming that stress and strain are functions of time and position, it is
derived that the motion of the material is subject to the Laws of Newton,
thus it could be combined with equations (2.7) and (2.8) to obtain the
equation of motion. It can be proved [75] that for all points x’ the equation
of motion is defined by
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FIGURE 2.12: Infinitesimal volume element with example of applied forces
[77].
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For piezoelectric materials, the elastic stresses and strains are coupled to
electric fields and displacements [75]. These materials show piezoelectricity
because of their anisotropy and lack in symmetry that derive from their
internal crystal structure. In addition to the strain components S;;, the
stress components T;; depend on the electric field E with the relation as
follows

ﬂj = Z ZciEjlekl — Z ekijEk, (210)
k l k

with the tensor cgkl to correspond as stiffness tensor for a constant
electric field.

Similarly, there is the dependence of the electric displacement D with
the electric field E as follows

D, = Z eijj + Z Z €ijkSjk, (2.11)
J Jj ok

where efj is the tensor of permittivity for constant strain.

In equations (2.10) and (2.11), the tensor e;;; is called the piezoelectric
tensor. It relates elastic to electric fields and its symmetry derives from the
expression of the stress component tensor 7j; [75].

The propagation of elastic waves in a piezoelectric material are described
by Maxwell’s equations [77]. As equation (2.8) is applied for piezoelectric
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materials, we could express this in terms of the displacements u; and the
electric potential ® [75]. As the propagation velocity of elastic disturbances
is many orders of magnitude smaller than the electromagnetic ones [78], the
electric field that derives from Maxwell’s theory can be expressed using a
quasi-static approximation, where the electrical variables are dominated by
electrostatics, as follows

0P
Oxi '

The equation of motion after the combination of equation (2.12) with
equations (2.10) and (2.7) becomes

E=-

(2.12)

8 U
p 8t2 Z Z {ek” dx 0y, * Z Ciikl g axz} 75 (2.13)

As our material is considered to be an insulator, there will be no free
charges. Thus, the differential form of Gauss’s law as the divergence of the
displacement D will give V-D = 0 [79][75]. Combining with equation (2.11)
we conclude to the following;

Z Z { €ij o, ax zk: ijk a@ g;k} =0 [75]. (2.14)

The system of equations (2.13) and (2.14) give the relations for the three
mechanical displacements u; and the electric potential ®. If we specify
the z-axis (x3 = z) as propagation direction of the displacement, then it
derives that the displacement in the x- and y-axis, (1 = z) and (z9 = ¥)
respectively, will be constant.

Taking this into consideration, the system of equations (2.13) and (2.14)
will be transformed as follows;

9%u, 0*® 9%u,

Por ~ g2 ~ g2

0%u, 0*P

61’3@ - EZZW

If we eliminate the electric potential ®, then equation 2.15 will be trans-
formed as

—0 (2.15)

=0 (2.16)

Pu, €% 0%, N 0%u,

= — C _—

P ot? €, 022 3922

0?u, e2, \ 0%u,
=p =c33| 1+

ot? €,,C33 072

=
(2.17)
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In absence of piezoelectricity the piezoelectric tensor e,3 equals to zero.
Hence, equation 2.17 is transformed as follows

0%u, 0%u,

—— = C33——. 2.18
Por ~ 92 (2.18)
Comparing equations 2.17 and 2.18, we could notice that in presence of

piezoelectricity the tensor could be written as

2
Cly = C33 (1 4 = ) . (2.19)
€22C33

The factor % in the above equation is called electromechanical cou-
pling coefficient K2 and corresponds to the efficiency of a given piezoelectric
material, that is associated with a surface acoustic wave, to convert an ap-
plied electrical signal into mechanical energy [80]. The electromechanical
coupling coefficient K? could also be expressed in terms of the velocity v as

_QAU
0

K? (2.20)

where Av corresponds to the velocity change of an SAW that occurs
when the free surface of the piezoelectric material accommodates a highly
conducting thin metal film and v is the velocity of the SAW [80][27]. Cou-
pling coefficient and velocity of SAW exemplify the most important material
parameters in the field of SAW devices, as they determine the suitability
of the selected materials like lithium niobate (LiNbO3), quartz (SiOs) and
lithium tantalate (LiTaOj) in terms of applications [75]. Table 2.4 shows
the differences between the values of the above parameters for these mate-

rials.
Parameter Y-Z LiNbO3 128° Y-X LiNbO3 ST-X 5i0, 36° Y-X LiTaOs
velocity (m/s) 3488 3979 3159 4212
K2 (%) 4.8 5.4 0.12 4.8

Table 2.4: Electromechanical coupling coefficient and velocity values for
common surface-wave materials [75].

2.3.2 Rayleigh Waves

The transition from bulk-waves that we have discussed so far to surface
acoustic waves, should introduce necessary boundary conditions on equa-
tions 2.13 and 2.14. The mechanical boundary defines that the atoms at
the surface, experience forces only in the direction of the medium, while
the forces that are perpendicular to the surface are zero [81][82]. As there
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are no forces on the surface, stress tensors will be Ti3 = To3 = T33 = 0 at
x3 = 0. In the presence of a piezoelectric material it is also essential to
apply an electrical boundary condition at the surface. For the description
of this condition, we will consider the following two cases [75][77];

Free-surface case: The space above the surface is considered to be vac-
uum with zero conductivity, thus without free charges and with wave
velocity vy. Generally, the space above the surface is not absolute
vacuum and will have a potential.

Metallized case: It is assumed the surface to be covered with a thin metal-
lic layer with infinite conductivity. The thickness of the layer causes
the elimination of the horizontal component of the electric field at
the surface, leaving unaffected the mechanical boundary condition.
In analogy with the free-surface case, there is a velocity v, that de-
scribes this case.

Wave Propagation

W

Particle
Motion

1

FIGURE 2.13: Schematic representation of a Rayleigh wave (SAW), with
the sketch ellipsis to indicate the direction of motion of the individual
molecules at the surface of the piezoelectric substrate. The motion of the
molecule is counterclockwise [83].

The wave that accompanies theses constraints is commonly known as
Rayleigh-wave (Figure 2.13). This wave runs on the surface of the material,
forcing the particles on elliptical orbits and has approximately the penetra-
tion depth of a wavelength. As it was mentioned earlier, in piezoelectric
materials every mechanical wave is accompanied by an electrical wave. This
fact alters the apparent stiffness of the material as well as the sound velocity,
causing different speeds of sound for both electrical boundary conditions.
The difference between the velocities at the free-case vy and metallized-
case v, is a measure of the coupling between the mechanical and electrical
perturbations at the surface and it correlates with the electromechanical
coupling coefficient K? from equation (2.21) as follows

K2 =920 ol —tn

2.21
o o (2.21)
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2.3.3 Interaction with Conductive Layers

The interaction between surface acoustic waves and different media has been
employed to study various acoustoelectric effects [28]. Physical quantities
for the characterization of semiconductors have been obtained by using the
configuration shown in Figure 2.14. In this approach the electric component
that accompanies the mechanical wave on the piezoelectric material, pene-
trates and interacts with the semiconductor located above it. More specifi-
cally, the semiconductor material (GaAs/AlGaN heterostructure) contains
in its structure layer a two-dimensional electron system (2DES) that inter-
acts with the electric component of the mechanical wave.

/-_E /inferdigiful fransducer\ G

GaAs/AlyGayxAs heterostructure

FIGURE 2.14: Sketch of an early configuration for studying the properties
of GaAs-based heterostructures [28].

As the principle of such configuration (Figure 2.14) is the basis of this
thesis, an introduction to the theoretical background of this technique is
the purpose of this subsection [77][82][84]. Considering the one-dimensional
model of an extrinsic semiconductor, the expression for the current density
may be written in terms of electric field E and electric displacement D as
follows

om
ox

were ¢ is the electronic charge, ng is the charge charrier density in equi-
librium, while n, is the conductivity modulation and D,, the diffusion con-
stant.

Poisson’s equation could be written as

J=-e(ng+n)puE +qD, (2.22)

oD

and equation of continuity as
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0J 8711
— =g—. 2.24
ox ot ( )

After combining equations (2.22), (2.23) and (2.24) we have a relation
between electric field E and electric displacement D as follows

0*D oE OFE 0D 9*°D 9D

Gior ~ TG THs oy TrEgE T g

Supposing that the plane wave time and space dependences could be ex-
pressed as F = Ey+ E1e/®*=“) and D = Do+ Dye'**=Y_ where constants
Ey and Dy correspond to the longitude external field [77]. We could sub-
stitute these wave expressions to equation (2.25) and by considering that
the product of D and E is negligible, as well as that the conductivity mod-
ulation is small (n; << ng), we have the relation between electric field and
electric displacement

(2.25)

ingp
D, = — Ey  |77)[84). 2.26
= el T (2.26)
Combining this equation with (2.10) and (2.11), as well as with (2.15)
and (2.16) we can acquire an expression for the complex elastic constant in

relation with electric field £

| (1) g b
cF=c-[1+K*- s L
i(1+“TE°)+z’(1+17;—1’:2>

WR

(2.27)

were wr = 22 is defined as conductivity frequency [84]. In this expres-
sion o3i corresponds to the average conductivity as o3z = nqu, while the
reciprocal €* is defined as dielectric relaxation time [84] with the following
mathematical expression €* = € (€piczo + 1) [82].

From equation (2.27) we can extrapolate the following parameter

E
H 0:1+%

’y = 1 + T y (2.28)

were it is described as electron-drift parameter by velocity vy under the
presence of external field [77]. As it is suggested in [77], if we consider the
following wave number expression k = w/v + iI" as well as that pw? = ¢*k?
and vy = \/c/p, then we will have the expressions for attenuation and
velocity of the surface acoustic wave as follows

T c\1/2

v \ V2

— = Re (—) (2.30)
Uf C
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From equations (2.31) and (2.32) we could generate the following for-
mulas

= o ~ (2.31)

2
w D, k? Dpk?
Ao re 1+ () () (0 )
o 2 1+(“—R>2(1+—D""2)2

The interaction of the electrical component of the SAW with 2DES
implies the transfer of energy, impacting the transmission of the SAW in re-
lation with the conductivity of the system [82]. The ratio of wave frequency
with conductivity frequency, correlates the conductivity of 2DES with the
conductivity for maximum attenuation o, as

(2.32)

LT 89, (2.33)

WR o
For the above ratio we will distinguish the following three cases [77][27][82]:

wr >> w: The charge carriers are restructured quite fast and the piezoelec-
tric field will be shielded, meaning that the energy transferred from
the SAW to the charge-carriers is small.

wr << w: The high frequency results in the absence of charge-carrier dif-
fusion.

wr ~ w: The resonance implies in maximum transfer of energy from the
SAW to the charge-carriers, thus maximum wave attenuation.

From the above considerations of the simple relaxation model and the
attenuation due to Joule losses [85], we can express the attenuation co-
efficient T' and the velocity shift of SAW, as non-monotonic functions of
conductivity o

K? P
F = 7]{ JTm P) (234)
1+ <'y0_m)
A K? 1
2 4 (2.35)

vy 2 1+ (L)Q

In absence of an external electric field the drift parameter ~ will equal
to one. There are examples in the literature of the conductivity dependence
of the attenuation coefficient I', as well as of the velocity shift of SAW from
the research field of graphene and gallium arsenide (GaAs) [77][27][82][85].
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FIGURE 2.15: Example of relative attenuation of SAW in terms of conduc-
tivity change of 2DES (from Ref. [82]).

From Figures 2.15 and 2.16 we can extract that the attenuation of a
SAW rapidly increases with layer’s conductivity o until it reaches a maxi-
mum when ¢ = 7,,, while beyond the attenuation shows a rapid decrease.
Similar behaviour shows the velocity shift, caused by the modulation of the
conductivity of the layer.
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FIGURE 2.16: Example of relative attenuation and velocity shift of SAW
in terms of conductivity change of 2DES (from Ref. [77]).
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2.3.4 Stimulation and Detection

Those acoustic waves that propagate along the surface of a piezoelectric
substrate could have a broad range of propagation frequencies from several
MHz to GHz [80]. As it was mentioned in the beginning of this section, these
acoustic waves are stimulated by IDTs where their function is to convert
the electrical energy into mechanical energy and vice versa. Figure 2.17
shows the first published suggestion for IDT application from R. M. White
and F. W. Voltmer.

| L

=

For connection
to oscillator W
or receiver

FI1GURE 2.17: The first published sketch of an IDT for stimulation and
detection of Rayleigh-waves (from Ref. [72]).

The application of an AC voltage V() = Vpe™! across the electrodes
causes the creation of dynamic strains in the substrate, which results in
the launch of elastic waves (Rayleigh waves) that run perpendicular to the
electrodes with wave velocity vg [81]. The finger pairs of IDT induce the
stress wave that travels along the surface of the substrate in both directions.
In order to make sure the in-phase stress and constructive interference, the
distance d between two consecutive fingers (Figure 2.18) should be equal to
half the wavelength Ar from which we have d = A\r/2.

The propagated wave that is produced from the electrode-fingers of the
first IDT, is associated to a frequency known as synchronous frequency
fo, according to fo = vr/Ag, where the transducer converts electrical to
acoustical energy with maximum efficiency [81]. Even though that there can
be many different designs of SAW devices, Figure 2.18 shows the simplest
SAW device called as delay-line. The IDT that is connected to the AC
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Surface acoustic wave
_— > Receiver

Interdigital transducer (IDT) Interdigital transducer (IDT)

piezoelectric substrate

FIGURE 2.18: Schematic of a SAW device with built-in identical IDTs,
as well as input and output overview (top-view perspective). The device
is called delay-line, because of the propagation velocity difference between

the electrical and mechanical component of the surface acoustic wave by a
factor of 10° [86].

electrical source, creates an electric field in the substrate that generates
through piezoelectric effect a wave that propagates along the surface of the
substrate. When the propagated wave reaches the receiving transducer it
converts to an electrical signal. The propagated SAW reaches the receiving
transducer after time At = W /vg, where W is the aperture of the IDT
shown in Figure 2.19.

Port 1 Port 2

s -
a az
W v
bl b2
-~ —_—

FIGURE 2.19: Interdigital transducer with the used parameters. The vari-
ables a; and as represent the incident waves to Ports 1 and 2 respectively.
Similarly, the variables b; and by represent the reflected waves. V' corre-
sponds to the applied AC voltage across the electrodes, I to the generated
circuit current and W is the aperture of the IDT.

The output of surface acoustic devices can be sampled using specialised
equipment like a frequency counter, voltage meter or network analyser. Net-
work analysers offer the benefit of sweeping across the range of oscillation
frequencies. In modern times, this is the most common solution for SAW
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detection and the one that also was used through-out this work. Such de-
vices measure the characteristic admittance Y or impedance Z of the device
under testing, detailing frequency shifts from resonance, as well as changes
in the quality factor Q.
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F1GURE 2.20: Example of transmission response from spectrum analyser
for Split-4 IDTs on LiNbOj substrate (from Ref. [87]).

A theoretical description of the frequency response for IDTs could be
provided through the delta impulse model [87]. According to this model,
every electrode of the transducer is considered to excite surface acoustic
waves as delta function excitation centre. The frequency response H(f) for
a specific point outside of the transducer is given by the following equation:

N
H(f) =) (=1)"-a, e/t (2.36)

n=1
where a,, is defined as the weighting factor of an individual IDT elec-
trode and ¢, is labelled as the delay between successive gaps between the
fingers of IDTs, while the factor (—1)" defines the polarisation of electrodes.
Considering that a, is identical for every unweighted electrode we obtain

the following equation:

sink’
" F
with F' o< f — fo, where fy corresponds to the characteristic resonant
frequency of the transducer. Figure 2.20 describes Equation (2.38) in terms
of an IDT’s frequency response, with the bandwidth of the latter to be
referred as

[H(f)| =N

(2.37)

aAf 1
o (2.38)
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IDTs can have different geometries in order to reduce the undesired ef-
fects of finger reflection and cancel out at centre frequency, avoiding the
summation as for single IDT [80]. Figure 2.21 shows three designs of in-
terdigital transducers that are used to achieve different characteristics in
terms of centre frequency, capacitance or impedance [88].

(a) (b) ()

Normal IDT Split-2 IDT Split-4 IDT

FIGURE 2.21: Example of different IDT SAW designs; (a) Single conven-
tional IDT, (b) Split-2 IDT and (c) Split-4 IDT.

The main disadvantage of split-IDTs is the increased complexity in the
photolithography process, as it requires much more complicated photomask
patterns to fabricate the electrodes. Moreover, the effective electromechani-
cal coupling coefficient K? differs among the design patterns, as well as the
capacitance Cp of a split-design, that is almost 1.4 times larger than that
of a normal IDT [80].

2.3.5 Fabrication of Surface Acoustic Wave Devices

The fabrication sequence for surface acoustic wave devices follows the basic
steps of optical photolithography, where the ultra-violet (UV) illumination
of a photoresist-coated sample with the use of a photomask structures the
photoresist layer according to the pattern of the photomask [31]. The pho-
toresist could be negative or positive, with the type to determine its reaction
to the UV illumination. In case of a negative photoresist, UV illumination
initiates a polymerization process which makes the exposed areas more dif-
ficult to wash away during the step of development. In contrast, the illumi-
nation of exposed areas that are covered with a positive photoresist makes
them less difficult to be washed away [89]. The two types of photoresists are
used in accordance with the following photolithography procedure, because
negative photoresists are mainly used for Physical Vapor Deposition (PVD)
due to the optimal behaviour during lift-off after deposition, while positive
photoresists are more preferred for etching [31][89].

Figure 2.22 shows schematically the fabrication steps for a SAW delay-
line, with the use of PVD and lift-off technique. In the beginning the
piezoelectric substrate should be cleaned with technical laboratory chem-
icals like acetone and isopropanol, in order to remove any contamination
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FIGURE 2.22: Schematic overview of the working principle to fabricate a
surface acoustic wave device.

from the surface [90][91]. Afterwards, the negative photoresist is coated to
the surface of the substrate and the illumination of the substrate with the
photomask in contact takes place. Following the development of the illumi-
nated structure, the metalization takes place. At this step an appropriate
metal layer or several layers are deposited with the use of the PVD tech-
nique, followed by the stripping of the photoresist to produce the planned
IDT structure of the device [91].

After the final step, there are many delay-lines fabricated on the piezo-
electric substrate / wafer, thus it is necessary to dice the wafer and extract
single devices for quality control and characterization [91]. The charac-
terization of the device in terms of frequency response is measured using a
Network Analyzer that acquires a similar response like that shown in Figure
2.20.

2.3.6 Behaviour in a Radiation Environment

Radiation effects on electronic components are major challenge for further
advancement of space mission technology. Displacement damage effects,
gain degradation, threshold shifts or burnout of transistors, are few exam-
ples of possible effects that could occur because of radiation exposure [92].
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Effects of interaction of surface acoustic waves with ionizing radiation were
first published in 1973 by N. Berg and J. Speulstra [26]. In their work, it
is concluded that LiNbOs-based surface acoustic wave devices are radiation
hard structures for high-intensity x-ray beams with dose-rates above 10°
Gy/sec. Later researchers have investigated under extreme ionizing radi-
ation exposure the operation of different types of SAW devices with very
high quality factor () and narrow bandwidth [92].

It was suggested that ionizing radiation does not cause any severe phys-
ical damage. In addition, it was noticed that for devices made from non-
swept quartz, drastic frequency shifts occur under gamma and proton radia-
tion as shown in Figures 2.23, 2.24 and 2.25. As a radiation beam penetrates
into a quartz substrate, causes displacement of atoms and ionization damage
of the surface. The radiation-induced damage to the substrate changes the
physical properties of the surface and, thus, the properties of the propagat-
ing surface acoustic wave. For this reason, there is a shift in the frequency
and it was suggested that the following mathematical expression (Equation
2.39) can describe the observed frequency shift;

APjaverage - Aqu)(]. - Ce_D(I)) (239)

were A, B, C and D correspond to fitting parameters according to the
type of resonator and radiation beam, while & corresponds to the total
accumulated dose [92][93].
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FiGURE 2.23: Example of average frequency shift as a function of total
dose due to exposure to gamma radiation from a Cobalt-60 source (from
Ref. [93]).

Similar investigations, in terms of frequency shifts from the resonant
frequency, have been done under fast neutron and gamma ray exposures
for thermosensitive quartz crystal resonators [92][94]. As presented in Fig-
ure 2.26a there is an influence of gamma radiation on response frequency
until a certain point where the frequency starts becoming constant. Lower
doses result in an increase in response frequency; this could be explained
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FiGURE 2.24: Example of average frequency shift as a function of total
dose due to exposure to a 40 MeV electron beam (from Ref. [93]).
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FiGURE 2.25: Example of average frequency shift as a function of total
dose due to exposure to a 60 MeV proton beam (from Ref. [93]).

by the radiation-induced effects on the measurement setup rather than on
the substrate [92]. A similar conclusion has been drawn from the investiga-
tion with fast neutrons (Figure 2.26b) in terms of a temperature-induced
instability of the measurement setup rather than a radiation-induced effect
on the SAW device [92][94].

The most recent investigation of ionizing radiation effects on quartz
SAW devices by A. Ternawly [92], did not show any significant effects of
gamma and neutron radiation exposure even for extremely high doses, con-
firming the very small frequency shifts that have been reported by other
researchers. These slight changes suggest some changes in the environment
backdrops due to radiation exposure, thus allowing the fundamental claim
that SAW devices are radiation-hard and unaffected by ionizing radiation.
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FIGURE 2.26: Example of average frequency shift under different radiation
beams for the same substrate (from Ref. [94]).

2.3.7 Examples of SAW-based Sensors

The broad applications of SAW-based devices throughout industry or re-
search include many examples of different IDT designs and materials as
substrates. Typical operational frequencies for sensing applications are
within the range of 10 - 500 MHz and combined with the proper piezo-
electric substrate result in the desired sensing device [73]. One of the most
common applications for SAW-based devices is chemical sensing which al-
lows the detection of biochemicals, organic and inorganic vapors, as well as
explosives [73].

SAW-based sensors consist of a sensing layer on a piezoelectric substrate
that is designed to change its physical properties once exposed to the chem-
ical of interest, plus the interdigital transducers for triggering and read out
the surface acoustic wave. The most common configurations for chemical
sensing applications are sketched in Figure 2.27. In both cases, a surface
acoustic wave is produced at the input IDT and as it propagates through
the sensing layer, it interacts with the absorbed molecules of the layer, thus
resulting in a perturbation of SAW’s properties which is expressed as fre-
quency shift that is detected at the readout IDT [95]. In order to further
increase the sensitivity of a delay-line, it is common to fabricate a resonator
IDT (as in the bottom configuration in Figure 2.27) acting as a reflector,
to set up a resonant cavity [73].

As we have already mentioned, the propagation speed v for surface
acoustic waves is the speed of sound. This speed can change according
to the properties of the sensing layer, resulting in a proportional shift for
both the resonant frequency f and phase ¢ of the wave, according to the
following expression;
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FicUure 2.27: Common delay-line configurations using a pair of IDTs for
sensing applications (from Ref. [73]).
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FIGURE 2.28: Example and response of an SAW-based gas sensor (from
Ref. [95]).
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An example of an SAW-based sensor is presented in Figure 2.28a from
Ref. [95], for gas-phased targets with polymer-based sensing layer on SiOs
substrate.
Apart from the conventional fabrications of rigid SAW-based devices,
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there are examples of flexible delay-lines on proper substrates as shown
in Figure 2.29. Such devices find applications as components of wearable
sensor technology, due to their small size and flexibility.
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FIGURE 2.29: (a) Three-dimensional model of a flexible delay-line device of
aluminum nitride (AIN) films on polyimide (PI) substrate, combined with
(b) microscope image of IDT fingers, as well as (c) demonstration of the
flexibility of the device with (d) the frequency response of the flexible SAW
delay-line (from Ref. [96]).

Even though it was concluded in Ref. [96] that such a material combi-
nation shows relatively high insertion loss, it demonstrates the potential of
SAW-based devices and the broad spectrum of possibilities for technological
applications. SAW-based devices for radiation detection is not as common
as with other sensing applications. Consequently, this work expects to add
more value into the field of radiation detection with such devices. Sug-
gested solutions were presented from Sandia National Laboratories, USA,
in the form of passive radiation sensor that could be operated wirelessly [21].
The published patent generally describes a delay-line on a piezoelectric sub-
strate including a radiation-sensitive material that could be comprised of a
metal-halide-containing polymer film as shown in Figure 2.30.

Even though that this progress is a step forward towards radiation de-
tectors of very small size, it is believed that the present work gives a more
effective approach.

2.4 Radiation Monitoring in Medicine

The extensive application of ionizing radiation related techniques in the
field of medical diagnostics and treatment has increased the necessity for
radiation detection systems that allow quantification of the used radiation
beam, providing information to the end-user according to the specific ap-
plications, such as imaging and dosimetry [97]. The plethora of radiation
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FIGURE 2.30: Sketch of patented SAW-based radiation sensor (from Ref.
[21]). The projected numbers correspond to the detailed description of the
invention as it is written on the official documents.

detectors available for personal dosimetry purposes, as the main scope of
this work, includes common solutions like thermo-luminescence dosimeters
(TLD), film dosimeters, radiophotoluminescent glass dosimeters (RPLGD),
optically stimulated luminescence (OSL) dosimeters, electronic personal
dosimeters and pen/pocket dosimeters [5]. Excluding the electronic per-
sonal dosimeter, all other types of dosimeters require the readout of the
dose using specialized equipment by an Official Personal Monitoring Ser-
vice in a country. Examples of the dosimeters that are operated by Official
Personal Monitoring Services in Germany, such as AWST? /formerly belong-
ing to Helmholtz Zentrum Miinchen, can be found in Figure 2.31.

The necessity for shipment to a centralized processor for analysis of
accumulated doses, does not allow real-time monitoring of radiation expo-
sure, thus impacting on the applicability during the operation with ioniz-
ing radiation. Even though that electronic personal dosimeters may allow
for real-time monitoring, by providing to the user a direct reading of the
dose and the dose-rate, they lack operational stability. For example it
was reported that they show underestimation or overestimation of accumu-
lated occupational doses. However, for occupational dosimetry with PET
radiooisotope and patients, such active dosimeters showed a better perfor-
mance than passive dosimeters [98]. Furthermore, some electronic personal
dosimeters were reported to be sensitive to high-frequency electromagnetic
fields, as well as to have slow response time [99]. In 1996 another type of
electronic personal dosimeter was introduced, based on the direct ion stor-
age principle, using a floating-gate MOSFET transistor as sensing element
[100]. The resistance of the MOSFET transistor is measured through the
adjacent charge of the floating gate, providing information on the absorbed
dose by a digital voltmeter [101]. Such devices have been reported to be
operated by medical personnel to actively monitor radiation exposure dur-
ing common procedures like e.g. transesophageal echocardiography [102],

3 Auswertungsstelle
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(c)

FiGure 2.31: Examples of personal dosimeters used by the former Official
Personal Monitoring Service at the Helmholtz Zentrum Miinchen, where
this study was mainly conduced.

while at some hospitals direct ion storage (DIS) dosimeters have replaced
TLDs as personal dosimetry solution [103]. Newest versions of DIS dosime-
ters offer wireless transmission of the measured dose using a Bluetooth Low
Energy (BLE) communication protocol, thus increasing the capabilities for
radiation monitoring of medical personnel [104].

Moreover, in the field of non-personal dosimetry in clinical environments,
devices that are commonly used include gas detectors, such as Geiger-Miiller
counters, proportional counters and ionization chambers, as well as solid-
state detectors, such as scintillator counters and semiconductor detectors
[15][5]. These devices are mainly used for area dosimetry monitoring dur-
ing radiotherapy procedures, monitoring the surrounding area of the radio-
therapeutic facility. In the group of semiconductor detectors, apart from
the commonly used solid materials, germanium and silicon, natural or syn-
thetic diamonds have been introduced for radiation-monitoring applications
within medical facilities [19][10], receiving the attention due to their physi-
cal characteristics explained in previous sections.
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Materials and Methods 3

This chapter provides insights into the working principles of different tech-
niques, experimental details, as well as the specifications of the materials
that were used in this thesis. These insights, correspond to the following
investigated approaches; a) an AlGaN/GaN high electron mobility transis-
tor (HEMT) based system, and b) a hybrid-device consisting of a synthetic
thin film diamond layer and a piezoelectric lithium niobate (LiNbOj3) sur-
face acoustic wave (SAW) delay line.

3.1 Materials

3.1.1 Wafer

The two wafers that were used in this study, were fabricated at the Ferdinand-
Braun-Institut (FBH) in Berlin, Germany, by growing single thin film layers

of AlGaN/GaN HEMT on <0001> oriented sapphire (Al;O3). In more de-
tail, on top of a 430um c-plane Al,O3 substrate, the following layer stack

was grown after mutual collaboration with the local scientific personnel:

50 nm AIN as nucleation layer, 3000 nm carbon-compensated (C:GaN) as

buffer layer, 60 nm GaN as channel layer, 25 nm AlGaN as barrier and ap-
proximately 3 nm GaN as capping (cap) layer. Figure 3.1 shows a schematic

sketch of the wafer structure, including the stoichiometric details about the

consisting layers.

The 2DEG is located between the barrier and channel layer, with a
sheet carrier concentration of naoprg ~ 9 x 102 em™2 and a mobility of
p =~ 1644cm? Vs, as it was measured after fabrication, at room temperature
and 360 mT atmospheric pressure. Moreover, the produced wafers were
examined in terms of sheet resistance distribution, as shown in Figure 3.2,
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F1GURE 3.1: Schematic drawing of the wafer structure used in this thesis
for fabricating the radiation detector, with the location of a 2DEG between
the channel and barrier layer.

2. The average sheet

before they were laser-scribed into chips of 929 mm
resistance Rg from Figure 3.2 was 412.75 /.

As the material with the highest quality is located at the center of
the wafer, pieces from this area on both wafers were used for the final
measurements. For separation of the chips, a gentle push from the scribed
side was required. For this the wafer was fixed between two plastic blocks
and pushed on the free end [105].

After extraction of proper pieces, the samples were cleaned in an ultra-
sonic bath (Sonorex Super 10 P, Bandelin, Germany) in acetone for 20 min
at medium intensity, then treated in isopropanol under the same procedure
and then finally rinsed with deionized water for 10 min and dried with Nj

gas.

3.1.2 AlGaN/GaN - High Electron Mobility
Transistor

In this thesis, the AlIGaN/GaN - HEMT based devices were fabricated at
the Instytut Technologii Elektronowej (Institute Electronic Technology) in
Warsaw, Poland, to ensure the quality of the fabrication process. The whole
process was conducted by the scientific personnel of the institute, on the
scribed pieces of the Al,Osz wafer mentioned in Section 3.1.1. Technical
characteristics of the desired layers’ structure were provided in advance, in
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FiGURE 3.2: Schematic drawing of sheet resistance distribution for the
wafers produced in the frame of this thesis for different areas. The numerical
values are given in terms of Ohm/Sq.

order for the technicians to modify the steps of photolithography. The order
of fabricated layers was as folllows:

1. Ohmic contacts with alignment marks for layers positioning.

2. MESA structure, which is the layer for structuring the underlying
2DEG by ion implantation.

3. Passivation layer, meaning the growth of an insulating layer through
Atomic Layer Deposition (ALD) over the complete sample.

4. Structuring of the dielectric that is used to open the previous passi-
vation layer for the source and drain contacts.

5. Metallization for source, gate and drain contacts.
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FIGURE 3.3: Schematic cross section of the GaN-HEMT device produced
as part of this thesis, with contact pads and passivation layer.

The chromium (Cr) lithographic photomask that was used for this spe-
cific purpose, was also generated at the same facility to maintain the same
quality standards. Figure 3.4 shows the CAD design of the photomask,
while Figure 3.5 shows a picture of the actual photomask.

The final chips were meticulously cleaned in clean room environment,
in order to remove any dust particles that would affect the performance
of the produced devices. The chips were placed into acetone for 10 min
in the ultrasonic bath (Sonorex Super 10 P, Bandelin, Germany) at low
intensity. Then the devices were placed into isopropanol and treated for 10
min in an ultrasonic bath at low intensity. Finally, the devices were cleaned
with deionized water for 10 min in the ultrasonic bath at medium intensity,
followed by rinsing in deionized water and drying with N, gas.

Then the cleaned chips were positioned at the centre of a rectangle lead
chip carrier (28 Lead Side Brazed Package, Kyocera, Japan) with given
dimensions 1.4 in x 0.61 in, in clean room environment with the use of silver
glue. Upon drying of silver glue, gold (Au) bonds were formed between the
gate, source and drain contacts of each the GaN-HEMT devices and the
chip carrier pins, with the use of a wire bonder (Model 747677E, West-
Bond, USA). Figure 3.6 shows the final six chip carriers with the bonded
devices, inside a transport box.
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FiGURE 3.4: CAD file of the photomask corresponding to the different
layers that were required to fabricate a GaN-HEMT device.

FIGURE 3.5: Photo of the actual chromium (Cr) photomask that was gen-
erated from the design of Figure 3.4.

3.1.3 LiNbOj - Surface Acoustic Device

In this work a lithium niobate (LiNbO3) substrate was used for the fabrica-
tion of the required delay-line (Table 3.1):

For launching the surface acoustic waves, two IDTs were deposited on
each of the 128° Y-cut LiNbOg3 substrates by evaporating 5 nm of titanium
(Ti) and 50 nm of gold (Au) employing optical lithography and a subsequent
lift-off technique, according to the general description in Chapter 2.

The fabricated IDTs included a Split-4 pattern, which resulted in a
fundamental frequency of 113.00 MHz, which allows higher harmonic gen-
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F1GURE 3.6: GaN-HEMT devices produced as part of this thesis inside a
transport box after completion of the bonding procedure.

Substrate Propagation Propagation velocity (m/s) K? (%)

128° Y-cut LiNbOs3 X 3979 5.4

Table 3.1: Table of used lithium niobate substrate, with information about

the propagation direction, velocity and electromechanical coupling (K?)
[75].

eration of the third, fifth and seventh surface acoustic wave mode.

3.1.4 Hetero-epitaxial Diamond

In this work, hetero-epitaxial diamond was used that was deposited on the
multilayer substrate consisting of iridium/yttria-stabilized-zirconia/silicon
(Ir/YSZ/Si). The buffer layer of yttria-stabilized-zirconia was grown with
the use of pulsed laser deposition (PLD) on a 4 inch Si (001) wafer, while
iridium was deposited by e-beam evaporation. The details about this partic-
ular technique were described in Chapter 2. In order to generate epitaxial
diamond nuclei on iridium, bias enhanced nucleation (BEN) treatment at
a voltage of about -300 V in a gas mixture of 3% CH, in Hy was applied.

Microwave plasma chemical vapor deposition (MWPCVD) was used to
grow a sample with a thickness of approximately 1.3 mm using a gas mixture
of 8% CH, in Hy without any intentional nitrogen N, addition. Two plates
of 5 x5 x 0.5 mm? were prepared from the upper part of the sample with
highest structural quality by laser cutting and mechanical polishing. Both
sides of each sample were treated for 15 min in air plasma at approximately
1 mbar in order to guarantee an oxygen termination of the surface.
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3.1.5 Hybrid-Device Fabrication

The LiNbO3 SAW devices were thoroughly cleaned to remove any dust par-
ticles from the delay-line surface, in clean room environment. The devices
were placed into acetone for 5 min in an ultrasonic bath (Sonorex Super 10
P, Bandelin, Germany) at medium intensity. Then the devices were placed
into isopropanol and treated for 5 min in the ultrasonic bath at medium
intensity. Finally, the devices were cleaned with deionized water for 10 min
in the ultrasonic bath at medium intensity, followed by rinsing in deionized
water and drying with Ny gas. The above mentioned cleaning process was
repeated with the CVD diamond samples.

Then the cleaned SAW devices were positioned at the centre of round
(diameter: 17.5 mm) chip carriers, in the clean room with the use of silver
glue. Here, upon drying of silver glue, aluminium (Al) bonds were formed
between the contacts of IDTs on the SAW device and the chip carrier pins,
with the use of wire bonder (Model 747677E, West-Bond, USA). Upon
successful bonding and in order to ensure the endurance of the bonds at
the pins, one drop of silver glue per bond was used.

After bonding, the CVD diamond samples were aligned between the
IDTs of the SAW device. Special attention was given to prevent contact be-
tween the CVD diamond samples and the IDTs. In order to avoid scratches
from CVD diamond on the delay-line, a drop of deionized water was used to
position the CVD diamond with the use of an optical microscope (Olympus,
Japan) connected to a computer, as in Figure 3.7.

Diamond sample

Aluminum wire

Intredigital transducer

@) (b)

FIGURE 3.7: Pictures of CVD diamond sample in alignment with the delay-
line elements from optical microscope. In both pictures the wires of the
bonded IDTs are shown (black colour wires), as well as the gap between the
CVD diamond sample and the IDTs. (a) part of deionized water drop is
visible as black colour under the CVD diamond. (b) the iridescent diamond
surface is caused by the modification of light conditions compared to (a).

To prevent the movement of the CVD diamond, as well as to ensure the
direct contact with the LiNbOjs surface, a modified identical chip carrier
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was used to gently press down the CVD diamond. Moreover, the inner
dimensions of the chip carrier were modified, with the use of a drilling
machine, to ensure the direct exposure of the sensor to a radiation beam.
Figure 3.8 shows a description of the hybrid structure.

x-rays

__—Diamond
IDT

: IDT
/
@Nb03
Red
out

Electrical wave AN\,
Mechanical wave ~~~

——

FIGURE 3.8: Description of the hybrid structure. a) Overview of work-
ing principle under ionizing radiation. The CVD diamond is mechanically
pressed against the surface of the LiNbOg3 substrate. The electric field com-
plementing the surface acoustic wave penetrates into the CVD diamond
sample, due to the very small gap between the LiNbOj3 delay-line and the
CVD diamond. b) Final device during characterization experiments.

3.2 Experimental Methods

3.2.1 AlGaN/GaN-Device Operation

The final AlIGaN/GaN-HEMT device was characterized with the use of two
identical source-measurement units (SMUs) (2400 SourceMeter®, Keithley,
USA). Both units were operated at room temperature without additional
cooling and were interconnected through a general purpose interface bus
(GPIB) connection (IEEE-488 INTERFACE). Data acquisition, as well as
remote control of the units, was achieved with the use of a specialized writ-
ten program in LabView (National Instruments, USA), as shown in Figure
3.9. To achieve the desired measurement accuracies, the units were turned
on and allowed to warm up for at least one hour following manufacturer’s
recommendations [106].

As each chip contains nine devices accommodated on a chip carrier,
it was more convenient to design an experimental setup that would allow
easy switch of the device under testing. Figure 3.10 shows the aluminium
measurement box with steel front cover, that was designed and fabricated
for this scope.

The device was operated under room temperature conditions throughout
this thesis. Initial testing was conducted, in order to define the devices
that were operational by measuring standard I-V curves for different gate
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FIGURE 3.9: Schematic overview of the measurement setup used in this
thesis for characterization of the produced AlGaN/GaN-HEMT device.

FIGURE 3.10: (a) Front view of measurement box with the socket for the
chip carrier. (b) Inside view of the measurement box with the BNC cables
soldered to the electric board. (c) Rear view of the measurement box with
the BNC connectors corresponding to the individual device contacts. (d)
Lead chip carriers with the bonded AlGaN/GaN-HEMT devices.

voltages [107]. As it was demonstrated by other groups that AlGaN/GaN-
HEMT devices show increase in channel conductivity as well as a change
in drain current under UV light conditions [108][109], the HEMT devices
were investigated in absence of any natural or physical sources of light to
eliminate any influence on detector’s response as result of light absorption.

3.2.2 Hybrid-Device Operation

The device under test was characterized with a calibrated network/spec-
trum analyzer unit (Model ZVL3/ZVL-K1, Rohde & Schwarz, Germany).
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The unit was connected with the device using coaxial transmission cables.
For acquisition of the data obtained with network/spectrum analyser unit,
a dedicated program in LabView (National Instruments, USA) was written,
that provided control of the unit via Ethernet connection. In network ana-
lyzer mode, the scattering parameters (S-parameters) of the lithium niobate
IDTs were measured (Figure 3.11).

| LabView®
Network Analyzer
(two-port analyzer)
L] LI
Port A Port B
Device under test
Port 1 (DUT) Port 2

FIGURE 3.11: Schematic overview of measurement setup with network
analyzer.

A brief schematic explanation of the relevant scattering parameters for
a two port device is shown in Figure 3.12.

Port 1 Port 2
a1 Sx b,
—> —>
Su S22
b, a
<+— <+—
SIZ
Zy Z,

FIGURE 3.12: Incident wave a and reflected wave b with the defined scatter-
ing parameters Si1, S12, So1 and Sayg, for a reference impedance of Z; = 50¢).
The latter renders a compromise, that relates to the coaxial transmission
lines and optimises the performance, between the minimum attenuation at
Zy = 77 Q and the maximum power handling capacity at Z, = 30 € [86].

In Figure 3.12 the S-parameters are defined as the ratios of the incident
wave a and the reflected wave b. These ratios can be obtained from the
S-parameter matrix (S-matrix) of equation (3.1).
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A network analyzer generates and visualizes the above mentioned S-
parameters in form of impedance vs frequency response. The frequency
response of surface acoustic wave resonators determines the resonant oper-
ational frequency of the device.

Furthermore, in spectrum analyzer mode, changes in amplitude of the
SAW were measured as a function of time with the use of the zero span
mode. For this purpose, the input port of the device was also connected
to a signal generator (SMB-100A, Rohde & Schwarz, Germany), providing
the proper characteristic frequency to the system (Figure 3.13).

LabView®

Spectrum analyzer []
P y: [ |

Signal generator

Device under test

Port 1 (DU Port 2

FI1GURE 3.13: Schematic overview of measurement setup with spectrum
analyzer.

The device was operated in a temperature-controlled environment with
the use of a hybridization oven (Model HB-1000, UVP, USA). To control
the humidity level inside the hybridization oven, orange silica gel bags (50
g (9 x 12 ¢m), Carl Roth, Germany) were used. Temperature and humidity
levels were monitored and recorded with one minute sample rate, using a
datalogger (Model OPUS 20, Lufft, Germany) connected via USB to a PC,
together with the specialized software SmartGraph3 (Lufft, Germany).

3.2.3 X-ray Radiation Beam

The controlled X-ray irradiations were performed with an irradiation facil-
ity (MG 160, Philips Industrial X-rays, Hamburg, Germany) in the TAEA-
WHO Second Standard Dosimetry Laboratory at Helmholtz Zentrum Miinchen.
The devices were irradiated on a calibration bench under monitor control
(TM 786, PTW Freiburg GmbH, Germany) with an electrometer (I1Q4,
PTW Freiburg GmbH, Germany). Radiation qualities of N40 (40 kV / 20 -
45 mA), N60 (60 kV / 20 - 45 mA), as well as C60 (60 kV / 45 mA) with
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3.9 mm aluminium (Al) filtration were used. Figures 3.14 and 3.15 show
the sideview of the x-ray facility, together with the additional equipment
that was used during the radiation characterization measurements.

F1GURE 3.14: Side view of x-ray irradiation facility with additional mea-
surement equipment for the characterization of AlGaN/GaN-HEMT de-
vices.

‘ J

|
|
’ X-ray source
|
|

Hybridizer
|

Network/Spectrum analyzer
& Signal generator

F1GURE 3.15: Side view of x-ray irradiation facility with additional mea-
surement equipment for the characterization of LiNbO3;/CVD Diamond
hybrid-devices.

Moreover, different dose-rates were produced through adjustment of
tube current, between 20 - 45 mA as it was mentioned above, or variation of
distance between the device under testing and the x-ray tube. Unless other-
wise noted, for measuring air kerma doses a calibrated ionization chamber
(DC300, IBA Dosimetry GmbH, Germany) with a dosimeter (DOSIMAX
plus A, IBA Dosimetry GmbH, Germany) was used.
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3.2.4 C-arm System

The behaviour of the developed hybrid-device under medical radiation qual-
ities was also investigated for radiological equipment typically used as diag-
nostics within an emergency room (ER) and operating room (OR). For this
purpose, a mobile C-arm fluoroscopic X-ray system was employed (SIRE-
MOBIL Compact L, SIEMENS AG, Germany), as medical professionals are
exposed to ionizing radiation during a variety of diagnostic imaging and in-
vasive surgical procedures using such fluoroscopic systems [110][111][112].
Figure 3.16 shows the clinical system that was used, together with the sup-
portive equipment and radiation protection measures.

FIGURE 3.16: Side view of the C-arm fluoroscopy X-ray system used in this
thesis, with the measurement equipment on the left side and the radiation
protection equipment in front of the sample.

3.2.5 Computed Tomography Scanner

Radiation measurements with clinical diagnostic equipment were performed

in the former Institute of Radiation Protection at Helmholtz Zentrum Miinchen,

in order to evaluate the behaviour of the radiation detectors developed in
the frame of this thesis under medical radiation qualities. Computed tomog-
raphy (CT) scanners have been playing a crucial role in medical diagnostics
since their introduction in 1970s, becoming an indispensable diagnostic tool
within radiology departments [113]. The investigation of hybrid-device de-
veloped in the frame of this thesis was performed using an in-house CT
scanner (BrightSpeed, General Electric, USA), as in Figure 3.17, under
controlled environmental conditions and for two different build-in filter-
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settings; head and body. These two filter-settings modify the bowtie filter
of the CT scanner, according to the selected scanning protocol.

FIGURE 3.17: Front view of the CT scanner system, installed at the former
Institute of Radiation Protection/Helmholtz Zentrum Miinchen.
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Results 4

4.1 Characterization of
AlGalN/GaN-HEMT

An investigation of the electrical characteristics of AlGaN/GaN-HEMT was
performed under ionizing radiation. The experimental method that was pre-
sented in Section 3.2.1 was followed, in order to investigate the response of
the HEMT device, using an unfocused x-ray beam. Ionizing radiation could
potentially impact the performance of semiconductors because of electron-
hole pair creation [114], thus affecting the DC measurements that reveal
the performance of the semiconductor component. For this reason, typical
[-V curves in absence and in presence of ionizing radiation were measured
as shown in Figure 4.1. By keeping the source-drain voltage constant at
10 V, gate voltage sweeps were performed from -80 V to zero with steps
of 1 V. From Figure 4.1 it can be deduced that AlGaN/GaN-HEMT is
normally-off for gate voltages below -38 V, while in the presence of ioniz-
ing radiation the source-drain current reaches saturation faster and at a
marginally lower level (about 4% less) than in absence of ionizing radiation.
Moreover, the threshold voltage that is needed to establish a conductive
connection between source and drain, shows a minuscule depletion in pres-
ence of ionizing radiation. Such behaviour confirms reports in the litera-
ture about the degradation of saturation source-drain currents [115] and
about the negative-voltage threshold shifts in presence of ionizing radiation
[17][116][117].

In principle, the suggested AlGaN/GaN-HEMT detector that is pre-
sented in this study, should be operated in normally-off mode according
to the radiation detector for focused radiation beam reported in Ref. [11].
From the I-V curves shown in Figure 4.1 the gate-voltage region can be
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FIGURE 4.1: I-V characteristics for the AlIGaN/GaN high electron mobility
transistor produced in the frame of this thesis, in absence (red coloured
symbol) and in presence (black coloured symbol) of radiation with radiation
quality of N60 (60 kV / 45 mA) for room temperature conditions and in
absence of natural or artificial light sources. The x-axis corresponds to gate
voltage while the y-axis to source-drain (SD) current.

identified where the HEMT is normally-off, as well as the stability of the
off-mode. As it can be seen the transistor exhibits tremendous stability,
thus allowing for further investigations under irradiation while in off-mode.

4.2 Radiation Measurements with
AlGalN/GaN-HEMT

As it was experimentally proven in Section 4.1, the region of gate-voltage
where the transistor can be operated in off-mode extends from -80 V up to
-38 V. Following the requirements that were elucidated in advance, it was
chosen to continue the investigation of the transistor using -50 V as reference
gate-voltage. Prior to any measurements, the influence of the measurement
box on total signal response should be investigated. In addition to this,
the electrical components such as motherboard, BNC connectors, BNC ca-
bles and chip socket that were fabricated and soldered, could be potential
factors of inaccurate measurements as well. For these reasons, box stand-
alone measurements were performed as shown in Figures 4.2a and 4.3a for
radiation qualities N40 (40 kV / 20 - 45 mA) and N60 (60 kV / 20 - 45
mA) respectively, for a source-drain-voltage of 10 V. Upon completion, the



4.2. Radiation Measurements with AlGaN/GaN-HEMT

response of the AlGaN/GaN-HEMT sensor that was mounted on the mea-
surement box was measured using the same settings both for electrical and
radiation equipment as shown in Figures 4.2b and 4.3b. The custom-made
aluminium measurement box, with all the additional electrical components,
generates an electrical current in the pico-ampere (pA) range.

The current increased with increasing dose-rates as is shown in Figures
4.2a and 4.3a, thus contributing to the total response value. Irradiating the
measurement box having Al1GaN/GaN-HEMT sensor mounted with x-rays,
a similar behaviour can be seen in Figures 4.2b and 4.3b. Subtracting the
average response of the measurement box from Figures 4.2b and 4.3b, the
actual sensor response could be extracted for every measured dose-rate as
shown in Figures 4.4 and 4.5. The response of the detector was evaluated
by calculating the mean source-drain current and the standard deviation
that corresponds to the measurement points for 200 seconds of the total
300 seconds of radiation exposure. The results of this statistical analysis
are included at the error bars of Figures 4.4 and 4.5.

The linearity of sensor response with dose-rate, as well as the rapid
response time, shows a similar behaviour to that reported by Ref. [11]
and [64], allowing the consideration for further investigation under medical
radiation fields. Comparing the sensor response with the reported literature
by Ref. [11], [118] and [9], it may be concluded, however, that the detector
response (which is only in the pA range) is too small to be used as a means
for radiation detection applications [106].

From this perspective it was inevitable to explore alternative approaches
and renounce the AlGaN/GaN-HEMT approach. After careful considera-
tion of potential materials that could be used as radiation detectors [119][120],
it was decided to proceed with synthetic diamond as detector material given
the advantages of this material as described in Section 2.2, in combination
with the advantages of SAW-based devices as reported in the literature
[121][122]. As a consequence, the AlGaN/GaN-HEMT system was not sub-
ject of further investigation under radiation exposure. Thus, the following
subsections in this Section describe the experimental results of a SAW-based
radiation detector with synthetic diamond as sensing layer.
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FIGURE 4.2: Dependence of source-drain current on dose-rate under con-
stant gate-voltage and source-drain-voltage of -50 V and 10 V, respec-
tively, for radiation quality N40 with (a) measurement box only and (b)
AlGaN/GaN-HEMT sensor mounted to the measurement box.
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FIGURE 4.3: Dependence of source-drain current on dose-rate under and
source-drain-voltage of -50 V and 10 V| respectively, for radiation qual-
ity N60 with (a) measurement box and (b) AlGaN/GaN-HEMT sensor
mounted to the measurement box.
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FIGURE 4.4: Plot of final sensor response as a function of air kerma rate
for the AlIGaN/GaN-HEMT sensor produced in this thesis under x-ray irra-
diation of N40 quality. Non-visible error bars correspond to uncertainties
that are smaller than the size of the symbols.
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FIGURE 4.5: Plot of final sensor response as a function of air kerma rate
for the AlGaN/GaN-HEMT sensor produced in this thesis under x-ray irra-
diation of N60 quality. Non-visible error bars correspond to uncertainties
that are smaller than the size of the symbols.
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4.3 Characterization of LiNbOj3 Delay-Line

After dicing the wafer with the fabricated delay-lines on top, the trans-
mission frequency was characterized by using a vector network analyser as
shown in Figure 4.6. As LiNbOj3 delay-lines are expected to be temperature-
sensitive [75], extra care was taken in order to eliminate any effects from
changes on temperature as it was described in Section 3.2.2.
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FIGURE 4.6: Characterization of transmission frequency of the LiNbOj
delay-line with a network analyzer at temperature of 24°C'. The charac-
teristic resonant frequency of the Split-4 IDTs of the delay-lines that were
used throughout this work is 113 MHz.

The Split-4 design of the IDTs on the piezoelectric material, showed
a characteristic frequency of 113 MHz which was used for the rest of this
work.

Moreover, as the substrates were planned to operate in a radiation en-
vironment, it was necessary to determine the behavior of the transmission
frequency parameter So; curve during irradiation with x-rays.

Figure 4.7 shows the characteristic transmission curve Ss; for the used
LiNbO3 SAW delay-line under x-ray exposure for the same environmental
conditions as before. A radiation quality of C60 (60 kV / 45 mA) with 3.9
mm aluminium (Al) filtration was used, at a distance of 400 mm from the
x-ray tube. The measured dose-rate for this radiation quality and distance
was 3704 £ 2 uGy/s.

From Figure 4.7 an almost identical behaviour between the two transmis-
sion curves was noticed in terms of resonant frequency, thus no frequency
shift was observed. In addition to this, there was an extremely small sig-
nal attenuation of approximately 0.001 dB between the two transmission

61



4.

RESsuULTS

62

0
-20 -
-20
24
—~
m  -40-
©
N
N -60-
N
-80 !
|
100 — LiNbO, delay-line with x-rays
B T - - - LiNbO, delay-line without x-rays

0 40 80 120 160 200
Frequency (MHz)

FiGURE 4.7: Characterization of transmission frequency of the LiNbOgs
delay-line measured with a network analyzer at temperature of 24°C' with
(red colour curve) and without (black colour curve) radiation. Inset shows in
magnification, part of the frequency response curve of the delay-line where
the resonance occurs.

curves. The attenuation of the SAW signal can be explained by a change
of the dielectric constant of the LiNbO3 material during irradiation. This
variation occurs through the formation of a space-charge region in close
proximity to the surface of the non-linear dielectric material [26]. Due to
the existence of such region near the surface of the material, large electric
fields are generated on this part of the piezoelectric material. The creation
of electron-hole pairs on the surface as consequence of ionizing radiation ex-
posure will cause a perturbation into the charge distribution on the surface
[26]. As a consequence, the electric field will cause a redistribution of the
extraneous surface charge, resulting in the acceleration of electrons towards
the surface where the high-field region prevails [26]. As the acceleration will
extract energy from the electric field, a decrease in total energy should be
expected that will expel electrons from the material due to the magnitude
of the correlated equilibrium electron density that is not sustainable [26].
This radiation-induced non-equilibrium condition results in the decrease of
the electromechanical coupling coefficient K2, which depends on the dielec-
tric constant of the material at similar conditions [26]. This dependence is
expressed through equation (4.1)

€p
— 4.1
(i (4.1)

were €, is the effective dielectric constant, €, the permittivity and v is
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the drift parameter [123]. The dielectric constant e for non-linear dielec-
tric materials will increase as the generated electric field decreases, thus
increasing the capacitance of the material [26].

Furthermore, measurements were made employing the spectrum ana-
lyzer with the external signal generator as it was described in the previous
section: The same delay line was irradiated for 600 s followed by 250 s
relaxation time, applying the same dose-rate as in the above mentioned
experimental configuration with the vector network analyzer, as shown in
Figure 4.7. Irradiating the delay line at the maximum dose-rate for 600 s
shows a slight increase in the amplitude by 0.002 dB when the beam was
switched on, but no visible response is observed after the switch off, as
shown in Figure 4.8. Thus, it can be concluded that the effect of radiation
on the signals of the SAW structure alone without the diamond is small
enough that it does not question the sensor concept.
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o) Dose rate: 3704 pGy/s
% RF: 113 MHz
()
©
=) -34.72 4
= /
e /‘ beam off
<
beam on
-34.73 L] L] L] L] L]
0 300 600 900 1200
Time (s)

FI1GURE 4.8: Amplitude when the LiNbOj delay-line without diamond was
irradiated.

4.4 Radiation Measurements with the
Hybrid-Device

4.4.1 Irradiations with x-ray and *"Cs gamma-ray
sources

After the characterization of the lithium niobate delay-line under irradia-
tion and the fabrication of the hybrid-device, systematic measurements were

performed employing the same configuration as used for Figure 4.8 measur-
ing the attenuation of SAW signals under controlled temperature and for
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different dose-rates. The characterization included long irradiations, in or-
der to evaluate whether the device will show saturation after relatively long
irradiation; the recovery time after irradiation was also measured.

Figure 4.9 shows an example of the device response with details about
the experimental protocol that was followed throughout this work. In more
detail, the protocol that was followed included 10 min initial preradiation
measurements to determine the baseline of the device for the given tempera-
ture and input power. The device under testing was then irradiated for 600 s
followed by 1800 s relaxation time. A relatively long relaxation time of 1800
s was chosen to evaluate the stability of the device in case of consecutive
irradiations. The data in Figure 4.9 permit several important conclusions:
a) there is a clear response of the device upon x-ray exposure, yielding a
signal with low noise, b) the signal has not reached a constant level even
after 1800 s, which indicates high settling times, c¢) several repetitions of
the switching with a constant duty cycle reveal a good reproducibility of a
generated signals.
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FI1GURE 4.9: Example of hybrid-device response under ionizing radiation.
The experiment included an irradiation time of 600 s followed by a relax-
ation time of 1800 s. Inset shows in magnification part of the response curve
of the device.

In presence of ionizing radiation, radiation-induced electron-hole pairs
are produced throughout the volume of the synthetic diamond layer, result-
ing in a change of conductivity. The variation in conductivity is detected
through the interaction of the electric field of the SAW as it propagates
along the delay-line and penetrates the volume of synthetic diamond layer.
This interaction can be described by the plain relaxation model of Equa-
tions 2.34 and 2.35, describing the interaction between SAW and 2DES as
it was presented in Section 2. The sandwich-like structure that is shown in
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Figure 3.8, overcomes the low coupling coefficient K2 (%) of semiconductor
materials like GaN (K? = 0.09%) [124] by making use of their eminent
electronic properties, in combination with the significantly higher coupling
coefficient of 128° Y-cut X-propagated LiNbO3 (K? = 5.6%) [125]. As it
was mentioned earlier, using the proximity coupling technique, the sensing
layer is brought into intimate contact with the surface of the delay-line
through mechanical pressure, as shown in Figure 3.8. As the air gap be-
tween the sensing layer and the delay-line is significantly smaller than the
wavelength of the SAW, the electric field that accompanies the SAW pene-
trates into the layer and interacts with the electric carriers, while the SAW
propagates exclusively along the LiNbOj3 substrate, due to the acoustic mis-
match between the two components [29][126]. Hence, the SAW electric field
will interact with the non-piezoelectric synthetic diamond layer according
to the suggested mechanism. The long time constant that can be extracted
from Figure 4.9 can be explained in accordance with the semi-empirical
model for the rise of RIC as shown in Figure 9. As maximum conductivity
is reached by the irradiated material after a definable period of irradiation
time, the decrease of conductivity will similarly follow a hyperbolic behav-
ior with time until the inceptive conductivity of the irradiated material is
reached, as shown in Figure 4.10.
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FiGURE 4.10: Change in amplitude of the transmitted RF signal for an
increased exposure time of 3600 s. Within this time interval, the signal
reaches a saturation value. Before the experiment, the device could settle
without exposure overnight.

Thus, as the conductivity of synthetic diamond layer is slowly changed
by the incident x-ray beam, the electric part of SAW interacts with the
radiation-induced conductivity measuring the slow growth of the layer’s
conductivity as attenuation of the SAW signal. The reverse process happens
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when the x-ray beam is turned off, and the conductivity steadily decreases
to its initial value.

The long rise and decay time constants (0.5-1 h) are critical features of
the measured signals. They are similar to the values that have been found
in the electrical measurements of the reference crystal equipped with metal
contacts, which yields strong indications that they are caused by bulk prop-
erties rather than by the contacts [127]. They are also in good agreement
with results reported in various former studies, which consistently found a
correlation between high sensitivity or high gain values and long settling
times [128][129][130]. This behavior was attributed to the incorporation
of boron, which seems to be present in nearly every CVD setup as a back-
ground contamination [131]. It is concluded from the high dark conductivity
that in the crystals used in the present thesis the boron concentration is
higher than the nitrogen concentration, i.e., a small fraction of the boron
is uncompensated by nitrogen. The interaction relevant for the energy de-
position of photons in diamond depends on their energy. Below 100 keV,
the absorption by the photoelectric effect dominates. In contrast, at higher
energies, Compton scattering and pair production play a major role. Rele-
vant for the present experiment is the generation of electron hole pairs in
the crystal, which changes its conductivity (radiation-induced conductivity,
RIC) [132].

As shown in Figure 4.10, the attenuated SAW signal is stabilized after
approximately 1500 s of irradiation, while after switching-off the x-ray inci-
dent beam the hybrid system shows a rather slow recovery time, more than
1800 s until the initial value is reached again. Moreover, following Fowler’s
relation o ~ D [132], the radiation-induced conductivity is expected to be
dose-rate dependent. By combining the dose-rate dependence of the con-
ductivity with Equation 2.34, an increase in SAW signal attenuation with
dose-rate is expected. This hypothesis was investigated by conducting fur-
ther irradiations at different dose-rates employing the same configuration.
As shown in Figure 4.11, a dependence of the SAW signal attenuation on
dose-rate was indeed observed.

In addition to this, by applying the same experimental protocol under
the same dose-rate, employing a '*’Cs gamma-ray source that produces
photons of ~ 662keV, an attenuation which was higher by about 0.05 dB
was observed compared to the attenuation observed for the x-ray source, as
shown in Figure 4.12.

For the derivation of absolute values, a general problem was encountered
with diamond detectors: an appreciable density of deep traps in the wide
bandgap of the available crystals makes it difficult to transform the diamond
sensor into an equilibrium state in acceptable time. Reports describe that
the most reproducible detector results are obtained by performing several
switching cycles or by pre-irradiating (priming) the sensor. The latter is
even a mandatory procedure for commercial detectors containing carefully
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FIGURE 4.11: Example of radiation-induced response of the hybrid-device
after overnight relaxation, under various dose-rates from an x-ray source
for 600 s irradiation following 1800 s relaxation.
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FI1GURE 4.12: Example of radiation-induced response of the hybrid-device
after overnight relaxation, under the same measured dose-rate for a '*"Cs
gamma-ray source and an x-ray source.

selected crystals as regularly used in hospitals [133][134]. The problem is
particularly present for the high gain heteroepitaxial diamond that was used
in this part of the thesis. For the derivation of the values shown in Figure
4.13, it was therefore, determined the difference between the amplitude
measured at the end of the first exposure cycle and the end of the first

recovery cycle.
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FIGURE 4.13: Dose-rate and energy dependence of SAW signal attenuation
under stable temperature for x-ray and *’Cs gamma-ray sources.

Over the whole range, the attenuation shows a sublinear variation with
the dose-rate. This may partially be attributed to the relationship given by
Equation 2.34 that predicts approximately a linear behavior at low conduc-
tivity o, reaching a maximum and a transition to a decay ~ 1/c at high
o values. In addition, nonlinearities in scaling of the carrier density and
conductivity in the diamond crystal with the dose-rate may also have an in-
fluence. Currently, the contributions of both effects cannot be decomposed.
Provided that the effects are stable and reproducible, the nonlinearities in
the characteristic curve are not an obstacle for quantitative measurements
when appropriate calibration procedures are applied. As shown in Figure
4.13, irradiation with y-rays of ~ 662keV from the *’Cs source yields a
slightly higher attenuation ~ 0.05dB.

As the SAW signal attenuation increases with dose rate, it can be pos-
tulated that the response of the hybrid system developed in this thesis
corresponds to the region that is defined by ¢ < o, in Equations 2.34
and 2.35, expecting the attenuation to increase until o = o,,, where the
maximum attenuation is observed [29][126].

4.4.2 Irradiations with mobile C-arm

The investigation with the mobile C-arm device shown in Figure 3.16, ex-
hibited a fast response of the hybrid-device with incident beam, as shown
in Figure 4.14. Within the exposure time of 120 s it is noticed that no
saturation was achieved, as it was expected from Figure 4.10. Similarly, a
relaxation time of 120 s was not expected to be sufficient for full recovery
of the SAW signal to its initial value. The first round of irradiation shows
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an attenuation of the SAW signal of approximately 0.09 dB, a difference of
0.03 dB from the subsequent rounds, where there is an average attenuation
of 0.06 dB accompanied by a progressive dive of the maximum attenuation
value corresponding to the minima shown in Figure 4.14 for the specified
timeframe. This steady decrease of the minima of the response curve is
due to the short relaxation time that was chosen, which did not permit the
recombination of all electron-hole pairs, resulting in an increase of electron-
hole pair population from one round of irradiation to the next. For longer
irradiation times, the device is expected to operate as in Figure 4.9 or Figure
4.10.
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FIGURE 4.14: Characterization of the hybrid-device developed in this the-
sis, during exposure to ionizing radiation using mobile the C-arm device
shown in Figure 3.16, under maximum dose-rate operation, following 120 s
exposure and 120 s relaxation time, after overnight relaxation. The asterisk
symbol indicates the start of irradiation, while the hash symbol corresponds
to the termination of irradiation.

4.4.3 Irradiations with CT-scanner

The investigation of the hybrid-device was continued using an x-ray beam
from the CT-scanner shown in Figure 3.17, under variable procedures. As
shown in Figure 4.15, by employing the CT-scanner and performing irradia-
tions without applying any diagnostic protocol under the same configuration
as before, the behavior of the device was investigated for irradiation time of
10 s. The tube voltage was kept constant at 140 kV and through the mod-
ification of the tube current, it was possible to achieve different dose-rates
(Table 4.1) and test the performance of the hybrid-device under variable
radiation conditions.
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Tube current  Filter Dose-rate per 100 mA Dose-rate

(mA) (mGy/s/100mA) (mGy/s)
300 Head 3.78 11.34
300 Body 2.79 8.37
200 Head 3.78 7.56
200 Body 2.79 5.58
100 Head 3.78 3.78
100 Body 2.79 2.79
50 Head 3.78 1.89
50 Body 2.79 1.39

Table 4.1: Table of dose-rates used for the measurements shown in Figure
4.15.

The attenuation of the SAW signal shows a dose-rate dependence, as well
as a relaxation time dependence. As it can be seen, for a dose-rate of 11.34
mGy /s the attenuation of the SAW signal is 0.15 dB, for 10 s total exposure
time. As the dose-rate is reduced to 1.39 mGy/s, the attenuation decreased
to 0.06 dB. For irradiation at 8.37 mGy/s, the measured response shows
less attenuation compared to that at 5.58 mGy/s. It was explained earlier
that during relaxation time the recombination of electron-hole pairs takes
place and the charged electrons return to the valence zone, thus reducing
the population of the electrons that are located at energy states in-between
the valence and conduction bands. This reduction is expressed as relative
increase of SAW signal attenuation, despite the expected decrease. At this
point, it should be mentioned that the relaxation time between irradiations
could not controlled by the user. On the contrary, it was controlled by
the software of CT-scanner in order to protect the x-ray source of the ra-
diological device from damage. This feature allowed to emulate as closely
as possible the operation within a typical medical environment, where ir-
radiation and relaxation times do not follow the strict protocols that were
applied for the irradiations at the SSDL.

The performance of the hybrid-device was also evaluated using diag-
nostic/imaging protocols for three different areas of human anatomy, such
as skull, pancreas and knee. These parts were selected on the basis of
exposure time, medical diagnostic necessities and stability in acceleration
voltage (120 kV) of the x-ray source. As traumatic brain injury (TBI) is a
significant problem worldwide with tendency to increase [135], the necessity
for CT-scanning rises the demands for radiation monitoring. Furthermore,
the use of CT imaging to diagnose neoplasms such as pancreatic neuroen-
docrine tumors (PanNETSs) [136] or pancreatic cystic lesions (PCLs) [137],
triggered to investigate the performance of the hybrid-device for a pancre-
atic imaging protocol. Similarly, CT-scan imaging for knee arthroplastry



4.4. Radiation Measurements with the Hybrid-Device

-304
* beamon LiNbO /diamond
# beam off U,.: 140 kV
—_ 30.5 Examination Protocol: Free
0 99971 wom RF: 113 MHz
< Hea’chl\ter
() System self-test
S 306 L
= - . - 300 mA lead Filter Head Filter Body Filter
— Body Filter
3
< 30.7- o
100 mA
Body Filter
-30.8 T

0 200 400 600 800 1000 1200
Time (s)

FIiGURE 4.15: Radiation-induced response of the hybrid-device developed
in this thesis, during exposure to an x-ray beam from a CT-scanner, without
applying an examination protocol typical for medical examinations, after
overnight relaxation. The asterisk symbol indicates the start of irradiation,
while the hash symbol corresponds to the termination of irradiation.

[138] or musculoskeletal tumors [139], was also included in the selection of
different imaging diagnostic protocols. These three protocols were chosen,
in order to evaluate the hybrid-device developed in the present thesis as
solution for radiation protection in the medical setting.

The hybrid-device shows a very fast response under the diagnostic pro-
tocol for skull imaging, as shown in Figure 4.16. For the selected protocol,
the exposure time was 4 s, while the relaxation time was defined automat-
ically by the controller of the CT-scanner. Within the exposure time, the
SAW signal shows an attenuation of approximately 0.08 dB for each round
of irradiation, but an absence of full recovery of the initial amplitude value
during the involved relaxation time, which was obviously not long enough.
A similar behaviour was observed for the pancreatic diagnostic protocol, as
shown in Figure 4.17. The significant difference compared to the previous
imaging protocol is the higher tube current of 260 mA against 200 mA, as
well as the exposure time of 1.52 s against 4 s. The response of the hybrid-
device is instantaneous to the short exposure time, with the attenuation of
the SAW signal to be approximately 0.05 dB for each irradiation round.

Radiation-induced SAW signal attenuation was observed for the diagnos-
tic imaging protocol of knee, likewise to the previous CT-scanning protocols,
as shown in Figure 4.18. As the imaging protocol requires less tube current
(50 mA) in comparison to the radiological examinations for skull (200 mA)
and pancreas (260 mA), the dose-rate would be significantly less, resulting
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FIGURE 4.16: Radiation-induced response of the hybrid-device developed
in this thesis, during exposure to a CT-scanner using an examination pro-
tocol typical for skull imaging. The first attenuation corresponds to the
initialization beam of the CT-scanner, prior start of the diagnostic proto-
col. The asterisk symbol indicates the start of irradiation, while the hash
symbol corresponds to the termination of irradiation.
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FIGURE 4.17: Radiation-induced response of the hybrid-device developed
in this thesis, during exposure to a CT-scanner using an examination proto-
col for pancreas imaging. The asterisk symbol indicates the start of irradi-
ation, while the hash symbol corresponds to the termination of irradiation.

in the reduction of SAW signal attenuation. Even though that the expo-
sure time is only 1 s, the device shows a clear response at both irradiation
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rounds of approximately 0.02 dB.
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FIGURE 4.18: Radiation-induced response of the hybrid-device developed
in this thesis, during exposure to a CT-scanner using an examination proto-
col for knee imaging. The asterisk symbol indicates the start of irradiation,
while the hash symbol corresponds to the termination of irradiation.

From Figures 4.16, 4.17 and 4.18, it can deduced that the hybrid-device
shows radiation-induced attenuation, when irradiated using diagnostic pro-
tocols, even for very short exposure times.
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Conclusion 5

In this work, the development of two novel devices for the detection of low-
energy ionizing radiation was pursued; an AlGaN/GaN-HEMT device and
a device based on LiNbO3s-based SAW delay-line combined with a high-gain
synthetic diamond layer. Prototypes of these two devices were fabricated
independently at different locations, while they were successfully character-
ized at the radiation facilities, in terms of performance under low-energy
ionizing radiation typically encountered in medical applications.

The AlGaN/GaN-HEMT device was fabricated with the method of pho-
tolithography in industrial clean-room environment and characterized by
assessing its electrical properties under low-power x-rays. In the absence of
exposure to x-rays and for gate voltages below -38 V, the I-V curves of the
device demonstrated an exceptional stability of HEMT under low-energy
irradiation, thus keeping the source-drain current to zero. The results re-
vealed an extended voltage region from -80 V up to -38 V where the tran-
sistor can be operated in normally-off mode, hence suggesting the selection
of -50 V as reference gate-voltage value. The suitability of the HEMT as
ionizing radiation detector was tested by measuring the source-drain cur-
rent during exposure to various dose-rates of radiation qualities N40 and
N60. It was demonstrated that the HEMT sensor response was linear with
dose-rate and reacted promptly in presence of incident x-ray beam. These
characteristics were found to be in agreement with the literature. However,
as the response of the HEMT detector was rather small and within only
a few pA, it had to be concluded that this approach is not promising to
be used for radiation detection applications. Specifically, this radiation de-
tection system is considered far less sensitive to radiation-induce changes
than already reported systems. As the fabrication of HEMT detectors had
followed all the industry standards in terms of quality, and considering the
excellent electrical characteristics of the fabricated HEMTS, it is concluded
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that further investigations of the correlation between material purities and
radiation-induced response should be taken into consideration. It is noted
that the presence of defects and impurities in materials has an impact on
the formation of energy levels in the band-gap, thus affecting their capa-
bility of trapping electrons, which will result in the increase of detection
sensitivity. For the future, it is advised to investigate this approach by
varying the levels of defects and impurities of wafer-materials, in order to
modify the energy levels of each layer and increase the detection of photons
from the incident radiation beam.

In the second part, the use of a LiNbOs-based SAW delay-line com-
bined with a high-gain synthetic diamond layer as radiation detector was
explored. The delay-line was fabricated with the method of photolithogra-
phy in an academic clean-room environment, while the high-gain synthetic
diamond was developed in an academic environment using the method of
hetero-epitaxy. Moreover, the final hybrid-device was also assembled in
an academic clean-room environment, with precautions to prevent contact
between the diamond surface and the IDTs of the delay-line. The hybrid-
device was initially characterized by employing a vector network analyzer
for frequency domain characterization, where it was required that the fun-
damental frequency of the incorporated Split-4 IDTs correspond to 113.00
MHz. This frequency was kept constant throughout the characterization of
the device under low-energy x-ray ionizing radiation. From the radiation ex-
periments using a radiation quality of C60 with 3.9 mm Al filtration, as well
as using a *"Cs gamma-ray source, it was demonstrated that this hybrid
structure can detect radiation-induced changes of conductivity that occur
in the layer of the synthetic diamond. This was accomplished by measur-
ing the attenuation of SAW signals at various dose-rates. Investigation at
much higher dose-rates and energies could decrease the time for radiation-
induced conductivity equilibrium, reducing the long time constant of the
SAW that was observed at low dose-rates. Additional experiments employ-
ing medical radiological equipment for imaging purposes such as C-arm
and CT-scanner, have demonstrated excellent performance for real medi-
cal fields and examination protocols. The detector exhibits instantaneous
response, thus allowing the structure to generate the necessary response
even for short duration of exposure time. Hence, such hybrid-device can be
employed in wide range of departments within hospitals and clinics, for radi-
ation protection of personnel and patients. The advantages of SAW circuit
in terms of possible wireless readout and self-powered operation, classify
this hybrid approach as well promising for the development of small-sized,
low cost and durable radiation detectors for low-energy x-ray fields typical
for medical applications.



Appendix

Interaction of Photons with Matter

The interaction of photons with matter is primarily taking place in the
following three ways:

Photoelectric Effect: Absorption of photons by interaction with atomic
electrons.

Compton Scattering: Photon scattering from an atomic electron.

Pair Production: Conversion of a photon into an electron-positron pair.

These mechanisms occur at different energy regions with the interaction
cross sections depending on the exposed materials [6]. We can identify the
dominating effects through the examination of the absorption coefficient
(Figure 1) of a photon beam as it goes through the material [140]. As it can
be seen, the photoelectric effect contributes most to photon interaction in
the low energy range, in contrast to pair production that becomes dominant
at high energies. Moreover, Compton scattering becomes the most probable
interaction in the middle energy range.

In the following subsections, a more detailed description of the domi-
nant photon interaction mechanisms will be given to better understand the
theoretical background of radiation interaction with matter.

Photoelectric Effect

Having its origins in the wave-particle duality of electromagnetic waves
early in the 20th century with Planck’s and Einstein’s theories [141], the
photoelectric effect is an undergoing interaction of a photon with an ab-
sorber atom and the emission by the atom of an energetic photo-electron
[15]. This emission predominantly takes place in the K atomic shell [6].
Depending on the target material, when the energy is lower than a thresh-
old value it is not possible to eject electrons. Einstein explained this non
classical effect, after having considered that electromagnetic waves can be
considered as particles with an energy of
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FIGURE 1: Example of absorption coefficients for a photon crossing lead
(Pb) from Ref. [140].

E,Y:hf:% (5.1)

where E, is the photon energy, f is the frequency and A is the wavelength
of electromagnetic waves, while ¢ is the speed of light in vacuum. In order
for the electrons to escape the electromagnetic force that keeps them bound
to an atom, it is required to transfer an energy to the electron that is
greater as or equal to the binding energy Ej. A graphical depiction of the
photoelectric effect is shown in Figure 2. Mathematically speaking, the
photoelectron appears when the £, > FEj with energy

E.=E, - E,. (5.2)

The photoelectric effect is the predominant interaction on the K atomic
shell, as well as the most probable interaction for ~-rays of more than a
few hundred keV [15]. Among the other cross section interactions, the
photoelectric effects shows a strong atomic number Z dependence to be
expressed as

VAL
Ope X _E3-5
Y

(5.3)

where oy is the corresponding cross section and the exponent n lies
between the value of 4 and 5 [6][15]. From Relation 5.3 it can be extracted
that the probability of the photoelectric absorption is high for materials
of high atomic number, thus explaining the predominance of high atomic
number materials for radiation shielding applications [15]. As a result of the
photoelectric interaction it is possible during the emission of X-ray photon
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FiGUure 2: Illustration of the photoelectric effect in a free atom. If the
incident photon knocks off an electron in the K-shell, a higher energy level
electron fills the resulting vacancy, resulting in the emission of an X-ray
photon [6].

the energy of this particular photon to be equal to the binding energy of
an electron and get triggered to be emitted as Auger electron as shown
in Figure 3. In that case, when a K-shell electron gets knocked off by
an incident photon, it creates a vacancy that has to be filled to prevail
the stability of the atom. When an electron from M-shell fills the created
vacancy, it is possible for the release energy to excite another electron from
M-shell in a radiationless electron emission [6].

M
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Orbital electron .
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FIGURE 3: Schematic description of photoelectric effect resulting the emis-
sion of Auger electron [6].
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Compton Scattering

This type of interaction is dominant for energy ranges between 0.1 and 10
MeV [92]. Tt typically occurs between the incident photon and an orbiting
electron, where the first is deflected through an angle # and the latter is
kicked out of the atomic shell as result of partial energy transfer from the
incident photon [15]. The scattered electron becomes an ionizining beta par-
ticle with scattering angle of ¢, with respect to the energy and momentum
conservation of the incident photon [15]. The above process for a bound
electron is presented in Figure 4:

. Orbital electron

Scattered electron

Incident photon

Scattered photon

FIGURE 4: Hlustration of Compton scattering [6].

As the scattered photon has lost some of its energy it is expected to
have longer wavelength. The relation between wavelengths of incident and
scattered photons is

h
A= X+ o (1 —cosf) (5.4)
were \g and A correspond the wavelengths of incident and scattered
photons respectively, while my represents the rest energy of the electron
and 6 the angle between scattered and incident photons.

When the energy of an incident photon is higher than the binding energy
of the electron in the innermost shell, Compton interaction is more probable
than the photoelectric effect. Furthermore, the increment of atomic num-
ber 7Z increases the probability of Compton scattering, as there are more
available electrons that could serve as scattering targets [15].

Pair Production

Pair production is the process that results in the production of an electron-
positron pair from an incident photon in the vicinity of an atomic nucleus
and its Coulomb field [6], as is shown in Figure 5. This interaction is
energetically feasible when the energy of the incident photon is greater



than 1.02 MeV, double the rest-mass energy of an electron. As the incoming
energy is shared among two particles with mass, there should be enough
energy available for the process. All the excess energy of the incoming
photon is shared by the produced electron and positron as kinetic energy

[15].

Positron
e
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Incident photon
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FIGURE 5: Schematic overview of pair production interaction.

The process of pair-production in the vicinity of the Coulomb field of
the nucleus could be represented as

Y+ X —e +et + X* (5.5)

where X and X* correspond to the ground and excited states of the
nucleus, respectively [6]. Even though a simple expression describing the
probability of pair production does not exist, its magnitude depends ap-
proximately on the square of the absorbing material’s atomic number [15].

Concluding this section, the dependence of photoelectric effect, Comp-
ton scattering, and pair production, on atomic number Z and photon energy
is presented in Figure 6. In the figure, lines indicate equal probability of
neighbouring interactions. The curve at the left constitutes the energy at
which Compton scattering and photoelectric effect have equal probability,
while the curve of the right represents the relevant energy for equal proba-
bility between Compton scattering and pair production.

X-ray Attenuation

The three interactions presented in the previous subsections, occur accord-
ing to the physical properties of the incoming photons and the absorbing
material. When photon beams penetrate any material, the photoelectric
effect, Compton scattering or pair production remove the photons from the
incident beam either by absorption or by scattering [143]. This process can
be expressed by summing the probability of the three main interactions,
according to the thickness of the absorbing material. This sum is called
linear attenuation coefficient and is expressed as follows;
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FIGURE 6: Regions of the three dominant interactions of photons with
matter, for different atomic numbers and photon energies [142].

Mtotal = Uphotoelectm'c + OCompton + Upair' (56)

If one considers a narrow beam of non-interacting photons with constant
energy and with incident intensity I, penetrating a material of thickness x
and density p, then the intensity I at given depth z will be

I
J— e_l%otalm' 57
- (57)

Another quantitative parameter that characterizes photon interaction
with matter is the mean free path. This parameter is defined as the av-
erage distance a photon has travelled in the absorbed material before the

interaction takes place [15];

1
Ay = ——. (5.8)
Htotal

The linear attenuation coefficient describes the attenuation rate of cer-
tain photon beam, while it penetrates through a given material. It is ex-
pected that the attenuation coefficient does not only depend on the photon
beam energy but also on the type and density of the absorbing material [6].
In order to consider the contribution of these parameters, another related
quantity is introduced, defined as mass attenuation coefficient by Equation
(5.9) from Ref. [6] and [15]. The mass attenuation coefficient is independent
of the physical state of the material, thus showing the same value for water
in liquid or in vapor state [15].



Hiotal
Hm = (5'9)
P

Combining equation (5.9) and (5.7), and considering the contribution
of material density to attenuation, one gets the final expression

i — o (Btotar/p)px (5.10)
Iy
where the product pz corresponds to the mass thickness of the absorbing
material, determining the degree of attenuation by a given material [15].

Radiation Induced Conductivity

From what has been discussed so far, the interaction of ionizing radiation
with matter is accompanied by several radiation-induced effects that impact
the physical characteristics of the involved material. One of the effects that
take place when ionizing radiation interacts with either an insulating or
a semiconducting volume is the increase of electrical conductivity, called
radiation induced conductivity (RIC) [144]. The expression of conductivity
o is given by Equation (5.11)

o= Zney (5.11)

where n is the number of free electrons per em?, e corresponds to the

electron charge and p is the mobility. As energy is deposited in the material
from incident ionizing radiation, there is an increase in the number of free
electrons and consequently in the number of mobile carrier density n.(7")
[145]. The radiation induced conductivity ogsc is additive to the dark
current (dec) conductivity of the specific material, as shown in Equation
(5.12) [146].

Ototal = Ode + ORIC (5.12)

The first RIC models were developed back to 1951 regarding insulating
crystals and semiconductors [147], with further extension of the models for
polymers in the subsequent years [144][148].

The process of RIC is described with the help of Figure 7 as follows:
When an electron is excited into the conduction levels due to an incident
radiation beam, it either becomes temporarily trapped. Then it may be
thermally released into the conduction levels or recombines with an electron
hole [132]. The effects of trapping and release might occur several times
before the final capture of the electron by a very deep bound state. An
electron in such a state has a higher probability for recombination with a
free electron hole then being thermally excited [132]. It was reported that
the effect of direct recombination becomes dominant at very high densities
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FiGURE 7: Example of energy level diagram for groups of atoms in in-
sulating materials, with vertical representation of energy and horizontal
representation of distance. Capital letters correspond as follows; (A) nor-
mally full levels, (B) normally forbidden levels, combined with metastable
trapping levels and (C) normally empty conduction levels.

of both signs of carriers. Furthermore, impurities in crystal structure of the
material define the physical properties of traps (region B in Figure 7) with
the latter to be defined as metastable states where the electron does not

have the freedom to move [132].
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F1GURE 8: Ideal RIC behaviour model, revealing an immediate increase
and decrease of conductivity with incident radiation.

The most important consequence of the existence of such traps is the
reduction of the lifetime of electrons in the conduction levels (region C in
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Figure 7). The lifetime of electrons is mathematically expressed as conduc-
tion time, 1., through Equation 5.13

L 5.13
Tc_vq(m+n) (5.13)
where v corresponds to the velocity of an electron, ¢ is equivalent to the
capture cross section of an electron, n expresses the number of electrons in
conduction levels and m equals to the number of trapped electrons [132].
According to the physical model suggested by Fowler [132], the response
time 7y of radiation induced conductivity is associated with the conduction
time 7, and the ratio of trapped electrons in the conductive region according
to

To = T, X m/n. (5.14)

As it can be derived, the equilibrium value of radiation induced conduc-
tivity of any particular material will be function of dose rate. The idealized
model of RIC behaviour for the case when an incident ionizing radiation
beam is turned on, should describe an instantaneous increase of total con-
ductivity from the dark current conductivity o4. of Equation 5.12 to the
equilibrium conductivity that will correspond to total conductivity oo of
Equation 5.12, as shown in Figure 8. Similarly, when the radiation beam
is turned off the reverse effect takes place, reducing the conductivity of the
particular material system to the initial oge.

Realistic model of RIC

!
radiation on

Time (s)

FIGURE 9: Realistic RIC behaviour model, exhibiting some time for the
measured current to reach equilibrium, expressed as o, in presence or
absence of ionizing radiation.

As a matter of fact, it takes a finite period of time for the conductivity
to reach the equilibrium state after exposure to an incident ionizing radi-
ation beam as well as to decay afterwards, as shown in Figure 9. Various
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suggested models were reported, correlating the dependence of hyperbolic
decay of conductivity with the magnitude of total dose and the dose rate
of incident ionizing radiation beam or exclusively with the dose rate [146].
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