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1. Introduction

Wide band-gap (WBG) semiconductors exhibit superior material
properties that make them beneficial compared to the conventional silicon (Si).
Physical properties of the WBG semiconductors are suitable for device operation
at high blocking voltages, high switching frequencies, and high temperatures
[1,2]. The large threshold displacement energy for WBG semiconductors
relative to Si and GaAs, is the essential feature for the radiation hardness of such
materials [3]. Owing to this property, gallium nitride (GaN) and diamond
materials are two of the most promising WBG semiconductors for fabrication of
radiation tolerant particle detectors and solar-blind photo-sensors. The radiation
hardness of detectors is important for application in harsh radiation environment
at accelerator facilities, e.g. at CERN (European Organization for Nuclear
Research), Fermilab (Fermi National Laboratory) and others. It is expected that
the radiation damage over the lifetime of the experiments at the new generation
accelerators (e.g. High-Luminosity LHC (HL-LHC)) will cause crucial impact
on performance of the particle detectors [4]. This requires the deep experimental
and theoretical efforts to handle radiation damage effects. From this point of
view, it is very important to analyse the defects arising during the crystal growth
and irradiations by high energy particles. Growth conditions make a tremendous
impact on properties of the WBG semiconductors, as proven by many studies
[5-11]. Therefore, characterization of defects is of paramount importance in
evaluation of the material suitability for production of particle detectors. On the
other hand, optimization of the growth processes is inevitable. GaN and diamond
are well known as radiation hard materials [12,13]. However, there is a lack of
detailed studies of defects in the pristine materials and their interaction with
radiation induced defects, particularly in heavily irradiated samples.
Experimental results presented in this thesis have been obtained by using
photoluminescence, deep-level transient spectroscopy, microwave probed photo
conductivity and other methods. These optical and electrical methods are
commonly employed to detect and quantify defects and defect-related effects in

semiconductors. In order to analyse radiation-induced defects, GaN samples
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were irradiated by neutrons with fluences up to
5x10% cm. Such fluences are expected at tracking detector systems of CERN
accelerator after 10 years of operation [4]. In situ measurements during proton
irradiation were performed by combining the optical (proton induced
luminescence (PI-L)) and electrical (barrier evaluation by linearly increasing
voltage (BELIV)) methods in order to analyse the performance of thin MOCVD
epilayer GaN-based sensors during irradiation by 1.6 MeV protons. Most of the
earlier in situ investigations have been done by using ion irradiations [14,15],
while very few studies have been performed to analyse in situ characteristics in
MOCVD grown GaN during irradiation by hadrons [16]. Therefore, the
monitoring of electrical and optical characteristics during hadron irradiations
allow for trace evolution of performance of the LED-based sensors under harsh
radiation.

Measurements of detector response, by using TCT technique [17], is a
widely employed tool for the characterization of carrier transport features in the
particle detectors. The TCT technique has been implemented in this studies
using perpendicular and parallel injection of carrier domains (sheets). Since the
fabrication of reasonable ohmic contacts in GaN and diamond by ion-
implantation or radio frequency sputtering is rather difficult [18,19], the
capacitor-type diamond detectors with pressed electrodes were used for the TCT
measurements. Such structures are preferential for the investigations of the
current transients in WBG semiconductors, which exhibit often the semi-
insulating properties. Capacitor type detectors were made of different
technology diamonds in order to reveal the impact of native defects on electrical
properties of these detectors. The TCT measurements allow a direct evaluation
of the most important parameters: carrier lifetime, mobility, space charge, and
electric field configuration. In this work, the depth-distribution of native defects
in diamond wafers has been identified within the profiles of current transients
measured by scanning location of a focused injection beam.

Despite significant progress in development of WBG semiconductors

based detectors, Si is the most used semiconductor for tracking detectors at

9



CERN. The donor removal and acceptor creation are most significant effects,
which shorten the lifetime of the Si detectors. These effects lead to clustering of
radiation defects [20]. The annealing procedures are commonly applied in order
to extend the operation lifetime of particle detectors [21]. However, an
identification of the radiation-induced defects becomes increasingly difficult due
to extend densities of defects in heavily irradiated Si samples. Due to the large
concentration of defects, the usage of two conventional methods, such as
capacitance-mode deep-level transient spectroscopy or thermally stimulated
currents, show limitations, e.g. the limit, inherent for C-DLTS, is determined by
trap concentration, which must be less than 10% of the dopant concentration
[22]. In this work, the annealing-induced transformations of defects in heavily
irradiated Si have been studied by combining the current-mode deep-level
transient spectroscopy and the temperature dependent carrier trapping lifetime

techniques.

Objectives of research

e analysis of MW-PC transients in order to control the carrier recombination
parameters of GaN and diamond materials;

e spectroscopy of technological and radiation induced defects for the
comprehensive characterization of ammonothermally grown GaN (AT GaN)
single crystals;

e analysis of carrier recombination mechanisms in MOCVD grown GaN
epilayers;

e analysis of BELIV and PI-L characteristics in GaN-based sensors, recorded
during 1.6 MeV proton irradiation;

e identification of technological defects in diamond materials grown by CVD
and HPHT methods;

e analysis of the operational characteristics of the capacitor-type detectors based
on HPHT and CVD diamond:;

e identification of radiation-induced defects and their behaviour under annealing

in heavily irradiated Si.
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Scientific novelty and importance

The detailed investigations of technological and radiation-induced defects
in AT GaN material have been performed. The impact of dopants (Mn and Mg)
on the electrical and optical properties of the AT GaN material has been
examined. This analysis revealed that AT GaN material is suitable for
fabrication of the double-response particle sensors with properly low leakage
currents. The long carrier lifetimes in AT GaN:Mg make this material applicable
in formation of thick detectors. In contrast to AT GaN:Mg, GaN:Mn exhibit a
short carrier lifetime. The material with short carrier lifetime is preferential for
production of sensitive detectors with fast response time.

The dislocation-related effects on carrier recombination parameters in
MOCVD GaN have been analysed by XRD and MW-PC techniques. Despite
intense GaN research, there is still a lack of detail knowledge concerning the
role of dislocations in anomalous diffusion phenomena related to random-walk
processes.

The GaN-based sensors, which are suitable to detect both the electrical and
optical signals in a harsh radiation environment, have been tested by performing
the in situ BELIV and PI-L measurements during proton irradiation.

The model, based on Shockley-Ramo’s theorem, has been proposed for the
analysis of the drift-diffusion current transients of capacitor-type diamond
detectors. This model is addressed to description of carrier transport, including
trapping and detrapping mechanisms, in emulation of the operational
characteristics of the capacitor-type detectors. The current transient profiling
technique implemented through the cross-sectional scans of the injection
location has been developed being a sensitive tool for tracing of the depth
distribution of defects. This technique has been approved for native defect
distribution in diamond samples. Different spectroscopic methods (ESR, FTIR,
PPIS) have been developed and approved for the identification of native defects
in CVD and HPHT diamond.

The effects of thermal annealing of the radiation-induced defects have been

investigated in heavily hadrons irradiated Si detectors. The TDTL technique has
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been developed for defect investigation, when standard techniques (e.g. DLTS)

are not appropriate at high densities of defects.

Statements of the dissertation:

1. The Mg-doped AT GaN, semi-insulating material with sufficiently long
carrier lifetimes, are suitable for detection of ionizing radiations with small
interaction cross-section, while, GaN:Mn can be appropriate for production
of fast response detectors.

2.  The index pgser of the stretched-exponential relaxation within the
asymptotic stage of the excess carrier decay of MW-PC transient is
relevant with the increase to adequately evaluated the disorder determined
by threading dislocation density in MOCVD GaN epilayers.

3.  MOCVD GaN-LED-based sensors are suitable to register simultaneously
both the electrical and optical responses during irradiation by protons, and
these detectors exhibit an enhanced radiation hardness owing to elevated
doping level inherent for LED structures.

4.  The developed detector operation models based on description of drift-
recombination of the bipolar carrier domains correctly reproduce variations
of detector response waveforms in the capacitor type detectors and are
suitable for the reliable extraction of carrier mobility parameters.

5. TDTL technique is efficient method for spectroscopy and identification of

radiation-induced defects in heavily hadron irradiated Si.
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Layout of the thesis

The thesis consists of six Chapters. Chapter 1 provides a short introduction,
which includes goal and novelty of the work, statements of the dissertation,
author’s contribution and approval of the research results. General properties
and applications of wide band-gap materials are presented in Chapter 2. In
Chapter 3, the employed spectroscopy methods and other measurement
techniques are described. In Chapters 4 and 5, the experimental spectroscopy
results obtained on GaN and diamond structures, respectively, are presented and
discussed. Also in Chapter 5, the dynamic carrier transport and detector current
models based on Shockley-Ramo's theorem, are described, and results of current
transient profiling are demonstrated. In Chapter 6, results of spectroscopy of the
radiation-induced defects in heavily irradiated Si are discussed. In Chapter 7, the
main results are summarized. List of references is provided at the end of the

dissertation.
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2. General properties and applications of wide band-gap materials
2.1. Basic properties of wide band-gap semiconductors

Wide band-gap (WBG) semiconductors exhibit superior material
properties compared to the conventional semiconductor materials such as silicon
(Si) or ogallium arsenide (GaAs). Physical properties of the WBG
semiconductors enable devices to operate at high blocking voltages, high
switching frequencies, and high temperatures. Parameters, such as the bandgap,
the breakdown field, the thermal conductivity, the saturated drift velocity of
carriers and their mobilities for Si, 4H-SiC, GaN, natural and CVD diamond are

compared in Table 2.1 [1]. The potential device applications are also noted.

Table 2.1 Comparison of physical parameters of Si, 4H-SiC, GaN, natural and CVD diamond
[1].

Si  4H- GaN Natural CVvD Potential device
SiC Diamond  Diamond application
benefit

Bandgap (eV) 11 32 344 5.47 5.47 High temperature
Breakdown field (MVcecm™) 0.3 3 5 10 10 High voltage
Thermal conductivity 1.5 5 1.3 22 24 High power
(Wem™K™)
Electron saturation velocity 0.86 3 25 2 2 High frequency
(x10°cm s1)
Hole saturation velocity n/a n/a n/a 0.8 0.8

(x10"cms™)

Electron mobility  (cm? 1450 900 440  200-2800 4500
Vis?)

Hole mobility (cm2 V1s™?) 480 120 200 1800-2100 3800

GaN and diamond materials exhibit the high breakdown field and high
threshold displacement energy [23]. These properties are essential for
fabrication of radiation tolerant particle detectors and solar-blind photo-sensors.
However, presence of defects is unavoidable and plays a crucial role in
determining of the optical and electrical properties of WBG semiconductors
[24]. Different types of point defects and their complexes are formed during
crystal growth and act as the undesirable carrier traps or
recombination/generation centres. Identifying of the radiation defects,
introduced by particles through energy loss due to ionizing processes and
through NIEL (the non-ionizing energy loss) [25,26] is essentially important.

The radiation-induced defects lead to harmful effects on operation of devices.

17



On the other hand, in some cases the defects are favourable and the production
of advanced semiconductor devices require the introduction of specific defects
in small areas of devices, e.g. single nitrogen-vacancy (NV) type defects in
diamond might play a key role for implementations of quantum computing or
fabrication of devices of the ultra-high density optical storage technology
[27-29].

2.1.1. GaN: material properties and defect centres
Gallium nitride is a I11-V group semiconductor with a direct bandgap of
3.4 eV [30]. GaN crystallizes in either the cubic crystal structure (zinc blende
phase) or a hexagonal (wurtzite) crystal structure (Fig. 2.1).
(a)

pL

:%}o

Fig. 2.1 Crystal structure of zinc-blende (a) and wurtzite (b) GaN [31].

The hexagonal wurtzite and cubic zinc blende GaN materials are two
polytypes of the same material [31]. The both polytypes have similar
crystallography. The bonds between the Ga ions and the N ions are tetrahedrally
coordinated, and the inter-ionic distances within the close packed planes are
approximately the same for both phases. Also, due to similar formation energy
for both phases [32], it is possible that fractions of both polytypes can be formed
during the growth, resulting in the imperfect crystal structure. Metalorganic
chemical vapour deposition (MOCVD) and molecular beam epitaxy (MBE)
technologies are widely used methods for growing of epitaxial 111-V group
semiconductors, such as GaN, GaAlIN, InGaN, and InAlGaN. Large diameter
sapphire and Si substrates are available at low cost, and these materials are
widely used as substrates for GaN epitaxy [33]. However, the epitaxial growth
of GaN on lattice-mismatched substrates (Sapphire: ~13.7 %, Si: ~17 % [33]) is

the main reason for high density of dislocations. Also, discrepancy among
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thermal conductivity coefficients between GaN epilayer and substrates leads to
thermally induced strain. Great progress has been made in solving these
problems by growing buffer layers [34], using ELOG [35] (Epitaxial lateral
overgrowth) technique or by nitridation [36,37]. The methods, such as
dislocation elimination by epitaxial growth with inverse-pyramidal pits (DEEP)
[38], void-assisted separation [39] or cross-stacked carbon nanotubes [40] have
been developed for the production of freestanding GaN. For some applications,
e.g. GaN-on-GaN LEDs and GaN-based laser diodes, the bulk GaN seed are
necessary to reduce formation of the non-radiative recombination centres, to
increase of carrier lifetime, etc. [41]. Hydride vapour phase epitaxy (HVPE),
Na-flux, and ammonothermal (AT) methods are commonly used for growth of
the large scale GaN substrates (Table 2.2) [42,43]. These technologies are

developed to obtain high quality and crack-free bulk GaN [44].

Table 2.2 The comparison of different GaN growth methods [43].
Growth

HVPE AT Na-flux
method
Conditions 1 atm, 1000—-1100 C 400 MPa, 600 C 5-10 MPa, 600-900 C
Growth rate | 100—500 pm/h 0.1 mm/day 20-30 um/h
Quality Normal High High
Thickness mm-scale cm-scale <10 mm
Mass . Good Good Good
production
Cost Cheap Expensive Expensive

Despite of significant improvements of structural quality, achieved in
recent years, formation of defects during growth is unavoidable. The defects
usually are classified based on dimensionality [45] as:

e point defects (0D), associated with a single atomic site (e.g. vacancies),

e line defects (1D), associated with a direction (e.g. dislocations),

e planar defects (2D), associated with an area or a plane (e.g. grain boundaries,
stacking faults, inversion domain boundaries and twins). Planar defects refer to
the boundary between two crystalline regions of a crystal.

e volume defects (3D), associated with the changes in crystal pattern over a

finite volume (e.g. voids, nano pipes and cracks).
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Formation of point defects, e.g. vacancies, incorporation of the interstitials
and substitutional atoms into a crystal lattice, strongly depends on growth
conditions. Proper growth conditions allow to reduce the density of point defects
to a negligible level. Substitutional impurities can be introduced into the crystal
either intentionally (as a controlled doping) or unintentionally (as contaminants)
during the various growth or treatment processes. The common unintentional
substitutional impurities in GaN are oxygen (O) and carbon (C). Oxygen usually
occupies N sites [37]. Calculations show that carbon is an amphoteric impurity
in GaN, where Cecation IS a shallow donor, while carbon in nitrogen sites (Cn) is a
rather shallow acceptor [46]. The incorporation of Cy is preferable since the
formation energy is rather low [37]. Dislocation densities can now be reduced to
low densities as 10° cm?, e.g., AT GaN crystals, grown on HVPE-GaN seeds,
contain dislocation density of about 7x10* cm™2 [47] or less than ~10° cm when
using the small-size seeds (‘point seed’) [48]. The planar defects are boundaries
between regions of different crystallographic orientations. The most of planar
defects are introduced owing to the vertical mismatch of lattices or the
disordering of crystallographic planes (also named, stacking faults). Epitaxial
growth of GaN on Si-substrates (GaN-on-Si) leads to formation of volume
defects, such as cracks [33]. For the films, those are under a uniform stress o,
cracking occurs when the thickness reaches a critical value. Theoretical
estimations show that tangential strains lead to formation of cracks, if the
thickness of an epitaxial GaN layers, grown on Si(111), is higher than the critical
value herit [49]. The critical value can be estimated as: h.,;; = E*I'/Zo? , where
E=E/(1-v%) — is the Young’s modulus, v — is the Poisson’s ratio (0.18 for GaN
[50]), I"— is the parameter of layer resistivity determined by the hardness value.
I"is equal to 2y for the pure brittle fracture, where y is the specific surface energy
(1.95 for GaN [51]), Z=1.976 for a homogeneous layer of GaN. Estimation of
herit value for GaN/AIN/Si structures shows that herit equals to ~250 nm for GaN
grown on Si (with a buffer AIN-layer of 100 nm) [52] and for the GaN/Si

structure with a gradient buffer AlGaN-layer herit is increased up to 1 pm [53].

20



Although the GaN-based devices have been commercialized, a few issues

for reliability and for applications are still necessary to examine.

2.1.2. Diamond: material properties and defect centres

Diamond is a wide band-gap semiconductor with an indirect bandgap
Eq = 5.47 eV at room temperature [2]. Each carbon atom in diamond lattice has
four neighbours, forming a tetrahedron (Fig. 2.2). The three-dimensional
stability of the tetrahedral bonding arrangement and the short length of the C-C

bond are responsible for material hardness [54].

L

Fig. 2.2 Crystal structure of diamond [55].

The superior physical properties and chemical stability make diamond
promising material for fabrication of devices, which are suitable to use in
extreme environments (harsh radiation and high temperature) [2].

Diamond exhibits the highest electron and hole mobilities at room
temperature over those inherent for other WBG semiconductor. Electron and
hole mobilities are reported to be 4500 cm?V''s™! and 3800 cm?V's™',
respectively, for high quality single-crystal diamond grown by CVD method
[56]. Impurity scattering causes a drop of mobility [2]. However, the doping of
diamond is an extremely difficult process, particularly to get the n-type material.

The HPHT and CVD are two the most developed methods for
manufacturing of synthetic diamond. Synthetic diamond is widely known as
CVD diamond or HPHT diamond, referring to crystal formation methods. The
combination of high pressure (5—6 GPa) and high temperature (1300—1500 °C),
required for implementation of the HPHT growing method, causes the carbon
atoms to deposit on the surface of the seeds [57]. CVD technique utilizes

deposition of carbon atoms on the substrate of diamond seeds from the gaseous
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phase at near-atmospheric pressures and with temperatures below 1000 °C [58].
Over the past decade, there have been major progress in the production of high
quality CVD diamond. Moreover, CVD method is more superior than HPHT
owing the possibility to grow both, very high purity single-crystalline and poly-
(or nano)-crystalline diamond. Single crystal, polycrystalline (um grain size)
and nanocrystalline (5 nm to 100 nm grain size) forms, with wafer sizes up to
25 mm (in single-crystal form) and 200 mm (in the non-single crystal form) are
available nowadays.

Diamond has the elementally carbon crystal structure, formed from pure
carbon. However, chemical impurities cannot be avoided during formation of
the natural or synthetic diamonds. The dominant impurity atoms in diamond are
hydrogen, nitrogen and boron. Impurities modify many properties of diamond
material.

Diamond can be classified into two types according to the N concentration.
Type | diamond contains significant nitrogen concentration, whereas type Il
diamond is considered as containing low nitrogen concentration, which is non-
detectable (less than 20 at ppm [11]) by infrared or ultraviolet absorption
measurements [59]. Almost all natural diamonds are type I, which can be
subdivided into type la and type Ib, depending on the nitrogen (N) attributed
defects. The N atoms in type la diamond are present in various aggregated forms
(e.g. paired N, double paired N), whereas in type 1b diamond, they are dispersed
in isolated substitutional sites [11]. Ib is the common type of the synthetic

diamond [11]. The classification of diamond types is presented in Table 2.3 [60].

Table 2.3 Classification of colours and states of existence of N in natural diamonds [60].

Type of Colour State of existence of N Rate of
diamond Isolated N Paired N | Double | Triple natural
paired N N existence
la Colourless No Yes Yes No 10%
la Pale yellow No Yes Yes Small 90%
la Yellow Yes Yes Yes Yes
la Brown Large Yes Yes Large
la Colourless No No No No 1%
Ib Light yellow Yes No No No 0.2%
Ib Blue No (contains B) No No No Almost 0%
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Type Il diamond can be subdivided into type Ila and type Il1b depending on
the concentration of boron (B). Type Ila diamond is usually colourless, whereas
type 1lb diamond exhibits blue colour due to the B impurities. The presence of
substitutional B acceptors, that are uncompensated (due to a lack of N donors),
leads to the p-type conduction material. Nitrogen exists as a simple point defect
or as their aggregates. N defects are often linked by making complexes with
lattice vacancies (V) or with other impurities. Vacancies are usually produced
by radiation damage in order to create the NV complex (Fig. 2.3a) [61]. The NV
complex (owing to the structure of energy level (Fig. 2.3b)) has advantageous
optical and electron spin properties. Therefore, diamond with NV defects is
promising in applications for quantum computing, for production of the

nanoscale sensors applied in physics and biology [62].
C Carbon
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Fig. 2.3 a - structure of a diamond containing NV defect, b - the energy level scheme of the NV
defect centre in diamond showing non-radiative decay from the *E (ms=x1) excited state
[61,63]. The A is the ground state and the °E is excited state, the A state located in between
them.

NV defects can be generated by ex-situ ion-beam nitrogen implantation
combined with anneal treatments or directly grown-in by intentionally adding
nitrogen to the gas phase during crystal growth by the microwave plasma
assisted CVD (MW-PACVD) method [10,63].

Hydrogen atoms are very small and usually act as the interstitial defects,
incorporated in to lattice during growth (hydrogen is a precursor in the CVD
growth process). Hydrogen usually is the undesirable technological impurity due
to the passivation of the electrically active boron and phosphorus in p-type [64]
and n-type diamond [65], respectively. Nitrogen and boron atoms are similar in
size to carbon atoms and, therefore, are incorporated in substitutional diamond

lattice sites. Nitrogen and phosphorous introduce donor level at ~1.37 eV and at
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~0.52 eV, below the conduction band, respectively, while boron introduces quite
shallow acceptor level at 0.37 eV above the valence band. Boron is commonly
found in natural type Ilb diamond. Boron doped diamond material can be
produced by ion-implantation or by boron-source precursors during growth via
CVD method [66]. n-type doping of diamond is more complicated [66]. The
breakthrough in n-type doping came with the finding that the phosphorus
dopants yield a relatively shallow energy. Phosphorus atoms can be introduced
into an electrically active site by microwave enhanced plasma CVD using
phosphine (PH3) as a dopant source. [66,67]. The planar (2D) and volume (3D)
defects are quite rare in bulk-diamond grown by HPHT or CVD methods.
However, extended defects, e.g. planar defects and small voids, are
commonly observed in the diamond films [68,69]. The platelets are the planar
defects, that are only found in type la natural diamond, i.e. those containing
nitrogen predominantly in aggregated forms [69], and in synthetic type Ib
diamonds after HPHT treatment at temperatures above 2700 °C [70]. The
platelets size ranges from nm to a few um [71]. These platelets were first
resolved by x-ray diffraction measurements in the year 1940 [72]. However, an
accurate determination of the atomic structure of the platelet defect and the role
of the nitrogen is still unknown [73]. Later simulations of the structure and
properties of the planar platelet using ab initio theory suggests that the carbon
self-interstitials and the interstitial carbon atom, positioned between atomic
sites, plays the important role in formation of these defects [69]. The grain
boundaries between crystalline regions act as trapping centres and reduce carrier
mobility. These various defects, including the point defects, the extended
defects, and the surface defects, determine centres of carrier scattering, trapping

and recombination, those affect the device performance.

2.2. Wide band-gap semiconductor device applications

WBG semiconductors are applied in many areas of industry of the opto-
electronics, high frequency and high power devices industry. Devices,
manufactured using WBG semiconductors, have demonstrated numerous

benefits as compared to the conventional Si based devices, e.g. exhibiting the
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better performance at the higher operating temperatures, the faster switching
speed, and the higher breakdown voltage [41]. Very low leakage current, the
enhanced radiation hardness, and an ability to operate at room temperature make
GaN and diamond the most promising materials for detectors of various
radiations [74]. Nevertheless, further studies of the radiation-induced defects are
essential for the development of WBG semiconductor based detectors.

The intensive investigations of the GaN-based devices began in 1969,
where the deposition of polycrystalline-GaN on a foreign substrate was
demonstrated by using a vapour-phase technique, [75]. Fabrication of the field-
effect transistors and power devices, based on GaN only recently became
available commercially [76]. The GaN-based devices are also widely employed
for opto-electronic applications (light emitting diodes and laser diodes) with
remarkable advantages. Various other applications of the devices as full colour
displays, the high density optical storage elements, and light communication,
photovoltaic, and biotechnology components are permanently being developed
from an early stage of mass production [77]. However, despite of successful
applications of GaN-based devices in wide areas, there are still several issues,
namely, effects of the high density of defects and strain-induced polarization
[78,79]. GaN and its alloys (AlGaN) become the preferential materials for
ultraviolet (UV) radiation detectors owing to the capability of the band gap
tuning in the range from 3.4 eV to 6.2 eV. Studies of advanced GaN materials
also were performed to reveal their potential applications as sensing materials
for deep UV photodetectors, by using Schottky barrier, metal-semiconductor-
metal junctions, and pin photodiode structures [80]. Beneficial properties of
GaN, e.g. the large bandgap (3.39 eV), the high thermal stability (with melting
point at 2500 °C), and large displacement energy (for N atoms 109 eV and for
Ga: 45 eV) in GaN lattice, make GaN material to be attractive for high energy
particle detectors and dosimeters. Work in this research area is still within an
early development stage. However, the sandwich GaN-based devices, the GaN

of mesa, pin structures, metal-semiconductor-metal and Schottky junctions,
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have already shown abilities to detect UV light, x-rays, alpha particles, electrons,
and neutrons [12].

For device applications, synthetic diamond is drawing an attention owing
its superior physical features. Diamond based devices would be far better than
devices based either on Si or other WBG materials. A significant progress in
diamond based electronics has been made since 2002, and the key components
of diamond industry, as manufacturing of the electronic-grade materials,
fabrication of the tentative devices, and development of the contact deposition
techniques, were considerably evaluated [1]. The GaN epilayers are promising
in many applications. However, the layer growth on the substrates with lattice
mismatch leads to structural defects, which significantly affect the performance
of devices. Formation of structural defects minimized by manufacturing the
devices using homoepitaxy on native material [81,82]. The difficulties related to
the n-type diamond formation result in commercial applications of diamond
electronic devices are addressed exceptionally on production of the unipolar
(p-type) and the metal semiconductor FET structures [1]. Reliable operation of
such the devices has been successfully demonstrated [83,84]. The exceptional
properties of the diamond material, featuring the high mechanical and dielectric
strength together with parameters of elevated carrier mobility and thermal
conductivity, the diamonds can be an ideal semiconductor for industry of the
high power transducers. The latter applications requires switching of currents
and voltages in the range of several tens of kA and kV with current rise-times of
a few ns duration [74]. It has been shown that detectors, based on polycrystalline
diamond, can be exploited to detect ultraviolet radiation at wavelengths shorter
than 225 nm. The relevant response in the visible region can also be achieved
[74]. However, the problems related with carrier trapping/detrapping give rise
both in polycrystalline and single-crystal material, which are not properly
understood [74]. Applications of diamond based dosimeters in radiotherapy
fields are shown feasible dynamic range of the linear response and long-term
stability of such the devices. This is an important advantage, when comparing

with Si dosimeters. The diamond dosimeters are almost quanta independent for
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a very wide energy range of photons and of the dose accumulated during
previous exposures [74]. The large values of the displacement energy
(42 eV/atom) as well as the large saturation velocity (220 um/ns) of carrier,
combined with a large breakdown field (10" V/cm) make the diamond a
promising material for the high energy particle detection, with very fast response
[74]. Significant improvements in growth of electronic-grade CVD diamond
have been made during recent years in growing high electrical quality CVD
material [74]. However, the synthetic diamond is expensive and available in
rather smaller pieces when comparing with Si or other WBG semiconductors
(GaN or SiC). Nevertheless, an opinion exists, that diamond is a future
generation semiconductor. Although, the synthetic diamond industry is at lower
stage of evolution when comparing with that of GaN or SiC semiconductors,
which are far more developed [85].

Silicon carbide (SiC), an another WBG material gains acceleration during
the latest years in application of power device and radio-frequency field-effect
transistor (RF FET) fabrication. SiC has also exhibit the ability to detect ionizing
radiations of various types, such as alphas and betas, x-rays, gamma radiations,
irradiations with radionuclide and monoenergetic neutrons. SiC-based detectors
are operational in a wide range of temperatures [86]. However, a significant
amount of the intrinsic structural defects and impurities are introduced during
growth of SiC crystales. Also, there appear difficulties in doping of SiC material
[87].
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3. Experimental methods and techniques
3.1. Evaluation of structural characteristics

The structure characteristics of the samples have been investigated by
x-ray diffraction (XRD) analysis and by imaging obtained using atomic force
microscopy (AFM) as well as confocal microscopy. In this work, these
techniques were mostly applied for investigation of GaN epilayers grown by
MOCVD technology on Si substrates (GaN-on-Si). For GaN-on-Si technology,
the usage of the MOCVD growth technique leads to a high density of screw and
edge dislocations, threading the GaN layer. Introduction of high dislocation
densities happens due to the large lattice and thermal mismatch between Si and
GaN [88,89]. Performed analysis of structural defects was the initial step in
methodology of comprehensive characterisation of the recombination properties
in the MOCVD grown GaN epilayers on Si.

il PL Pulsed laser
i excitation beam

1 pm thick GaM layer
2 mm thick 5i substrate

I
Adjustable 3D stage
positioned by step-actuators

Fig. 3.1 A sketch of the sample positioning for confocal microscopy imaging [A5].

The confocal microscopy imaging (Fig. 3.1) was implemented by using an
UV continuous-wave (CW) laser and a microscope Alpha300-WITec. The
spatial distribution of the PL intensity was studied with a sub-micrometer spatial
resolution. For the enhanced spectral resolution, the microscope was coupled
with an UHTS 300 spectrometer an optical fibre. The excitation beam of a CW
He-Cd laser was focused onto the sample using a high numerical aperture
(NA =0.9) objective. This ensured that the in-plane spatial resolution is
approximately of 220 nm.

The composition of the nucleation and stress management layers was
controlled by an x-ray diffractometer (HRXRD, Rigaku, SmartLab). The &/2©®

configuration [5,90] was employed in the x-ray diffraction measurements.
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The atomic force microscopy (AFM) was used to examine surface
morphology for GaN-on-Si samples. The surface properties were characterized
using tapping mode AFM coupled with a Bruker Dimension Icon system.
TappingMode AFM is a Bruker-patented technique which enables imaging at
atomic level, when contact mode with noise floor less than 30 pm is
implemented [91].

3.2. Measurement regimes and techniques for electro-optical
characterization
3.2.1. Transient current technique

Measurements of current transients were performed at room temperature
using a strip-line PCB by employing a common circuit for the TCT system
(Fig. 3.2). The strip-line PCB is commonly employed for the reliable
measurements of short current pulses in materials with large carrier mobility and
in order to reduce the electrical noises [92-94].

The scheme for the TCT measurements (Fig. 3.2) consists of the rm=47 kQ
resistance used for limitation of the Cs=50 nF capacitor charging current. For
biasing of the capacitor Cq under test device (CUD), CUD is connected in series
with a direct current (DC) voltage U source and rim. A circuit for pulsed signal
is then comprised of the charging source capacitor Cs, of the sample capacitor
Cq and the load resistor R.1=50 Q connected in series. The 50 Q coaxial cable is
loaded by R2=50 Q on its output and at the input of a TDS-5104 1 GHz band
oscilloscope. The time parameters, evaluated for the electrical and excitation
pulse rise, lead then to the overall time-resolution At=500 ps, in these
experiments.

The parallel (Fig. 3.2a) and perpendicular (Fig. 3.2b) measurement
geometries were implemented, when the directions of excitation beam and the
applied electric field are parallel and perpendicular, respectively. The injected
charge drift current (ICDC) transients were profiled by the applied DC voltage

for the parallel measurement geometry. Excitation of the excess carriers was
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performed through the transparent electrode or a hole an opening within a metal
electrode of about 1 mm diameter.
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Fig. 3.2 Schemes exploited for the recording of current transients using the parallel (a, the inset
shows a picture of PCB) and the perpendicular (b) profiling regimes. The DC bias voltage,
varying bypass shunt has been applied within the circuit (a) for the investigation of relaxation
features of the polarization effect. A scheme for examination of the polarization effect by using
pulsed applied voltage synchronized with a sequence of laser excitation pulses is shown in (c).
[A1].

The non-focused laser beam (Fig. 3.2a and c) was also used for the bias
voltage profiling of currents by injection of bulk excess carrier domain if a
diameter of the perpendicularly impinging beam either covers or is close to a

dimension of the inter-electrode gap. For the localized (surface plane) charge
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domain injection, sharply focused laser beam was used for the perpendicular
measurement geometry.

For the investigation of the polarization effect, a shunt of rather large
resistance (Fig. 3.2a) or pulsed biasing voltage (Fig. 3.2c) were employed. The
pulse bias voltage of various durations (these significantly exceed a laser pulse
repetition rate (100 Hz)) was applied (Fig. 3.2c), in order to monitor CUD
charging currents and relaxation characteristics of their amplitudes. To govern
synchronization, delays and formation of a long chain of square-wave pulses,
triggered by a single laser pulse, two pulse generators (PG, Fig. 3.2c) were
exploited. The first one (PG-1) synchronized from a single laser pulse has been
used to form a long pulse, which governs the generator (PG-2) of square-wave
pulses of voltage. The latter PG-2 generates a chain of square-waves of either
unipolar or bipolar voltage pulses. The CUD charging currents are recorded by
an oscilloscope using 1 MQ load resistance.

The dominant carrier generation processes were identified by
measurements of the pulsed optical transmission as a function of excitation
power density and the dependence of electrical response signals on excitation.
One ns temporal resolution DET-10A Si detectors and calibrated optical PM-
100D power-meter were used in these measurements. The geometrical
parameters of the focused laser beams were evaluated by using the knife-edge
and the CCD camera-based beam-shape profilers. The single side outspread at a
0.1lo level of light intensity within a focused beam is about of 20 pum relative to
the peak intensity lo. In the case of the perpendicular measurement geometry,
profiling of the drift current transients was performed by changing the position
of the injected domain within the inter-electrode space by using 3D micrometric

positioning stage.

3.2.2. Barrier evaluation by linearly increasing voltage
The technique of barrier evaluation by linearly increasing voltage (BELIV)
was employed for temperature-dependent BELIV measurements and in situ

measurements during LED irradiation by protons (Fig. 3.4). BELIV technique
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Is based on analysis of the transients of barrier and diffusion capacitance
changes. This technique allows the separation of the components of barrier
capacitance (Cp) charging and generation/recombination currents. The impact of
deep defect centres on barrier and diffusion capacitance can be estimated by
analysis of BELIV kinetics.

The BELIV technique for a reverse biased diode is based on analysis of the
changes of Cp with linearly increasing voltage Up(t)=At pulse, where A=Up/zpL
Is a ramp of the linearly increasing voltage pulse with Up peak amplitude and zpL

duration. The barrier capacitance for a non-biased diode of an area S is expressed

2 1/2
c - €864S "N peg
bo = 20U,
' , (3.1)

where, ¢o IS the vacuum permittivity, ¢ — material dielectric permittivity, e —

as:

elementary charge, Npert — the effective doping density, Ui — built-in potential
barrier, wo=(2eeoUni/leNp)*? — the width of depletion for the non-biased junction.
The barrier capacitance for a junction diode can be written as:

C,=C,,(1+U /U, )™ (3.2)
Fig. 3.3 illustrates the simulated BELIV transients.
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Fig. 3.3 Comparison of charge extraction BELIV current transients simulated for single-type

traps (blue line) and for simultaneously acting several-type generation centres (green line) with

that simulated without contribution of thermal emission from traps (red line) [95].

The current transient ic(t) in the external circuit is then determined by the time-

dependent changes of charge g = CpU within junction:
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The proton-induced luminescence (PI-L) spectra and the BELIV transients
have simultaneously been recorded during 1.6 MeV proton irradiation emitted
by a linear particle accelerator Tandetron 4110A. The coaxial and fibre-optics
probes were used for simultaneous recording of the electrical (BELIV) and
optical (PI-L) signals [96]. The BELIV circuitry contains an adjusted output of
a generator of the linearly increasing voltage, a sensor under test and a load
resistor (RL), connected in series. The BELIV signal were recorded by a
DSO6102A oscilloscope using a 50 Q load input. The PI-L spectra were

recorded using an Avantes AvaSpec 2048 TEC spectrometer.
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Fig. 3.4 Sketch of the experimental setup for temperature dependent BELIV measurements (a)
and in situ control of PI-L and BELIV characteristics during irradiation by protons (b) [A7].

3.2.3. The technique of the microwave probed photoconductivity transients

Carrier lifetime is the most sensitive parameter to characterize defects in
material, i.e. the long carrier lifetime is an indication of the low impurity/defect
concentration [97]. By investigating the carrier decay characteristics, the
MW-PC transients under excess carrier excitation are recorded. There, MW
signal variations in time (t) is proportional to the free carrier concentration n(t).
Carrier lifetime, ascribed to the non-radiative carrier recombination, is evaluated

from the slope of the MW signal relaxation rate using a definition of the
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instantaneous lifetime zinst=n(?)/(-dn(t)/dt) [97]. For simple situations, when the
single-type deep centres are acting, the transients of the carrier concentration
decay are single-exponential. In the cases of either competition of several centres
or carrier trapping effects, the carrier decay transients have a multi-exponential
decay slope. The parameters of the excess carrier (nex) recombination and
trapping centres have been obtained by analysing carrier decay transients
recorded by MW-PC technique at relatively low excitation level
(with nex<10® cm3) [97]. MW-PC transients were recorded using pulses of
400 ps duration at 354 nm excitation wavelength. The MW-PC response signals
were detected by using a coaxial needle-tip MW (of ~ 21 GHz) probe. The signal
recording scheme contains a balanced microwave bridge circuit. A digital 1 GHz
oscilloscope of Tektronix TDS-5104 model was employed to register the photo-
response signals. The MW-PC transients by using tuneable wavelength
excitation pulses of 4 ns and 40 fs duration have been recorded for the PPIS
measurements.

3.3. Spectroscopic methods

All the techniques for the measurement of the parameters of defect levels
have specific limitations. Therefore, combining of several spectral methods is
the most successful methodology for characterization of the deep levels.

Deep level transient spectroscopy (DLTS) is a powerful and widely
employed method used for observing the electrically active defects in
semiconductors. The values of thermal activation energy E, of capture cross
section g, and of traps concentration Nt are mainly evaluated by DLTS [22]. The
DLTS technique requires forming of either the Schottky or the p-n junction. The
rather large trap concentration relative to that of dopants in materials is a well-
known limitation for using a routine, capacitance based DLTS (C-DLTS). For
the C-DLTS method, a signal is proportional to the ratio of trap concentration
(N7) to that of the effective doping (Npef). In most cases, the characterized
samples contain more than one trap level. Hence, the measured transients are not
the single-time constant, i.e. exponential, functions. Usually the superposition of

different decay processes in the form of C(t) =X, C;(0)e®* appears, where n
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is the number of different deep levels and e is the emission rate. The e; parameter
contains the most important physical characteristics of the defect. It is well
known, care should be taken in using Arrhenius emission rate plots, for
extracting of the capture cross section values, particularly for deep, non-
hydrogenic levels and for levels, where the emission rate is affected by electric
fields (Poole-Frenkel effect).

The temperature dependent carrier-trapping lifetime (TDTL) spectroscopy,
based on the measurements of the MW-PC transients [97], was employed for the
identification of the radiation defects. The contactless TDTL technique allows
to identify the energy levels of the defects and their concentrations. This
technique is preferential when the trap density approaches or exceeds the dopant
concentration and when it is necessary to avoid modification of a detector
structure due to annealing processes at elevated temperatures.

Optical spectroscopy methods, such as PL and photoionization
spectroscopy, are widely used techniques for characterization of a variety of
material parameters, e.g. in estimation of the inherent energy levels of defects
and their concentrations, of the strength of the electron-phonon coupling. The
mentioned techniques are contactless. The fundamental limitation of the PL
method is a necessary of radiative recombination events. Materials with a weak
radiation efficiency, e.g. low-quality indirect bandgap semiconductors, are
difficult to investigate by PL methods. Also, a sensitivity of identification of the
impurity and defect states depends on their PL activity. Nevertheless, PL is a
very sensitive probe of radiative transitions [98]. Values of the photoionization
energy of the prevailing defects have been determined by the PPIS technique.
Due to the large leakage current, and the difficulties in the fabrication of
appropriate contacts, extraction of values of the photoionization energy is
complicated when using the standard contact deep-level optical spectroscopy
(DLOS) and photo-induced current transient spectroscopy (PICTS) techniques,
despite the enhanced sensitivity in signal recording of these methods. To
overcome these difficulties, the PPIS method has been implemented in

contactless mode using excitation by a tuneable wavelength laser and
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measurements of the photo-response, recorded by the microwave probed
photoconductivity transient (MW-PC) technique.

The electron spin resonance (ESR) technique enables identification of the
spin active defects and their complexes. The impurities with an ionic character
lead to the strong infrared (IR) absorption, while the bonds with a covalent
character lead to strong Raman absorption. Thus FTIR spectral methods are used
for detecting of the rotational and vibrational modes of molecules, whereas
Raman active modes depends on the changes in polarizability of a molecule.
FTIR active modes depends on variation of the dipole moment of a point defect
[99]. Combining of the Raman and FTIR spectroscopy provides a
comprehensive tool for the identification of structural defects and impurities.
Usually, defects and impurities those cannot be detected with one of the

mentioned method can be easily revealed by the other one.

3.3.1. Deep level transient spectroscopy

The DLTS technique is used for the evaluation of parameters of the thermal
activation energy, of capture cross-sections for electrons and holes, and for
estimation of the concentration of carrier traps as well as the trap distribution
within depth of Schottky and pin diode structures. The capacitance deep level
transient spectroscopy (C-DLTS) and current-DLTS (I-DLTS) regimes can be
implemented using either electrical or optical carrier injection. In contrast to PL,
the DLTS is capable of detecting thermal emission parameters of trap levels.

The capacitance mode DLTS is based on measuring the temperature-
dependent capacitance transients [22]. An occupancy of the state is determined

by the emission and capture processes (Fig. 3.5).

e-capture  e-emission

. donor-like trap

acceptor-like trap T O

@)

h-capture h-emission

Fig. 3.5 Electron and hole capture and emission processes that involve a localized state.
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The capture rates for an electron cn and hole cp, are defined as:
(Ant/At) — O-n<vn>n1 c = (A(Nt — nt)/At) — O-p<vp> P, (34)

" (Nt _nt) P (nt)

where Nt - nt is the total concentration of deep traps, n: is the density of the trap

occupied by electrons, on, op are the electron and hole capture cross sections,
<vp>, <vp> are the thermal velocity of electrons and holes, n, p is the
concentration of free electrons and holes, respectively. The net rate of change of
electron occupancy in the material can be expressed as follows:

dn,

E:(Cn +ep)(Nt—nt)—(en +Cp)nt’ (3.5)

where ey, ep are the emission rates for an electron and hole, respectively. After a
filling of trap levels by a voltage pulse or by light injection, the traps start to emit
carriers through the thermal emission process (en>cn). This emission leads to a

change of the barrier capacitance transients:

C(t) = c{1-”t—(t)}2, (3.6)

N, + N,
where Nq is the effective donor concentration, C is the steady-state capacitance,
which is expressed as:

C(o0) = A{w}zv 5 (3.7)

where A is an area, ¢ &o are the permittivities of material and vacuum,
respectively, V is the bias voltage. When Ni,n<<Ng, the time varied barrier
capacitance change, determined by the majority carrier emission, can be

expressed as:

1 N e
AC(t){EN—Def T (38)
C

0, e, <<e,

C-DLTS method is acceptable when the Nt is less than 10% of the shallow
dopant (Nper) concentration. The current-DLTS (I-DLTS) method is preferable
for spectroscopy of the defects-rich irradiated samples [100,101]. The I-DLTS
signal does not depend directly on Nper value, and there is no limitation for the
ratio of the Nt/Nper. Thus, I-DLTS method can be applied to study of both high
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resistivity and very defective materials. The total current density is then
expressed by the relation:

o, +le, e, =0 v, (39)

1
J(t) = _E Xy Ny

n p

where X4 denotes the depletion width, q is the elementary charge. The first term
in Eqg. 3.9 is the leakage current density Ji, which is independent of time. The
second term in Eq. 3.9 is the transient signal of the current density, which is

expressed as

—e,t

—%qxd N.e.e ™ (e, >>¢e,)

. (3.10)

d](t):—%qxd Ny (j:ep e, —e, e = . N
" qudNTene " =0,(e, <<e,)
The amplitude of the transient current 6/ depends on the depletion width x4, on
the concentration Nt of deep traps and on the emission rate en. The current
transient in fully-depleted junction, when re-trapping of the emitted carriers can
be neglected, is roughly approximated by the expression

(t)oc Fre, exp(—g,t). (3.11)
Here, F is the electric field module, x is the mobility of carriers, e is the carrier
emission rate. In case of the discrete energy states Ei, the emission rate en, at

fixed temperature T, is related to the interaction cross-section on as:
e,(T)co,T? exp(_—E”} . (3.12)

KT

The principle of operation of the typical DLTS spectrometer is illustrated
in Fig. 3.6. The deep levels are filled with free carriers by electrical pulse (a).
After the voltage pulse ends, thermal emission of carriers from the traps
produces the capacitance transient while the temperature is slowly varied at a
constant rate (b). The capacitance transient is analysed by signal processing and
Arrhenius plots for all the investigated defects levels are fitted on the
experimental points (c). The peak positions in temperature within the pre-
established rate window for two deep levels are illustrated in Fig. 3.6 (d). There

it is worth to note that the C-DLTS peak height is proportional to the deep level
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concentration. The digital DLTS systems commonly contain the correlation

function algorithm for analysis of the transients.

@ - o

AT
(b) +c T1=T<Ts
T:‘!' E— —] '::__:,_7_7""_”
P/ S/
[ ‘f/
() tIn(en/T) ppap g2
\\"\\ Rate window

- A
~

t

() +prTS 1000/T

Signal

,/'I . R
1000/T

Fig. 3.6 a - Voltage pulses applied to the device under study to produce transients of
capacitance, b - transients occurring at different temperatures, ¢ - Arrhenius plots illustrating
the meaning of the rate window, which is the user pre-defined to establish a known emission
rate at the DLTS signal peaks, d - DLTS signal showing some peaks occurring within the rate
window [102].

The DLTS measurement setup employed in this study for the defect
spectroscopy is based on a commercially available HERA-DLTS system FT
1030 [103] (Fig. 3.7). In the HERA-DLTS, the standard DLTS i.e. the double
boxcar correlator with gates set at t; and to, is installed. The capacitance values
are there measured at the two time instants t; and t>. The difference
C(t1) - C(tz) = AC is then calculated. In the digital DLTS mode, the complete
capacitance transient is recorded. Laplace-DLTS (L-DLTS) can be also realised.
Then, the capacitance transient is measured with great precision at fixed
temperature, when implementing L-DLTS mode. The latter transients are
analysed using Fast-Fourier-Transform-based algorithms to convert analysis of
the defect relaxation process from the time domain into a spectrum of the
frequency domain. Moreover, in L-DLTS mode, the higher signal-noise ratio
and an a-priori knowledge of the temperature interval are needed. The
capacitance recording is based on the isothermal measurements mode.

Therefore, the analysis of L-DLTS spectra is difficult on the defects-rich
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materials. Nevertheless, owing to the combination of the special analysis
instruments, the HERA-DLTS system is flexible and reliable for the separation

of the overlapping peaks.
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Fig. 3.7 The setup for Capacitance-DLTS (a) and Current-DLTS (b) measurements.

3.3.2. Technique based on temperature dependent trapping lifetime
Contactless TDTL spectroscopy, based on research of the temperature
dependent trapping lifetime (TDTL) [97,104], was employed for defect
identification. The measurements were carried out using pulsed (400 ps)
excitation at 1062 nm wavelength and a coaxial needle-tip microwave (22 GHz)
probe within a near-field probing regime. Measurements were performed by a
proprietary device VUTEG-6, fabricated at Vilnius University. The TDTL
technique is preferential when radiation trap density approaches or exceeds the
dopant concentration. The trapping and de-trapping is related to the thermal

release lifetimes, which is expressed as [97]

Tinst,tr~ TRX [ 1+(Nur/Nc v) xexp(Ew/KT)], (3.13)
where x is the carrier recombination lifetime, Ny is is the concentration of

shallow trapping centres, Nc, is the density of states in conduction (C) and
valence (V) bands, respectively, E is the trap activation energy (relative to

thermal emission). Due to a difference between the carrier recombination ()
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and thermal release lifetimes (znsttr=mx[1+(Nu/Ncv)xexp(Ew/kT)]), carriers
captured to the trapping centres delay the recombination process. The two-
componential transient approach enables description of the temperature
dependent trapping effect at large concentrations of the trapping centres Ny.
Then, the instantaneous decay lifetime is expressed through the = and the
trapping coefficient K [97], which includes parameters of N, the effective
density of band states for trapped carriers Nem=Nc,v,ennwr= Ncyvxexp(—Eu/KT)

and the scan temperature (T). These parameters are linked as:

T = T Ky (AN T)); (A)

N (Tas WNevennr(T.Ee) -
(N C,V,e,h,Ntr(Tn Etr ) + An(t, D)Z
Ny (Tan )Nepe (TE, )

inst,tr

KT, T,,)=1+

T T e ,\f?((tT T);Z INC,Nt,a,E(,Mn(,,D;cZTS’Zexp(-E"/kT),T <T pea (C)

mlwmﬁyhbmn oo T exp(E, KT), T>T (3.14)
Here, T is the scan temperature, while Tan is the anneal temperature which may
cause changes of trap density due to defect transformations. The simulated
dependencies of carrier-trapping lifetime (using Eq. 3.14) can be applied for the
spectroscopy of trapping levels, as illustrated in Fig. 3.8. A peak temperature
(Tpeax), for which the largest trapping coefficient (ascribed to a single type
trapping centre) is obtained, can be found using condition of extremal trapping
coefficient

oK) _,

aT : (3.15)
For fixed excess carrier density 4nc, the peak temperature (Tpeak) Can be

estimated by solving the transcendental equation:

T = A2’3exp(§ki)x3OOK, An, = const
peak : (3.16)

Here, A=Anc/Nc,v =300k , and Ncv1=300k denotes the expression for the density

peak

of states Ncv at T=300 K temperature. The variation of absorption coefficient
with temperature (a(T)=asz00x(T/300(K))*%) needs to be taken into account.
Then, the concentration of the excess carriers becomes a function of temperature

An(T)= ofT)xF, where as00=10 cm™ [105] is the absorption coefficient at
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T=300 K (for light wavelength 1064 nm in Si), and F is the surface density of
incident photons. The peak temperature is then obtained as a real root of the
more intricate transcendental equation (relative to Eqg. 3.15) obtained using a

condition of the extremal trapping coefficient.

T (K)
Fig. 3.8 Simulated trapping coefficient as a function of scan temperature for the trapping levels
with activation energies of 0.23 eV and 0.4 eV and the same trap density Ni (2x10%** cm®) in
Si. Temperature dependent variations of the Ano(T) and Ncentr1.2(T) are also depicted. [106].

A spectrum of TDTL represents the instantaneous trapping lifetime values as a
function of scan temperature T (or 1/kT). Activation energy Ex and trap
concentration Ny is calculated with assumption of fixed capture cross section of
a single-species defect (Fig. 3.8). There pulsed excitation intensity is kept
constant, therefore, density of excess carriers is simulated to be temperature
dependent Ano(T), due to absorption coefficient dependence on temperature
(Fig. 3.8). The effective density of band states Nc,vnir(T,Etr) should also be
incorporated within simulations, while the latter parameter varies only with scan
temperature T for a definite E value and free carrier band, as shown in Fig. 3.8.
In many cases, particularly for irradiated materials, the TDTL spectral peaks,
ascribed to different trapping centres, overlap (Fig. 3.8). This leads to difficult
interpretation of experimentally obtained spectra.

A limitation of the TDTL technique appears due to the high concentration
of recombination centres. The trapping decay component might be hidden when
concentrations and capture cross-sections of the recombination centres
significantly exceed concentrations and capture cross-sections of the trapping

centres.
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3.3.3. Photoluminescence spectroscopy

Photoluminescence (PL) spectroscopy is widely used for the determination
of band gap, the detection of defects levels, and the investigation of the
recombination mechanisms. PL is a quantum mechanical process in which a
photon is absorbed within material by transferring its energy to an electron in
the ground state and exciting it to an excited state within fs timescale [107]. In
semiconductors, where impurities are intentionally incorporated as donors or
acceptors, extrinsic PL occurs. There, transitions electron trapped on donors (i.e.
on a neutral donor state D% and a hole state of the top of the valance band (b in
Fig. 3.9) and between the electron states at the bottom of the conduction band
and a hole state of the neutral acceptor state A° (Fig. 3.9¢) occur. Besides the PL
from free excitons (FE), various other excitonic recombination processes also
occur. These are the radiative recombination of bound excitons (BE), excitonic
polarons, self-trapped excitons, and excitonic molecules, which can exist at low
temperatures. Bound excitons are formed by the capture of a free exciton by a
neutral impurity state (neutral acceptor A° or donor D°), ionized impurity state
(ionized donor D* or acceptor AY), or by a defect. Fig. 3.9e illustrates a bound
exciton captured by D° or D+. Donor to acceptor pair (DAP) recombination
(Fig. 3.9f) occurs in material, when both types of impurities are present.
Fig. 3.9g shows the recombination process for the deep-level PL, which involves
a Shockley-Read-Hall type transition, also called trap-assisted recombination,

with a single deep level within the bandgap [107].

Conduction band

. = ®
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Fig. 3.9 Scheme of radiative recombination processes in semiconductors. a - Band-to-band
recombination, b - neutral donor (D° to VB transition, ¢ - CB to neutral acceptor (AP
transition, d - radiative recombination of FE, e - radiative recombination of BE, which is bound
to D (recombination of BE bound to ionized donor D* is also possible), f - DAP recombination
with separation r, g - deep-level defect luminescence [107].
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The methods of PL spectroscopy are classified into three categories,
namely, steady-state PL (SS-PL), time-resolved PL (TR-PL), and time-
integrated PL (TI-PL) spectroscopy. The emission from the sample after
excitation is dispersed by the monochromator in order to obtain the PL spectrum
by performing SS-PL measurements. TR-PL and TI-PL measurements can be
performed by using streak camera detection system. A streak camera is a unique
method that can provide simultaneous measurements of both spectral and
transient characteristics with a high resolution. A streak tube, which can resolve
photons spatially and temporally by converting them to photoelectrons, is

essential in this device [107].

Light

PK_2C
§ \%jsm ~—_
/\ ;

\ Wavelew
I\g

Fig. 3.10 Schematic view of streak tube with a spectrograph (S) to disperse the incident light
pulse along a horizontal slit. [107].

The basic structure of steak tube (Fig. 3.10) is composed of a horizontal
slit, a photocathode (PK), a pair of vertically deflecting electrodes, and a
phosphor screen (PS). High-speed microchannel plate image intensifier is placed
in front of the screen (PS), and a CCD image sensor behind PS. When an incident
light is dispersed by a spectrograph (S), its spectral image is projected on to the
photocathode (PK) along a horizontal axis of slit, and photoelectrons
corresponding to the slit image, are emitted. Light pulses are diffracted on a spot
of K, which emits three photoelectrons 1, 2, and 3. These photoelectrons are
accelerated by the electric field between the photocathode and the screen going
through the deflecting electrodes. If the deflecting electrodes are voltage ramped
after a trigger synchronizing with an incident pulse of light, the photoelectron
that arrives at PS later, like the electron 3, is more deflected vertically. Temporal

profile from a streak image of the incident light is presented on the vertical time
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axis on PS, and its spectrum on the horizontal wavelength axis appears.
Brightness of the spot on PS corresponds to the light intensity, that is, to the
incident photon density. 3D image of the incident photon density (z-direction)
axis in time (y-direction) and wavelength (x-direction) axes is obtained by CCD
camera [107].

The SS-PL measurements at low excitation level (with excess carrier
concentrations nex<10'® cm®) were performed by using an arrangement
composed of the 325 nm He-Cd laser for SS-PL excitation, a Jobin-Yvon
monochromator and an UV-enhanced Hamamatsu photomultiplier.

TR-PL measurements at high excitation level (with excess carrier
concentrations nex>10'® cm) were performed using the PHAROS laser pulses
at 315 nm wavelength (generated by optical parametric oscillator ORPHEUS).
A Hamamatsu C10627 streak-camera along with an Acton 2300 spectrometer

were used for the measurements of PL spectra and transients.

3.3.4. Pulsed photo-ionization spectroscopy technique

The PPIS is beneficial spectroscopic technique relative to photocurrent
spectroscopy. The latter technique is based on the direct (dc) photo-current
measurements. The dark leakage current does not play a role in PPIS
measurements, therefore the recorded signal is clearly resolved and
synchronized with a photo-excitation pulse [108]. The PPIS technique allows
simultaneous control of the changes of definite photo-ionization spectral steps
and the recombination lifetimes of the photo-excited carriers. Furthermore,
using contact-less MW-PC technique for the photo-response measuring, contact
related effects are eliminated.

Photo-ionization or photo-neutralization of deep levels is characterized by
optical cross-section, and spectroscopy of these cross-sections provides the
direct information concerning matrix elements coupling wave functions of deep
levels to those wave functions of band free carriers. Assumption of a o-type
potential of deep centre leads to the Lucovsky’s model [109]. This model has a

single parameter Eq (photo-activation energy) within a fitting procedure of
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spectra analysis. The cross-section op-e in Lucovsky's model [109], is described
by expression
C,..Ei?(huv—Ey)*?

(ho)’ , (3.17)
where Cp.e is a multiplicative factor. Changes of absorption coefficient a(hv) for

o,.(hv)=

hv energy photons due to photo-ionization of nqo trapped carriers can then be
described by a(hv)=op-e(hv)ngo. Illumination by a light pulse of surface density
F(hv) of the incident photons leads to the density of photo-emitted carriers
n"e=op-e(hv)naoF(hv) registered by MW probe. Then, the density of Nqtraps can
be evaluated from an absorption coefficient a(hv) spectrum. The filling factor
na/Ng can be controlled by combined measurements of MW-PC signal peak
value or a(hv) as a function of F|s,, and the saturation of these characteristics
indicates a complete photo-ionization of Nq traps.

The electron-phonon coupling can play an important role in formation of
PPIS steps. Different models, which include the electron-phonon coupling, have
been developed [103-107] to fit the spectral peaks. The phonon-assisted changes
of the cross-section o(hv) for a definite defect can be approximated by the

Kopylov-Pikhtin [114] approach

o e—(E+Ed—hv)2/I“2\/EdE
a(hv) « [ o GTED : (3.18)

where the electron-phonon coupling is determined by the broadening parameter
I'. The broadening parameter is related to the Huang-Rhys factor S = dp./hv,,
which is a ratio between the Franck-Condon shift (drc) and the energy of the
vibrational mode (/4v). The Huang-Rhys factor quantifies the number of
phonons emitted during an optical transition [115]. The 7" at absolute zero

temperature can be determined by the equation [116]:

%
FO:V_‘Z”ZdFCVg' (319)
Here, vy and ve are the frequencies of the ground and the excited state,

respectively. Using ve = vg = vo, the Eq. 3.19 becomes:

Ty=y2dpcvy ~ 1.414v,5Y/2, (3.20)
The temperature-dependent broadening is then expressed as:
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r=ryJ2coth(hvy/kgT). (3.21)
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Fig. 3.11 Setup of instrumentation for the PPIS measurements.

The PPIS measurements were performed using excitation by fs and ns
lasers equipped with optical parametric oscillators (OPO). The MW-PC and
spectrum resolved PL transients were recorded simultaneously by using the
system illustrated in Fig. 3.11. The femtosecond and nanosecond pulsed
excitation were combined in order to clarify the role of electron-phonon coupling
in photo-ionization processes.

An OPO instrument Ekspla NT342B with pulse duration of 4 ns and
wavelength tuning range from 210 to 2300 nm, and a Ti:sapphire laser based
OPO system with pulse duration of ~40 fs and wavelength tuning range of
350-2500 nm were employed. The sample was placed on a slit-antenna of the
21-22 GHz MW system and excited by OPO laser beam, starting from long

wavelength wing to avoid simultaneous filling of several traps.

3.3.5. Electron spin resonance spectroscopy technique

Electron spin resonance (ESR) [117], also called electron paramagnetic
resonance (EPR), spectroscopy technique is similar to other techniques that
depends on the absorption of electromagnetic radiation. ESR spectroscopy is
based on quantifying the energy differences between the magnetically induced
splitting of electronic spin states. ESR is a common method for determining the
g-value, the hyperfine coupling constant (hfcc) and the concentration of spin
active defects.

The electron possesses on orbital angular momentum as it moves around
the nucleus. The electron also possesses spin angular momentum S. The

magnitude of Sis expressed as [118,119]:

47



S = (h/2m)[S(S + 1)]V?, (3.22)
where h is Planck’s constant and S is the spin quantum number. By restricting

the dimension to the z direction, the component of the spin angular momentum
has two values:

S, = Mgh/2m. (3.23)
The term Ms can have only two possible values for a single unpaired electron,
that are referred to as a (Ms = 1/2) or g (Ms = -1/2).

Due to a spinning electron behaves like a bar magnet, the most important
physical aspect of the electron spin is the associated magnetic moment e, which
Is directly proportional to the spin angular momentum. The e is expressed as:

He = —geltpS. (3:24)
where ug is the Bohr magneton and ge is the free electron g-factor. An expression
that represents multiplication of these factors (geus) is called the magnetogyric
ratio. Bohr magneton is the atomic unit of magnetic moment, defined as:

Ug = eh/2m,, (3.25)
where e is the electron charge, A = h/2m and me is the electron mass. ESR

spectroscopy is based on magnetic moment interactions with the applied
magnetic field. The energy E of the interaction between the magnetic moment
() and the field (B) is described as:

E=—-u-B. (3.26)
If the field is defined along the z direction, the energy E can be determined by
taking account of the term Ms:

E = gepBMs, (3.27)
Ms can have only values +1/2, and these states are degenerate in the absence of

a magnetic field. As magnetic field increases, this degeneracy is lifted linearly
(Fig. 3.12) [119], where the absorption and first-derivative spectra are also
shown. The energy separation of the two levels matches to a quantum of
radiation through the Bohr frequency condition:

AE = hv = gugB. (3.28)
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The splitting between the two states is referred to as the electron Zeeman
interaction. The induced transitions from the lower energy level to the higher

energy level by applying magnetic field is the basis of ESR spectroscopy.

Fig. 3.12 Energy levels for an :Iectron with spin S==+ 1/2 in an applied magnetic field B [119].

The nuclei of the atoms in a molecule or any atomic complex usually have
their own magnetic moments. Therefore, the energy of an unpaired electron also
depends on the interaction between the unpaired electron and the nuclei
produced local magnetic field. Due to this interaction, the additional splitting of
ESR transitions occurs between the electron’s magnetic moment and the
magnetic moment of neighbouring nuclei. In the high field approximation where
the electron Zeeman interaction dominates over all other interactions, the energy
level for the two-spin system (S = 1/2, | = 1/2) can be expressed as:

E(MS, Ml) = g‘u,BBMS - gN.uNBMI + athMI, (329)
where Ms and M, are the nuclear spin quantum number, gn is the nuclear g-factor

and a is the isotropic hyperfine coupling factor. Energy level diagram for a two
spin system (S = 1/2 and | = 1/2) in high magnetic field is shown in Fig. 3.13,
where the electron Zeeman, nuclear Zeeman and hyperfine splittings with the
isotropic hyperfine coupling a > 0 (a) and for an unpaired electron (S = 1/2)
interacting with two inequivalent | = 1/2 spin nuclei such that a; > a. (b) are
illustrated. The number of lines from the hyperfine interaction can be determined
by the relation: 2N, + 1. Here, N is the number of equivalent nuclei. The number
of the ESR spectral lines from the interaction of an unpaired electron with an
equivalent nuclei of spin | can be determined as 2nl + 1. For the most common
hydrogen nuclei (I = 1/2), the relative intensities of the ESR absorptions are
given by the binomial expansion of (1+x)". The successive sets of coefficients

for increasing n are given by the Pascal’s triangle [119].
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Fig. 3.13 Energy level diagram for a two spin system in high magnetic field illustrating the
electron Zeeman and nuclear Zeeman and hyperfine splittings, with the isotropic hyperfine
coupling a > 0 (a) and for an unpaired electron (S = 1/2) interacting with two inequivalent
I = 1/2 spin nuclei such that a; > a, (b) [119].

For the case illustrated in Fig. 3.13a, due the ESR selection rules, when

AMy = 0 and AMs = £ 1, only two possible resonance transitions can occur,
namely AEcq (labelled EPR 1) and AEa (labelled EPR 2):

AEeq = E. — Eq = gugB +ah,

AEq, = Ey — Eq = gupB +=ah. (3.30)
These two transitions give rise to two absorption peaks at different magnetic
field positions (Fig. 3.13a). The nuclear magnetic resonance transitions, for
which it is possible to extract the same value of a, are labelled as NMR1 and
NMR 2.

The resonance experiment can be conducted in two ways: either the
magnetic field is kept constant and the applied frequency varied, or the applied
frequency is held constant and the magnetic field is varied. In ESR spectroscopy
the magnetic field variation is usually used, since it is far easier to vary the
magnetic field over a wide range than to change frequency [119].

ESR measurements were performed by using the X-band Bruker Elexsys
E580 spectrometer operating in the 8—10 GHz frequency range. Temperature
was varied in the range of 90—300 K using a continuous N gas flow Bruker
cryostat. In order to find the optimal MW power for the sample under
investigation and to avoid signal distortions, the microwave (MW) power was
varied in the range of 0.15-150 mW. Ranges of saturation of the ESR signal
were determined by examination of the ESR signal changes dependent on the

applied MW power.
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3.3.6. FTIR and Raman spectroscopy techniques

The Raman and FTIR are vibrational spectroscopy methods, based on
detection of rotational and vibrational modes of molecules. The incident light
interacts with the molecular vibrations or phonons within the material. This
creates a change in frequency due to the absorbed light is re-emitted by the
material. Raman and FTIR spectroscopy differ on some fundamental aspects:
Raman spectroscopy depends on a change in polarizability of a molecule, while
FTIR spectroscopy depends on a change in the dipole moment. Raman
spectroscopy measures relative frequencies at which a sample scatters radiation
and an inelastic scattering phenomenon probes molecular vibrations to provide
a molecular fingerprint of materials. FTIR spectroscopy measures absolute
frequencies at which a sample absorbs, reflects or transmits radiation. In Raman
spectra, the observed values are relative to the excitation source and are
considered as Raman shift values. In infrared absorption or transmission spectra,

wavenumbers (cm™) are related to the absolute energy values.
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Fig. 3.14 Energy-level diagram of the states involved in Raman and IR absorption spectra
[120].

Energy-level diagram of transitions between vibrational energy levels of
molecules is shown in Fig. 3.14. If the photon is scattered elastically, the
absorbed photon has the same wavelength with the emitted one (Rayleigh
scattering). If the photon is scattered inelastically, the energy of a photon can
decrease or increase by amount of the energy related to the vibrational energy
spacing in the molecule. This amount corresponds to the wavelength of the
Stokes (wavelength is greater than that of the incident light) and anti-Stokes lines
(wavelength is lower than that of the incident light) which are equally displaced

from the Rayleigh line in the Raman spectrum. FTIR spectroscopy measures the
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vibrational energies of molecules. The absorption, transmission or reflectance of
light in the IR region gives a spectrum that corresponds to the vibrational modes
of the chemical bonds in a molecule, and this is specific to each molecular
structure. In the case of Raman scattering, the scattering efficiency is higher in
covalent crystals than that in ionic crystals, because the valence electrons are
less localized and the larger fluctuations of the polarizability can be induced by
lattice vibration [121]. Therefore, the Raman analysis is preferential for GaN,
since the chemical bonding is a mixture of ionic and covalent bonding in GaN.
The Raman spectroscopy was performed by using the spectrometer
MultiRAM (Bruker Optik GmbH, Germany) equipped with Nd:YAG laser
(1064 nm) and the proprietary high sensitivity liquid nitrogen cooled Ge
detector. FTIR transmission measurements were performed by using the Bruker
Vertex 70 spectrometer combined with Bruker Hyperion 3000 microscope. The
Raman and IR transmittance spectra were examined in the spectral range of
650—4000 cm™* wave numbers v with the spectral resolution of 4 cm obtained
by averaging 256 interferograms. The UV-VIS-NIR range transmission spectra

were recorded by using a Perkin-Elmer LAMBDA 1050 spectrophotometer.
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4. Investigation of defects in GaN structures
4.1. Spectroscopy of native and radiation-induced defects in AT GaN

The AT GaN exhibits significantly reduced densities of the native defects
relative to other technology GaN (HVPE, MOCVD) materials and can be grown
in large scale [122]. The AT GaN materials doped with Mn (GaN:Mn) and Mg
(GaN:Mg) were studied in order to estimate the possibilities in fabrication of
particle detectors. The Mn impurities in GaN may act as compensating centres
for unintentionally introduced donor-type defects. It is noteworthy that, the Mg

Impurities act as the dopants in formation of the p-type conductivity GaN.

4.1.1. Ammonothermally grown bulk GaN samples

The high quality bulk ammonothermal GaN (AT-GaN) samples were
fabricated at AMMONO company [122]. These samples were made as
400—450 um thick wafers of the GaN doped with Mg and Mn. The AT GaN
samples were irradiated by nuclear reactor neutrons using wide range of fluences
(10* — 5x10% cm?) at TRIGA reactor of Jozef Stefan Institute in Ljubljana
[123]. A fluence has been evaluated by using the equivalent to NIEL damage of
the 1 MeV neutron irradiation, widely used for estimation of the effective
fluence within sensor characteristics [124]. Moreover, reactor neutron
irradiations are suitable for emulation of the evolution of the particle detector

functionality during LHC experiments, as homogeneous damage is created.

4.1.2. ESR spectra

Electron spin resonance (ESR) spectroscopy was employed to detect the
spin active defects in AT GaN crystals doped with Mn and Mg impurities. The
fine structure of Mn?* ion with spin S=5/2 in GaN provides a characteristic ESR
spectrum (Fig. 4.1a). Each of the fine structure line is split into six lines by
hyperfine interaction of Mn?* nuclei with spin 1=5/2. The observed absorption
transitions are allowed according to the selection rules of Ams=+1 and Am=0,
where ms and m; denote the magnetic quantum numbers of electron system and
Mn nuclei, respectively. The angular variations of ESR spectra (Fig. 4.1b) have

been simulated using EasySpin simulation platform [125] and the spin
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hamiltonian parameters taken for Mn?* impurity [126]. The simulated results
confirm the presence of the Mn?* impurities.

Concentration of the Mn?* impurities has been estimated from the
measured ESR spectrum (Fig. 4.1a) using the double integration method [127]
and by applying the software installed on Bruker Elexsys E-580 spectrometer.
The concentration of Mn?* impurities has been found to be 1.3x10!8 ¢cm3 for the
pristine GaN:Mn crystal. ESR signal for the pristine GaN:Mg crystal (Fig. 4.2)
was below detection limit. This implies that AT GaN crystals were heat treated
after Mg impurity introduction [128].

In the ESR spectra measured on the irradiated GaN:Mg crystals, the Mn?*
related lines also appear at irradiation fluences of >10'® cm (Fig. 4.2). Seems,
Mn impurities are also present in the Mg-doped AT GaN samples. The intensity
of these lines increases with enhancement of fluence. Radiation modifies the
configuration of Mn impurity within crystal lattice and results the Mn ascribed
ESR resonances in GaN:Mg ESR spectra. In ESR spectra, recorded on the
highest fluence @=5x10® cm irradiated GaN:Mg, a trace of the additional lines
can be observed for the 320-380 mT magnetic field range. In order to resolve
the origin of these lines, ESR spectra were measured at low temperature
T=100 K and the higher microwave power (150 mW). This regime allowed for
saturating the Mn?* related lines and highlighting of the additional lines in the
320-380 mT magnetic field range (Fig. 4.3a).
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Fig. 4.1 ESR spectrum measured at room temperature on the pristine GaN:Mn crystal (a) and
comparison of the simulated (grey lines) and experimental (black lines) angular variations of
this ESR spectra (b). [A4].
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Fig. 4.2 ESR spectra recorded at room temperature on pristine and neutron irradiated AT
GaN:Mg crystals [A4].

The simulated spectrum, using spin Hamiltonian parameters taken from
[129,130], is in a good agreement with the experimental one (Fig. 4.3a),
implying that the observed spectrum might be related to the complexes of
gallium vacancy and substitutional oxygen VeaOn (as observed by the authors
[129,130] in 2 MeV electron irradiated hydride vapour phase epitaxy (HVPE)
GaN). Alternatively, other authors [131,132] associated the similar ESR spectra
(observed in high-energy electron, proton and swift heavy Si ion irradiated
HVPE GaN) with nitrogen split interstitial defect (N—N)n.

experiment

—
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Fig. 4.3 The experimental and simulated ESR spectra, in GaN:Mg (a) and GaN:Mn (b) crystal
irradiated with neutrons of fluence @=10° cm?, measured at 100 K [A4].

The ESR spectrum, recorded at T=100 K on GaN:Mn crystal, irradiated
with neutrons of fluence @=5x10% cm2, was simulated at assumption of the
superposition of Mn?* impurity and Ve.On defect related resonances (Fig. 4.3b).

The simulated ESR spectra are in good agreement with the experimental spectra.
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Fig. 4.4 Variations of Mn?" concentration in GaN:Mn crystals as a function of neutron
irradiation fluence [A4].

The values of spin-active Mn?* concentration in GaN:Mn samples were
obtained using the double integration method [127]. These values varies non-
monotonically with enhancement of irradiation fluence (Fig. 4.4). This implies
that neutron irradiation determines the transforms of Mn impurities by changing

their spin-activity.

4.1.3. Spectra of Raman scattering, FTIR and optical transmission

The Raman spectra, recorded on the pristine and irradiated GaN:Mg and
GaN:Mn samples in backscattering configuration, are shown in Fig. 4.5. There
are no apparent shifts in the positions of the spectral peaks between the GaN:Mg
and GaN:Mn materials. Also, no spectral changes were observed when
comparing Raman spectra recorded on pristine and irradiated AT GaN samples.
These observations are in agreement with Raman spectroscopy results obtained
in recent study on MOCVD GaN materials irradiated with high fluences up to
3.7x10%® n/cm? [133], in which no significant changes were observed in the
Raman spectra, when comparing the pristine and neutron irradiated samples.

Raman spectral peaks observable at 144, 568 and 734 cm are interpreted
[134] as the E2 (low and high frequency) and Al (high frequency) phonon
modes, respectively. The most intensive Raman spectral peak at 568 cm™ is
ascribed to the optical phonon (E2, high frequency), which indicates a relaxed
(strain-free) crystal [135]. The peak at 520 cm™ is associated with the LPP (LO
phonon-plasmon). This is also a function of free electron concentration [136].
This LPP peak is overlapped with the peak at 531 cm~ ascribed to the A1 (TO)

phonon mode [137]. The origin of the broad peak, observed at around 400 cm™,
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is still not clear. The discussed structure of Raman spectra, recorded in the
pristine and irradiated AT GaN samples, implies no radiation-induced

deformations of GaN crystal lattice.
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Fig. 4.5 Raman spectrum recorded on pristine and neutron irradiated (@=10% cm?) AT

GaN:Mg as well as GaN:Mn materials [A4]. The intensity of the Raman spectral peaks is
normalized to the most intensive spectral peak at 568 cm™ [A4].
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Fig. 4.6 FTIR spectra recorded on Mg (a) and Mn (b) doped AT GaN samples of pristine and
neutron irradiated materials. The curves are shifted along the y-axis by arbitrary units [A4].
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Fig. 4.7 Absorption spectra recorded in pristine Mn- and Mg-doped AT GaN and in the neutron
irradiated samples [A4].
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FTIR spectra, obtained for the pristine and heavily irradiated samples of
Mg- and Mn-doped AT GaN materials, are shown in Fig. 4.6. Vibrational modes
observed at 3186, 3202 and 3217 cm™ have been ascribed to the Ga vacancy-
multihydrogen complexes [78,138,139]. The amplitudes of these peaks are
almost independent of irradiation fluence. Peaks at 2848, 2917 and 2955 cm'*
are most commonly associated with the CH localized vibrational modes [140].
Other authors also showed [141] that the CH ascribed wave numbers could vary
between 2847 and 2853 cm™, while the CH> mode varies between 2910 and
2924 cmt, and the CH3 mode varies between 2955 and 2963 cm™ [141]. These
variations of the frequency of the CH modes appear due to local strains generated
from the dislocations [141]. The appearance of CH vibrational modes indicates
that the H atom is directly bonded to the C atom. Also, it has been infered that
C atoms are likely to occupy the N site in GaN lattice [142]. Intensity of these
CH vibrational modes is obtained to be higher in GaN:Mg than that in GaN:Mn.
This indicates that the concentration of carbon in GaN:Mg is larger than that in
GaN:Mn. With increasing neutron irradiation fluence, the intensity of FTIR
spectral peaks ascribed to the CH modes, decreases significantly for GaN:Mg
material.

The absorption spectra, in the UV-NIR range, obtained for the pristine and
neutron irradiated (#=10'® cm? and ®=5x10'® cm?) AT GaN samples, are
illustrated in Fig. 4.7. The enhanced absorption in the spectral range of
2.8—3.3 eV might be related to the hydrogenated gallium vacancies [143]. Other
authors [144] proposed that the broad band in the spectral region above 2 eV can
be attributed to the photo-ionization involving transitions A7 from GaN valence
band to a partially filled level, where A" is the ionized Mn?* (d°) active acceptor
(also observed in ESR spectra). These authors [144] proposed that the absorption
peak at 1.5 eV, observed only for GaN:Mn material, should be ascribed to the
electronic transitions related to the A° configuration.

Neutron irradiations lead to formation of Ga vacancies those change a
configuration of the ESR active centres Mn?*, causing the enhancement of

absorption at 2.75 eV. In the GaN:Mn material, the electrically neutral
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configuration of Mn impurities is also activated by radiation defects. The
formation of Ga vacancies in AT GaN:Mn changes the configurational of the
ESR active centres Mn?*. This may be a reason for the appearance of a minimum
in the Mn?* concentration variations dependent on neutron irradiation fluence
(Fig. 4.4).

4.1.4. Photoluminescence characteristics

The time-integrated PL (TI-PL) and the time-resolved (TR-PL) PL
measurements were implemented at high excitation level (nex=10 cm™). The
TI-PL spectra, obtained for the pristine and neutron irradiated AT GaN:Mg using
different integration windows (Fig. 4.8), show that the intensity of the UV-PL
band varies non-monotonically with enhancement of the irradiation fluence.
Absolute values of UV-PL intensity are larger for 50 ns time-domain than those
for 500 ns one, indicating that the rate of the UV-PL is the fastest in comparison
with B-PL and YG-PL. This might imply that a coefficient (B) of the radiative
band-to-band type recombination varies with imperfections in a GaN crystal
lattice. The UV-PL intensity values are obtained to be significantly lower for the
pristine GaN material than those for the neutron irradiated. This might also imply
that the coefficient B is larger for the pristine material leading to faster reduction
of excess carrier density through UV-PL channel. In this case, an integration
time-domain of 50 ns is too long, and the temporal resolution in scanning-steps
Is insufficient to collect UV light emitted within a relatively short time-scale
(50 ns). This explanation is confirmed by the reduction of UV-PL with increase
of integration time-domain (to 500 ns) for the irradiated samples. By comparing
intensity of the B-PL and YG-PL bands, recorded using 50 ns and 500 ns time-
domains, the faster B-PL process can be infered. The decrease of the B-PL
intensity has been observed with enhancement of neutron fluence @. The
Y G-PL band dominates in spectra integrated over 500 ns time-domain, implying
that excess carrier decay through an YG-PL channel appears to be the slowest
radiative recombination process. Moreover, intensity of YG-PL decreases with

enhancement of @, in agreement with B-PL intensity changes as a function of
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@. The B-PL and YG-PL bands are commonly ascribed to the transitions of
carriers within DAP [145].
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Fig. 4.8 TI-PL spectra of pristine and irradiated AT GaN:Mg. The time-integration windows
were 50 ns (a) and 500 ns (b) [A4].

Fluence-dependent TI-PL spectra, registered in GaN:Mg, are shown in
Fig. 4.9 for different integration time values. Using an integration window of
5000 ns, the intensity of the YG-PL peak decreases faster than the intensity of
the B-PL peak in heavily irradiated sample. For the shortest integration window
(5 ns), the UV-PL peak prevails in TI-PL spectra.
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Fig. 4.9 Evolution of the TI-PL spectra with neutron fluence in AT GaN:Mg varying integration
time-domains [A4].

The B-PL band is commonly attributed to the Vea complex as Ve.On and
VeaHn in un-doped GaN [145]. The fluence-dependent changes of the B-PL
intensity might be related to the increase of concentration of the Vga related

defects. The decrease of the B-PL intensity after irradiation with fluences
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@>10'% cm? might be related to the increased density of non-radiative
recombination defects. The YG-PL bands are likely to be attributed to the two
charge states of the complex VcaOn [146,147]. Nevertheless, recent studies,
based on the PL measurements and the hybrid density functional theory, suggest
that the YG-PL bands with maximums at 2.1 eV and 2.4 eV [148] are the most
likely to be associated with the C related defects (Cn[149] and CnOn [150]).
The TR-PL decay characteristics were recorded by integrating PL signals
over narrow spectral domains (UV range (350—-370 nm), B-PL range
(400-450 nm), YG-PL (490-570 nm)) range. Variations of the TR-PL
transients, recorded for the pristine and irradiated material samples (Fig. 4.10),
indicate the non-exponential PL relaxation. The non-exponential PL transients
might be related to the radiative carrier recombination processes through DAP

[151,152].
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Fig. 4.10 The TR-PL decay transients registered for the UV, B and YG spectral intervals in the
GaN:Mg samples of pristine and irradiated with low (a) and high (b) fluences material.
Instantaneous lifetimes of the PL decay for the UV-PL, B-PL, and YG-PL band emission in
GaN:Mg samples as a function of neutron irradiation fluence (c) [A4].

Fig. 4.10c also shows that values of the instantaneous PL decay times are
close for the pristine material and small fluence irradiated samples. The shortest

PL decay times are obtained for UV-PL while the longest ones are inherent for
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YG-PL spectral range. The significant shortening of the instantaneous PL decay
times is clearly observed for samples irradiated with the largest fluence
(Fig. 4.10), especially for B-PL and YG-PL bands. The similar PL decay times,
estimated for B-PL, YG-PL and UV-PL bands recorded on samples irradiated
with the @=5x10'® cm?, might be an indication that the PL processes over all
the mentioned PL bands are governed by the rate of the non-radiative decay of
excess carriers.

The comparison of SS-PL spectra for GaN:Mg (Fig. 11a) and GaN:Mn
(Fig. 11b) indicates, that UV-PL intensity considerably decreases with
enhancement of & for GaN:Mg, while this UV-PL intensity is nearly
independent of @ for GaN:Mn.
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Fig. 4.11 SS-PL spectra of AT GaN:Mg (a) and GaN:Mn (b) materials. The fluence-dependent
peak intensities for the PL bands in GaN:Mg and GaN:Mn samples (c) [A4].
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The YG-PL is the dominant peak within SS-PL spectra recorded for both
GaN:Mg and GaN:Mn samples. The broad YG-PL band is commonly attributed
to the deep level defects with strong electron-phonon coupling [145]. The
red-PL (R-PL) peaked at 1.9 eV appears as a shoulder to the YG-PL band. The
R-PL is usually related to the Mn**/?* dopants, those act as the acceptor centres

forming a level located at 1.8 eV above the valence band [153]. Recent studies,
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performed on the unintentionally doped n-type AT GaN [154], also showed the
Mn concentration dependent degradation of the luminescence. For B-PL,
YG-PL and R-PL bands (Fig. 4.11), the PL intensity decreases with
enhancement of irradiation fluence in GaN:Mg samples faster than that in
GaN:Mn. The faster decrease of PL intensity may therefore indicate the higher
introduction rate of the radiation defects for the GaN:Mg, acting as the non-
radiative recombination centres.

Fluence-dependent variations of the peak intensity of YG-PL, B-PL and
UV-PL bands for GaN:Mg and GaN:Mn as a function of neutron fluence are
almost invariable in the range of the moderate irradiation fluences (<10% cm),

demonstrating the high radiation hardness of AT GaN materials.

4.1.5. Pulsed photo-ionization spectra

The PPIS measurements were performed by combining excitation pulses
tex=40 fs and tex=4 ns laser pulses to clarify the role of electron-phonon coupling.
The measured MW-PC signal amplitude is proportional to the excess carrier
density, generated by photo-ionization. Thus, the photo-ionization spectrum is
obtained as the MW-PC signal amplitude dependence on photon energy. The
MW-PC transients recorded on the pristine AT-grown GaN:Mn by using
tex=4 ns and tex=40 fs duration pulses and excitation photon energies hv=1.5 eV
and #v=2.5 eV are shown in Fig. 4.12. The decay appears to be at least an order
of magnitude faster when the tex=40 fs pulses are employed compared to that at
nanosecond excitation pulses.

Variations of carrier recombination lifetime () as a function of photon
energy, when using tex=4 ns pulses, and the PPIS spectra recorded on pristine
and neutron irradiated (@=10'° n/cm?) GaN:Mg samples are illustrated in
Fig. 4.13a. The Kopylov-Pikhtin [114] approach (Eg. 3.18) has been applied for
fitting the Umw.rco((hv) in the experimental spectra. The carrier lifetime
variations with excitation wavelength changes, observed for the pristine
GaN:Mg (Fig. 4.13a), indicated that nearly constant 7 is associated with the

shallow PPIS spectral step. Carrier lifetime decreases, leading the shortened =
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values, in the range of moderate excitation photon energies used, with further
increase and non-monotonous variation in the range of the largest photon

energies applied (Fig. 4.13a). The z variations can be explained by the processes

of the photo-neutralization and photo-ionization of charged traps.
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Fig. 4.12 The MW-PC transients recorded by using tuneable wavelength excitation pulses of
tex=4 ns and te=40 fs duration and excitation photon energies #v=1.5 eV and #v=2.5 eV.
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Fig. 4.13 (a) Variations of the 7= and the PPIS spectra recorded on pristine and irradiated
(@=10% n/cm?) GaN:Mg samples (tex=4 ns). (b) Comparison of the PPIS spectra recorded on a
pristine AT-grown GaN:Mn sample by using tec=4 ns and tex=40 fs duration. Fitting of the PPIS
spectra recorded on pristine materials using either 4 ns (c) or 40 fs (d) excitation pulses.

The excitation pulses of tex=40 fs seem to be shorter than the energy

relaxation time, and photo-ionization process runs within nearly adiabatic
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regime, while for the tex=4 ns pulses, it leads to a process integrated over energy.
A shift of the position of the step peak and a steepness of the spectral-step slope
can be expected relative to the pronounced electron-phonon coupling, in the case
of short excitation pulses. The PPIS spectra, obtained for GaN:Mn by using
different excitation pulses, are compared in Fig. 4.13b. The same dominant
spectral steps have been observed in PPIS spectra recorded for pristine GaN:Mn
sample (Fig. 4.13b). The spectral steps, obtained for different tex, qualitatively
correlated. The most significant difference in abruptness of spectral step slope
has been observed for the spectral peak at ~2 eV. This implies the strongest
electron-phonon coupling ascribed to this defect where the lower abruptness of
spectral step for 4 ns pulses is observed. For quantitative characterization of the
electron-phonon coupling, the 7~ factors have been evaluated by fitting (using
Eq. 3.18) the shape and spectral position of a peak of each spectral step within
measured spectrum.

Four trap levels have been revealed for the GaN:Mn samples and six traps
for the GaN:Mg samples by fitting the experimental spectra recorded by using
an excitation pulses of te=4 ns duration (Fig. 4.13c). The photo-activation
energies Epn (with fitting uncertainties of about 5 %) and 7" parameters of the

predominant centres have been identified, as listed in Table 4.1.

Table 4.1 Values of the photo-activation energy and of broadening parameter 7" extracted from
fitting of the PPIS peaks recorded by using the 4 ns excitation pulses.

GaN:Mn
Pristine Irradiated with #=10'° cm™
Epn (eV) I Epn (eV) r Defect type
Emn1=1.40 0.05 Emn1"=1.42 0.08 Mn related [155]
Emn2=1.98 0.25 Emn-2""=1.98 0.22 Mn related [144]
Emn3=2.40 0.15 Emn-3"'=2.39 0.25 Ga interstitial [156]
Emn4=2.97 0.25 Emna""'=2.96 0.28 Unidentified [156]
GaN:Mg
Ewmg1=1.30 0.02 — — C, acceptor [157,158]
Emg2=1.75 0.18 Emg2""=1.75 0.23 Mg [159]
Emg3=2.07 0.23 Emg-3"=2.05 0.27 V. vacancy [160]
Emg-4=2.39 0.15 Emg4""=2.38 0.25 Gay interstitial [156]
- — Emg.7"'=2.45 0.16 Va vacancy [158]
EMg.5=3.1O 0.32 EMg.sirr=3.1O 0.35 Mg [159]
Emg-6=3.30 0.2 Emg-6"=3.30 0.27 Vn vacancy [156]
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Table 4.2 Values of the photo-activation energy Epn and of broadening parameter I~ extracted
from fitting of the PPIS peaks recorded by using the 40 fs excitation pulses.

GaN:Mn GaN:Mg
Pristine Irradiated with @=10¢ cm2 Pristine
Epn (eV) r Epn (V) I Defecttype | Ep (eV) I Defect type
_ B B Uniden- _ C acceptor
Emns5=0.75 0.05 tified Emg1=1.27 0.08 [157]
_ ir_ Uniden- _
Emns=1.14 0.03  Ewmns''=1.09 0.11 tified Emg2=1.78 0.07 Mg [159]
_ i Mn related _ Vavacancy
Emn1=1.39 0.04 @ Ewn1"'=1.41 0.03 [155] Emgs=2.06 0.05 [160]
_ i Mn related _ Va Vacancy
Emn2=1.90 0.08 Ewmn2""=1.91 0.08 [144] Emg7=2.50 0.03 [158]

For 40 fs excitation pulses (Fig. 4.13d), the PPIS recorded on GaN:Mn
exhibit the additional peaks Ewmn-s and Ewn-s together with Mn impurities ascribed
levels Emn-1 and Emn-2, observed in PPIS recorded using 4 ns excitation pulses.
The origin of these deep levels with energies of Ewns=0.75 eV and of
Emns=1.14 eV had not been found in literature. In Mg-doped pristine GaN
samples, an additional peak Emg-7=2.50 eV has been deduced by fitting spectra
recorded by using 40 fs pulses together with those traps Emg-1, Emg-2 and Emg-3
revealed by measuring PPIS using 4 ns pulses. The parameters extracted from
fittings of PPIS, recorded using tex=40 fs pulses, are listed in Table 4.2.

Introduction of defects by neutron irradiations does not change
considerably a structure of the photo-ionization spectra (Fig. 4.13a), where the
same PPIS peaks, inherent for pristine and irradiated materials have been be
resolved. Values of fitting parameters are listed in Table 4.1 and Table 4.2. As
an exception, the deep centre with energy of Ewg-7""=2.45 eV can additionally
be separated in the PPIS spectrum, recorded for the irradiated GaN:Mg samples.
The main difference appears in density of photo-active centres, which can be
deduced from variations of the Umw-pc,0, when comparing PPIS obtained for the
pristine and 10 n/cm? neutron fluence irradiated samples. Such the observations
can be explained by a rather small concentration (<10 ¢cm3) of the introduced
radiation defects in comparison with intrinsic defect and dopant densities
(>10* cm3). The type of the resolved traps (relative to a charge-state) seems to

be not changed under neutron irradiations, as profile of carrier lifetime variations
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retains (Fig. 4.13a). Nevertheless, carrier lifetime values, significantly reduced
for the irradiated samples, indicating that the radiation defects act mostly as
carrier recombination centres.

The 7" parameter, which characterizes the strength of electron-phonon
coupling, is obtained to be significantly different when comparing fitting
parameters for PPIS recorded under 4 ns and 40 fs excitation pulses. The I~
parameter values, extracted from fitting of the PPIS peaks recorded by using the
4 ns excitation pulses, are significantly higher than those deduced by using the
40 fs excitation pulses. This indicates the stronger electron-phonon coupling for
4 ns excitation regimes.
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Fig. 4.14 Variations of cross-sections and of trap concentration as a function of excitation
photon energy in the pristine GaN:Mg (a) and GaN:Mn (b), respectively. Vertical arrows
indicate the peak positions of the PPIS steps, ascribed to different centres.
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The cross-sections of the electron-photon coupling and the concentrations
of defects have been estimated by combining values of the absorption
coefficient, measured on each sample by using UV-VIS transmission [161], by
calibrating the quantity of absorbed photons, using the transmitted beam energy
measurements, by calibrating values of concentration of the main dopants, using
the SIMS and ESR data [161], and relating them to the MW-PC peak values.
The spectral variations of the cross-sections (o) ascribed to several species of
traps and trap densities (Nt) are depicted in Fig. 4.14 for GaN:Mg (a) and
GaN:Mn (b) pristine materials, respectively. An increase of concentration of the
neutron introduced radiation defects is also deduced from UV-VIS transmission
spectra [161], while these radiation defects act mostly as the carrier

recombination centres.
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4.1.6. Variations of carrier recombination and charge collection
characteristics

The time scale for MW-PC transients, registered for GaN:Mg is
significantly longer than that for GaN:Mn (Fig. 4.15a). A fixed time-scale for
the excess carrier density decrease (to a background level), indicates the small
impact of the disorder effects associated with dislocations. In this case, the non-
linear decay processes with simultaneous action of the radiative (as UV PL) and
non-radiative recombination should be ascribed to deep levels. Such a process
of the excess carrier variation in time (nex(t)) can be described [108] as follows:

oo EXP(— )
ey (1) = R

1+ B, oTall—exp(— )]
TR (4.1)

Here, B is the coefficient of radiative recombination,  is the carrier lifetime

ascribed to the non-radiative recombination, and nexo IS the excess carrier
concentration at the peak of excitation. The parameter nexo is directly estimated
using a transient taken from the experiment implemented at fixed excitation
density. The excitation density is evaluated using the laser beam parameters and
material absorption coefficient at fixed wavelength. The value of = ascribed to
each transient can also be estimated from the slope of the asymptotic (close to
an exponential: nexoexp(—t/mw)/[1+B®nexo0]) component within a recorded
transient. Thus, values of B and = are the only adjustable parameter involved
into fitting of the experimental transients (Fig. 4.15b). The B coefficient of an
estimated value of (1-3)x10® cm’/s should be attributed to the UV
recombination process.

The variations of MW-PC transients, as-recorded for the pristine and
irradiated AT GaN, are caused by = reduction with enhancement of neutron
irradiation fluence (Fig. 4.15b).
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Fig. 4.15 The as-recorded MW-PC transients (symbols) and simulated (lines) carrier decay
transients for the irradiated AT GaN:Mg and GaN:Mn samples (a) at fixed excitation intensity.
Variation of values of the non-radiative recombination lifetimes (extracted form fits) as a
function of neutron fluence, obtained for GaN:Mg and GaN:Mn samples (b).
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Fig. 4.16 Depth distribution of carrier recombination lifetime scanned within cross-sectional

boundary of the 400 um thick GaN:Mn wafer [A4].
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Fig. 4.17 The CCE normalized to a CCE value obtained for the non-irradiated sample (a) and
the ratio of CCE and recombination lifetime (CCE/ ) (b) as a function of neutron irradiation
fluence for Mg- and Mn-doped AT GaN samples.

Carrier recombination lifetime (zr) decreases by a factor of 100 in GaN:Mg

obtained for neutron irradiated (with the largest @) samples, when comparing
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with zr values, measured in pristine sample of the same material (Fig. 4.15Db).
While in GaN:Mn material, reduction of = was obtained by factor of 3 over a
wide range (10'? — 5x10% n/cm?) of neutron fluences. This indicates that
radiation defects are the most efficient in reduction of carrier recombination
lifetime on GaN:Mg material (where relatively long carrier lifetime is inherent).
These results also indicate, that AT GaN is rather tolerant to neutron irradiations,
relative to other MOCVD and HVPE GaN samples, irradiated by hadrons and
examined by MW-PC technique [162,163].

The longer lifetimes obtained for the pristine GaN:Mg, relative to those in
GaN:Mn, indicate that Mn impurities act as the fast recombination centres.
Slight inhomogeneity of the lateral and depth distribution of dopants in the
pristine Mg- and Mn-doped AT GaN samples has been deduced. There,
variations have been obtained within MW-PC transient scans, performed on
wafer boundary by depth profiling (Fig. 4.16). This = profile over wafer
thickness was scanned using boundary cross-sectional excitation by a sharply
focused 351 nm laser beam and by probing by a MW antenna (in near-field
mode) [108].

Carrier lifetime is one of the most important parameter of particle sensors,
which determines the efficiency of charge collection (CCE) and a possibility to
detect electrical signals on the background of electrical noises. The CCE has
been evaluated by measuring the pulsed current responses of the capacitor-like
sensor structures made of irradiated AT GaN samples and using a bias voltage
of 280 V. The CCE has been evaluated by current integration in time overa TCT
pulse. To calibrate the fluence-dependent CCE, the time integrated TCT signals
for the irradiated material sensors were normalized to the TCT signals of the
pristine material, separately for GaN:Mg and GaN:Mn. At low fluences
(@<10" n/cm?), this CCE is almost constant and equal to the CCE of a sensor
made of the non-irradiated material (Fig. 4.17). For the moderate fluences
(@>10" n/cm?), the radiation defects lead to the decrease of CCE. At the highest

irradiation fluences (@=5x10'® n/cm?), the CCE decreases to ~2.1 % and to
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~7.5 % in Mg- and Mn-doped samples, respectively. To estimate the fluence-
dependent variations of CCE due to changes of carrier transport parameters, the
fluence-dependent characteristic CCE/zr has been analysed. A reduction of this
CCE/w parameter appeared to be faster in Mg-doped AT GaN material relative
to that in Mn-doped samples. In agreement with this CCE/zr-@ characteristic
for GaN:Mg, the PL intensity decreases with enhancement of irradiation fluence
faster than that in Mn irradiated AT GaN samples. This indicates the higher
introduction rate of the non-radiative defects in GaN:Mg than that in GaN:Mn.
The rather small variation of values of the CCE/r parameter for a wide
(@=10*-10% n/cm?) range of fluences hints on the relatively high radiation
hardness of AT GaN material.

The exceptionally long carrier lifetimes (up to several ps) in AT GaN:Mg
make this material applicable in formation of thick particle sensors for detection
of particles with small interaction cross-section. AT GaN material is also
suitable for fabrication of the double-response particle sensors with properly low
leakage currents. The nearly invariable values of charge collection efficiency
and carrier lifetimes in AT GaN over wide range of moderate neutron fluences
®<10% cm? confirmed the high radiation hardness of this material. These AT
GaN features are essentially important for designing of scintillators and particle

tracking detectors.

4.2. Analysis of defects and recombination characteristics in MOCVD

grown GaN epi-layers

In many applications epitaxial layers with different doping levels or types
of material are required. For GaN-on-Si technology, the usage of the MOCVD
growth technique leads to a high density of screw and edge dislocations,
threading the GaN layers. It has been observed [164] that the breakdown voltage
of power devices can be limited by the buffer leakage current, which was
determined by electrically active defects. Doping of GaN epitaxial layers with
carbon offers new perspectives for reducing of this leakage current and for

improving the breakdown voltages [148,165]. At the same time, trapping effects
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in the AlGaN/GaN HEMTSs are enhanced by the presence of C-related deep
levels [148]. Different research studies had showed [148-150,166] that several
deep centres were associated with carbon impurities. Therefore, the control of
deep-level defects in I11-nitride epitaxial layers is important in order to optimize

the device performance.

4.2.1. MOCVD grown GaN epi-layers

GaN layers, unintentionally highly doped with C (reached concentrations
of 5x10® cm3), were grown on 200 mm Si substrates by MOCVD technology.
A set of samples were prepared by varying the growth pressure and temperature
in formation of the 1 um thick GaN epilayers on top of an identical buffer
structures consisting of AlGaN stress management layers and an AIN nucleation
layer. Structure of the samples and their growth regimes are described in
Fig. 4.18 and Table 4.3.

1 pm unintentionally
C-doped GaN

AlGaN stress management
layers

200 nm AIN nucleation layer
Si (111)

Fig. 4.18 Schematics of the sample structure.

Table 4.3 Description of growth conditions of GaN epi-layers.
1040 °C 1060 °C 1080 °C
75 Torr  Sample 1A Sample 1B Sample 1C
200 Torr Sample 2A  Sample 2B Sample 2C

4.2.2. XRD investigation
The threading dislocation density (TDD) has been evaluated from the XRD

measurements, assuming a random distribution of dislocations and using
expression [167]:

TDD = 8?%/9h?, (4.2)
where g is the full width at half of maximum of XRD reflexes (o>-FWHM), and
b is the length of Burgers’ vector. The densities of the screw and edge type
dislocations were determined using the XRD rocking curve measurements
(aw-scans) at (0002) and (30-32) reflexes. The broadening (FWHM) of the (0002)

peak within @-scan is mainly determined by the screw dislocations [5]. On the
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other hand, the broadening of the (30-32) reflection peaks is almost purely
determined by edge type dislocations in GaN [5].

The estimated values of density of the edge (DED) and screw (DSD)
dislocations [90] are plotted in Fig. 4.19 as a function of the sample growth
parameters. The decrease of DED with enhancement of the growth temperature
for layers grown at 75 Torr can be observed, while the DED increases with
growth temperature for layers grown at 200 Torr. The DSD is nearly constant
for 200 Torr grown epilayers, while these DSD have been found to be slightly

lower for 75 Torr grown layers.

75Torr ™ 200 Torr

o o o O*&—eo—o

Dislocation density (cm™)

IA 1B 1C 2A 2B 2C
Sample number

Fig. 4.19 Screw and edge dislocation densities in GaN layers grown by different regimes [A5].

The obtained dependences of dislocation density (DD) on growth
parameters can be considered based on generally established variations of the
growth rate with changes of temperature and pressure [88,168-170]. It can be
roughly implied that the growth rate decreases with enhancement of the
temperature and pressure for definite range of these parameters, while
propagation, reactions and annihilation of dislocations lead to a decrease of the
DD. This tendency is observed for investigated samples grown at 75 Torr
pressure (Fig. 4.19). Under lower growth temperature, the higher density of
structural defect, nitrogen vacancy and enhanced incorporation of impurities are
typically observed due to a reduced surface diffusion of ad-atoms [170]. The
higher pressure should affect the GaN growth by increasing the grain size and
decreasing the tilt and twist boundaries. However, at elevated pressures, the

parasitic reactions [7,8,171] in the gas phase between TMGa and NH3z can be
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more efficient. Thus, the opposite dependence between TDD and temperature,
is observed for samples grown at 200 Torr pressure (Fig. 4.19). This indicates
the lower crystal quality obtained at higher pressure (relative to 75 Torr) and the
enhancement of structural defects with increasing of temperature. The rate of
parasitic reactions might increase with temperature, especially for Ga related

reactions [7].

4.2.3. Carrier recombination lifetimes extracted using MW-PC transients
The MW-PC transients exhibit a two-componential decay, inherent to GaN
with rather high density (>108 cm) of threading dislocations (Fig. 4.20).
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Fig. 4.20 MW-PC transients measured in GaN structures at the initial decay stage and with
assumption that the decay starts from the peak of a transient.

MW-PC signal (arb. units)

According to the classical models of dislocations, a dislocation core is
surrounded by a space charge region (SCR) and contains a barrier for one type
of carriers [172]. For GaN, a screw dislocation can give rise to the deep gap
states, ranging from 0.9 to 1.6 eV above the valence band, and shallow gap states
at about 0.2 eV, below the conduction-band minimum [173,174]. The time scale
for the initial MW-PC transient component covers a few ns range (Fig. 4.20).
This decay component is ascribed to carrier recombination within a crystallite
of the GaN single-crystal. The asymptotic decay constituent in the MW-PC
transient of a few us (Fig. 4.22) has been observed, which can be commonly
attributed to the carrier trapping and anomalous diffusion through random-walk
processes within dislocation clusters, surrounding the single-crystal regions.
This process is commonly described by the stretch-exponent decay model. The

carrier density relaxation process is complicated in the non-homogeneous
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system. Trivial subtraction of the trapping component would formally reduce the
de-convoluted = value (Table 4.4), ascribed to the initial decay stage. The de-
convoluted = value is here obtained by correcting for delays due to the MW
detector circuit. The procedure of a trivial subtraction of the trapping component
is doubtful if the ratio (relative to the Aexcspot €XCitation spot) of areas (volumes)
of perfect (Acryst) single-crystal GaN and dislocation clusters is not well defined.
At TDD>2x10° cm?, the linear distances Ltp between the adjacent dislocation
cores might be estimated as Ltp ~200 nm, at assumption of a homogeneous
distribution of dislocations. The space charge regions, surrounding the
dislocations, lead to outspread of the disordered material within the inter-
dislocation areas (Atp). In this case the decay obeys a SER law [175], the carrier

decay can be approximated as

BSER
cryst t ATp _ t
n(t) =T {Aexc spot exp ( TR) + Aexc spot exp ( (TSER) )}, (43)

at assumptions of prevailing of the linear recombination of the same generation

efficiency for excess carriers in the single crystal (=) and defective material

(7sER).

Table 4.4 Summary of the initial and the de-convolution procedure extracted values of carrier
recombination lifetimes.

Sample No. Pressure/temperature  tin mw-pc (NS) 1w (NS)
2A 200 Torr/1040 C 3.6 25
2B 200 Torr/1060 C 3.1 2.2
2C 200 Torr/1080 C 3.0 2.1
1A 75Torr/1040 C 2.8 2.0
1B 75 Torr/1060 C 2.3 1.5
1C 75 Torr/1080 C 2.7 2.1
28

+ W 75Torr
2.47 \
2.0} + +

+

1.2

1, (Ns)

1040 1060 1080
T(C)

Fig. 4.21 == in GaN crystallites within layers as a function of growth temperature when using
different pressures [A5].
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The effective decay lifetime (zn, mw-pc) attributed to the recombination in
crystallites (described by the first term in Eq. 4.3) can be estimated as a slope of
the MW-PC signal relaxation on a semi-log scale, measured as a time interval at
the exp(-1) level. Values of = have been extracted using the de-convolution
procedures and the parameters of the delays in the recording circuit. These
zinmw-pc and zr values are listed in Table 4.4.

Variations of 7 as a function of the growth temperature are illustrated in
Fig. 4.21. A reduction of carrier lifetime with enhancement of temperature can
be deduced from Fig. 4.21, for layers grown using 200 Torr pressure. While,
carrier lifetime was obtained to vary non-monotonically with enhancement of
the growth temperature for GaN layers grown under 75 Torr pressure.
Nevertheless, values of = are close for both 75 Torr and 200 Torr grown at
1040 °C layers, where difference in the dislocation density (DD) is rather small.
However, the opposite tendency of DD variations with growth temperature
(Fig. 4.19) has been obtained for 75 and 200 Torr grown samples. The non-
monotonous variation of the zr dependent on temperature for the 75 Torr grown
samples can be explained by the enhanced role of the trapping component in the
GaN material containing the largest density of dislocations. Unfortunately, the
precision of the = extraction is determined by the asymptotic carrier-trapping
component.

The quality of the GaN crystallites might be also determined by the
dislocation boundaries. Dislocations can be a sink for native point defects and
impurities like carbon. So, this can be an additional factor, besides trapping,
which can explain the non-monotonous characteristic of zr versus DD
(Fig. 4.21). This for example, could be derived from the YG-TR-PL trend for
75 Torr, showing a maximum for the intermediate growth temperature,
complementary to the non-radiative lifetime (Table 4.7).

The MW-PC transients, displayed by representing In(-In(Umw-pc(t)/
Umw-pc peak) Values as a function of In(t), are illustrated for sample 2A in
Fig. 4.22. Such a SER plot (In[-In(Umw-pc(t)/Umw-pc peak)] Vs. In[t]) (where t is
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normalized to a us values inherent for the asymptotic display scale) is
conventional [108,175] in estimation of the power index fser for a SER curve.
This  asymptotic =~ component  obeys  stretched-exponential  decay
(n(t)~noser X exp[—(t/Tspr"FR]) (Eq. 4.3).

The In[-In(Umw-pc(t)/Umw-pc peak)] Values indicate good fit, as the linear
dependence has been obtained. The initial decay, characterized by , has been
ascribed to the recombination through point defects within crystallites. Values
of the Ser have been evaluated using (In[-In(Umw-pc(t)/ Umw-pc peak)] VS.
In[t/1 us]) slopes obtained in SER plots for asymptotic decays (Table 4.5). The
partial amplitude Atp/Aexc spot, ascribed to the asymptotic decay component in
GaN slightly depends on excitation intensity. The averages of these partial
amplitudes (Atp/Aexc spot) Can serve for estimation of the carrier density fraction,
attributed to the dislocation clusters. The partial amplitudes of Acryst/Aexc spot and
Atp/Aexc spot have been also estimated from the semi-log plots (similar to that
illustrated for the 2A sample in the inset for Fig. 4.22a) and are listed in
Table 4.5. The effective SER lifetimes zser, appeared in the term (Eq. 4.3) of the
asymptotic decay, can be estimated using a log-log scale and intersection of

tangents to curve’s bend (Fig. 4.22b).

| Sample 2A (1040 C, 200 Tor)| | Sample 2A (1040 C, 200 Torr)|
2l ex‘perim:ant 0 4|
,.\?é = sirpulated — W “T?\*\ER\
IS I = 5 Exponential deca) B
BSER_0_55 © p y SER decay
20 -2 [{tg,=0.55 psfjA/ 38' -2 \
o i E < \—— MW-PC transient]
s4r <,
2 6 « z <
| | 0 D
E -8 p 8 —1 (b)
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Fig. 4.22 Stretched-exponential recombination scale plots of the MW-PC transients measured
on 2A (a) sample. In the inset, a plot for estimation of partial decay amplitudes is sketched.
Either the approach of the intersection of tangents to curve’s bend, as illustrated for the sample
2Ain b, or simulated SER curves (red lines) have been employed for estimation of zser values.
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Alternatively, SER lifetimes zer can be extracted by fitting the transient
within a SER plot (red lines in Fig. 4.22a). Values of =erand fser (Table 4.5)
have showed the dependence on sample growth regimes and, consequently, on
DD. The closer a fser value to unity appears, the more perfect-crystal material
is. It has been obtained that fker value decreases with enhancement of the DD
for both sets of samples (Fig. 4.19 and Table 4.5). Also values of SER lifetimes
wer decrease with increase of dislocation density. For rather small excitation
levels, the impact of radiative recombination within MW-PC decay transients
can be ignored within the first order approximation. In latter case, the entire
concentration of the excess carriers nexo determines the rate and decay shape of
the non-radiative recombination, while only a few tens percentage of the nexo
disappear through luminescence channels. The partial amplitude, attributed to
recombination within crystallites, composes about 90% of the MW-PC signal

(Fig. 4.22a and Table 4.5). This indicates nearly monocrystalline GaN layer.

Table 4.5 Parameters of stretched exponential decay.
Sample NO PFESSU I’E/tempe ratu re Acrys[/Aexc spot ATD/Aexc spot TSER (HS) ﬂSER

2A 200 Torr/1040 C 0.91 0.09 0.55 0.55
2B 200 Torr/1060 C 0.89 0.11 0.50 0.49
2C 200 Torr/1080 C 0.91 0.09 0.40 0.45
1A 75 Torr/1040 C 0.89 0.11 0.20 0.47
1B 75 Torr/1060 C 0.92 0.08 0.30 0.50
1C 75 Torr/1080 C 0.89 0.11 0.60 0.64

4.2.4. Pulsed photo-ionization spectra

In order to identify the predominant point defects, PPIS measurements
[108] were performed. The typical for MOCVD GaN PPI spectrum, recorded on
the sample 1B, is illustrated in Fig. 4.23. The threshold photo-ionization energy

values, extracted using the Lucovsky model [109], are listed in Table 4.6.

78



MOCVD GaN
m  experiment E
simulations

MW-PC signal (arb. units)
m

[N
<
o

0 1 2 3 4 5
hv (ev)
Fig. 4.23 The as-recorded (symbols) and simulated (solid lines), using Lucovsky model, PPI

spectrum recorded in MOCVD GaN sample 1B.

Table 4.6 The threshold activation energy values, estimated by using Lucovsky model, and
assignment of defects.

MOCVD GaN

Photo-activation energy (eV) Defect type
E: 07 Vea [176]
E. 12 Nea [177]
Es 1.7 VeaOn [148]
E. 26 Cn [148]
Es 3.3 CnOn [148]

The dominant PPIS peaks have been attributed to the photo-active centres,
caused by the technological defects (Table 4.6). The crystalline structure defects
as anti-site (Nea), vacancy- (Veaand VeaOn) and carbon-related (Cn and CnOn)

defects have been identified.

4.2.5. SS-PL spectra and TR-PL characteristics

The SS-PL spectra (Fig. 4.24) were recorded using cw laser excitation.
There, the low excitation levels, close to that employed within MW-PC
experiments, were used. The intensive blue B-PL band is clearly observed in
SS-PL spectra (Fig. 4.24). The intensities of UV-PL and short wavelength wing
of B-PL (Fig. 4.24a) have been obtained to be nearly the same in samples grown
using the same temperature but different pressures. The absolute intensities for
SS-PL bands of B-PL and YG-PL are similar for different samples. More
variations can be deduced for the UV peak intensity, as a clearly non-linear

process relative to the excess carrier concentration. The close values of Y-G-PL
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intensity obtained for different samples would indicate nearly the same

concentration of DAP in these samples. The normalized SS-PL spectra

(Fig. 4.24b) show the redistribution of radiative recombination flows among

UV, B and YG-PL channels. There, the clearer reduction of the normalized B

and YG PL intensity with increase of growth temperature can be deduced for
both 75 Torr and 200 Torr regimes.
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Fig. 4.24 (a) As recorded the SS-PL spectra for GaN-on-Si samples. (b) SSPL spectra with PL
intensity normalized to an UV peak intensity. PL light interference determines small
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The TR-PL transients (Fig. 4.25) have been recorded using 100 fs laser
pulses, where excess carrier densities of ne~10® cm are initially generated.
TR-PL transients were integrated over different PL spectral segments, denoted
in plots within Fig. 4.25. The instantaneous PL decay lifetimes (Table 4.7) have
been evaluated from the decay slopes by measuring the reduction of PL intensity
by exp(-1). UV TR-PL transients show a two-componential decay. The
characteristic time values for the UV PL initial decay (zn, p.) have been found to
be about 140—180 ps. The shorter values are estimated for 200 Torr grown
layers. However, due to the high excitation level, there the non-linear PL decay
character occurs and a rather small part of the excess carrier density decaying
through radiative channels. Therefore, it is difficult to associate the measured
instantaneous values to the excess carrier decay lifetime, within the first order
approach. However, the asymptotic component (zspL) shows rather low PL
intensity. Values of zspL in UV TR-PL transients agree with simply evaluated
= parameters (Table 4.4), when using the MW-PC data.

For B-TR-PL and YG-TR-PL transients, the PL decay shapes are close to
the single-exponential decays. The lower intensity of the B-PL and YG-PL
bands determines to the less dynamic range and the necessity to enhance the
spectral segment (50 nm for B-PL and 70 nm for YG-PL) for integration in
recording of the transients by streak camera technique. Values of instantaneous
PL decay lifetime for different samples, extracted from B-PL and YG-PL
transients (using a slope of the PL intensity decrease by exp(-1) for the single-

exponential decay) are represented in Table 4.7.

Table 4.7 Instantaneous PL decay lifetimes (ns), evaluated from the decay slopes at exp(-1)
level and simulated values.

Sample No. UV-TR-PL Simulated &, p-apL B-TR-PL YG-TR-PL
Tinst Values using UV-TR-PL Tinst Values Tinst Values
Tin,PL Taspl  With B=2x10% cm®/s Teff-PL Teff-PL
1A,1040°C 0.18 12.0 1.45 1.40
o S 1B,1060°C 0.18 4.0 1.55 2.00
~F 1C,1080°C 0.18 2.74- 4.0 1.68 1.45
2A,1040°C 0.15 5.20 25 1.55 1.80
S S 2B,1060°C 0.15 3.0 1.68 2.00
Nk 2C,1080°C 0.14 35 2.67 2.20
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Fig. 4.26 TR-PL transients recorded for an UV segment obtained in samples grown at 75 Torr
() and 200 Torr (b) pressure and fitted using an approach of the simultaneous non-linear and
linear radiative recombination processes. The z p-apL Values extracted by fitting procedure are
denoted in the legends.

The clearer tendency of zf -pL increase with growth temperature can be
deduced for 200 Torr grown samples. For the latter samples, the zs.pL lifetimes
are obtained to be longer than those measured for 75 Torr grown layers.

The UV-TR-PL transients have also been fitted (Fig. 4.26) using a model,
designed for the non-exponential PL decay process, in which the excess carrier

variation in time, nexpL(t) can be represented [108] as follows:

)

nex,O eXp(—
TRiD-APL

Nex pL (t) =

)]
TRiD-APL ) (44)

Here, B is the coefficient of radiative recombination, = p-a pL iS the carrier

14 BN, oTrip_ap [L—€XP(—

lifetime ascribed to the D-A PL recombination, and nexo iS the excess carrier
concentration at the peak of excitation. The MW-PC signal is there proportional
to the concentration of free carriers. Thereby, the parameter nexo is directly
estimated using a transient taken from the experiment at fixed excitation density.
The excitation density is evaluated using the laser beam parameters and the
material absorption coefficient at fixed wavelength. For simulations, the value
of carrier lifetime (, p-apL), ascribed to each transient, can also be estimated
from the slope of the asymptotic (NexoeXp(-t/w, p-a PL)/[1+B R, D-A PL Nexo])
component within a recorded transient. Thereby, the value of either B or a pair
of values (B, w,p-apL) Is the only adjustable parameter involved into simulation

of the experimental transients (Fig. 4.26).
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The most important parameter in these correlations is the =, p-apL Which is
a measure for estimation of the D-A defects within the lattice. The B coefficient
of an estimated value of 2x10® cm?/s has been obtained, which can be ascribed
to the UV (band-to-band) recombination process. Values of  p-a pL have been
extracted from the fitting (Eq. 4.4) of the non-exponential PL decay transients
over the whole time scale, where PL signal falls down to the background level.
The later phase of the PL decay is there ascribed to the quasi-linear radiative
recombination through DAP. Then, the model of Eq. 4.4 can be applicable. Thus,
a pair of parameters B and , p-apL can be exploited for more precise description
of the UV-TR-PL transients.

4.2.6. Lateral distribution of PL characteristics

Rather smooth surfaces of the as-grown GaN epilayers were revealed by
AFM (Fig. 4.27). These pictures show the crack-free material layers. The similar
peak-to-valley (PV) and RMS (root mean square) roughness values for all the

samples seem to be independent of growth pressure and temperature.
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Fig. 4.27 AFM imaging indicates the crack-free epilayers with comparable PV and RMS
roughness values.
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Fig. 4.28 Confocal microscopy PL spectra for scan area of 10x10 um? in samples grown using
the same temperature (1060 C) and different pressure.
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The PL spectra integrated over small area within confocal microscope field
have been also recorded under excitation by laser diode. The PL spectra for the
only Y-PL band were observed at 405 nm excitation wavelength for samples
grown using different pressure (Fig. 4.28). It can be observed, that YG-PL
intensity is larger for the sample grown using 200 Torr pressure relatively to that
obtained using 75 Torr. It is well-known [145] that YG-PL is related to D-A
transitions within crystalline GaN. Thus, the larger YG-PL intensity, for
200 Torr sample relative to that for 75 Torr sample, might imply the longer
carrier D-A recombination lifetime 7z p-apL and = in agreement with results

shown in Fig. 4.21.
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Fig. 4.29 Confocal microscopy images with bright areas ascribed to YG-PL in samples [A5].

1500 CCDcts

This result can be understood assuming that small fraction of carriers
decays through PL channel. The entire excess carrier density is controlled by the
non-radiative recombination processes, therefore, filling of D-A PL centres
competes with that for the non-radiative recombination ones. The crystallites in
200 Torr grown layers seem to be larger, as obtained from confocal microscopy

images (Fig. 4.29).



4.2.7. Dislocation density dependent carrier lifetime variations

The summarized parameters (extracted simply by using the decay slope
(), obtained for the initial component of the MW-PC transient, and simulated
(=er), assuming crystallite as well as random-walk carrier decay processes) are

illustrated in Fig. 4.30 as a function of the density of edge dislocations (DED).
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Fig. 4.30 Values of the w extracted from an initial MW-PC decay slope, associated with
crystallites, and the asymptotic SER decay lifetime (zer) as a function of DED in GaN
epilayers and instantaneouszinp. 0f UV, B and G-Y PL decay as a function of DED.

For the lowest excitation densities, the initial stage decay component ()
seems to be ascribed to recombination within crystallites, and these = values
decrease with enhancement of the DED. The =er values, estimated for GaN
layers grown at 75 Torr pressure, and 1, zer lifetimes, for layers grown at
200 Torr pressure, clearly decrease with enhancement of the DED. For low
excitation levels, fitting values for the zser are obtained in the range of hundreds
of ns. This implies that tser values represent the carrier trapping through
random-walk within dislocation nets, surrounding GaN crystallites, according to
the model described by Eq. 4.3. Despite of the impact of disorder, the examined
GaN layers are mainly composed of crystallites where values of the Acryst/Aexc spot
coefficient reach 90 % (Table 4.7) for all the samples. However, values of the
stretched-exponent index Sser and of the stretched-exponential decay lifetime
wer Clearly decrease with enhancement of TDD. The parameter fkser indicates

the increase of disorder degree with TDD. Reduction of zer with increase of
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TDD implies prevailing of carrier decay through dislocation cores, when TDD
enhances.

For low excitation level, the asymptotic component within the MW-PC
transients can be attributed to carrier trapping and anomalous diffusion through
random-walk processes within inter-crystallite regions, where dislocation
densities of TDD>108 cm™2 has been estimated by XRD measurements. The mser
values decrease with enhancement of edge dislocation density. The initial
MW-PC decay component (zr) seems to be ascribed to recombination within
single-crystal regions of the epilayers, and these = values decrease with
enhancement of DED. These  lifetimes seem to be sensitive to the structure of
point defects within GaN epilayers.

Variations of the phenomenological (zinpL zfpL) and fitting (rp-a pL)
parameters, extracted from TR-PL transients, as a function of DD are illustrated
in Fig. 4.31. Values for the evaluated characteristic PL-decay times are nearly
independent of DED, and their values vary not more than 20% when changing
the growth regimes. The TR-PL transients, integrated over the UV-PL band at
high excitation levels, show a two-componential decay process, which can be
approximated by a non-linear recombination model. In this model. band-to-band
(excitonic) annihilation (zinpL) determines the non-linearity of the process while
the asymptotic component (zr,p-apL) can be ascribed to the DAP PL. The DAP-
related PL processes exhibit effective relaxation times of tens of ns, which are
close to the zr values within the initial stage of the MW-PC transients. The
UV-PL is nearly independent of the DD. At the same time, the DAP PL intensity
seems to be related to the point defects and impurities, identified by the PPIS
measurements within the GaN crystallites.

Lateral variations of the zr and zaspL,uv=wrp-a PL Vvalues are in qualitative
agreement with confocal microscopy images, obtained for the same samples.
There, the YG-PL lateral distribution is manifested within the area of the

confocal microscopy image.
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It should be concluded that the role of carrier radiative and non-radiative
recombination as well as of trapping effects in MOCVD GaN layers containing
a rather high density of different types of dislocations significantly depends on
the excitation level. This is important in designing of devices based on GaN-on-
Si materials and in the choice of the characterization techniques as well as the
interpretation of measurement results. Also, high densities of dislocations and
their clusters lead to manifestation of disorder effects at rather small excess

carrier concentrations.

4.3. Evolution of spectral characteristics in GaN-based sensors during

irradiations

The multi-quantum-well-(MQW)-based GaN structures grown by
MOCVD technology were investigated in order to trace the evolution of
radiation damage. The proton-induced luminescence (PI-L) and the BELIV
(barrier evaluation by linearly increasing voltage) transients were
simultaneously recorded during exposure to the 1.6 MeV proton beam (Sketch
of the experimental setup for these measurements is shown in Fig. 3.4 b). The
dominant radiation defects have been ex situ examined by the deep-level

transient spectroscopy (DLTS). This method is described in section 3.3.1.

4.3.1. LED-based particle sensor

The 1 pm thick InGaN/GaN metal-heterostructure-metal sensors, with
multi-quantum—well (MQW) layer, made of commercial light emitting diodes
(LEDs, Optosupply OSB4XNELELE [178]) were investigated. The multilayer
heterostructures of 0.25 um thickness and 1x1072 cm? area were fabricated on

sapphire substrates by MOCVD technology.

4.3.2. BELIV characteristics of pristine sensors

The BELIV measurements were applied for the characterization of the
barrier capacitance and for the estimation of carrier traps within a device
material. The BELIV transients were examined varying temperature from 25 to

70 °C and using reverse (Ur) polarity linearly increasing voltage (LI1V) pulses
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(Fig. 4.). There, BELIV transients were recorded using fixed reverse voltage
(Ur) pulses with a peak value of Up=8 V and pulse duration of zp=50 ps.

The initial current peak within a BELIV transient corresponds to the barrier
capacitance value Cno, Which is dependent on the effective doping concentration
~Ne2 [179]. As shown in the inset of Fig. 4.31, the amplitude of this peak
increases linearly with enhancement of temperature. This implies the increase of
the effective doping Ner=NpxNT due to trap ionization, where Np is the donor
concentration and Nt is the concentration of the net space charge, produced by
ionized traps [180]. The Nes, as determined from BELIV measurements at room

temperature, is Nex=3.5x10'" cm’3,
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Fig. 4.31 Temperature-dependent variations of BELIV current transients. In the inset: Peak
value of BELIV transient as a function of temperature.

4.3.3. Variations of characteristics during proton irradiation

Owing to the GaN sensor availability to record both the electrical and
optical signals, the impact of the radiation defects introduced by a proton beam
was studied at room temperature by combining the in situ measurements of the
BELIV (Fig. 4.32) and proton-induced luminescence (PI-L) (Fig. 4.32)
characteristics.

The fluence-dependent peak values of the BELIV current (Fig. 4.32)
indicate the decrease of the barrier capacitance Cpo with enhancement of
irradiation fluence. This result indicates that radiation-induced defects partially
compensate the dopants introduced by LED fabrication. At the highest
irradiation fluence (#=6x10° cm2), the BELIV signal decreases by a factor of

3, compared to its value in the pristine sensor. The BELIV signal in sensor
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irradiated with the highest fluence acquires a square-wave shape, which is
typical for the fully-depleted sensor. In that case, the geometrical capacitance
determines the BELIV transient. This result implies that the heterojunction
sensor under heavy irradiation approaches to the capacitor-like device. The
observed decrease of the peak values of BELIV current indicates the changes of
the effective doping concentration from Nex=3.5x10" cm3, for a pristine sensor,

to Ner=2.4x101" cm3, for the sensor irradiated with the highest fluence.
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Fig. 4.32 Fluence-dependent barrier charging current (a) and its peak value (b) measured during
irradiation at room temperature.

The PI-L spectra (Fig. 4.33) consist of four bands: (i) UV spectral band
(UV-L) of rather small intensity; (ii) violet (V-PI-L) with maximum at 420 nm
(2.9 eV); (iii) B-PI-L with maximum at around 465 nm (2.7 eV); (iv) YG-PI-L)
luminescence band with a peak at 550 nm (2.3 eV). Variations of the peak

intensity for two the most intensive PI-L bands are shown in Fig. 4.33.

—_
2 10y
C
>
o
G 10°
8 10
> i 800700 600 * 52[')“) 400
= 2 1w
g ; 0.8
o 10° L
= D 04
E é 0.2
_II E 0%5 2.0 25 3.0 35
E (eV)
g 10" by ; ;
0 10° 10 10
® (cm”)

Fig. 4.33 Variations of the PI-L peak-intensities for B and YG spectral bands as a function of
proton irradiation fluence. The evolution of the PI-L spectra is illustrated in the inset.
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The broad YG-PI-L emission band suffers a fast luminescence quenching
during irradiation. The YG-PI-L band is likely to be attributed to either the
VeaOn complex [146,147] or to the carbon-related defects Cn and CnOn
[147,148]. The intensity of the B-PL band with maximum at 465 nm decreases
with fluence increase. This B-PI-L band might be ascribed to the transitions of
carriers within DAP [145]. The intensity of the V-PI-L band increases with
irradiation fluence and becomes dominant at the fluences of @>5x10%* ¢cm2. This
band can emerge due to the formation of vacancies ascribed to radiation defects
in the electron-blocking AlGaN layer of GaN LEDs [181]. The additional
R-PI-L peak at 700 nm appears in the highly irradiated sensor, which is related
to the proton beam excited luminescence in the sapphire substrate, due to
Cr-ascribed centres [182].

4.3.4. CV characteristics and DLTS spectra

CV measurements allow for the estimation of the shallow dopant
concentration Ns and their distribution in the space charge region. Two slopes,
typical for the heterostucture-based LED’s, can be deduced from the C2-V
characteristics (Fig. 4.34). The turning-point within CV’s indicates a full-
depletion voltage for the less doped layer. The effective doping concentration
evaluated from CV characteristics are estimated to be Ner=4x10" cm for the
pristine sensor and Ner=2.2x101" cm for the sensor irradiated with the highest
fluence. These values are in rather good agreement with Nest values extracted
from the BELIV measurement. The dopant removal is the main radiation-
damage effect in semiconductor radiation-detectors. Variations of capacitance
for the heavily irradiated sensor do not exceed 10 % of the average value being
of the same magnitude with measurement errors. This result implies a weak
dependence of capacitance on reverse voltage in heavily irradiated sensor. It has
also been deduced from CV’s (Fig. 4.34) that values of barrier capacitance in a
sensor, irradiated with a proton fluence of 6x10° cm, is decreased by a factor
of 3.6 compared to its value in the pristine sensor, due to the decrease of the

effective dopant concentration (Ne=Np-Na).
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The C-DLTS spectra recorded for the pristine and the irradiated sensor are
illustrated in Fig. 4.35. These DLTS measurements were performed over a
temperature range of 10—400 K using filling pulse of 1.5 V voltage and of
500 ms duration. The reverse bias voltage was varied in the range of 1-10 V,

which corresponds to the scan depths in the range of 80-140 nm.
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Fig. 4.34 CV characteristics obtained for the pristine GaN sensor and for that irradiated with
the proton fluence of 6x10%° cm, C2-V plots are shown in the inset [A7].

a
’(-(/)\) pristine, UR=2 Vv (b)
2 5 0 —|iradiated =6x10" cm? : : 62 . . . ,
5 — ‘ X E_=008eV
o 15p |[T—UF2Y 60r Iy n- 0 e
~ FN _
T — U =10V > ) X E_=045eV
= 10} | gf + E 0626V
®© s E 5o
c > P
o 05} X, % J.yg
o S 5438
E 007 e E i ;
- 5213
0O 05— ‘ ‘ ‘ ‘ ‘ ‘
LI) 50 100 150 200 250 300 350 400 50 . . . .
T (K) 5 10 15 20
1000/T (1K)

Fig. 4.35 C-DLTS spectra recorded on the pristine sensor and sensor irradiated with proton
fluence of 6x10™ cm? (a) and the Arrhenius plots obtained for spectral peaks recorded on the
sensor irradiated with proton fluence of 6x10* cm(b) [A7].

The post-irradiation DLTS measurements on sensors was performed by
comparing these spectra with that obtained before irradiations. The DLTS
signals on the noise level have only been detected for the pristine sensor
(Fig. 4.35). While, a spectral structure containing broad peaks has been observed
for the irradiated sensors. The radiation defect concentration varied near-linearly
with irradiation fluence for the examined @ range. It has been obtained that the

amplitude of a spectral peak Er: at 100 K is independent of the reverse-bias
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voltage Ur. This result implies a nearly-homogeneous distribution of the
radiation-defects within the depletion region. The broad DLTS spectral band,
covering the temperature range of 250—350 K, clearly indicates the overlapping
of two spectral peaks, at least.

The amplitude of the Et2 and Ers peaks increases with enhancement of the
reverse-bias voltage. This points to a non-uniform distribution of concentration
of the radiation-defects (Er2, Et3) within the deeper regions of heterostructure
materials, far from the interface layer. The Arrhenius plots have been displayed
by using PhysTech software [103]. The Arrhenius plots (Fig. 4.35) have been
determined using the relevant shifts of the peak positions over the temperature
scale, dependent on the rate-window and on the correlation function.

Values of the thermal-activation energy Er, of trap concentration Nt and of
their capture cross-section o, extracted from analysis of the Arrhenius plots, are
listed in Table 4.8.

Table 4.8 Parameters of traps for sensor irradiated with a proton fluence of 6x10%° cm?,
evaluated using Arrhenius plots.

Level Ec-Er (eV) Nt (cm?) o (cm?)
En 0.08 2.6x10% 2x10718
Er 0.45 2x10% 6x10716
Ers 0.62 1.8x10% 2x10713

The traps, characterized by sets of the (Er, N1, o) parameters have been
attributed to the radiation-induced defects, as follows: i) the traps with activation
energy of Et1=0.08 eV are ascribed to the nitrogen vacancy Vn [183]; ii) the
deep levels with E1,=0.45 eV are associated with radiation-defect complexes of
rather shallow donors [181,182]; iii) the centres characterized by the
Er3=0.62 eV are attributed to the still unidentified defect, which has also been
observed by other authors [183,184].

The potential for the application of GaN-based sensors by detecting both
the electrical and optical signals in a harsh radiation environment has also been
demonstrated. Detection of both the electrical and optical signals also may be
applicable for characterization of high electron mobility transistors (HEMT)
[185-187].

92



5. Investigation of diamond structures

5.1. Native defects in HPHT and CVD diamond materials

The electron spin resonance (ESR), Fourier transform-infrared
spectroscopy (FTIR) and pulsed photo-ionization spectroscopy (PPIS)
measurements have been combined to identify the dominant defects in diamond
samples, grown by chemical vapour deposition (CVD) and high pressure-high
temperature (HPHT) methods.

5.1.1. HPHT and CVD synthesized diamond samples

The HPHT diamond single crystals were synthesized by the high pressure
(4.5-5.0 GPa) and high (1350—1450 °C) temperature gradient technology [188]
using the Ni-Fe-C liquid solvent/catalyst carbon metallurgy system. The
solvent/catalyst system comprised the 70% Fe and 30% Ni metals in crystal
growth cell, respectively. Growth regime was controlled by measurements of
electrical power consumption, which was correlated with temperature by
additional calibration measurements with precision of =15 °C. The as-grown
single crystal had a cube-octahedral morphology (Fig. 5.1a). The octahedral
growth planes prevail on the as-grown crystal, while a cube growth sectors can
be observed on the crystal-top plane, situated oppositely to a seed. The cube
growth sectors on the side-planes of a crystal are not clearly observable. The as-
grown crystal contains a crack, which is marked by a dashed line in Fig. 5.1a. A
scheme of wafer sample slicing is presented in Fig. 5.1a. The samples from No.
3 to No. 9 were prepared by slicing of the crystal into wafers across the plane
(001) in parallel to the crystal base. The mechanically polished wafers contain
surface roughness less than 20 nm, as measured by an AFM. The
crystallographic and shape parameters of the investigated HPHT diamond
samples are denoted in Fig. 5.1b.

Single-crystal wafer samples of CVD diamond, with dimensions of
3x3 mm? and thickness of 300 um and 500 um, were purchased from industrial
diamond producer Element Six [189]. The single-crystal (100) oriented CVD

diamond contained impurities of boron (B) and nitrogen (N) of concentrations
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<1 ppb and <5 ppb, respectively. This small concentration of impurities caused
the ESR signal intensity below the limit of detection. Also, no frequencies for
the IR-active defects modes have been resolved in FTIR spectra. However, PPIS

allowed identifying of the defects in CVD diamond samples.

(a) 9 [0[‘)” (b) SampleNo. 4 SampleNo. 7 SampleNo. 9
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Fig. 5.1 The pictures of the HPHT diamond crystal wafer samples, prepared by slicing of the
single crystal (a) and polishing both wafer surfaces are shown in the top row (b). The cubic (C)
and octahedral (O) growth sectors on each wafer are denoted in the lower row.

5.1.2. Spectral characteristics of technological defects

The P1 and W8 centres [190,191], ascribed to the substitutional N and the
substitutional negatively charged Ni impurities, respectively, have been
identified by the ESR measurements in HPHT diamond samples. The ESR
resonances associated with N defect have been observed at room temperature
(Fig. 5.2), while the peak associated with Ni impurities is present only at low
temperatures (100 K). At low temperatures, the ESR resonance signals, ascribed
to P1 centres, are as usually saturated. Nitrogen concentration, ranged from
1.2x10%° cm3 to 2.4x10% cm, has been estimated for HPHT diamond samples.
The Ni concentration has been evaluated to be 1.9x10Y” cm, 1.4x10'" cm and

5.4x10'® cm3 for the samples No. 4, No. 7, and No. 9, respectively.
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Fig. 5.2 The ESR spectra recorded at room temperature and at 100K temperature in HPHT
diamond samples, containing nitrogen and nickel impurities.
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HPHT diamond, Sample No. 4
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Fig. 5.3 Spectra of absorption coefficient measured by FTIR technique at different locations of
HPHT diamond sample No. 4.

In order to investigate the distribution of the technological defects, the
spectra of the absorption coefficient have been measured at different locations
on sample No. 4. (Fig. 5.3). These locations represent different crystal

morphology sectors.

Table 5.1 Concentration of the identified impurities in HPHT diamond wafer samples.

Defect Sample No.4 Sample No.7 Sample No.9
type Technique Defect concentration x10* cm
P1 (N) ESR 24 22 12
Phi ESR 0.19 0.14 0.054
Location on the sample
D F G Central area Central area
C FTIR - - 22 3.6 9.1
A FTIR - 23 - 37.0 11.0
ct FTIR - 3 1 14 -

The typical spectra have been ascribed to different scanned location points
(to cubic morphology sector (D), to a boundary of two octahedral sectors (E), to
the intersection line of the octahedral and cubic sectors nearby the centre of the
sample (F), and to the octahedral sector (G)). The peaks in spectra have been
identified as the neutral C (1130 cm?) and the charged C* (1332 cm™?) isolated
substitutional nitrogen centres and the A aggregate (1282 cm™) being a pair of
the nearest neighbour substitutional nitrogen atoms. For the D-point, located at
the edge of wafer, the non-luminescent region is inherent. There, concentration
of impurities has been evaluated to be below the FTIR detection limit. The peaks
related to the A and C* defects have been usually observed in the octahedral

sectors (E and F location). The C-type neutral isolated substitutional nitrogen

95



defects revealed to be dominant in the non-luminescent octahedral morphology
areas at G-point. Concentration of the identified impurities, evaluated using ESR
and FTIR spectral data, are listed in Table 5.1.

10°F[ m HPHT [ Pu-§

10"E

107F

10°%

MW-PC signal (arb. units)

Fig. 5.4 The PPIS spectra obtained on HPHT and CVD diamond samples. Solid lines represent
the fitted spectral steps.

Table 5.2 The photo-activation energy values, extracted by using Lucovsky’s model, and
assignment of defects.

HPHT diamond CVD diamond

Photo-activation Photo-activation

energy (V) Defect type energy (V) Defect type

E1-npHr=0.52 a-C [192] E1.cvo=15 a-C [192]

Eoqprt =0.74 a-C [192] E;.cvp=2.37 N subst. [193]

Esnpur =1.1 a-C [192]

Esnpur =1.5 a-C [192]

E5—HPHT =1.97 N-V [61]

EG—HPHT =2.67 N-VNiV-N[193]

E7.1puT =4.00 Ni, N2-VNi-N2 [193]

The PPIS spectra for CVD and HPHT diamond samples are illustrated in
Fig. 5.4. Values of the photo-activation energy (Table 5.2), have been extracted
for different spectral steps (Fig. 5.4) using simulations by Lucovsky’s model
[109], and allow the identification of the native defects in diamond materials.
The shallower levels, with photo-activation energy below 1.5 eV, have been
ascribed to a-C defect. An N substitutional type defect with the photo-activation
energy of E>.cvp=2.37 eV, has been identified in CVD diamond. A nitrogen-
vacancy complexes, with activation energies of Es.npur =1.97 eV and of

Es-vpHT =2.67 €V, and the nickel-related deep levels with activation energy of
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E7-nvenr =4.0 eV, respectively, have been identified for HPHT diamond. The
nitrogen is present as an un-avoidable impurity in synthetic diamond while the
Ni impurities are commonly incorporated within HPHT diamond, synthesised
using a Ni-containing alloy catalyst-solvent, as discussed in section 2.1.2.

5.2. Profiling of diamond sensor signals

5.2.1. Samples and structure of capacitor type sensors

The single-pixel capacitor-type detectors were formed by using HPHT and
CVD grown diamond materials and different metallization types in fabrication
of electrodes. The pressed-plate type copper electrodes, compatible with micro-
strip line formed on printed circuit board (PCB), or two-component silver (Ag
paste) and copper (Cu) metallization were employed to fabricate the parallel-
plate capacitor-type sensor structures with blocking electrodes (Fig. 5.5). These
structures with different type electrodes were examined to clarify the impact of
diamond surface states and the role of carrier traps in appearance of the dynamic

polarization effect.

. Cu _9
Cu | |
Cu
oo 1
Cu r <.
Hole for LA 2
excilation 'bl

Fig. 5.5 The sketch of the capacitor type sensors made of diamond wafers covered by metallic
electrodes and the micro-pixel contacts (sample No. 5).

A mosaic electrode system has been made on the sample No. 5 (Fig. 5.5)
of the HPHT wafer set, which contains a rather large concentration of metallic
inclusions. The thickness of this wafer sample was d=748 pm. Isle (micro-pixel)
type electrodes of dimensions of 200x200 um? were produced by implantation
of boron (B). The linear current-voltage dependence for each single micro-pixel
has been obtained for applied voltages of up to a few hundred volts over all the

set of micro-pixels within the wafer planar surface, while the dark current values
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varied in the range from a few fA to a pA. These variations have been ascribed
to the lateral distribution of impurities spread within the bulk of this wafer [9],
where current variations correlate well with carrier lifetime lateral maps on the
wafer surface. Then, the pressed copper electrodes or two-layer metal electrodes
(Fig. 5.5) were applied to form a parallel-plate capacitor type sensor on this
(No. 5) HPHT diamond sample.

Capacitor type structures on HPHT wafer samples No. 4, No. 7 and No. 9
(Fig. 5.5) using pressed plate electrodes were also made for comparison.

Single-crystal wafer samples of CVVD diamond (described in section 5.1)
were also involved into measurements. The pressed plate copper electrodes
(Fig. 5.5) used in the formation of capacitor type CVD diamond structures were
exploited to provide the same experimental conditions as those employed for
investigations of HPHT diamond structures. The detailed description of the

setup used for TCT measurements can be found in section 3.3.

5.2.2. Models for analysis of drift-diffusion dynamics

Models, based on Shockley-Ramo’s theorem [194,195], describing the
evolution of ICDC transients have been developed. The Shockley-Ramo’s
theorem allows a calculation of the induced charge for sandwich structure
detectors. The charge Q and current i induced on an electrode by a moving
charge q is expressed as:

Q = qp(x)

i = quE,(x), (5.1)
where ¢(x), Eo(x) is weighting potential and weighting electric field at the
charges position (x), respectively, and v is the instantaneous velocity of charge
drift. Moreover, on assuming that the signal is read out from the anode, the
weighting potential of this electrode is calculated using the Shockley-Ramo
theorem by setting the potential on the anode to 1, and assuming the cathode to
be grounded. In the simple case, the weighting potential for planar detector
(Fig. 5.6a) is a linear function of depth between electrodes (Fig. 5.6b). However,
the calculation of the weighting potential could be very complex in a non-

isotropic medium [196]. In the illustrated example, the incident y radiation
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generates ng electrons and po holes at a distance Z from the cathode. The number
of generated electron-hole pairs is proportional to the deposited energy. The
induced charge is dependent on the distance (dx) the charges move before they
reach the corresponding electrode, the cathode for holes and anode for electrons,

respectively, and can be written as:

dq = = (5.2)
The induced charge consists of a two components that is determined by electrons
(n) drifted a distance x and holes (p) drifted a distance (d-x). The assumption that
no charge is lost due to recombination and trapping gives expression of the

induced charge on the cathode (Qcathode) and (Qanode):
Qcathode = Qanode =N (g) +p (?) (5.3)
(@) (b)
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Fig. 5.6 The scheme of a semiconductor detector with planar electrodes (a). The weighting
potential of the anode, and signal components arising from the movements of charges (b) [196].

The change of charge on the cathode is converted to a voltage pulse using
a charge sensing amplifier and the amplitude of the output signal is proportional
to the deposited energy.

The original Shockley-Ramo theorem leads to the deduction that the charge
on electrodes induced by a moving charge q is independent of applied potentials
on electrodes and the space charge. However, the fundamental problem is the
charge q trapping in the space charge region. The trapping causes the reduction
of signal amplitude that depends on the drift length of charge carriers. The drift-
diffusion approach is commonly employed to simulate a current transient.
However, drift-diffusion model is limited by small charge drift when electric
field changes can be ignored. Theoretical analysis of the radiation damage and

carrier trapping/emission caused electric field changes is still lacking. Therefore,
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dynamic models based on Shockley-Ramo’s theorem, under injection of the
localized surface domains and of bulk charge carriers have been developed in
this work. The transients in capacitor type diamond sensors using dynamic
model have been examined.

The electron-hole neutral domain is initially injected in most cases of
carrier excitation either as the secondary carrier pairs, generated by high energy
particles, or the photo-excited carrier pairs. The electric field acting on drifting
electron and hole sub-domains is determined by solving the Poisson’s equation
including the charge on electrodes, induced by an external voltage source, and
the charge induced by the moving charge sub-domains. The current transient
detected on a load resistance within external loop of circuit is then varied in time
due to charge changes on electrode caused by drift of the injected domain drift,
where the external source should balance variations of charge on electrode [194].
Instantaneous current values are then determined by the charge variations in time
(integrated over an area of electrode) related to the characteristic transit time.

Simplified sketches of the processes and the formation regimes for current
pulses are illustrated in Fig. 5.7-Fig. 5.10. In Fig. 5.7, the energy and charge
distributions are sketched for sensor biasing (a), for the phase of the monopolar
charge drift (b), and for the polarization charge formation (c). The polarization
charge formation is illustrated under both the excess carrier trapping to deep
centres (quasi-stationary polarization) and formation of the depletion (from one
type of excess carriers) region at electrodes (dynamic polarization) after drifting
excess carriers arrive to electrodes. Sketches of the evolution of the light injected
bulk charge distribution and of the dynamic polarization are illustrated in
Fig. 5.8. In Fig. 5.9, a sketch of separation and drift of the locally injected sheet
of carriers under switched-on external voltage of value, capable to separate
excess carrier pairs, is shown. In Fig. 5.10, sketches of the diffusion current
formation under large amount of the light injected carrier pairs in the bulk of
material within inter-electrode gap are illustrated.

The transit time for the drift prevailing processes is evaluated by solving

the equation for the instantaneous drift velocity normalized to the whole drift
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region length. It had been shown [197] that there are a variety of regimes
(Fig. 5.7-Fig. 5.10) such as pure bipolar and mixed (bipolar-proceeded by the
monopolar) drift processes and drift proceeded by diffusion. The role of
diffusion can be ignored if an injected charge does not exceed the charge on
electrode induced by the external voltage source (Fig. 5.8 and Fig. 5.9). On the
contrary, the injected charge surface domain is able to screen the electric field
caused by a fixed value of the bias voltage if the external voltage is low and the
surface density of the injected charge is large (Fig. 5.10). This regime is ascribed
to the diffusion limited convection current, namely the current transient appears
as a result of the time varied charge, diffused to and collected on electrode.
5.2.3. Models of drift current for injected bulk domain at low applied
voltages

The current transients can be caused by the time varied bulk excess charge
domain, overwhelming the inter-electrode space, which disappears due to
diffusion to and collection of charge on electrode (Fig. 5.8 and Fig. 5.10). This
happens if applied external field is insufficient to separate the electron-hole sub-
domains over the entire bulk. Then, the carrier reservoir is located within the
inter-electrode gap, and the diffusion supplied carriers replace those extracted to
electrode.

The charge of non-extracted carrier surface sub-domain screens the
external field (Fig. 5.8), and, thus, determines a characteristic length of charged
layer. The same charged layer appears at the opposite electrode. These opposite
charged layers determine an additional electric field, equivalent to Dember field
for ambipolar diffusion. This Dember-like field also prevents diffusion of the
non-extracted carriers to electrodes at the opposite sides (Fig. 5.8). The
analytical description of current transients, induced by a bulk electron-hole
domain, which cannot be disassembled owing to the applied external electric
field, can only be performed using several approximations. The drift-diffusion
process consists of two components: the initial stage of carrier extraction through
carrier drift and the later current flow stage, sustained by diffusion supplied

excess carriers from the electrically neutral bulk.
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Fig. 5.7 Sketches of the changes of the induced charges and of energy band diagram (E) within
a capacitor structure. a - Charges (hollow circles — positive, solid circles — negative charges)
induced on electrodes just after switching-on of the DC external voltage. On the right, a current
transient of charging of the capacitor sensor is sketched; b - Sketch of the monopolar drift phase
for the light injected charge and formation of drift current pulse. Here, the induced charge on
electrode and external current (image charge) during drift are also sketched; c - Sketch of the
polarization charge (—0e, gn) formation under both the excess carrier trapping onto deep centres
(quasi-stationary polarization) and formation of the (Xeo, Xno) depletion (from one type of
excess carriers) regions at electrodes (dynamic polarization) after drifting (ve, va) excess
carriers arrive to electrodes. In the electrically neutral region (ENR), recombination (zz)
through centres Mg is possible, while charged centres (N, N*p) can appear due to carrier
trapping. On the right, a current transient of charging (the photo-capacitance effect) of the
capacitor sensor [Al].
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Fig. 5.8 Sketches of evolution of the light injected charges (large circles) under
switched-on external voltage of rather small value and of the dynamic polarization through
accumulation of the space charge under a set of light pulses (1%--a, 2"-b, and N-th-c) those
inject bulk density of excess carrier pairs. Xeo and Xno — the dynamic depletion widths. The
diagrams of the capacitor charging currents (vertical lines) are there shown on the right [A1].
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Fig. 5.9 Sketch of separation and drift of the light locally injected charges (of rather small
amount) under switched-on external voltage of value capable to separate excess carrier pairs.
This sketch illustrates the drift prevailing processes at moderate and high applied voltages. The
main notifications and assumptions are the same as for Fig. 5.7 [A1].
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Fig. 5.10 Sketches of diffusion current formation under large amount of the light injected
carrier pairs, when the external field ascribed to the injected carriers appears. a - Formation of
the partial dynamic depletion layers, separated by ENR (filled with non-separated excess
carriers) which supplies diffusing carriers from ENR (for drift within near-electrode regions),
during formation of a current pulse under the light injected bulk charge. On the right, a diagram
of capacitor charging, of drift current and the pulses of diffusion component are shown; b -
Sketch of the diffusion prevailing current pulse under bulk injection of the large amount of the
excess carrier pairs which charge is capable to completely screen the external field.
Notifications and assumptions are the same as for Fig. 5.7 [Al].

The initial stage of a current pulse is described by the scalar representation
of the acting electric field within a half of inter-electrode gap (0 < x < d/2) under
a surface charge (0/2) (sketched by small circles in Fig. 5.7) induced by a fixed
external voltage (U/2) and by excess electron concentration no, as:

() = ——— (S +engx)

&0 . (5.4)
Here, symmetry, based on charge conservation at electrodes, enables to consider

a half of a system. Therefore, half of o, U and d are taken into account. By taking

the second Poisson integral:

U d/2-Xe
-—=[E(X)dx
2 an , (5.5)
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the surface charge o is related to U, no, and to an instantaneous position X. for
the extraction of electrons, which density no is equal to that po of the
homogeneously in-depth injected holes, as:

c =en, —‘C;‘:—Ou —eng X,

e : (5.6)
Extraction of electrons persists till the charge o on electrode is screened.

An evolution of energy diagrams under a sequence of excitation pulses in a
capacitor sensor biased by a relatively low voltage is sketched in Fig. 5.8, where
injected excess carriers are shown by large circles. This condition ¢ = 0
determines a quadratic equation for evaluation of the depletion depth x = Xeo. A

negative root of Eq. 5.6 with o = 0 leads to:

ggqU eeqgU/2)

W enO(%)2 . ()

The last approximation in Eq. 5.7 is possible if Xeo << d/2, at rather low voltages.

d d
XeO(nO'U):E 1- - )

In Eq. 5.6, a pole for Xe= 0 appears if a diffusive outspread is ignored. This pole
can also be circumvented by assuming a d-thick skin-layer on metallic electrode
(with initial coordinate Xe-0 = 0 and 0—0, as in depletion approximation [198]).
However, the rate of the current rise is always limited by an external circuit.
Therefore, the infinity condition never appears in experimental situations.
Eq. 5.7 implies that the approximation of the bulk injected domain is relevant
when an external field U/d << eno(d/2)/sep is weak relative to that created by a
surface charge at a cross-sectional planes (at boundaries of the ENR centred at
d/2, Fig. 5.8). This also means that the inequalities 6 < Xeo < d/2 are held.

The current variation in time during the initial stage of pulse (i1(t)) is then
obtained (by differentiating in time the surface charge o integrated over an area

S of the electrode) as:
. do S [egU dX,(t)
=S = = —en. X el
W= Xe(t)(xe(t) ®Mo e(t)J dt 5.8)
Thus, to obtain the expression for the ii(t) function, the time dependent

variations of the instantaneous positions (Xe(t)) of the extracted charge of surface
density engXe and the drift velocity dXe(t)/dt should be described. These
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dependencies are obtained by solving the kinetic equation for drift of carriers.

For instance, the electron drift velocity can be represented by:

dx 1 (ee
dte ==t E(Ng, U, X¢) =—p, Z_(X_OU —en, (d + Xe)]
g2 | X . (5.9)

The last expression for acting electric field is obtained by inserting o calibrated
to U (Eg. 5.6 into Eq. 5.4). As a current is determined by the changes in time of
charge on electrode, the dimensionless instantaneous position w=Xe/d is then
essential. Thus, Eq. 5.9 is rearranged as:

dy 1( 1 11
"’=( A+v)- J
dt 2\ Tno Tror V. (5.10)

By integrating Eq. 5.10, the re-arranged expression of function w(t) is obtained

for the range of 0<y’<wand 0 <t’<'t. Here, the characteristic time of dielectric
relaxation is denoted as vno = &é&lenopte, and a dimensionless depth of depletion
IS weo = Xeo/d. The expression of the transit time = is obtained by integrating

Eq. 5.10 for the range of 0<y/’<yeo and 0 <t’< 7. These integrals are obtained

as.
V., VYe0 ! ' o1t
[ d“’r - L e
0 Wf2+*VL' MnO TMno O
TToF (5.11)

The solutions of Eq. 5.11 can be expressed through the roots of the denominator

“1% 144 M0
TToF
Y, =

- 2 : (5.12)
which obeys the transcendental equation:

V-
v =y, 1—(M] v exp[ (&+1>J

Vo 2‘CMnO V.

function as:

(5.13)
Finally, by inserting Eq.5.10 with solutions of the Eq. 5.13 into Eqg. 5.8, the

initial stage of current pulse is expressed for the time interval 0< t< z as:

. See 1 1 Tioe Twno 1
)= U — 1) [x|1 )————
"= 500" 2t L/(t) “’()} {“”() tror \v(t)] (5.14)

An identical solution should be obtained by analysis of the hole extraction at the

opposite electrode due to correlated, bipolar drift of electrons and holes
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(Fig. 5.7-Fig. 5.9). The correlated drift (zire = 7rn = 7o) determines the charge
conservation in the system. Possible inequality of carrier mobilities is self-
adjusted by different depletion lengths Xeo=Xno . The shift of a peak within the
depth distribution profile of excess carrier concentration occurs (like in the case
of ambipolar diffusion with different velocities of surface recombination
[199,200], and a peak is shifted towards a surface of the slower surface
recombination). Thereby, the induced current (on the opposite electrode), due to
extraction and drift of holes, can be considered as a displacement current (not an
additional current) which completes a circuit. A capacitor type detector with an
injected bulk domain of excess carriers really acts as a junction type, partially
depleted detector. There the merged electrically neutral regions and a spatially
separated junction contact appear (where electrodes play the role of the junction
which separates excess carriers). It would be worth to note that recombination
of excess carriers within regions nearby the electrodes (of width Xeo, Xno) is
suppressed by a lack of the recombination counter-partners, — as one type of the
excess carriers is extracted to electrode by external electric field.

Further evolution of the induced current, by including even the transitional
layer between the depleted and neutral regions, can be iterated using
methodology presented by Eqgs. 5.5-5.14. However, this leads to the extremely
complicated transcendental equations. Therefore, to simplify analytical
consideration for the case of large density of excess carrier pairs shown by large
circles in Fig. 5.8c and Fig. 5.10, the scaling (zwr<<tp) of the characteristic times
of drift 7 and of ambipolar (with a coefficient Da) diffusion rp=dei?/47°Da
(where defr=d-Xeo-Xno) can be employed (Fig. 5.10). There, the initial, short stage
of the current pulse evolution is described by i:(t) (EQ. 5.14). The slow further
stage (Fig. 5.10) of the current pulse evolution is governed by zp during which
the excess carriers are supplied by diffusion to the depleted layer Xeo. There, an
assumption of the infinite surface recombination velocity is acceptable, as rapid
drift (zer << wp) keeps no = 0 in the depleted near-electrode region. This is
equivalent to a boundary condition no = 0 for defr, equivalent to an infinite surface

recombination. Using this assumption, the diffusion governed component ix(t)
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of the induced current can be estimated by the time varied surface charge on

electrode due to varied in time excess carrier concentration no(t) (in Eq. 5.6) as:

et
oleng (t—1y, )(d = Xgo = Xio) -0u]
o e0 an0 (t_Ttr)
—=S =eSdyf ————
dt ot ot (515)

Solutions for the time varied concentration of excess carriers, averaged over e,

i2(t_Ttr):s

1R

are well-known (e.g., [201]) from theory of parabolic equations (with boundary
conditions, No|x=o; x = deff = 0). These solutions for a single-dimensional approach

are expressed as.

4D, 7

2
eff

(2k+1)* . (5.16)
As carriers are supplied to Xeo by diffusion, the sign within the exponential term

exp| — 2k +D)*(t-1,,)

® 8
<N (t =Ty ) >agy =No (t= O)EOR—Z (D"

of Eq. 5.16 should be replaced by the opposite one, i.e., concentration supplied
by diffusion during partial diffusion times 7px=dew*/4Dan?(2k+1)? changes in
time. By differentiating Eq. 5.16, the current component i>(¢—zw) with t =t—zy is

then re-written as:

2
exp[“?f (2k +1)2t2J
. | 8 K eff
i,(t,) =eSd.ny(t =0 — (-1
2(2) eff 0( )kg TCZ( ) (2k+1)2 TD’k

(5.17)
Thereby the entire current evolution within a transient is described by Eqgs. 5.14

and 5.17 as:

|(t) _ { il (t) |O£tértr

iZ(t_‘Ctr)ltxtr . (518)
Taking the carrier recombination zr within electrically neutral range into

account, the additional current components should be introduced as:

. o(n, eia
T )
2
i(t)+rR = _t2 8 exp(‘lD;n (2k +1)2t2] 1 1
; R & Kk eff
'2(t - Ttr) |t2>rtr +eSdeff No (t=0)e ® kZ:l ? (-1 (2k +l)2 a - g]
(5.19)
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The derived simplified approach describes well the qualitative
experimental observations [202]: (i) at large densities of injected carriers (even
for the localized initial domain) profiling of current transients by varying applied
voltage leads to prevailing amplitude of the second component i, attributed to
diffusion (as the externally introduced charge on electrodes is screened by the
injected excess charge, Fig. 5.10); (ii) both drifts components are observable at
moderate densities of excess carriers within the injected bulk domain (Fig. 5.8¢c
and Fig. 5.10) and at relatively low applied voltages, while the initial current iz
component prevails due to 1/y(t) for w(t)<<weo(t) (Eg. 5.14); (iii) both
components can also be observable (Fig. 5.9 and Fig. 5.10) for the perpendicular
injection regime (for the excitation laser beam relative to field direction [203])
If an outspreading excitation beam overwhelms the entire inter-electrode gap;
(iv) in voltage dependent profiling of transients, both components overlap when
threshold value of the applied voltage is sufficient to separate the electron and

hole sub-domains over the entire inter-electrode gap.

5.2.4. Models for injection of a localized domain

For the injection of a localized electron (ge)-hole (gn) domain, the relation
between the surface charge (+o) on the high potential electrode and the external
voltage U is obtained by taking the second Poisson integral. The solution for a
scalar surface charge o depends on the instantaneous positions (ie(t) and wn(t))
of the drifting e-h sub-domains (Fig. 5.9) within an inter-electrode gap of length
d. The detailed consideration of the currents induced by the injected carrier
capture and drift in capacitor and junction type sensors is presented in [197,204].
There it had been shown that induced instantaneous current values depend on
the injected charge amount and on transit time, which is consequently
determined by the characteristic times of dielectric relaxation tmg.en,=&&d/qe,ntien
and of free flight rroren= d?/Uuen of the sub-domains of injected carriers with
mobilities ueh. Thereby an instantaneous velocity and the transit time depend on
the amount of injected charge (geh). Also, current depends on time variations of

the instantaneous positions of sub-domains (wen(t)). The latter wen(t)
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dependence is significant when the injected charge can be captured by defects.
Then, the expression for current variations in time for the carrier capture

processes is represented as:

iy _do o 0G0, _ oy dvn(®) _ 06, () a2 (0
I(t)_dts [ ot (- we(®))-a,(®) ot p Wi (t) =, (1) p ]5.(5.20)

For the mixed regime, containing stages of the bipolar and monopolar drift, the
initial velocity of holes (electrons) should be evaluated and the re-calibration of
charge on the electrodes should be performed as described in [197], to satisfy
the conservation of charge and charge momentum (qv). This gives a coincidence
of Vonmon and Vs, | 4™ values at position yy™© of the hole domain. The
generalized expression for current, attributed to the bipolar drift prolonged by

the monopolar drift of holes, is represented as:

. S t
= [ypexp(-—)+ (L)l for 0<t<m,, =yl
. Tire Tire
i(t)= ’ ’
. OyS t | Vosbip TMg,h _
I, = exp( )[ TMq,h + _1]’ for 0<t< Tir,h = Tir,h,mon
TmMg,h TMg,h d TT0F h _(5_21)

The duration of the entire pulse (tp) is obtained as a sum of the bipolar drift zoc
and the hole domain drift zdarhmon, aS tp=tbc+zdrhmon. Similar solutions are
obtained for electron prolonged drift for the mixed bipolar-proceeded by
electron monopolar drift process. In the case of small charge drift, only an
approximate analytical description of the process is possible, and the more
rigorous consideration can be performed by including the retardation and
magnetic field effects [205-207].

In the case of pure bipolar drift, a drift velocity appears to be invariable
due to wen(t)~t. This leads to a square-wave shape of the current pulse. The real
evolution (the rise to peak) of the current should be considered by including the
external circuit parameters, to account for the CUD (Cq4) capacitance charging
process. The current decreases after the initial peak for the mixed drift regime,
due to the drag (of a late arrived sub-domain) by the counter-partner sub-domain.
The phase of the monopolar drift only contains the increasing (if zrorn=1mq,n) Or
nearly constant (if zrorh < 7mg,h) cOmponent of velocity. Thereby the double peak

current pulse can be inherent for the mixed (a bipolar changed by a monopolar)
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drift regime. These drift prevailing regimes of current pulse formation are
inherent for injection of sharply localized domains and even for bulk domains,
overwhelming the entire inter-electrode gap at sufficiently large voltages,
capable of separating the initially neutral domain into the electron-hole sub-
domains. In the latter case, the model of drifting (of localized charge sheet, —
lateral surface charge plane) charge sub-domains can be acceptable, if the time
of carrier grouping (increase of local carrier concentration) is shorter than the
transit time of the drifting sub-domain.
5.2.5. Effects of the excess carrier photo-generation, recombination and
surface charging

In this work, the excitation quanta of less energy (Eph = 3.50 eV and
2.33 eV) than the forbidden energy-gap in diamond (Ec = 5.47 eV) were used.
Thereby, the excess carrier domains can be generated either by non-linear
absorption or via photo-ionization of filled deep traps. Therefore, for separation
of prevailing mechanisms of photo-excitation, it is important to clarify whether
the monopolar or bipolar (as carrier pair) initial generation is implemented. The
non-linear absorption processes of two-photon via virtual states or two-step
absorption through empty deep levels are most probable processes. It had been
shown [9] that both two-photon and two-step processes compete in generation
of excess carrier pairs in defect-rich HPHT diamond samples at elevated
excitation intensities. It was revealed that photo-ionization of filled deep traps
can be performed by 2.33 eV quanta in defect-rich HPHT diamond samples [9].
This leads to a nearly linear dependence of the optical transmission signal on
excitation intensity. The carrier pair generation has been implied from these
measurements where electrons are generated from donor type deep traps while
holes appear in valence band through rapid capture of electrons from valence
band to the photo-emptied traps of large density.

Optical transmission of the d thick wafer sample can be described by a

function:

K—( " ) exp(ad) [1 PRIV exp( ad)J (5.22)
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of the excitation power density Pex and of the coefficients of the linear absorption
a, of the two-photon absorption £ and of the two-step absorption Ss if all the
mentioned photo-excitation processes appear simultaneously. In spectral range
of sample transparency (for ad << 1 and ad < (f+ps)Pexd), this expression can
be simplified as:
lo 50 (B+p)P.d. (5.23)

Itr

Then, carrier excitation rate is related to the absorption and laser pulse

parameters as:
noz[a‘F(B"‘Bs)Pex]'o_ (5.24)
The concentration generated at the end of a laser pulse z. (in the case of fast

recombination 7. < zr) is evaluated by the convolution integral averaged over

laser pulse duration 7. and expressed as:

' 1t 0-1,)° t-©
not=t-r, =0) - Ingern(- oot C)de
L R

L . (5.22
Here, b is the dimensionless parameter characterizing a temporal wiofth 01)‘
Gaussian laser pulse. It has been obtained that no(t=0) varies as a function of
excitation intensity lo: for HPHT samples, as no(t=0)~ lo for the range of a
threshold lo values, sufficient to detect current transients. While it becomes
no(t=0)~ Io? for HPHT sensors at elevated excitation intensities. For the CVD
diamond samples, the no(t=0)~I¢? characteristic prevails over the entire range
where current transient signals can be detected. This implies a higher CVD
crystal quality also confirmed by the significantly longer carrier lifetimes in this
material relative to the tested HPHT diamond samples. On the other hand, the
concentration of the electrically active defects, attributed to the residual metals
and Ni in the HPHT diamond material [9], exceeds that of CVVD diamond [189]
by more than four orders of magnitude. Additionally, owing to the longer carrier
lifetime in CVD diamond, the peak amplitude of the initial component of the
current pulse has been examined as a function of excitation intensity keeping a

fixed value U of the applied voltage to capacitor type detector (Fig. 5.11). As
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can be deduced from Eq. 5.7 and EqQ. 5.14, the iipeak iS proportional to
~(SeeoUR2dy)tmno ! = (SeanUI2Xen)tmno ! =(eueSUIXeo)no and Xeo~no ™, i.€., i1,peak

~ noz.
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Fig. 5.11 The current peak amplitude as a function of applied voltage for the fixed excitation
intensity. Both characteristics were measured for CVD diamond by using injection of bulk
domain with UV excitation wavelength =354 nm. The current peak amplitude as a function
of excitation intensity at fixed value of applied voltage are shown in the inset.
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The measured dependence of i1, peak ON excitation intensity (for capacitor
type CVD diamond detector with injected bulk domain) is presented in the inset
of Fig. 5.11. This dependence corroborates no(t=0)~10?, i.e., the excess carrier
generation through the two-photon absorption dominates in CVD diamond.

The signal dependence on applied voltage for the fixed excitation
intensity can be considered as a linear function (Fig. 5.11) over a wide range of
voltages. This can be explained by a relation i peak~(Sec0U/2Xeo)zmno '~U.
However, the change of the current enhancement slope with applied voltage
within i1peak~f(U) characteristic can be observed in Fig. 5.11, at the highest
voltages exploited. This effect of i1 peak~f(U) slope change (similar to a current
saturation effect) can be explained by competition of voltage dependent changes
of i1peak ~U/Xeo (Eqgs. 5.8 and 5.9) and of Xeo~U (EQ. 5.7). This effect is also
similar to a change of an 1V characteristic going from partial depletion regime
to that of above full depletion voltage regime, within junction structures.
Thereby, the saturation effect is determined by the significant separation of the
injected sub-domains by the external voltage caused electric field.

Capacitance charging current transients have been complementarity

measured by applying the linearly increasing voltage (LIV) pulse together with
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the synchronized laser pulses (400 ps duration, 352 nm wavelength). The
comparison of capacitance charging current transients measured in CVD and
HPHT diamond sensors as well as L1V and synchronization pulses is presented
in Fig. 5.12a.
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Fig. 5.12 LIV pulses and the capacitance charging current transients in HPHT and CVD
diamond samples measured under pulsed laser illumination (a). Capacitance charging current
transients measured in CVD diamond with pulsed laser illumination and in dark at different
ramps of the LIV pulses (b). The MW-PC transient is also shown in figure (b)[A3].

Current transients of the capacitance charging by the LIV pulse, recorded
in dark, show the square-wave responses for both CVD and HPHT diamond
structures, indicating the rather perfect blocking electrodes. The square-wave
response pulse under bias of the triangle-shape LIV pulse is obtained due to
complete compensation of the linear discharge of the capacitor under test by the
linear increase of the LIV biasing. The current i(t) within the vertex of the
square-wave response pulse can be expressed as a change in time t of the charge
Q(t) on the electrode: i(t)=dQ(t)/dt=d(CU(t))/dt=d(CAt)/dt=CA=const. Here,
A=Upea/ 7Liv is the ramp of LIV pulse with peak voltage (Upeak) and pulse
duration (ziv). Any injection from the electrodes would change the charge
within the inter-electrode gap and the capacitance of the device. Alternatively,
this would generate a  convection current component  of
iconv(t)=(40d/S) xULiv(t)=const, due to a change of resistivity Ap in the capacitor
medium with d the length of inter-electrode gap and area of electrodes S. For
instance, the change within the vertex of the response pulse can be observed if
the spreading current increases with voltage due to an injecting point-like
electrode [23].
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The pulsed light injection of carriers of rather large density within the bulk
of the inter-electrode gap, as performed in these experiments, would generate a
convection current if the carrier lifetime is not too short. In the range of rather
low LIV peak voltages (< 12 V available with the used LIV generator), the
charge of the light injected carriers would screen the charge on the electrodes
supplied by LIV and the excess carrier diffusion transporting charge to the
electrodes would be collected. The transient of the collected charge represents
then a Gaussian profile. Such a profile is acquired for transients recorded on
CVD diamond devices (Fig. 5.12a). Temporal width (=) of this charge
collection pulse can be employed for estimation of the coefficient Da of carrier
ambipolar diffusion by using equation: m=0d?/4Da. Using the parameters of the
CVD diamond device, a value of D,=80£10 cm?/s has been obtained. The
accuracy of this estimation is limited by the excess carrier recombination
lifetime. A rear slope of the BELIV transient is sufficiently modified by the
recombinative carrier decay. These final phases of charge collection BELIV
transients correlate well with the MW-PC transient (Fig. 5.12b), which is
completely determined by carrier recombination, as recorded in the CVD
diamond device. The carrier lifetime in the range of w~2—5 ns was obtained for
HPHT diamond material, while these lifetimes were considerably longer
(=>110 ns) for CVD diamond, as obtained from MW-PC measurements. The
very short carrier lifetime in HPHT diamond is the main reason of invisibility of
the BELIV response under carrier photo-injection for LIV pulses of zv> 1 pus
in this material device. For the CVD diamond device, the amplitude of the
BELIV response increases with shortening of zv pulse due to increased ramp
(A), as can be deduced from Fig. 5.12b. Consequently, the observable charge
collection pulse is also shortened when the ratio z.iv / 7o becomes less than unity.
For the rather long LIV pulses applied, with z.,v >>, the vertex of the BELIV
response is restored to the capacitor inherent (square-wave) shape, if

recombination suppresses most of the photo-generated carriers. Then, no
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injection ascribed signal is observed within the second pulse in the sequence of
LIV pulses (Fig. 5.12a).
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Fig. 5.13 Evolution of the current peak amplitude just after sharp switch-on voltage of 290 V
without and with shunt resistance, measured in capacitor type. The current peak amplitude as
a function of applied voltage for the fixed excitation intensity are shown in the inset.
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Fig. 5.14 a - The unipolar bias (16 V) voltage pulse applied to CVD diamond capacitor. b - A
sequence of the charging current amplitudes. The solid (red) curve is an eye-guide which shows
the charging current decrease after each laser pulse in sequence of 70 laser pulses. ¢ - The
bipolar 14 V bias voltage pulse applied to CVD diamond capacitor. d - A sequence of the
charging current amplitudes. The red curve shows the charging current reduction after each
laser pulse for the negative and the positive polarity of bias voltage, respectively [A3].

A polarization effect, observed also by other authors [94,194,208,209], has
been unveiled in diamond samples (Fig. 5.13a and Fig. 5.14). This effect appears
as a decrease of the current peak amplitudes under action of a set of light pulses
with invariable switched-on DC voltage. The current signal nearly disappears
using the same injection conditions (1e=531 nm) if a capacitor type detector is
kept with unipolar applied voltage of moderate values for a long exposure to a
set of the injection light pulses with rather high repetition rate.

The polarization effect was observed for all the investigated HPHT and
CVD diamond samples, being a little bit stronger for HPHT samples. This effect

can be slightly suppressed by increasing of the applied voltage value. Therefore,
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evolution of the current peak amplitudes in profiling measurements has been
examined just after a sharp voltage switch-on, i.e., ascribed to a single light
pulse, to keep the same acting electric field. The recovery of the acting electric
field can be implemented either by a short-circuiting of the device electrodes or
by applying the opposite polarity voltage. In the latter case, the capacitor
charging current pulse of the opposite polarity is inevitably observed. Therefore,
examination of the drift current transients is preferential at elevated applied
voltages of moderate and large values, in order to reduce the role of the
polarization effect.

The recorded evolution of the current peak amplitude in HPHT diamond
structure just after a sharp switch-on of the applied voltage is illustrated in
Fig. 5.13a for 531 nm excitation wavelength. The polarization effect was found
for both 531 and 354 nm excitation wavelengths. The nearly linear dependence
of the current peak amplitudes on the applied voltage have been obtained for the
HPHT diamond detectors (inset of Fig. 5.13). This characteristic proves the non-
injecting electrodes over the range of applied voltages and of densities of the
injected excess carriers. Therefore, the carrier trapping/recombination
component has been hypothesized within induction currents in HPHT diamond
samples. In case of the linear excess carrier excitation regime (Fig. 5.13), the
formation of current transients can be described by the additional, carrier
trapping component in Eg. 5.21. In the reported approaches [94], the polarization
effect is exceptionally interpreted assuming only this carrier trapping/de-
trapping current component caused by non-movable space charge formation.
Rapid trapping of the excess carriers onto deep centres can lead to the formation
of the localized non-movable charge within Xeo region. This localized charge
within a distance Xeo keeps the induced charge 4o at electrode till then the excess
carriers are thermally/optically de-trapped from the deep centres to
conduction/valence bands. The long de-trapping time from these deep centres
can be a reason for a rather long relaxation (Fig. 5.13) of the quasi-stationary
polarization field. To clarify whether this polarization appears due to bulk

localized charge within Xeo or via charge induction at electrode, the bypassing
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circuit was employed using a shunt resistance connected in parallel to the device
under test (Fig. 3.2a). Verification of polarization was based on possibility to
drain the induced charge 4o from electrodes through shunt resistance. This shunt
was tuneable to change the bulk localized charge within Xeo till then the de-
trapped carriers are brought from the Xeo by their drift. The accumulated charge
on electrodes can additionally be a reason for shielding of the external voltage
source field. These measurements showed (Fig. 5.13) that the current signal
increases and relaxation becomes faster, if shunt resistance is connected, relative
to that without bypass circuit. Thereby, it can be assumed that the polarization
effect is caused by a cumulating of the induction charge on electrodes due to
excess carrier localization at deep centres. Then, the space charge within widths
Xeo, Xno can appear due to charging of deep traps by captured excess carriers.
This bulk localized charge determines the slow component of recharging
through excess carrier de-trapping.

These observations prove a hypothesis of the induced charge 4¢ on the
electrodes and its accelerated extraction by partial shunting. The changes of the
relaxation rate also imply a dynamic component of the polarization effect
attributed to free excess carriers (Fig. 5.7c and Fig. 5.8). A current transient may
contain two components (Eg. 5.20) for each type of excess carriers: i) caused by
the excess carrier drift and ii) by the changes in time of the excess charge amount
via carrier capturing into deep traps. As a result, the extracted charge at electrode
appears (through the fast drift component) which prevents further extraction of
the same type carriers. Really, the external battery determines flow of currents
by balancing the induction charges, to keep invariable external voltage. As a
consequence of surface and bulk charges, the internal electric fields appear,
those are able to compensate the external source determined field. Thereby, the
resulting electric field, acting on excess carriers, changes under cumulated
excess carriers, if repetition rate of the injection light pulses is high in
comparison with dielectric relaxation rate (Fig. 5.13). The polarization effect can
alternatively be explained (Fig. 5.8) by free carriers accumulated within regions

of electrodes (polarity of which, for instance, positively charged contact for
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excess holes prevents extraction of free non-equilibrium holes to electrode) and
separated by ENR at low applied voltages. This hypothesis seems to be
supported by the existence of the polarization effect irrespective of the
significant difference in concentration of deep traps in HPHT and CVD
diamond. The electrically active impurities (e.g., concentration of nitrogen) in
HPHT diamond is of about 2x10'° ¢cm™3, while it is less by a few orders of
magnitude in CVD diamond, would be the reason for the localized bulk charge.
Recombination of the accumulated excess carriers in the region between the
ENR and the electrodes is prevented due to a lack of the annihilation counter-
partners (for instance, excess electrons are always extracted by external field at
positively charged electrode while excess holes are accumulated). The capacitor
charging current (determined by the external battery) can then be reduced (after
each injection light pulse) by increase of Xeo and Xno (Fig. 5.8 and Fig. 5.14),
where internal voltage compensates the battery’s voltage (more and more after
each pulse within a set of laser pulses). The sequenced generation of additional
excess carriers with rather high rate of laser pulse repetition might then cause a
cumulating of the induced charge 4o at electrode. It also allows us to understand
why the polarization effect is independent of surface metallization of the same
set of samples, as the induced charge 4o at electrode is not caused by ions
collected on surface from atmosphere and from surface traps, as well. Thus,
recovery of the applied field is only possible by reversing polarity of the external
battery when surface charges cumulated at electrodes are rapidly extracted from
electrodes.

To clarify the dynamic component of polarization field, experiments with
pulsed external voltage source were performed using a scheme shown in
Fig. 3.2c. The bias voltage pulse duration was chosen to cover a set of identical
laser excitation pulses running with 100 Hz repetition rate. Then the set of
current transients, flowing through a load resistance from a pulsed voltage
source, was recorded. The first pulse is attributed to the charging current of the
capacitor under test by external voltage pulse (Fig. 5.13a) while the remaining

current pulses are ascribed to current transients originated from the carrier
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injection pulses. The amplitude of current transients decreases under a sequence
of excitation pulses due to an increase of the accumulated charge nearby the
electrodes. The accumulated charge then screens the external electric field.
Therefore, every further injection pulse in the sequence determines the smaller
charging current (Fig. 5.13b). The sudden change of voltage polarity (Fig. 5.13c)
leads to a rapid discharge (with sharp voltage decrease within rear phase of
square-wave pulse) and fast charging of the discharged capacitor (Fig. 5.13d).
Then, the first pulse of the opposite polarity charging reaches the same initial
value (for a positive voltage pulse relative to the previous negative one).
Afterwards, the decrease of charging current repeats, keeping symmetry of the
relaxation curves (Fig. 5.13d). Thereby it can be inferred that polarization effect
is originated from accumulation of the light injected excess carriers. Thereby it
can be inferred that polarization effect is determined by processes modelled in
the beginning of Section 5.2 (Fig. 5.8), and it is originated from accumulation of
the light injected excess carriers.

The polarization effect is mostly manifested in the range of rather low
voltages. However, it also depends on density of the injected excess carriers and
injection (bulk or local) regime. To have a recordable current signal at rather low
voltages (for bulk excitation regime covering the entire inter-electrode gap) a
considerable amount of excess carrier pairs is needed, as the i1 peak Signal value
decreases with reduction of voltage due to reduction of surface charge noXeo
(Fig. 5.8). The nearly linear current i1 peak dependence on applied voltage U
(EQ. 5.14), i1 peak~(SecoU/2Xeq)zmno'~U ) can be predicted in this range. The
increased density no of excess carrier pairs for a fixed low voltage may
nevertheless enhance the dynamic polarization effect (Fig. 5.14). The latter leads
to a reduction of i1 peak through screening of the external field (which can be
assumed to be equivalent to a reduction of the effective U) if the laser pulse
repetition rate is rather high. The short current transient represents the excess
carrier drift (if zw<<zr) or carrier recombination/trapping (if z+>zr) dominated
current components. For carrier recombination/trapping prevailing regime, the

current pulse duration is close to a recombination lifetime. For the drift
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determined current, the pulse duration should depend on the applied voltage.
Then, the polarization effect of the long relaxation component, determined by
the space non-movable charge formation, is more probable. Therefore, the
profiling of current transients in the range of low voltages was performed by
measurements using a single injection pulse method. The acting electric field
was recovered to the same value for each excitation pulse by manipulating
polarity of applied voltage.

Enhancement of the applied voltage reduces the role of the polarization
effect in creation of the acting electric field (by weaker screening of the external
source field). This leads to the increase of i1 peak~(Sec0U/2Xe0) With U. However,
a width Xeno of depleted region simultaneously increases with U. The it peak
dependence on U starts to saturate if rates of the enhancement of U and of
Xeho(U) become the same (Fig. 5.13). Further enhancement of U to values
capable to separate excess carrier pairs, the components of carrier ambipolar (zp)
diffusion (which broadens the ENR region and supplies carriers to drift) and of
drift (zr) can be observable (Fig. 5.10), in case the carrier lifetime is properly
long (zr < 7o << r). The latter components can be highlighted in the current
transient profiling by applied voltage under bulk injection of excess carrier
(either in parallel measurement geometry or by using the unfocused laser beams
of diameter covering the inter-electrode gap in perpendicular measurement
geometry, Fig. 3.2a and b, respectively).

For perpendicular geometry of measurements (Fig. 3.2b), the profiling of
current transients has been implemented by varying a position of the local
injection at sufficiently elevated voltages, to highlight the carrier drift
components. This voltage should thus be sufficient to separate electron and hole
pairs. It was assumed in the above discussed situations that the density of
injected carrier pairs is kept rather small, a little above the threshold value,
necessary to get the recordable currents. The enhancement of the injected carrier
density leads, certainly, to an increase of the peak currents. However, the
enhancement of excitation density has been performed gently, especially for

capacitor type sensors of a rather small area of the electrodes. The injected large
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density of carriers might be a reason for the screening of external field
(Fig. 5.10). Then current contains pure convection component governed by the
ambipolar diffusion. The geometrical and the voltage as well as the injection
parameters should be properly chosen to perform correctly (by avoiding
diffusion components) the profiling experiments, when using the perpendicular

injection regime.

5.2.6. Profiling of current transients in HPHT diamond

Variation of current transients obtained by changing the fixed values of
applied voltage in capacitor type detector made of HPHT diamond sample
No. 5 is illustrated in Fig. 5.15. Here, excitation by 531 nm light pulses was
implemented. In this case, excess carrier generation from deep centres prevails
and a bulk charge domain is injected. The shape of the induced current transients

is inherent for the carrier recombination-drift dominated process.
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Fig. 5.15 Variation of the induction current transients dependent on the applied voltage in a
capacitor type detector made of a mosaic set of implanted contacts and metal electrodes
containing HPHT diamond sample No. 5 [Al].

The initial current peak can be ascribed to the bipolar drift of the injected
carriers, where pulse duration and further current decrease can be ascribed to
carrier trapping/recombination. The normalized amplitude of MW-PC signal
(Fig. 5.15) is exploited to adequately scale the MW-PC and ICDC transients.
The range >100 V of applied voltages (Fig. 5.15) was sufficient to get a short
(<2 ns) transit time for the drift-recombination of the injected carriers, where the
role of the polarization effect is reduced. The rather large applied voltage

determines the sufficiently wide depletion regions (Xeo, Xno) nearby the
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electrodes. Therefore, the current component ascribed to extraction of the
diffusion brought carriers is also rather short, and it overlaps with current
component attributed to carrier drift. In order to separate different components
of the induced current in time scale, where temporal resolution and duration of
processes is of the same order of magnitude, the deconvolution of transients was
performed using the parameters of the external circuit and of excitation pulse.

However, it was not possible to clearly discriminate the components of a
current transient due to short characteristic times (zw, zr). This issue can also be
implied from Fig. 5.15, where no clear shift of the kink point relative to time
axis, attributed to arrival of drifting carriers, is resolved when applied voltages
have been varied significantly. Such a result hints the competition between the
drift and recombination, assumed within equation (Eg. 5.20). The similar voltage
dependent characteristics (transient shapes and temporal parameters) have been
obtained for all the investigated HPHT diamond detectors under injection of bulk
domains by UV light (354 nm) pulses. These results show that usage of the
pressed plate electrodes (pinned to either bare polished wafer samples surfaces
(No. 7 and No. 9) or to additionally metallized surfaces (sample No. 5)) exhibits
the capacitor type detector features.

The cross-sectional profiles of the peak values of current induced by
scanning location of a focused injection beam of either 531 nm or 354 nm light,
obtained for HPHT diamond sample No. 9, are illustrated in Fig. 5.16. This
sample is rather homogeneous and contains a single growth sector of cubic
orientation. A strip focusing regime implemented by a cylindrical lens enables
to exclude the impact of the transverse carrier diffusion.

Flat vertex of the profile, scanned by using 531 nm (Fig. 5.16) light pulses,
indicates the recombination prevailed drift process. The profile unveiled by the
two-photon bulk domain injection, when using 354 nm (Fig. 5.16) light pulses,
has a clear relief. The peak values of the induced current are increased by
approaching of injection beam location to electrodes. This indicates the
prevailing of carrier drift. Then, the current increase at electrodes is explained

by the shortest drift path and, thereby, the shortest transit time.
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Complementarily, these current values are the smallest ones for the injection

beam locations in the mid of an inter-electrode gap.
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Fig. 5.16 The cross-sectional profiles of the peak values of current traced by scanning location
of a focused injection beam of 531 nm (green circle) and 354 nm (black square) light, obtained
for HPHT diamond sample No. 9.

wafer boundary¢

120 pm |
—

v

5 B HPHT diamond, No. 5

= 5| 7,531 nm, U=290 V

o 4t

f—

8. .l .

(O] . P * °

g 2l e®et oo °

b — L]

= .7
< :

0 200 400 600 800

X (um)
Fig. 5.17 The cross-sectional profile of the peak values of current recorded by scanning location
of a focused injection beam of 531 nm light, obtained for HPHT diamond sample No. 5. The
microscopy image of wafer boundary (the extended defects are imaged by luminescence spots
(bright-blue)) taken in UV light for the scanned area is shown on the top [Al].

Carrier recombination also might be an additional reason for reduction of
the collected charge when the drift time is close or even exceeds that of carrier
recombination lifetime. A cross-sectional profile of the induction current
obtained for detector formed on the sample No. 5 (inclusion of metallic
precipitates was visualized by microscopy imaging within sample depth
(Fig. 5.17) shows a random distribution of the current peak values. Such a profile
qualitatively correlates with cross-sectional wafer image where defects of

different size and origin can be resolved.
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5.2.7. Profiling of current transients in CVD diamond

Evolution of the induced current transients, recorded in CVD diamond
device profiled at fixed excitation intensity by varying applied voltage, are
illustrated in the inset of Fig. 5.18. The transients displayed within a sub-
microsecond time scale enable observation of both current components, namely,
iz and iz, discussed in the beginning of this Section 5.2 (Eq. 5.19). The peak
values of the drift current component iz significantly exceed those attributed to
the diffusion supplied carrier extraction component i». Increasing of the applied
voltage leads to an enhancement of a width of the depleted regions at electrodes
and of the acting electric field. The reduced time necessary to extract the
diffusion supplied carriers determines a shift of the peak position ascribed to the
I2 current component. Thereby, the parameter of an effective time zp et ascribed
diffusion, determined as a time shift between the current components i and i»
fixed by their peak values, can be introduced. This zp et time (Fig. 5.18) is weakly
dependent on applied voltage for the range of elevated U>50 V values, where
the excess carrier drift prevails. Contrary, reduction of applied voltage below the
U <50 V leads to a sharp increase of rpeff . 7o=der?/4n°Da values, extracted for
the voltage range U<50 V, indicates a prevalence of diffusion process. This
enables estimation of values of a coefficient D, of the carrier ambipolar diffusion
in CVD diamond, assuming that current i2 peak peak value is attributed to the main
(regular regime [201]) mode (k=0) of diffusion in sample with infinite surface
recombination. The estimated value of Da=97 cm?/s is in good agreement with
those values calculated using the parameters of carrier drift mobilities, published
in literature [208].

In order to examine the current fast component iz, current transients were
recorded within short (a few ns) display scale. Evolution of this transient

component as a function of applied voltage is represented in Fig. 5.19a.
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Fig. 5.18 Diffusion ascribed effective time zp ¢t (determined as a time shift between the current
components (peak values i1 peak and iz peak ) Within a long time scale of transient display) as a
function of applied voltage. In the inset, variation of the current and MW-PC transients is
presented. These transients are recorded in the CVD diamond device by changing bias voltage
when excess carrier bulk domain is injected through electrode using UV 354 nm light pulses
[A3].
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Fig. 5.19 a - Variation of the current transients recorded in short display scale by changing bias
voltage when excess carrier bulk domain is injected through electrode using UV 354 nm light
pulses; b - The deconvoluted transients as a function of applied voltage. The bipolar (=) and
monopolar (zmen) drift components are denoted by arrows for drift of electrons within the final
phase of transient at U = 280 V [Al].

The asymmetric shape transients, relative to a peak position, were
obtained. Unfortunately, due to improper temporal resolution of the
experimental arrangement exploited, direct analysis of drift characteristics is
impossible. Therefore, the transients have been deconvoluted using Gaussian
convolution function with parameters adjusted to the initial delay component
correlated with the experimental transients (Fig. 5.19b). This kink instant on
vertex of a current pulse is employed to estimate the transit time which is
measured between the initial peak (i1peak, this indicates the end of excitation
pulse), and the rearward instant of kink formation on vertex of current pulse,

which indicates the end of drift. The instant of a kink point, (shown by vertical
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lines in Fig. 5.19b, depends on applied voltage, and it shifts towards the
beginning of current pulse, with enhancement of voltage. There the components
of the bipolar and monopolar drift can tentatively be implied. However, the
unambiguous attribution of these components to the paths of the hole and
electron drift and to their transit times is very complicated in the parallel
geometry (Fig. 3.2a) regime. Such changes again have a clear tendency only in
the range of elevated voltages U > 50 V. For the range of U <50 V, the amplitude
of the deconvoluted transient (Fig. 5.19b) increases considerably together with
its duration, and this implies an overlap of drift and diffusion governed
components. In this case, the induced current transients are inappropriate for

analysis of transit times.
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Fig. 5.20 The transit time evaluated from the deconvoluted current transients as a function of
applied voltage using an approximation of the flat vertex of pulse.
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Fig. 5.21 a - The deconvoluted current transients for several injection positions recorded within
cross-sectional scans of the CVD diamond capacitor type detector. The bipolar (w) and
monopolar (zmon) drift components are denoted by arrows for drift of electrons within the final
phase of transient. The solid curve represents a simulated transient for injection location
X=130 um relatively to the negative electrode at voltage Upias oc = 100 V; b - The amplitude of
the induced current (ascribed to the bipolar drift component) as a function of the injection
position within inter-electrode gap, measured in capacitor type detector made of CVD diamond
[A1].
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The transit time zr increases almost linearly with reduction of applied
voltage (Fig. 5.20) for the range of voltages U = 75-300 V. There precision of
evaluation of the = falls down in the range of U>200 V. There both the
extraction depth and an amount of extracted charge become dependent on
applied voltage, and they partially compensate variations of each other.
Nevertheless, the roughly estimated value of carrier mobility
w=[2Xo?/(Uy)]=2700 cm?/Vs is in good agreement with the values reported in
literature [208]. This evolution of a short current component enables only
estimation of the averaged carrier mobility at assumption of the flat vertex of
current pulse. The assumption of the flat vertex of a current pulse is closely
related to the steady-state models where charge supplied from voltage source
during carrier drift is ignored [197,204]. The widely developed steady-state
models are based on assumption of the independent drift of holes as well as of
electrons. The Shockley-Ramo’s effect is ignored in these models. The steady-
state model for the carrier drift process can be simulated by using TCAD [204].
However, the simulated transients using the steady-state and the dynamic
models can considerably differ [204].

The assumption of non-correlated drift of holes and electrons, used in
steady-state models, is equivalent to the increased drift path dy, as dy=de+dh >d,
which exceeds the inter-electrode gap d. It can be also interpreted that the double
elementary charge e, i.e. ex2, is carried during the bipolar drift of an electron-
hole (e-h) pair. Therefore, a e-h pair carries (over the path of the bipolar drift)
the same elementary charge e as either a single hole or electron [204], which
proceeds the charge transport process after one counter-partner of a pair reaches
the electrode. Thus, ignoring of the changes of the acting electric field, caused
by charge supplied to electrodes from an external voltage source, leads to the
underestimated carrier mobility values, if dy > d is considered.

In current transients (Fig. 5.21a), recorded by cross-sectional profiling on
CVD diamond sample, only a short current component has been observed
ascribed to the drift of the separated electron-hole sub-domains. The simulated

transients (Fig. 5.21a) have been employed for evaluation of carrier mobilities
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using developed dynamic models and published in more detail in [9,197]. There
parameters of the injected charge amount, of the external circuit, of carrier
trapping/detrapping have been taken into account in the simulations. Values of
electron and hole mobility values of ©e=4000 cm?/Vs and un=3800 cm?/Vs,
respectively, have been evaluated by fitting of the simulated transient to the
experimental one at different applied voltages. The close values of ue and of un,
nevertheless, lead to a rather flat vertex of the recorded transients. The separated
values of ©e=4000 cm?/Vs and u»=3800 cm?/V/s by using the cross-sectional
profiling of the charge injection location exceed that value x=2700 cm?/Vs
extracted from the voltage profiling on CVD diamond sample in parallel
measurement geometry. The profile of the induced current amplitude as a
function of this beam location also exhibits a rather flat vertex (Fig. 5.21b). This
profile is also linked to the assumption of close values of we and of un. A shallow
sag within the profile vertex, when excitation beam is localized in the mid of the
inter-electrode gap (Fig. 5.21b) can be attributed to current reduction due to the
increased transit time.

The reliable discrimination of prevailing mechanisms in the formation of
shapes and durations of the induced current pulses can be implemented by
combining profiling of current transients by injection of the bulk and the
localized excess carrier domains. It has been shown that current transient
profiling by the cross-sectional scans of the injection location can be a sensitive
tool for identification of depth distribution of growth defects. The cross-
sectional profiling of current transients enabled us to evaluate the impact of
diamond crystal quality on the operational characteristics of the capacitor type

detectors.
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6. Spectroscopy of defects in heavily irradiated Si
6.1. Difficulties of identifying defects in heavily irradiated Si

Despite of significant progress in development of WBG semiconductor
based detectors, the Si based detectors are currently widely used as particle
detectors in experiments of high energy physics [210]. A deep understanding of
radiation damage of Si particle detectors is important in order to extend the
sensor lifetime and radiation hardness and potentially to restore their
functionality after degradation caused by irradiation. A way to recover detector
operational features is heat treatments at technically acceptable temperatures
[21]. In order to develop annealing procedures, there is a need to understand the
evolution of the most harmful radiation induced defects under heat-treatment
procedures. The most harmful defects induced by hadron irradiations seem to be
clusters those are fast recombination centres and lead to decrease of CCE in Si
particles detectors. Heat treatments at elevated temperatures might be a tool for
destruction of clusters. However, it is quite difficult to investigate the radiation-
induced defects in defects-rich materials by applying conventional methods.
Therefore, the Current-DLTS (I-DLTS) and the temperature-dependent trapping
lifetime (TDTL) techniques can be applied in order to prevail dominant defects
despite of the large ratio of trap concentration to doping. Thus, these methods
have advantage over other conventional methods (e.g. C-DLTS, TSC) due the
possibility to be employed for the defect identification in heavily irradiated
materials. I-DLTS and TDTL techniques have already been used to investigate
the radiation damage in Si samples irradiated with electrons [106]. However, the
radiation damage caused by charged hadrons may differ from that caused by
electrons. There is also a lack of investigations that address the pion-induced
radiation damage in Si material.

6.2. Spectroscopy of trapping centres in heavily irradiated Si

6.2.1. Types of irradiated samples and irradiation conditions
Table 6.1 describes the used materials and performed irradiations. Wafer

fragments of the CZ (380 um thick) and FZ grown (280 um thick) n- and p-type
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Si of resistivity >3 kQcm were irradiated with hadrons up to fluences that are
expected for inner layers of tracking detectors for experiments at the LHC. The
Schottky barrier was formed on the same irradiated-material wafer fragments,
by 30 nm thick Au evaporated layer on HF freshly-etched wafer top-surface. The
ohmic contact (area 3.85x10*! cm?) was fabricated by evaporation of Ni
(200 nm).

Irradiations by protons and pions were performed at CERN and at Paul
Scherrer Institute, respectively. The relativistic protons and pions induce depth-
homogeneous distribution of radiation defects in samples of employed

thicknesses.

Table 6.1 Description of samples and irradiation conditions.

Type of irradiation Protons (p) Pions (n*)
Relativistic hadrons 24 GeVic 300 MeV/c
Fluence range 10'2-3x10%¢ p/cm? 101-3x10% 1*/cm?
Si material FZ n-Si CZ p-Si CZn-Si FZ n-Si
Dopant concentration/ = 102cm® 102 cm® 102 cm?® 102 cm
resistivity >3kQecm  10kQecm >3 kQcm >3 kQcm

The isochronal anneals for 24 hours were performed at the temperatures in
the range from 80 °C to 300 °C by temperature steps of 20 °C to 50 °C in N2 gas
ambient. The hadron irradiated samples were isothermally annealed at 80 °C up

to 5 hours before isochronal (24 h) anneals at elevated temperatures.

6.2.2. Spectra recorded on n-type FZ and p-type CZ Si irradiated by
24 GeV/c protons
For Si wafer fragments as-irradiated by hadrons, the trapping component

within MW-PC transients is not observable. The = are nearly independent of
technology of Si material (Fig. 6.1). Moreover, nearly the same = values are
obtained for a fixed fluence (calibrated to 1 MeV neutron equivalent) value
irrespective of hadron type (Fig. 6.1). Values of = and their dependencies on
hadron irradiation fluence, measured on as-irradiated Si detector structures and
wafer samples, actually coincide for both measurement modes, i.e. taken from
irradiation chamber (a) or during irradiation (b), respectively (Fig. 6.1) [211].
This result implies that radiation defects initially form the deep levels, which act

as pure recombination centres. Heat-treatments at Tan=80 °C lead to an
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appearance of trapping effect which determines a relatively small increase of zr
(Fig. 6.1a), even after long-exposure anneals. This can be explained by

insufficient thermal energy (kTan) to activate transforms of the radiation defects.
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Fig. 6.1 Recombination lifetime in the as-irradiated and annealed Si wafer fragments as a
function of fluence of the reactor neutrons, 24 GeV/c protons and 300 MeV/c pions (a). In situ
variations of recombination lifetime as a function of spallator neutrons. Neutron irradiated
MCZ (CZ Si with applied magnetic field) material was also examined (b) [A6].

Thus, the temperature scans of trapping lifetime variations allow to
examine the thermal emission centres ascribed to the dominant point defects
(Fig. 6.2). In spectra for the 24 GeV/c proton irradiated CZ p-Si samples
(Fig. 6.2) using fluences of @=10'3 and 5x10*® p/cm?, the dominant peaks with
activation energies of 0.17, 0.23, and 0.32 eV have been observed after heat-
treatments at 200 °C. The activation energies have been extracted by fitting
(using Eq. 3.16) the experimental TDTL spectra (Fig. 6.2). The highlighted
defects have been attributed to H complexes [212], V>~ and VO centres.

The trapping lifetime changes, recorded on n-type FZ Si samples,
irradiated with fluences of 10'* and 5x10'® p/cm? and heat-treated at 250 °C
(Fig. 6.3) reveal the dominant traps, ascribed to VO, H-related complexes [212],
di-vacancies (V2" and V%) [213-215], and an unidentified centre with activation
energy 0.3 eV. Due to the considerably low concentration of oxygen impurities
in FZ Si, the VO centres have been identified only for the sample, irradiated with
®=10% p/cm?,
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Fig. 6.2 Comparison of the simulated and experimental variations of the z(kT) for p-type CZ
Si samples irradiated with fluences 1x10*® and 5x10*% p/cm? after 200 °C heat-treatment [A6].
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Fig. 6.3 Comparison of the simulated and experimental variations of the z(kT) for n-type FZ
Si samples irradiated with fluences 1x10% and 5x10% p/cm? after 250 °C heat treatment [A6].
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Fig. 6.4 I-DLTS spectra recorded on n-type FZ Si diodes irradiated with 1x10** p/cm? and
1x10% p/cm? fluences and annealed at 250 °C [A6].

Comparison of DLTS spectra, recorded on n-type FZ Si diodes irradiated

with 102 p/cm? and 10 p/cm? fluences and annealed at 250 °C, is presented in
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Fig. 6.4. The predominant peak (150K) for the sample irradiated with fluence
@=10" p/cm? is attributed to H-related defects (Ex=0.32 eV). While, spectral
peaks, observed at 220K (0.42 eV) and 260K (0.57 eV), are attributed to di-
vacancy (V2) and V-related defects. The spectral peaks at low temperatures,
80K (E«=0.2 eV) and 40K (0.15 eV), are attributed to H-related defects and
thermal donors (TD), respectively. In samples irradiated with higher fluence
@=10' p/cm?, the predominant peak is attributed to Vo~ (Ex=0.23 eV). The
additional peak obtained at the 60K is attributed to VO defects. An increase of
the amplitudes of the peaks at 80K, 60K and 40K has been observed.

6.2.3. Spectra recorded on n-type FZ and CZ Si irradiated by 300 MeV/c
pions

The dominant defects in n-type FZ Si, induced by pion irradiations and
heat treatments using Tan=150 °C, have been ascribed to di-vacancies (V2 and
V>7) and to VO complexes, as revealed by TDTL measurements (

Fig. 6.5). While for the CZ Si samples processed using the same
procedures, the predominant defects are V>~ and CiCs complexes [213-215].
After heat treatment at Tan=150 °C (Fig. 6.6), the V>~ and VO defects become
predominant in FZ and CZ Si. It has been observed, that CiCs complex anneals
out in CZ Si samples (Fig. 6.6), irradiated with @ =1x10%* n*/cm?. There, the V-
complex and the unidentified defect with activation energy E«=0.3 eV have been
revealed in FZ n-Si samples.

From DLTS measurements, performed on samples irradiated with small
pion fluences (Fig. 6.7), VO, V27, H-related and V-related defects [212] have
been inferred as dominant in CZ n-Si samples after heat treatment at 250 °C.
While, the TD and V> defects are dominant in the FZ n-Si samples.
Concentrations of these defects, which are proportional to the obtained peak
amplitudes in DLTS spectra, indicate that production of radiation defects is less
efficient for FZ Si.
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Fig. 6.5 Comparison of the simulated and experimental variations of z(kT) for n-type FZ and
CZ Si samples irradiated with fluence #=1x10" n*/cm? and heat-treated at 150 °C [A6].
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Fig. 6.6 Comparison of the simulated and experimental variations of the z(kT) for n-type FZ

and CZ Si samples irradiated with fluence ®#=1x10* n*/cm? after heat treatment at 250 °C
[A6].
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Fig. 6.7 I-DLTS spectra recorded on n-Si samples of FZ material, irradiated with 1x10% */cm?

fluence, and CZ material, irradiated with @ =1x10* n*/cm? fluence after heat treatment at
250 °C [A6].

The resolved spectra of point defects and their variations after heat

treatments imply dissociation of radiation clusters, those prevail in the hadron
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as-irradiated material. Therefore, the density of the heat-treatment produced

point defects increases with anneal steps.

6.2.4. Comparison of results obtained by TDTL and I-DLTS techniques
The parameters of traps introduced by irradiation of relativistic protons and
pions of nearly the same fluence are listed in Tables 6.2 and 6.3, respectively.

Table 6.2 Anneal dependent variation of the parameters of the trapping centres introduced by
24 GeV/c protons.

. Heal  1.100°C Tan150°C  Tan200°C  Tan 250 °C
Activation Defect treatment
energy identification ®=5x10 p/cm?
(eV) Sample . . .
mateEi al Concentration of trapping centres (10% cm™)
0.32:0.02 H'[rzel"';tfd CZ p-Si 7 15 10 220
0.36+0.02 V2 [212] FZ n-Si 2 11 6 660
i CZ p-Si 8 12 14 160
0.25+0.01 V5 [212] g o o 10 180
CZ p-Si 0.5 1 1.2 20
0.18:001  VO[212] 5o 0 1 16 .

Table 6.3 Anneal dependent variation of the parameters of the trapping centres introduced by
300 MeV/c pions.

P Tn100°C Twl50°C  Tan200°C T 250°C
Activation Defect
energy identification ®=3x10% r*/cm?
(eV) Sample
material Concentration of trapping centres (10% cm)
CZn-Si 8 13 25 5
0
0.36+0.02 V20 [212] 7 n.Si 5 6 1> 2
- CZn-Si 7 15 20 20
0.25+0.01 V™ [212] F7 n.Si 5 ; 14 18
0.18+0.01 VO [212] CZ n-Si 0.2 0.2 0.2 0.6
FZ n-Si 0.4 0.7 0.8 1

The non-monotonous variations of trap densities after different anneal
steps can be deduced from Tables 6.2 and 6.3. The similarity between DLTS
spectra, obtained for samples rather low fluence irradiated by protons and pions,
indicate that the irradiation with various type penetrative hadrons induce the
same defects. Nevertheless, irradiations with pions lead to introduction of the
VO, V77, H- and V-related complexes which are dominant in the n-type CZ Si
samples. While, thermal donors (TD) and V2" defects are dominant in the n-type
FZ Si samples. The amplitudes of peaks within DLTS and TDTL spectra,

recorded on samples irradiated with the same fluence, indicate that the
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production of radiation defects is less efficient in FZ Si, due to the lower
concentration of the contaminants and native defects in comparison with CZ Si.

Density of V- and H-related defects increases with Ta, due to enhancement
of defect activation energy with heat-treatment temperature. The CiCs complexes
have been revealed to be the predominant defect in pion irradiated CZ n-Si
material after heat treatment at 150 °C, as carbon impurities of concentration
>10% ¢cm and oxygen impurities of >10'8 cm™ are present in the pristine Si
material. However, in the hadron irradiated material, anneal induced
transformations of cluster defects lead to predominance of CiCs complexes in
CZ Si at intermediate heat treatment temperatures of 150 °C. Also, concentration
of oxygen impurities of ~10® cm is sufficient to observe VO traps after
intermediate heat treatment at 150 °C. The subsequent annealing out of the CiCs
traps is accompanied by formation of the unidentified defect (E«+=0.3 eV). The
latter defect had been also observed in electron irradiated Si [106].

Carrier recombination lifetime shows a tendency of linear decrease in log-
log scale (Fig. 6.1), due to increase of the density of cluster defects (N¢) with
fluence of hadrons. Assuming the same rate of cluster destruction by heat
treatments, the ratio of point defect density to that of clusters decreases with
enhancement of fluence. Thus, the amplitude of trapping component is also
reduced for heavily irradiated and annealed samples, and sensitivity of TDTL
technique, as well as I-DLTS, to resolve spectra of emission centres falls down
with increase of fluence (as zinsttr= X (Ntr/Nc v)xeXp(Ew/KT)|kir>1,Ntr/Nei<t ~Nir/Nei
~1r even for t—o0). Heat treatment induced transformations and reactions of
point radiation defects (for instance, V—V2, VO) with native ones lead to the
intricate changes of TDTL spectra dependent on Si material type and Tan, as well
as on irradiation fluence. Nevertheless, a clear tendency of cluster destruction
and consequent formation of trapping centres with enhancement of isochronal
Tan can be deduced from Table 6.2 and Table 6.3. While, different shape
functions (increasing, non-monotonous, saturating) can be implied from
Table 6.2 and Table 6.3 for anneal induced variations of the density of various

emission centres, identified for a fixed irradiation fluence.
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It has been demonstrated that contactless spectroscopy of carrier
recombination and trapping lifetime using MW-PC and TDTL temperature
scans allows simultaneous control of interactions among several radiation
defects within large fluence irradiated Si structures. This technique is promising
for spectroscopy of radiation defects when the standard contact methods become
unsuitable due to the disordered structures and internal electric fields existing

within heavily radiation damaged materials.
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. Summary

The nearly invariable values of charge collection efficiency and carrier
lifetimes in AT GaN over wide range of moderate neutron fluences
®<10% cm2 confirmed the high radiation hardness of this material. The
prevailing of vacancy associated complexes of VeaOn or VeaHn are
revealed to be responsible for the degradation of neutron-irradiated AT
GaN samples.
The observed decrease of the stretched-exponent index fser with
enhancement of threading dislocation density (TDD) indicates the increase
of disorder degree dependent on the growth regimes of the MOCVD GaN
epilayers. Reduction of zer lifetimes with increase of density of threading
density (TDD) implies prevailing of carrier decay through dislocation
cores when TDD enhances.
Values of the PL-decay times are nearly independent of edge dislocation
density and their values vary not more than 20% when changing the growth
regimes of MOCVD GaN layers. Vacancy, anti-site and carbon impurity
related defects dominate within MOCVD GaN single-crystal regions, as
deduced from PPIS measurements.
In situ measurements of proton-beam excited luminescence and BELIV
transients, during proton irradiation, allowed to unambiguously separate
the recombination processes in the radiative and non-radiative channels.
These devices are suitable for simultaneous detection of both the
electrical and optical signals.
The potential applications of the rearranged GaN-LED sensors to
dosimetry has been demonstrated.
Analytical models have been developed and applied to interpret the
evolution of current pulse transients induced by the bulk and localized
domains of injected charge carriers. The current components ascribed to
carrier drift, diffusion and recombination processes have been clearly

discriminated.
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The combined profiling of current transients by injection of the bulk and
of the localized domains of excess carriers enable the evaluation of the
carrier transport characteristics for CVD diamond.

The current transient technique based on profiling by the cross-sectional
scans of the injection location can be a sensitive tool for identification of
the depth distribution of native defects in diamond samples.

TDTL and I-DLTS measurements allow to resolve interactions among
several radiation defects in heavily irradiated Si structures. The increase of
concentration of the emission centres in the heat-treated Si samples implies
dissociation of the extended radiation clusters those act as the prevailing

recombination centres in the hadron as-irradiated Si materials.
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