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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  

5×1016 cm-2. 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 
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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 

● analysis of MW-PC transients in order to control the carrier recombination 

parameters of GaN and diamond materials; 

● spectroscopy of technological and radiation induced defects for the 

comprehensive characterization of ammonothermally grown GaN (AT GaN) 

single crystals; 

● analysis of carrier recombination mechanisms in MOCVD grown GaN 

epilayers; 

● analysis of BELIV and PI-L characteristics in GaN-based sensors, recorded 

during 1.6 MeV proton irradiation; 

● identification of technological defects in diamond materials grown by CVD 

and HPHT methods; 

● analysis of the operational characteristics of the capacitor-type detectors based 

on HPHT and CVD diamond; 

● 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 SER 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. 

Author’s contribution 

The author performed majority of experimental measurements presented 

in the dissertation in collaboration with colleague dr. T. Čeponis, dr. J. Pavlov 

and dr. V. Rumbauskas. Measurements of FTIR and Raman spectra were 

performed in collaboration with PhD student M. Velička. The PPIS 
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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 gallium 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-

SiC 

GaN Natural 

Diamond 

CVD 

Diamond 

Potential device 

application 

benefit 

Bandgap (eV) 1.1 3.2 3.44 5.47 5.47 High temperature 

Breakdown field (MVcm−1) 0.3 3 5 10 10 High voltage 

Thermal conductivity 

(Wcm−1K−1) 

1.5 5 1.3 22 24 High power 

Electron saturation velocity 

(×107cm s−1) 

0.86 3 2.5 2 2 High frequency 

Hole saturation velocity 

(×107cm s−1) 

n/a n/a n/a 0.8 0.8  

Electron mobility (cm2 

V−1s−1) 

1450 900 440 200-2800 4500  

Hole mobility (cm2 V−1 s−1) 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. 
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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 III-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). 

 
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 III-V group 

semiconductors, such as GaN, GaAlN, 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 

method 
HVPE AT Na-flux 

Conditions 1 atm, 1000−1100 C 400 MPa, 600 C 5–10 MPa, 600–900 C 

Growth rate 100−500 μm/h 0.1 mm/day 20−30 μm/h 

Quality Normal High High 

Thickness mm-scale cm-scale < 10 mm 

Mass 

production 
Good Good Good 

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: 

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

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

● 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. 

● 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 Ccation is a shallow donor, while carbon in nitrogen sites (CN) is a 

rather shallow acceptor [46]. The incorporation of CN is preferable since the 

formation energy is rather low [37]. Dislocation densities can now be reduced to 

low densities as 103 cm-2, e.g., AT GaN crystals, grown on HVPE-GaN seeds, 

contain dislocation density of about 7×104 cm-2 [47] or less than ~103 cm-2 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 σ, 

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 hcrit [49]. The critical value can be estimated as: ℎ𝑐𝑟𝑖𝑡 = 𝐸∗𝛤/𝑍𝜎2 , where 

E=E/(1-υ2) – is the Young’s modulus, υ – is the Poisson’s ratio (0.18 for GaN 

[50]), Γ – is the parameter of layer resistivity determined by the hardness value. 

Γ is equal to 2γ for the pure brittle fracture, where γ is the specific surface energy 

(1.95 for GaN [51]), Z=1.976 for a homogeneous layer of GaN. Estimation of 

hcrit value for GaN/AlN/Si structures shows that hcrit equals to ~250 nm for GaN 

grown on Si (with a buffer AlN-layer of 100 nm) [52] and for the GaN/Si 

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

Eg = 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]. 

 
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 cm2V−1s−1 and 3800 cm2V−1s−1, 

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 (µm 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 I diamond contains significant nitrogen concentration, whereas type II 

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 Ia and type Ib, depending on the nitrogen (N) attributed 

defects. The N atoms in type Ia diamond are present in various aggregated forms 

(e.g. paired N, double paired N), whereas in type Ib 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 

diamond 
Colour State of existence of N Rate of 

natural 

existence 
Isolated N Paired N Double 

paired N 

Triple 

N 

Ia Colourless No Yes Yes No 10% 

Ia Pale yellow No Yes Yes Small 90% 

Ia Yellow Yes Yes Yes Yes 

Ia Brown Large Yes Yes Large 

IIa Colourless No No No No 1% 

Ib Light yellow Yes No No No 0.2% 

IIb Blue No (contains B) No No No Almost 0% 
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Type II diamond can be subdivided into type IIa and type IIb depending on 

the concentration of boron (B). Type IIa diamond is usually colourless, whereas 

type IIb 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]. 

 
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 3E (ms=±1) excited state 

[61,63]. The 3A is the ground state and the 3E is excited state, the 1A 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 

(a) 
(b) 
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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 IIb 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 Ia 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 µm [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 μm/ns) of carrier, 

combined with a large breakdown field (107 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. 

 
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. 



29 

 

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 rlm47 k 

resistance used for limitation of the CS50 nF capacitor charging current. For 

biasing of the capacitor Cd under test device (CUD), CUD is connected in series 

with a direct current (DC) voltage U source and rlm. A circuit for pulsed signal 

is then comprised of the charging source capacitor CS, of the sample capacitor 

Cd and the load resistor RL150  connected in series. The 50  coaxial cable is 

loaded by RL250  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 t≌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. 

 
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 M 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 

0.1I0 level of light intensity within a focused beam is about of 20 μm relative to 

the peak intensity I0. 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 (Cb) 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 Cb with linearly increasing voltage Up(t)=At pulse, where A=UP/τPL 

is a ramp of the linearly increasing voltage pulse with UP peak amplitude and τPL 

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

as: 

2/1
2

0

0
2 















bi

Deff

b
U

NSe
C



,    (3.1) 

where, ε0 is the vacuum permittivity, ε – material dielectric permittivity, e – 

elementary charge, NDeff – the effective doping density, Ubi – built-in potential 

barrier, w0=(2εε0Ubi/eND)1/2 – the width of depletion for the non-biased junction. 

The barrier capacitance for a junction diode can be written as: 
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Fig. 3.3 illustrates the simulated BELIV transients. 

 
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 q = CbU within junction: 



33 

 

2/3
0

)1(

2
1

)()(

bi

bi

b

b

bC

U

At

U

At

AC
U

C
UC

t

U

dt

dq
ti














 . (3.3) 

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 Ω load input. The PI-L spectra were 

recorded using an Avantes AvaSpec 2048 TEC spectrometer. 

                
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 

(a) (b) 
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instantaneous lifetime inst=n(t)/(˗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 nex1015 cm-3) [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 σ, 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 

(NT) to that of the effective doping (NDef). 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) =∑ 𝐶𝑖(0)𝑒
𝑒𝑖𝑡𝑛

𝑖=1  appears, where n 
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is the number of different deep levels and ei is the emission rate. The ei 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). 

 
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:  

 ,  (3.4) 

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

occupied by electrons, σn, σp are the electron and hole capture cross sections, 

<vn>, <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: 

,   (3.5) 

where en, 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: 

,    (3.6) 

where Nd is the effective donor concentration, C is the steady-state capacitance, 

which is expressed as: 

,   (3.7) 

where A is an area, ε, ε0 are the permittivities of material and vacuum, 

respectively, V is the bias voltage. When Nt,nt<<Nd, the time varied barrier 

capacitance change, determined by the majority carrier emission, can be 

expressed as: 

.    (3.8) 

C-DLTS method is acceptable when the NT is less than 10% of the shallow 

dopant (NDef) 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 NDef value, and there is no limitation for the 

ratio of the NT/NDef. 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:  

, (3.9) 

where xd denotes the depletion width, q is the elementary charge. The first term 

in Eq. 3.9 is the leakage current density JL, which is independent of time. The 

second term in Eq. 3.9 is the transient signal of the current density, which is 

expressed as 

. (3.10) 

The amplitude of the transient current δJ depends on the depletion width xd, 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 

.   (3.11)  

Here, F is the electric field module, μ is the mobility of carriers, en is the carrier 

emission rate. In case of the discrete energy states Etr, the emission rate en, at 

fixed temperature T, is related to the interaction cross-section n as: 

.   (3.12)    

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. 

 
Fig. 3.6 a - Voltage pulses applied to the device under study to produce transients of 

capacitance, b - transients occurring at different temperatures, c - 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 t1 and t2, is installed. The capacitance values 

are there measured at the two time instants t1 and t2. The difference  

C(t1) - C(t2) = ∆C 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. 

 

 
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] 

inst,trR[1+(Ntr/NC,V)exp(Etr/kT)],   (3.13) 

where R is the carrier recombination lifetime, Ntr is is the concentration of 

shallow trapping centres, NC,V is the density of states in conduction (C) and 

valence (V) bands, respectively, Etr is the trap activation energy (relative to 

thermal emission). Due to a difference between the carrier recombination (R) 

(a) (b) 
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and thermal release lifetimes (inst,trR[1+(Ntr/NC,V)exp(Etr/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 Ntr. 

Then, the instantaneous decay lifetime is expressed through the R and the 

trapping coefficient Ktr [97], which includes parameters of Ntr, the effective 

density of band states for trapped carriers NCM=NC,V,e,h,Ntr= NC,Vexp(Etr/kT) 

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

. (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 

(Tpeak), for which the largest trapping coefficient (ascribed to a single type 

trapping centre) is obtained, can be found using condition of extremal trapping 

coefficient  

        .            (3.15) 

For fixed excess carrier density nc, the peak temperature (Tpeak) can be 

estimated by solving the transcendental equation: 

 .        (3.16) 

Here, A=nC/NC,V,T=300K , and NC,V,T=300K  denotes the expression for the density 

of states NC,V at T=300 K temperature. The variation of absorption coefficient 

with temperature ((T)=300(T/300(K))4.25) needs to be taken into account. 

Then, the concentration of the excess carriers becomes a function of temperature 

n(T)= (T)F, where 300=10 cm-1 [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 Eq. 3.15) obtained using a 

condition of the extremal trapping coefficient. 

 
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 Ntr (2×1014 cm-3) in 

Si. Temperature dependent variations of the n0(T) and NC,e,Ntr1,2(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 Etr and trap 

concentration Ntr 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 n0(T), due to absorption coefficient dependence on temperature  

(Fig. 3.8). The effective density of band states NC,V,Ntr(T,Etr) should also be 

incorporated within simulations, while the latter parameter varies only with scan 

temperature T for a definite Etr 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 D0) 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 A0 (Fig. 3.9c) 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 A0 or donor D0), ionized impurity state 

(ionized donor D+ or acceptor A-), or by a defect.  Fig. 3.9e illustrates a bound 

exciton captured by D0 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]. 

 
Fig. 3.9 Scheme of radiative recombination processes in semiconductors. a - Band-to-band 

recombination, b - neutral donor (D0) to VB transition, c - CB to neutral acceptor (A0) 

transition, d - radiative recombination of FE, e - radiative recombination of BE, which is bound 

to D0 (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]. 

 
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 nex1015 cm-3) 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 nex1018 cm-3) 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 -type 

potential of deep centre leads to the Lucovsky’s model [109]. This model has a 

single parameter Ed (photo-activation energy) within a fitting procedure of 
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spectra analysis. The cross-section p-e in Lucovsky's model [109], is described 

by expression 

,   (3.17) 

where Cp-e is a multiplicative factor. Changes of absorption coefficient (h) for 

h energy photons due to photo-ionization of nd0 trapped carriers can then be 

described by (h)=p-e(h)nd0. Illumination by a light pulse of surface density 

F(h) of the incident photons leads to the density of photo-emitted carriers 

n*
d=p-e(h)nd0F(h) registered by MW probe. Then, the density of Nd traps can 

be evaluated from an absorption coefficient (h) spectrum. The filling factor 

nd/Nd can be controlled by combined measurements of MW-PC signal peak 

value or (h) as a function of F|h, and the saturation of these characteristics 

indicates a complete photo-ionization of Nd 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 (h) for a definite defect can be approximated by the 

Kopylov-Pikhtin [114] approach 

  𝜎(ℎ) ∝ ∫
𝑒−(𝐸+𝐸𝑑−ℎ𝑣)

2 𝛤2⁄
√𝐸𝑑𝐸

ℎ𝑣(𝐸+𝐸𝑑)
2



0
 ,               (3.18) 

where the electron-phonon coupling is determined by the broadening parameter 

Γ. The broadening parameter is related to the Huang-Rhys factor 𝑆 = 𝑑𝐹𝐶 ℎ𝑣0⁄ , 

which is a ratio between the Franck-Condon shift (dFC) and the energy of the 

vibrational mode (hν0). The Huang-Rhys factor quantifies the number of 

phonons emitted during an optical transition [115]. The Γ at absolute zero 

temperature can be determined by the equation [116]: 

Γ0=
𝜈𝑔

𝜈𝑒
√2𝑑𝐹𝐶𝜈𝑔.    (3.19)  

Here, νg and νe are the frequencies of the ground and the excited state, 

respectively. Using νe = νg = ν0, the Eq. 3.19 becomes: 

Γ0=√2𝑑𝐹𝐶𝜈0 ≈ 1.414𝜈0𝑆
1 2⁄ .   (3.20) 

The temperature-dependent broadening is then expressed as: 
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𝛤=Γ0√2𝑐𝑜𝑡ℎ(ℎ𝜈0 𝑘𝐵𝑇⁄ ).   (3.21) 

 
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 𝑆 is expressed as [118,119]: 
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𝑆 = (ℎ 2𝜋⁄ )[𝑆(𝑆 + 1)]1 2⁄ ,    (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: 

𝑆𝑧 = 𝑀𝑆ℎ 2𝜋⁄ .     (3.23) 

The term MS can have only two possible values for a single unpaired electron, 

that are referred to as α (MS = 1/2) or β (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 μe, which 

is directly proportional to the spin angular momentum. The μe is expressed as:  

𝜇𝑒 = −𝑔𝑒𝜇𝐵𝑆,      (3.24) 

where µB is the Bohr magneton and ge is the free electron g-factor. An expression 

that represents multiplication of these factors (geµB) is called the magnetogyric 

ratio. Bohr magneton is the atomic unit of magnetic moment, defined as: 

𝜇𝐵 = 𝑒ℏ 2𝑚𝑒⁄ ,     (3.25) 

where e is the electron charge, ℏ = ℎ 2𝜋⁄  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 

(μ) and the field (B) is described as: 

𝐸 = −𝜇 ∙ 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 = 𝑔𝑒𝜇𝐵𝐵𝑀𝑠,      (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: 

∆𝐸 = ℎ𝜈 = 𝑔𝜇𝐵𝐵.      (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 electron with spin S = ± 1/2 in an applied magnetic field �⃗⃗� [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, I = 1/2) can be expressed as: 

𝐸(𝑀𝑠 ,𝑀𝑙) = 𝑔𝜇𝐵𝐵𝑀𝑠 − 𝑔𝑁𝜇𝑁𝐵𝑀𝐼 + 𝑎ℎ𝑀𝑠𝑀𝐼,   (3.29) 

where Ms and MI 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 I = 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 I = 1/2 spin nuclei such that a1 > a2 (b) are 

illustrated. The number of lines from the hyperfine interaction can be determined 

by the relation: 2NI + 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 I can be determined as 2nI + 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)n. 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 a1 > a2 (b) [119]. 

 

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

ΔMI = 0 and ΔMS = ± 1, only two possible resonance transitions can occur, 

namely ΔEcd (labelled EPR 1) and ΔEab (labelled EPR 2): 

∆𝐸𝑐𝑑 = 𝐸𝑐 − 𝐸𝑑 = 𝑔𝜇𝐵𝐵 +
1

2
𝑎ℎ, 

   ∆𝐸𝑎𝑏 = 𝐸𝑏 − 𝐸𝑎 = 𝑔𝜇𝐵𝐵 +
1

2
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–1) are related to the absolute energy values.  

 
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-1 wave numbers   with the spectral resolution of 4 cm-1 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 µm 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  

(1012 − 5×1016 cm-2) at TRIGA reactor of Jožef 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 Mn2+ 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 Mn2+ nuclei with spin I=5/2. The observed absorption 

transitions are allowed according to the selection rules of mS=1 and mI=0, 

where mS and mI 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 Mn2+ impurity [126]. The simulated results 

confirm the presence of the Mn2+ impurities. 

Concentration of the Mn2+ 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 Mn2+ impurities has been found to be 1.31018 cm-3 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 Mn2+ 

related lines also appear at irradiation fluences of 1016 cm-2 (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 =51016 cm-2 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 Mn2+ related lines and highlighting of the additional lines in the 

320–380 mT magnetic field range (Fig. 4.3a).  

 
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]. 

 



55 

 

200 250 300 350 400 450 500

GaN:Mg

B||c, T=300 K

 

 

=10
16

cm
-2

=5x10
16

cm
-2

E
S

R
 s

ig
n
a
l 
(a

rb
. 
u
n
it
s
)

B (mT)

non-irradiated

 
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 VGaON (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 (NN)N.  
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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 =1016 cm-2, measured at 100 K [A4]. 

 

The ESR spectrum, recorded at T=100 K on GaN:Mn crystal, irradiated 

with neutrons of fluence =51016 cm-2, was simulated at assumption of the 

superposition of Mn2+ impurity and VGaON defect related resonances (Fig. 4.3b). 

The simulated ESR spectra are in good agreement with the experimental spectra. 

(a) (b) 
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Fig. 4.4 Variations of Mn2+ concentration in GaN:Mn crystals as a function of neutron 

irradiation fluence [A4]. 

 

The values of spin-active Mn2+ 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  

3.7×1016 n/cm2 [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-1 are interpreted 

[134] as the E2 (low and high frequency) and A1 (high frequency) phonon 

modes, respectively. The most intensive Raman spectral peak at 568 cm-1 is 

ascribed to the optical phonon (E2, high frequency), which indicates a relaxed 

(strain-free) crystal [135]. The peak at 520 cm-1 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 cm1 ascribed to the A1 (TO) 

phonon mode [137]. The origin of the broad peak, observed at around 400 cm-1, 
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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. 

 
Fig. 4.5 Raman spectrum recorded on pristine  and neutron irradiated (=1013 cm-2) 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-1 [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-1 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-1 

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-1, while the CH2 mode varies between 2910 and  

2924 cm-1, and the CH3 mode varies between 2955 and 2963 cm-1 [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 (Φ=1016 cm-2 and Φ=5×1016 cm-2) 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 A-/0 from GaN valence 

band to a partially filled level, where A- is the ionized Mn2+ (d5) 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 A0 configuration. 

Neutron irradiations lead to formation of Ga vacancies those change a 

configuration of the ESR active centres Mn2+, 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 Mn2+. This may be a reason for the appearance of a minimum 

in the Mn2+ 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 (nex1018 cm-3). 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  

YG-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. 

 
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 VGa complex as VGaON and 

VGaHN 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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Φ≥1016 cm-2 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 VGaON [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 Φ=5×1016 cm-2, 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 Φ 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]. 

 

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 Mn3+/2+ 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 (≤1015 cm-2), 

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 hυ=1.5 eV 

and hυ=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 (R) as a function of photon 

energy, when using tex=4 ns pulses, and the PPIS spectra recorded on pristine 

and neutron irradiated (=1016 n/cm2) GaN:Mg samples are illustrated in  

Fig. 4.13a. The Kopylov-Pikhtin [114] approach (Eq. 3.18) has been applied for 

fitting the UMW-PC,0((h) in the experimental spectra. The carrier lifetime R 

variations with excitation wavelength changes, observed for the pristine 

GaN:Mg (Fig. 4.13a), indicated that nearly constant R is associated with the 

shallow PPIS spectral step. Carrier lifetime decreases, leading the shortened R 
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values, in the range of moderate excitation photon energies used, with further R 

increase and non-monotonous variation in the range of the largest photon 

energies applied (Fig. 4.13a). The R 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 tex=40 fs duration and excitation photon energies hυ=1.5 eV and hυ=2.5 eV. 

 

 
Fig. 4.13 (a) Variations of the R and the PPIS spectra recorded on pristine and irradiated  

(=1016 n/cm2) GaN:Mg samples (tex=4 ns). (b) Comparison of the PPIS spectra recorded on a 

pristine AT-grown GaN:Mn sample by using tex=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  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 tex=4 ns duration (Fig. 4.13c). The photo-activation 

energies Eph (with fitting uncertainties of about 5 %) and  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 Γ extracted from 

fitting of the PPIS peaks recorded by using the 4 ns excitation pulses. 

GaN:Mn 

Pristine Irradiated with Φ=1016 cm-2 

Eph (eV) Γ Eph (eV) Γ Defect type 

EMn-1=1.40 0.05 EMn-1
irr=1.42 0.08 Mn related [155] 

EMn-2=1.98 0.25 EMn-2
irr=1.98 0.22 Mn related [144] 

EMn-3=2.40 0.15 EMn-3
irr=2.39 0.25 GaI interstitial [156] 

EMn-4=2.97 0.25 EMn-4
irr=2.96 0.28 Unidentified [156] 

GaN:Mg 

EMg-1=1.30 0.02 − −   CI acceptor [157,158] 

EMg-2=1.75 0.18 EMg-2
irr=1.75 0.23 Mg [159] 

EMg-3=2.07 0.23 EMg-3
irr=2.05 0.27 VGa  vacancy [160] 

EMg-4=2.39 0.15 EMg-4
irr=2.38 0.25 GaI interstitial [156] 

− − EMg-7
irr=2.45 0.16 VGa vacancy [158] 

EMg-5=3.10 0.32 EMg-5
irr=3.10 0.35 Mg [159] 

EMg-6=3.30 0.2 EMg-6
irr=3.30 0.27 VN  vacancy [156] 
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Table 4.2 Values of the photo-activation energy Eph and of broadening parameter Γ extracted 

from fitting of the PPIS peaks recorded by using the 40 fs excitation pulses. 

GaN:Mn GaN:Mg 

Pristine Irradiated with Φ=1016 cm-2 Pristine 

Eph (eV) Γ Eph (eV) Γ Defect type Eph (eV) Γ Defect type 

EMn-5=0.75 0.05 − − 
Uniden-

tified 
EMg-1=1.27 0.08 

CI acceptor 

[157] 

EMn-6=1.14 0.03 EMn-6
irr=1.09 0.11 

Uniden-

tified 
EMg-2=1.78 0.07 Mg  [159] 

EMn-1=1.39 0.04 EMn-1
irr=1.41 0.03 

Mn related 

[155] 
EMg-3=2.06 0.05 

VGa vacancy 

[160] 

EMn-2=1.90 0.08 EMn-2
irr=1.91 0.08 

Mn related 

[144] 
EMg-7=2.50 0.03 

VGa vacancy 

[158] 

 

For 40 fs excitation pulses (Fig. 4.13d), the PPIS recorded on GaN:Mn 

exhibit the additional peaks EMn-5 and EMn6 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 EMn5=0.75 eV and of  

EMn-6=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 EMg-7
irr=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 UMWPC,0, when comparing PPIS obtained for the 

pristine and 1016 n/cm2 neutron fluence irradiated samples. Such the observations 

can be explained by a rather small concentration (1016 cm-3) of the introduced 

radiation defects in comparison with intrinsic defect and dopant densities  

(>1018 cm-3). 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  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  

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. 

 
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. 

 

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 () 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:  
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)exp(
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     (4.1) 

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

ascribed to the non-radiative recombination, and nex,0 is the excess carrier 

concentration at the peak of excitation. The parameter nex,0 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 R ascribed to 

each transient can also be estimated from the slope of the asymptotic (close to 

an exponential: nex,0exp(–t/R)/[1+BRnex,0]) component within a recorded 

transient. Thus, values of B and R 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)10-8 cm3/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 R 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). 

 

 
Fig. 4.16 Depth distribution of carrier recombination lifetime scanned within cross-sectional 

boundary of the 400 m 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/R) (b) as a function of neutron irradiation 

fluence for Mg- and Mn-doped AT GaN samples.  
 

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

obtained for neutron irradiated (with the largest ) samples, when comparing 
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with τR values, measured in pristine sample of the same material (Fig. 4.15b). 

While in GaN:Mn material, reduction of R was obtained by factor of 3 over a 

wide range (1012  51016 n/cm2) 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, R 

variations have been obtained within MW-PC transient scans, performed on 

wafer boundary by depth profiling (Fig. 4.16). This R 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 over a 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  

(≤1014 n/cm2), 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 

(≥1015 n/cm2), the radiation defects lead to the decrease of CCE. At the highest 

irradiation fluences (=5×1016 n/cm2), 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/τR has been analysed. A reduction of this 

CCE/τR parameter appeared to be faster in Mg-doped AT GaN material relative 

to that in Mn-doped samples. In agreement with this CCE/τR-  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/τR parameter for a wide 

(=1012−1015 n/cm2) range of fluences hints on the relatively high radiation 

hardness of AT GaN material. 

The exceptionally long carrier lifetimes (up to several μs) 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 

Φ⩽1015 cm-2 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 HEMTs 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 III-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 5×1016 cm-3), 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 m thick GaN epilayers on top of an identical buffer 

structures consisting of AlGaN stress management layers and an AlN nucleation 

layer. Structure of the samples and their growth regimes are described in  

Fig. 4.18 and Table 4.3. 

 
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 =  2/9b2 ,    (4.2) 

where  is the full width at half of maximum of XRD reflexes (-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  

(-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.  

0

1

2

3

10
80

 
C

10
60

 
C

10
40

 
C

10
80

 
C

10
60

 
C

10
40

 
C

200 Torr75 Torr

10
9

2C2B2A1C1B

 Screw

 Edge

D
is

lo
c
a
ti
o
n
 d

e
n
s
it
y
 (

c
m

-2
)

Sample number
1A

 
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 NH3 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-2) 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. 

 

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 μs (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 R value (Table 4.4), ascribed to the initial decay stage. The de-

convoluted R 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 Aexc spot excitation spot) of areas (volumes) 

of perfect (Acryst) single-crystal GaN and dislocation clusters is not well defined. 

At TDD2109 cm-2, the linear distances LTD between the adjacent dislocation 

cores might be estimated as LTD ~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 (ATD). In this case the decay obeys a SER law [175], the carrier 

decay can be approximated as 

𝑛(𝑡) ≅ 𝑛0 {
𝐴𝑐𝑟𝑦𝑠𝑡

𝐴𝑒𝑥𝑐𝑠𝑝𝑜𝑡
exp (−

𝑡

𝜏𝑅
) +

𝐴𝑇𝐷

𝐴𝑒𝑥𝑐𝑠𝑝𝑜𝑡
exp (− (

𝑡

𝜏𝑆𝐸𝑅
)
𝛽𝑆𝐸𝑅

)}, (4.3) 

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

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

(SER). 

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

recombination lifetimes. 

Sample No. Pressure/temperature in, MW-PC (ns) R (ns) 

2A 200 Torr/1040 C 3.6 2.5 

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 
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Fig. 4.21 R in GaN crystallites within layers as a function of growth temperature when using 

different pressures [A5]. 
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The effective decay lifetime (in, 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 R have been extracted using the de-convolution 

procedures and the parameters of the delays in the recording circuit. These  

in,MW-PC and R values are listed in Table 4.4.  

Variations of R 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 R 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 τR 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 R 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 τR 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 ln(-ln(UMW-PC(t)/ 

UMW-PC peak) values as a function of ln(t), are illustrated for sample 2A in  

Fig. 4.22. Such a SER plot (ln[-ln(UMW-PC(t)/UMW-PC peak)] vs. ln[t]) (where t is 



77 

 

normalized to a s values inherent for the asymptotic display scale) is 

conventional [108,175] in estimation of the power index SER for a SER curve. 

This asymptotic component obeys stretched-exponential decay  

(𝑛(𝑡)~𝑛0𝑆𝐸𝑅 × exp[−(𝑡/𝜏𝑆𝐸𝑅
𝛽𝑆𝐸𝑅])(Eq. 4.3). 

The ln[ln(UMW-PC(t)/UMW-PC peak)] values indicate good fit, as the linear 

dependence has been obtained. The initial decay, characterized by R, has been 

ascribed to the recombination through point defects within crystallites. Values 

of the SER  have been evaluated using (ln[-ln(UMW-PC(t)/ UMW-PC peak)] vs.  

ln[t/1 s]) slopes obtained in SER plots for asymptotic decays (Table 4.5). The 

partial amplitude ATD/Aexc spot, ascribed to the asymptotic decay component in 

GaN slightly depends on excitation intensity. The averages of these partial 

amplitudes (ATD/Aexc spot) can serve for estimation of the carrier density fraction, 

attributed to the dislocation clusters. The partial amplitudes of Acryst/Aexc spot and 

ATD/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 SER, 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). 
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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 

2A in b, or simulated SER curves (red lines) have been employed for estimation of SER values. 
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Alternatively, SER lifetimes SER can be extracted by fitting the  transient 

within a SER plot (red lines in Fig. 4.22a). Values of SER and SER (Table 4.5) 

have showed the dependence on sample growth regimes and, consequently, on 

DD. The closer a SER value to unity appears, the more perfect-crystal material 

is. It has been obtained that SER value decreases with enhancement of the DD 

for both sets of samples (Fig. 4.19 and Table 4.5). Also values of SER lifetimes 

SER 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 nex0 determines the rate and decay shape of 

the non-radiative recombination, while only a few tens percentage of the nex0 

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. Pressure/temperature Acryst/Aexc spot  ATD/Aexc spot SER (s)  SER   

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. 



79 

 

0 1 2 3 4 5
10

-3

10
-2

10
-1

10
0

10
1

MOCVD GaN

 experiment

 simulations
E

5

E
4

E
3

E
2

E
1

 

 

M
W

-P
C

 s
ig

n
a
l 
(a

rb
. 
u
n
it
s
)

h (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 

E1 0.7 VGa
-  [176] 

E2 1.2 NGa  [177] 

E3 1.7 VGaON [148] 

E4 2.6 CN    [148] 

E5 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 (NGa), vacancy- (VGa and VGaON) 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 

modulations of spectral signal [A5]. 

 

 
Fig. 4.25 TR-PL transients recorded for UV (a), B (b) and YG (c) PL segments in GaN/Si 

samples [A5]. 
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The TR-PL transients (Fig. 4.25) have been recorded using 100 fs laser 

pulses, where excess carrier densities of nex~1018 cm-3 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 (in, PL) 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 (as,PL) shows rather low PL 

intensity. Values of as,PL  in UV TR-PL transients agree with simply evaluated 

R 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 

inst values 

Simulated R, D-A PL
  

using UV-TR-PL 

B-TR-PL 

inst values 

YG-TR-PL 

inst values 

in,PL as,PL with B=210-8 cm3/s eff-PL eff-PL 

7
5

 

T
o

rr
 1A, 1040 °C 0.18 

2.74-

5.20 

12.0 1.45 1.40 

1B, 1060 °C 0.18 4.0 1.55 2.00 

1C, 1080 °C 0.18 4.0 1.68 1.45 

2
0
0
 

T
o
rr

 2A, 1040 °C 0.15 2.5 1.55 1.80 

2B, 1060 °C 0.15 3.0 1.68 2.00 

2C, 1080 °C 0.14 3.5 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 

(a) and 200 Torr (b) pressure and fitted using an approach of the simultaneous non-linear and 

linear radiative recombination processes. The R, D-A PL values extracted by fitting procedure are 

denoted in the legends. 

 

The clearer tendency of eff -PL increase with growth temperature can be 

deduced for 200 Torr grown samples. For the latter samples, the eff-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, nex,PL(t) can be represented [108] as follows: 

.   (4.4) 

Here, B is the coefficient of radiative recombination, R, D-A PL is the carrier 

lifetime ascribed to the D-A PL recombination, and nex,0 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 nex,0 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 (R, D-A PL), ascribed to each transient, can also be estimated 

from the slope of the asymptotic (nex,0exp(-t/R, D-A PL)/[1+BR, D-A PL nex,0]) 

component within a recorded transient. Thereby, the value of either B or a pair 

of values (B, R, D-A PL) 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 R, D-A PL which is 

a measure for estimation of the D-A defects within the lattice. The B coefficient 

of an estimated value of 210-8 cm3/s has been obtained, which can be ascribed 

to the UV (band-to-band) recombination process. Values of R, D-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 R, D-A PL 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.  

 
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 10×10 µm2 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 R, D-A PL and R in agreement with results 

shown in Fig. 4.21.  

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

 

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). 
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4.2.7. Dislocation density dependent carrier lifetime variations 

The summarized parameters (extracted simply by using the decay slope 

(R), obtained for the initial component of the MW-PC transient, and simulated 

(SER), 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). 

1.6 2.0 2.4 2.8 3.2 3.6

1.5

2.0

2.5

3.0

   
R     

10
80

 
C

10
60

 
C

    
R    

 

   


R
 (

n
s
)

Dislocation density (cm
-2
)

10
40

 
C

10
80

 
C

10
60

 
C

10
40

 
C

10
9

5

10

15

20

25

 
SER

200 Torr


S

E
R
 (


s
)

75 Torr

 
SER

1.6 2.0 2.4 2.8 3.2 3.6

140

160

180

200

 
    

 
in, PL

-UV     
in, PL

-UV      

Dislocation density (cm
-2
)


in
 (

p
s
)

10
80

 
C

10
60

 
C

10
40

 
C

10
80

 
C

10
60

 
C

10
40

 
C

5

10

15

 
R, DA PL

-UV

10
9

 
R, DA PL

-UV

 
eff, PL

-YG 
eff, PL

-YG

 
eff, PL

-B 
eff, PL

-B

75 Torr 200 Torr


a

,P
L
, 


e
ff
 (

n
s
)

 
Fig. 4.30 Values of the R extracted from an initial MW-PC decay slope, associated with 

crystallites, and the asymptotic SER decay lifetime (SER) as a function of DED in GaN 

epilayers and instantaneousin,PL of UV, B and G-Y PL decay as a function of DED. 

 

For the lowest excitation densities, the initial stage decay component (R) 

seems to be ascribed to recombination within crystallites, and these R values 

decrease with enhancement of the DED. The SER values, estimated for GaN 

layers grown at 75 Torr pressure, and R, SER lifetimes, for layers grown at  

200 Torr pressure, clearly decrease with enhancement of the DED. For low 

excitation levels, fitting values for the SER are obtained in the range of hundreds 

of ns. This implies that SER 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 SER and of the stretched-exponential decay lifetime 

SER clearly decrease with enhancement of TDD. The parameter SER indicates 

the increase of disorder degree with TDD. Reduction of SER 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 SER 

values decrease with enhancement of edge dislocation density. The initial  

MW-PC decay component (R) seems to be ascribed to recombination within 

single-crystal regions of the epilayers, and these R values decrease with 

enhancement of DED. These R lifetimes seem to be sensitive to the structure of 

point defects within GaN epilayers.  

Variations of the phenomenological (in,PL,eff-PL) and fitting (R,D-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 (τin,PL) determines the non-linearity of the process while 

the asymptotic component (τR,D-A PL) 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 τR 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 τR and τas,PL,UV≈τR,D-A PL values 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 µm thick InGaN/GaN metal-heterostructure-metal sensors, with 

multi-quantum–well (MQW) layer, made of commercial light emitting diodes 

(LEDs, Optosupply OSB4XNE1E1E [178]) were investigated. The multilayer 

heterostructures of 0.25 µm thickness and 1×10-2 cm2 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 (LIV) 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 τP=50 µs. 

The initial current peak within a BELIV transient corresponds to the barrier 

capacitance value Cb0, which is dependent on the effective doping concentration 

~Neff
1/2 [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 Neff=NDNT due to trap ionization, where ND is the donor 

concentration and NT is the concentration of the net space charge, produced by 

ionized traps [180]. The Neff, as determined from BELIV measurements at room 

temperature, is Neff=3.5×1017 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 Cb0 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 (Φ=6×1015 cm-2), 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 Neff=3.5×1017 cm-3, for a pristine sensor, 

to Neff=2.4×1017 cm-3, 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.  

10
13

10
14

10
15

10
1

10
2

10
3

10
4

1.5 2.0 2.5 3.0 3.5
0.0

0.2

0.4

0.6

0.8

1.0

 (eV)

 

 

 

P
I-

L
 I

n
te

n
s
it
y
 (

a
rb

. 
u

n
it
s
)

 (nm)

 pristine

proton fluence:

 =1.610
13

 cm
-2

 =2.010
14

 cm
-2

 =6.310
14

 cm
-2

800 700 600 500 400

 YG-L

 B-L

 (cm
-2
)

 

 

 

P
I-

L
 I
n
te

n
s
it
y
 (

a
rb

. 
u
n
it
s
)

 
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 

VGaON 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 Φ>5×1014 cm-2. 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 C-2-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 Neff=4×1017 cm-3 for the 

pristine sensor and Neff=2.2×1017 cm-3 for the sensor irradiated with the highest 

fluence. These values are in rather good agreement with Neff 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 6×1015 cm-2, 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 (Neff=ND-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 6×1015 cm-2. C-2-V plots are shown in the inset [A7]. 
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Fig. 4.35 C-DLTS spectra recorded on the pristine sensor and sensor irradiated with proton 

fluence of 6×1015 cm-2 (a) and the Arrhenius plots obtained for spectral peaks recorded on the 

sensor irradiated with proton fluence of 6×1015 cm-2 (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 ET1 at 100 K is independent of the reverse-bias 

(a) (b) 
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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 ET3 peaks increases with enhancement of the 

reverse-bias voltage. This points to a non-uniform distribution of concentration 

of the radiation-defects (ET2, 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 ET, of trap concentration NT and of 

their capture cross-section σ, 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 6×1015 cm-2, 

evaluated using Arrhenius plots. 

Level EC-ET (eV) NT (cm-3) σ (cm2) 

ET1 0.08 2.6×1015 2×10-18 

ET2 0.45 2×1015 6×10-16 

ET3 0.62 1.8×1015 2×10-13 

 

The traps, characterized by sets of the (ET, NT, σ) 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 ET2=0.45 eV are associated with radiation-defect complexes of 

rather shallow donors [181,182]; iii) the centres characterized by the  

ET3=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]. 
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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 °С) 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 °С. 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  

3×3 mm2 and thickness of 300 μm and 500 μm, 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. 

 
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 

1.2×1019 cm-3 to 2.4×1019 cm-3, has been estimated for HPHT diamond samples. 

The Ni concentration has been evaluated to be 1.9×1017 cm-3, 1.4×1017 cm-3 and  

5.4×1016 cm-3 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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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 

type 

 

Technique 

Sample No.4 Sample No.7 Sample No.9 

Defect concentration 1018 cm-3 

P1 (N) ESR 24 22 12 

PNi 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 

C+ FTIR - 3 1 1.4 - 

 

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-1) and the charged C+ (1332 cm-1) isolated 

substitutional nitrogen centres and the A aggregate (1282 cm-1) 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 
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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. 
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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 

energy (eV) 
Defect type 

Photo-activation 

energy (eV) 
Defect type 

E1-HPHT=0.52 a-C [192] E1-CVD=1.5 a-C [192] 

E2-HPHT =0.74 a-C [192] E2-CVD=2.37 N subst. [193] 

E3-HPHT =1.1 a-C [192]   

E4-HPHT =1.5 a-C [192]   

E5-HPHT =1.97 N-V [61]   

E6-HPHT =2.67 N-VNiV-N[193]   

E7-HPHT =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 E2-CVD=2.37 eV, has been identified in CVD diamond. A nitrogen-

vacancy complexes, with activation energies of E5-HPHT =1.97 eV and of  

E6-HPHT =2.67 eV, and the nickel-related deep levels with activation energy of 
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E7-HPHT =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. 

 
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 μm. Isle (micro-pixel) 

type electrodes of dimensions of 200×200 μm2 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 CVD 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 = 𝑞𝜑(𝑥) 

𝑖 = 𝑞𝑣𝐸0(𝑥),     (5.1) 

where φ(x), E0(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 γ radiation 
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generates n0 electrons and p0 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 =
𝑞0𝑑𝑥

𝑑
.      (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 (
𝑥

𝑑
) + 𝑝 (

𝑑−𝑥

𝑑
).  (5.3) 

 
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 (−qe, qh) formation under both the excess carrier trapping onto deep centres 

(quasi-stationary polarization) and formation of the (Xe0, Xh0) depletion (from one type of 

excess carriers) regions at electrodes (dynamic polarization) after drifting (ve, vh) excess 

carriers arrive to electrodes. In the electrically neutral region (ENR), recombination (τR) 

through centres MR is possible, while charged centres (N−
A, N+

D) can appear due to carrier 

trapping. On the right, a current transient of charging (the photo-capacitance effect) of the 

capacitor sensor [A1]. 

 

 
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 (1st-a, 2nd-b, and N-th-c) those 

inject bulk density of excess carrier pairs. Xe0 and Xh0 − 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].  

 

 
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 [A1]. 

 

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 (σ/2) (sketched by small circles in Fig. 5.7) induced by a fixed 

external voltage (U/2) and by excess electron concentration n0, as: 

)
2

(
1

)( 0

0

xenxE 





.    (5.4) 

Here, symmetry, based on charge conservation at electrodes, enables to consider 

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

the second Poisson integral: 
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the surface charge σ is related to U, n0, and to an instantaneous position Xe for 

the extraction of electrons, which density n0 is equal to that p0 of the 

homogeneously in-depth injected holes, as: 

e

e

XenU
X

den 0
0

0 




.    (5.6) 

Extraction of electrons persists till the charge σ 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 σ = 0 

determines a quadratic equation for evaluation of the depletion depth x = Xe0. A 

negative root of Eq. 5.6 with σ = 0 leads to: 
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The last approximation in Eq. 5.7 is possible if Xe0 << d/2, at rather low voltages. 

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 δ-thick skin-layer on metallic electrode 

(with initial coordinate Xe-δ = 0 and δ→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 << en0(d/2)/0 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 δ < Xe0 < 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 σ integrated over an area 

S of the electrode) as: 

dt

tdX
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Thus, to obtain the expression for the i1(t) function, the time dependent 

variations of the instantaneous positions (Xe(t)) of the extracted charge of surface 

density en0Xe 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: 
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The last expression for acting electric field is obtained by inserting σ calibrated 

to U (Eq. 5.6 into Eq. 5.4). As a current is determined by the changes in time of 

charge on electrode, the dimensionless instantaneous position ψ=Xe/d is then 

essential. Thus, Eq. 5.9 is rearranged as: 
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By integrating Eq. 5.10, the re-arranged expression of function ψ(t) is obtained 

for the range of 0≤ψ’≤ψ and 0 ≤t’≤ t. Here, the characteristic time of dielectric 

relaxation is denoted as τMn0 = 0/en0μe, and a dimensionless depth of depletion 

is ψe0 = Xe0/d. The expression of the transit time τtr is obtained by integrating  

Eq. 5.10 for the range of 0≤ψ’≤ψe0 and 0 ≤t’≤ τtr. These integrals are obtained 

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

function as: 
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which obeys the transcendental equation: 
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Finally, by inserting Eq.5.10 with solutions of the Eq. 5.13 into Eq. 5.8, the 

initial stage of current pulse is expressed for the time interval 0≤ t≤ τtr as: 
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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  



106 

 

(Fig. 5.7–Fig. 5.9). The correlated drift (τtr,e  τtr,h  τb) determines the charge 

conservation in the system. Possible inequality of carrier mobilities is self-

adjusted by different depletion lengths Xe0Xh0 . 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 Xe0, Xh0) 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 Eqs. 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 (τtr<<τD) of the characteristic times 

of drift τtr and of ambipolar (with a coefficient Da) diffusion τD≌deff
2/4π2Da 

(where deff=d-Xe0-Xh0) can be employed (Fig. 5.10). There, the initial, short stage 

of the current pulse evolution is described by i1(t) (Eq. 5.14). The slow further 

stage (Fig. 5.10) of the current pulse evolution is governed by τD during which 

the excess carriers are supplied by diffusion to the depleted layer Xe0. There, an 

assumption of the infinite surface recombination velocity is acceptable, as rapid 

drift (τtr << τD) keeps n0  0 in the depleted near-electrode region. This is 

equivalent to a boundary condition n0 = 0 for deff, equivalent to an infinite surface 

recombination. Using this assumption, the diffusion governed component i2(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 n0(t) (in Eq. 5.6) as: 
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Solutions for the time varied concentration of excess carriers, averaged over deff, 

are well-known (e.g., [201]) from theory of parabolic equations (with boundary 

conditions, n0|x = 0; x = deff = 0). These solutions for a single-dimensional approach 

are expressed as: 
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As carriers are supplied to Xe0 by diffusion, the sign within the exponential term 

of Eq. 5.16 should be replaced by the opposite one, i.e., concentration supplied 

by diffusion during partial diffusion times τD,k=deff
2/4Daπ2(2k+1)2 changes in 

time. By differentiating Eq. 5.16, the current component i2(t−τtr) with t =t−τtr is 

then re-written as: 
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Thereby the entire current evolution within a transient is described by Eqs. 5.14 

and 5.17 as: 
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Taking the carrier recombination τR within electrically neutral range into 

account, the additional current components should be introduced as: 
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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 i2 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. 5.8c 

and Fig. 5.10) and at relatively low applied voltages, while the initial current i1 

component prevails due to 1/ψ(t) for ψ(t)<<ψe0(t) (Eq. 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 (qe)-hole (qh) domain, the relation 

between the surface charge (+σ) 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 σ depends on the instantaneous positions (ψe(t) and ψh(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 τMq,e,h,=0d/qe,hμe,h 

and of free flight τTOF,e,h= d2/Uμe,h of the sub-domains of injected carriers with 

mobilities μe,h. Thereby an instantaneous velocity and the transit time depend on 

the amount of injected charge (qe,h). Also, current depends on time variations of 

the instantaneous positions of sub-domains (ψe,h(t)). The latter ψe,h(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: 
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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 v0,h,mon and v∑bipψh
*0

 values at position ψh
*0 of the hole domain. The 

generalized expression for current, attributed to the bipolar drift prolonged by 

the monopolar drift of holes, is represented as: 
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The duration of the entire pulse (tP) is obtained as a sum of the bipolar drift τbC 

and the hole domain drift τdr,h,mon, as tP=τbC+τdr,h,mon. 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 ψe,h(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 (Cd) 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 τTOF,h=τMq,h) or 

nearly constant (if τTOF,h < τMq,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 (EG = 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: 
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of the excitation power density Pex and of the coefficients of the linear absorption 

α, of the two-photon absorption β and of the two-step absorption βS if all the 

mentioned photo-excitation processes appear simultaneously. In spectral range 

of sample transparency (for αd << 1 and αd < (β+βS)Pexd), this expression can 

be simplified as: 

dP
I

I
exS

tr

)(10   .     (5.23) 

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

parameters as: 

00 ])([ IPn exS
.    (5.24) 

The concentration generated at the end of a laser pulse τL (in the case of fast 

recombination τL ≤ τR) is evaluated by the convolution integral averaged over 

laser pulse duration τL and expressed as: 
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Here, b is the dimensionless parameter characterizing a temporal width of 

Gaussian laser pulse. It has been obtained that n0(t=0) varies as a function of 

excitation intensity I0: for HPHT samples, as n0(t=0)~ I0 for the range of a 

threshold I0 values, sufficient to detect current transients. While it becomes 

n0(t=0)~ I0
2 for HPHT sensors at elevated excitation intensities. For the CVD 

diamond samples, the n0(t=0)~I0
2 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 CVD 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 Eq. 5.14, the i1,peak is proportional to 

~(S0U/2dψ)τMn0
−1 ≈ (S0U/2Xe0)τMn0

−1 =(eμeSU/Xe0)n0 and Xe0~n0
−1, i.e., i1,peak 

~ n0
2. 
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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 λex=354 nm. The current peak amplitude as a function 

of excitation intensity at fixed value of applied voltage are shown in the inset. 

 

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 n0(t=0)~I0
2, 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 i1,peak~(S0U/2Xe0)τMn0
−1~U. 

However, the change of the current enhancement slope with applied voltage 

within i1,peak~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 i1,peak ~U/Xe0 (Eqs. 5.8 and 5.9) and of Xe0~U (Eq. 5.7). This effect is also 

similar to a change of an IV 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 LIV 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=Upeak/LIV is the ramp of LIV pulse with peak voltage (Upeak) and pulse 

duration (LIV). 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)=(d/S)ULIV(t)const, due to a change of resistivity  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 (D) of this charge 

collection pulse can be employed for estimation of the coefficient Da of carrier 

ambipolar diffusion by using equation: D=d2/4Da. Using the parameters of the 

CVD diamond device, a value of Da=8010 cm2/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 R2−5 ns was obtained for 

HPHT diamond material, while these lifetimes were considerably longer 

(R110 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 LIV 1 s 

in this material device. For the CVD diamond device, the amplitude of the 

BELIV response increases with shortening of LIV 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 LIV /D becomes less than unity. 

For the rather long LIV pulses applied, with LIV >>R, 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. 

 
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. c - 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 (λex=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 Eq. 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 Xe0 region. This localized charge 

within a distance Xe0 keeps the induced charge Δσ 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 Xe0 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 Δσ from electrodes through shunt resistance. This shunt 

was tuneable to change the bulk localized charge within Xe0 till then the de-

trapped carriers are brought from the Xe0 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 

Xe0, Xh0 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 Δσ 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 (Eq. 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 2×1019 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 Xe0 and Xh0 (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 Δσ 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 Δσ 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 n0Xe0  

(Fig. 5.8). The nearly linear current i1,peak dependence on applied voltage U  

(Eq. 5.14), i1,peak~(S0U/2Xe0)τMn0
−1~U ) can be predicted in this range. The 

increased density n0 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 τtr<<τR) or carrier recombination/trapping (if τtr>τR) 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~(S0U/2Xe0) with U. However, 

a width Xe,h,0 of depleted region simultaneously increases with U. The i1,peak 

dependence on U starts to saturate if rates of the enhancement of U and of 

Xe,h,0(U) become the same (Fig. 5.13). Further enhancement of U to values 

capable to separate excess carrier pairs, the components of carrier ambipolar (τD) 

diffusion (which broadens the ENR region and supplies carriers to drift) and of 

drift (τtr) can be observable (Fig. 5.10), in case the carrier lifetime is properly 

long (τtr < τD << τR). 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 [A1].  

 

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 (Xe0, Xh0) 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 (τtr, τR). 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 (Eq. 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. 

 

 
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 [A1]. 

 

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, 

i1 and i2, discussed in the beginning of this Section 5.2 (Eq. 5.19). The peak 

values of the drift current component i1 significantly exceed those attributed to 

the diffusion supplied carrier extraction component i2. 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 τD,eff ascribed 

diffusion, determined as a time shift between the current components i1 and i2 

fixed by their peak values, can be introduced. This τD,eff 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 τD,eff . τD≌deff
2/4π2Da values, extracted for 

the voltage range U<50 V, indicates a prevalence of diffusion process. This 

enables estimation of values of a coefficient Da 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 cm2/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 i1, 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 τD,eff (determined as a time shift between the current 

components (peak values i1,peak and i2,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 (τb) and 

monopolar (τmon) drift components are denoted by arrows for drift of electrons within the final 

phase of transient at U = 280 V [A1]. 

 

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 (i1,peak, 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 (τb) and 

monopolar (τmon) 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 μm relatively to the negative electrode at voltage Ubias DC = 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 τtr 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 τtr 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 

μ≈[2X0
2/(Uτtr)]≈2700 cm2/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 d∑, as d∑=de+dh >d, 

which exceeds the inter-electrode gap d. It can be also interpreted that the double 

elementary charge e, i.e. e×2, 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 d∑ > 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 μe=4000 cm2/Vs and μh=3800 cm2/Vs, 

respectively, have been evaluated by fitting of the simulated transient to the 

experimental one at different applied voltages. The close values of μe and of μh, 

nevertheless, lead to a rather flat vertex of the recorded transients. The separated 

values of μe=4000 cm2/Vs and μh=3800 cm2/Vs by using the cross-sectional 

profiling of the charge injection location exceed that value μ=2700 cm2/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 μe and of μh. 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 m thick) and FZ grown (280 m thick) n- and p-type 
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Si of resistivity >3 kcm 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 3.8510-1 cm2) was fabricated by evaporation of Ni  

(100 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 (π+) 

Relativistic hadrons 24 GeV/c 300 MeV/c 

Fluence range 1012-3×1016 p/cm2 1011-3×1015 π+/cm2 

Si material FZ n-Si CZ p-Si CZ n-Si FZ n-Si 

Dopant concentration/ 

resistivity 

1012 cm-3 

>3 kcm 

1012 cm-3 

10 kcm 

1012 cm-3 

>3 kcm 

1012 cm-3 

>3 kcm 

 

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 R are nearly independent of 

technology of Si material (Fig. 6.1). Moreover, nearly the same R values are 

obtained for a fixed fluence (calibrated to 1 MeV neutron equivalent) value 

irrespective of hadron type (Fig. 6.1). Values of R 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 τR 

(Fig. 6.1a), even after long-exposure anneals. This can be explained by 

insufficient thermal energy (kTan) to activate transforms of the radiation defects. 

 
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 Φ=1013 and 5×1013 p/cm2, 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], V2
= and VO centres. 

The trapping lifetime changes, recorded on n-type FZ Si samples, 

irradiated with fluences of 1014 and 51015 p/cm2 and heat-treated at 250 °C  

(Fig. 6.3) reveal the dominant traps, ascribed to VO, H-related complexes [212], 

di-vacancies (V2
− and V2

=) [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 

Φ=1014 p/cm2. 
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Fig. 6.2 Comparison of the simulated and experimental variations of the τtr(kT) for p-type CZ 

Si samples irradiated with fluences 11013 and 51013 p/cm2 after 200 °C heat-treatment [A6]. 
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Fig. 6.3 Comparison of the simulated and experimental variations of the τtr(kT) for n-type FZ 

Si samples irradiated with fluences 11014 and 51015 p/cm2 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 11013 p/cm2 and 

11014 p/cm2 fluences and annealed at 250 °C [A6].  

 

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

with 1013 p/cm2 and 1014 p/cm2 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 

Φ=1013 p/cm2 is attributed to H-related defects (Etr=0.32 eV). While, spectral 

peaks, observed at 220K (0.42 eV) and 260K (0.57 eV), are attributed to di-

vacancy (V2
ˉ) and V-related defects. The spectral peaks at low temperatures, 

80K (Etr=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  

Φ=1014 p/cm2, the predominant peak is attributed to V2
= (Etr=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 

V2
=) 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 V2
= and CiCs complexes [213–215]. 

After heat treatment at Tan=150 °C (Fig. 6.6), the V2
= 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 Φ =11014 π+/cm2. There, the V2 

complex and the unidentified defect with activation energy Etr=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, V2
=, 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 V2
- 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 τtr(kT) for n-type FZ and 

CZ Si samples irradiated with fluence Φ=11014 π+/cm2 and heat-treated at 150 °C [A6]. 
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Fig. 6.6 Comparison of the simulated and experimental variations of the τtr(kT) for n-type FZ 

and CZ Si samples irradiated with fluence Φ=11014 π+/cm2 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 11013 π+/cm2 

fluence, and CZ material, irradiated with Φ =1×1014 π+/cm2 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. 

Activation 

energy 

(eV) 

Defect 

identification 

 

Heat-

treatment 
Tan 100 °C Tan 150 °C Tan 200 °C Tan 250 °C 

 

Sample 

material 

Φ=51013 p/cm2 

Concentration of trapping centres (1013 cm-3) 

0.32±0.02 
H-related 

[212] 
CZ p-Si 7 15 10 220 

0.36±0.02 V2
0 [212] FZ n-Si 2 11 6 660 

0.25±0.01 V2
= [212] 

CZ p-Si 8 12 14 160 

FZ n-Si 8 9 10 180 

0.18±0.01 VO [212] 
CZ p-Si 0.5 1 1.2 20 

FZ n-Si 0.5 1 1.6 7 

 

Table 6.3 Anneal dependent variation of the parameters of the trapping centres introduced by 

300 MeV/c pions. 

Activation 

energy 

(eV) 

Defect 

identification 

 

Heat-

treatment 
Tan 100 °C Tan 150 °C Tan 200 °C Tan 250 °C 

 

Sample 

material 

Φ=31013 π+/cm2 

Concentration of trapping centres (1013 cm-3) 

0.36±0.02 V2
0 [212] 

CZ n-Si 8 13 25 5 

FZ n-Si 2 6 12 20 

0.25±0.01 V2
= [212] 

CZ n-Si 7 15 20 20 

FZ n-Si 2 7 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, V2
=, 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 Tan 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  

>1016 cm-3 and oxygen impurities of >1018 cm-3 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 ~1016 cm-3 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 (Etr=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 (Ncl) 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 inst,trR(Ntr/NC,V)exp(Etr/kT)|Ktr>1,Ntr/Ncl<1 ~Ntr/Ncl 

~R even for t). Heat treatment induced transformations and reactions of 

point radiation defects (for instance, VV2, 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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7. Summary 
 

1. The nearly invariable values of charge collection efficiency and carrier 

lifetimes in AT GaN over wide range of moderate neutron fluences  

Φ⩽1015 cm-2 confirmed the high radiation hardness of this material. The 

prevailing of vacancy associated complexes of VGaON or VGaHN are 

revealed to be responsible for the degradation of neutron-irradiated AT 

GaN samples. 

2. The observed decrease of the stretched-exponent index SER 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 SER lifetimes with increase of density of threading 

density (TDD) implies prevailing of carrier decay through dislocation 

cores when TDD enhances. 

3. 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. 

4. 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. 

5. The potential applications of the rearranged GaN-LED sensors to 

dosimetry has been demonstrated. 

6. 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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7. 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. 

8. 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. 

9. 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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[165] R.W. Erickson, D. Maksimović, Fundamentals of power electronics, Kluwer Academic, 2001. 

[166] U. Honda, Y. Yamada, Y. Tokuda, K. Shiojima, Deep levels in n-GaN doped with carbon studied 

by deep level and minority carrier transient spectroscopies, Jpn. J. Appl. Phys. 51 (2012) 

04DF04. doi:10.1143/JJAP.51.04DF04. 

[167] A.D. Kurtz, S.A. Kulin, B.L. Averbach, Effect of dislocations on the minority carrier lifetime in 

semiconductors, Phys. Rev. 101 (1956) 1285–1291. doi:10.1103/PhysRev.101.1285. 

[168] Y. Sugawara, Y. Ishikawa, A. Watanabe, M. Miyoshi, T. Egawa, Observation of reaction 

between a-type dislocations in GaN layer grown on 4-in. Si(111) substrate with AlGaN/AlN 

strained layer superlattice after dislocation propagation, J. Cryst. Growth. 468 (2017) 536–540. 

doi:10.1016/J.JCRYSGRO.2016.11.010. 

[169] Y. Yao, Y. Ishikawa, Y. Sugawara, D. Yokoe, M. Sudo, N. Okada, K. Tadatomo, Revelation of 

dislocations in HVPE GaN single crystal by KOH etching with Na2O2 additive and 

cathodoluminescence mapping, Superlattices Microstruct. 99 (2016) 83–87. 

doi:10.1016/J.SPMI.2016.05.002. 

[170] G.D. Papasouliotis, J. Su, B. Krishnan, R. Arif, Epitaxial III-nitride film growth in a single wafer 

rotating disk MOCVD reactor, ECS Trans. 69 (2015) 73–95. doi:10.1149/06911.0073ecst. 

[171] J.R. Creighton, W.G. Breiland, M.E. Coltrin, R.P. Pawlowski, Gas-phase nanoparticle formation 

during AlGaN metalorganic vapor phase epitaxy, Appl. Phys. Lett. 81 (2002) 2626–2628. 

doi:10.1063/1.1510580. 

[172] H.F. Mataré, Defect electronics in semiconductors, Wiley-Interscience, 1971. 

[173] M. Haugk, J. Elsner, T. Frauenheim, T.E.M. Staab, C.D. Latham, R. Jones, H.S. Leipner, T. 

Heine, G. Seifert, M. Sternberg, Structures, energetics and electronic properties of complex III-

V semiconductor systems, Phys. Status Solidi. 217 (2000) 473–511. doi:10.1002/(SICI)1521-

3951(200001)217:1<473::AID-PSSB473>3.0.CO;2-N. 

[174] D. Wang, M. Ichikawa, S.S. Yoshida, Dislocation core structures in GaN grown on Si(111) 

substrate, Philos. Mag. Lett. 82 (2002) 119–124. doi:10.1080/095008302317262615. 

[175] J.C. Phillips, Microscopic aspects of stretched exponential relaxation (SER) in homogeneous 

molecular and network glasses and polymers, J. Non. Cryst. Solids. 357 (2011) 3853–3865. 

doi:10.1016/j.jnoncrysol.2011.08.001. 

[176] H. Tang, Z.Q. Fang, S. Rolfe, J.A. Bardwell, S. Raymond, Growth kinetics and electronic 

properties of unintentionally doped semi-insulating GaN on SiC and high-resistivity GaN on 

sapphire grown by ammonia molecular-beam epitaxy, J. Appl. Phys. 107 (2010) 103701. 

doi:10.1063/1.3415527. 

[177] A.M. Fischer, Y.O. Wei, F.A. Ponce, M. Moseley, B. Gunning, W.A. Doolittle, Highly 

luminescent, high-indium-content InGaN film with uniform composition and full misfit-strain 

relaxation, Appl. Phys. Lett. 103 (2013) 131101. doi:10.1063/1.4822122. 

[178] Optosupply Limited, (n.d.). http://www.optosupply.com/ (accessed April 26, 2017). 

[179] E. Gaubas, T. Ceponis, A. Jasiunas, A. Uleckas, J. Vaitkus, E. Cortina, O. Militaru, Correlated 

evolution of barrier capacitance charging, generation, and drift currents and of carrier lifetime 

in Si structures during 25 MeV neutrons irradiation, Appl. Phys. Lett. 101 (2012) 232104. 

doi:10.1063/1.4769370. 

[180] E. Gaubas, I. Brytavskyi, T. Ceponis, V. Kalendra, A. Tekorius, Spectroscopy of deep traps in 



148 

 

Cu2S-CdS junction structures, Materials (Basel). 5 (2012) 2597–2608. 

[181] N. Nepal, M.L. Nakarmi, J.Y. Lin, H.X. Jiang, Photoluminescence studies of impurity transitions 

in AlGaN alloys, Appl. Phys. Lett. 89 (2006) 92107. doi:10.1063/1.2337856. 

[182] K.H. Lee, J.H. Crawford, Luminescence of the F center in sapphire, Phys. Rev. B. 19 (1979) 

3217–3221. doi:10.1103/PhysRevB.19.3217. 

[183] A. Castaldini, A. Cavallini, A. Castaldini, L. Polenta, Deep levels and irradiation effects in n-

GaN, J. Phys. Condens. Matter. 12 (2000) 10161–10167. doi:10.1088/0953-8984/12/49/315. 

[184] A.Y. Polyakov, S.J. Pearton, P. Frenzer, F. Ren, L. Liu, J. Kim, Radiation effects in GaN 

materials and devices, J. Mater. Chem. C. 1 (2013) 877–887. doi:10.1039/C2TC00039C. 

[185] E.E. Patrick, M. Choudhury, F. Ren, S.J. Pearton, M.E. Law, Simulation of radiation effects in 

AlGaN/GaN HEMTs, ECS J. Solid State Sci. Technol. 4 (2015) Q21–Q25. 

doi:10.1149/2.0181503jss. 

[186] B.D. Weaver, T.J. Anderson, A.D. Koehler, J.D. Greenlee, J.K. Hite, D.I. Shahin, F.J. Kub, K.D. 

Hobart, On the radiation tolerance of AlGaN/GaN HEMTs, ECS J. Solid State Sci. Technol. 5 

(2016) Q208–Q212. doi:10.1149/2.0281607jss. 

[187] E. Patrick, M.E. Law, L. Liu, C. Velez Cuervo, Y. Xi, F. Ren, S.J. Pearton, Modeling proton 

irradiation in AlGaN/GaN HEMTs: understanding the increase of critical voltage, IEEE Trans. 

Nucl. Sci. 60 (2013) 4103–4108. doi:10.1109/TNS.2013.2286115. 

[188] H.M. Strong, R.M. Chrenko, Diamond growth rates and physical properties of laboratory-made 

diamond, J. Phys. Chem. 75 (1971) 1838–1843. doi:10.1021/j100681a014. 

[189] Element six synthetic industrial diamonds, (n.d.). https://www.e6.com/en/Home (accessed April 

11, 2018). 

[190] S. Nokhrin, J. Rosa, M. Vanecek, A.G. Badalyan, M. Nesladek, EPR study of preferential 

orientation of crystallites in N-doped high quality CVD diamond, Diam. Relat. Mater. 10 (2001) 

480–484. doi:10.1016/S0925-9635(00)00539-2. 

[191] J. Isoya, H. Kanda, J.R. Norris, J. Tang, M.K. Bowman, Fourier-transform and continuous-wave 

EPR studies of nickel in synthetic diamond: Site and spin multiplicity, Phys. Rev. B. 41 (1990) 

3905–3913. doi:10.1103/PhysRevB.41.3905. 

[192] K. Iakoubovskii, G.J. Adriaenssens, Optical detection of defect centers in CVD diamond, Diam. 

Relat. Mater. 9 (2000) 1349–1356. doi:10.1016/S0925-9635(00)00248-X. 

[193] A. Yelisseyev, Y. Babich, V. Nadolinny, D. Fisher, B. Feigelson, Spectroscopic study of HPHT 

synthetic diamonds, as grown at 1500°C, Diam. Relat. Mater. 11 (2002) 22–37. 

doi:10.1016/S0925-9635(01)00526-X. 

[194] W. Shockley, Currents to conductors induced by a moving point charge, J. Appl. Phys. 9 (1938) 

635–636. doi:10.1063/1.1710367. 

[195] S. Ramo, Currents induced by electron motion, Proc. IRE. 27 (1939) 584–585. 

doi:10.1109/JRPROC.1939.228757. 

[196] Z. He, Review of the Shockley-Ramo theorem and its application in semiconductor gamma-ray 

detectors, Nucl. Instruments Methods Phys. Res. Sect. A Accel. Spectrometers, Detect. Assoc. 

Equip. 463 (2001) 250–267. doi:10.1016/S0168-9002(01)00223-6. 

[197] E. Gaubas, T. Ceponis, V. Kalesinskas, Currents Induced by Injected Charge in Junction 

Detectors, Sensors. 13 (2013) 12295–12328. doi:10.3390/s130912295. 

[198] P. Blood, J.W. Orton, The electrical characterization of semiconductors:majority carriers and 

eletron states, Academic Press Inc., San Diego, 1992. 

[199] E. Gaubas, J. Vaitkus, K.M. Smith, Monitoring of carrier lifetime in GaAs substrate–epi-layer 

structures by space-resolved transient microwave absorption, Nucl. Instruments Methods Phys. 

Res. Sect. A Accel. Spectrometers, Detect. Assoc. Equip. 460 (2001) 35–40. doi:10.1016/S0168-

9002(00)01092-5. 

[200] E. Gaubas, J. Vaitkus, E. Simoen, C. Claeys, J. Vanhellemont, Excess carrier cross-sectional 

profiling technique for determination of the surface recombination velocity, Mater. Sci. 

Semicond. Process. 4 (2001) 125–131. doi:10.1016/S1369-8001(00)00140-2. 

[201] B.M. Budak, A collection of problems on mathematical physics, Pergamon Press, 1964. 

[202] E. Gaubas, T. Čeponis, J. Vaitkus, J. Raisanen, Study of variations of the carrier recombination 

and charge transport parameters during proton irradiation of silicon pin diode structures, AIP 

Adv. 1 (2011) 22143. doi:10.1063/1.3605715. 
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