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I. Introduction 

Research problem. The necessity of radiation tolerant, fast and solar-blind 

sensors for radiation-hard electronics in medicine, aerospace and military 

applications [1-3] stimulates search for new materials and development of the 

advanced device structures. In addition, new material quality control 

technologies and device operation modes should be designed in creation of the 

modern sensor structures. 

As usual, modern materials, such as newly synthesized and grown 

binary/ternary compounds, contain large density of grown-in defects due to a 

poor development of the as-invented material fabrication technologies. On the 

other hand, the extremely intense high-energy irradiations, inevitable for the 

sensors addressed to functioning within harsh areas of high-energy physics 

(e.g., super-high-luminosity Large Hadron Collider (LHC) [2]) experiments, 

nuclear-power plants and cosmic-space apparatus, create the extremely high 

densities of radiation defects even during rather short exposure times.  

The silicon based devices, fabricated on the best technologically 

developed materials, mainly suffer from the introduction of radiation defects. 

Moreover, their sensitivity to natural lighting and the rather large leakage 

currents within natural environment (due to rather narrow band-gap) limits the 

fields of silicon sensor applications within specific, such as mentioned above, 

detection configurations. Thus, the wide band-gap high-density materials, such 

as synthetic diamonds and gallium nitride (GaN), become a promising matter 

for fabrication of the specific detectors, due to significantly beneficial Fano 

factors [3], relative to Si.  On the other hand, the wide band-gap materials can 

serve in formation of the dual purpose sensors, which are capable to generate 

both the electrical and optical signals. Nevertheless, technological 

developments of fabrication of the sensors based on the latter wide band-gap 

materials stay on the rather initial stage. There are a lot of problems to solve in 

creation of the advanced detectors capable to operate as radiation-hard, long-

lasting and low-leakage sensors. 
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Several contradictive requirements exist for sensor design. First of all, the 

depth- and lateral-homogeneity of sensor structures is necessary to have 

linearity of detector response. This requirement raises difficulties in 

applications of HPHT (high pressure high temperature) grown diamond and 

MOCVD (metal organic chemical vapour deposition) grown GaN materials, 

where large densities of technological defects such as threading dislocations, 

clusters of impurities, crystallographic morphology defects  etc., are inevitable 

for nowadays technology layers even of the rather small areas and thicknesses 

[3]. To detect events of rather small interaction cross-section, inherent for 

sensors of the penetrative radiations, the thick sensor structures are required, 

satisfying depth homogeneity requirement. The crystalline materials with 

elevated carrier transport parameters (as, carrier mobility, transit time) are 

desirable to get fast and perfect detector responses. However, heavily irradiated 

crystals become the rather disordered structures. To expediently govern the 

operation features of junction structure devices with thick sensor structure by 

external voltage or to implement a full-depletion regime, the rather pure 

materials of large resistivity should be employed, where low doping level 

should be maintained. This large resistivity regime would be inherent for pure 

wide-band-gap crystals. However, high densities of the technological and 

radiation defects compensate easily the dopants making the fabricated 

junctions non-operational. On the other hand, the large resistivity, semi-

insulating (SI) materials are fabricated by introduction of the high density of 

impurities. These defects are acting as fast carrier killers, to compensate the 

un-intentional doping of wide-band-gap materials by introduced technological 

defects, which act as carrier generation centres. Nevertheless, the introduction 

of fast carrier recombination defects, suppresses the drift current component 

within sensor response, thus making the position and energy sensitive particle 

detectors to be “badly-operational”. The spontaneous and piezo-polarization 

effects in crystals, lacking the inversion centre symmetry, may also affect the 

functional characteristics of sensors. To reach a trade-off among contradictive 
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requirements in design of the specific sensors, new technological, methodical 

and defect engineering approaches are necessary. 

There are two main mechanisms of creation of the radiation defects 

within semiconductor materials, - namely, the displacement and ionization 

damage [2, 3]. Ionizing damage events happen by creation of fast electrons, 

those interacting with material are capable create point defects. The 

displacement damage – when lattice atoms are knocked from their sites, thus, 

creating vacancies and interstitials. Thereby, the cascades of point and 

extended radiation defects, as a consequence of further clustering and 

annihilation of the primary introduced defects, are generated along the tracks 

of the penetrative particles [4]. Large density of radiation induced defects, 

acting as carrier traps, affect the device functional parameters by reducing the 

charge collection efficiency, by increasing the leakage current and, 

consequently, by modifying the detector response [5-8]. This necessitates a 

deeper study of peculiarities of carrier recombination channels attributed to 

radiation defects. Carrier thermal generation and trapping parameters are the 

most important in evaluation of the performance of particle detectors operating 

at high fluences. In materials containing considerable densities of technological 

defects, like synthetic diamond and GaN, interplay of radiation and intrinsic 

defects becomes complicated and important [9-15]. Therefore, new defect 

identification and spectroscopy techniques as well as defect engineering 

technologies are desirable in fabrication of advanced and specific particle 

detectors.  

In experiments of high energy physics at European Organization for 

Nuclear Research (CERN), the high purity and large resistivity Si particle 

detectors of PIN structure, operating at full depletion regime, are commonly 

employed for tracking of high energy radiations. These detectors should 

withstand fluences higher than 1016 cm-2. However, the effective doping 

density Neff of the material varies during detector exploitation due to 

accumulated radiation defects, whose form charged centres acting as carrier 

traps. As a result, the charge collection efficiency, being the most important 
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characteristic of detector functionality, is reduced [16]. Evaluation of the 

mechanisms of radiation damage of the particle detectors is commonly 

implemented by combining several measuring techniques. Variations of carrier 

generation lifetime are examined by using technique of the thermally 

stimulated current (TSC) and by capacitance deep level transient spectroscopy 

(DLTS). In the range of high (>1015 cm-2) irradiation fluence, application of the 

above-mentioned techniques is complicated since the radiation defect density 

significantly overpasses the concentration of dopants, and cluster formation 

may become the dominant mechanism in radiation damaged material. 

Measurements of the excess carrier capture/recombination characteristics are 

performed by well-known photoconductivity technique, which can be 

implemented in contact-less mode by pulsed excitation – microwave (MW) 

probe method. Examination of the drift current transients using transient 

current technique (TCT) emulates most closely the regimes of detector 

operation, where electrical signals are measured by registering of displacement 

and convection current components formed by injection and drift of the 

secondary carrier pairs. However, analysis of these current transients is 

commonly based on application of quasi-steady–state approach when using 

TCT technique [17, 18]. Application of this TCT technique becomes even 

more complicated when built-in or dynamic polarization fields appear in wide-

bandgap materials [19]. 

The problem of pulsed current signals in junction and capacitor type 

sensors (due to drifting surface charge domain) is considered for the analysis of 

the operational characteristics in photo- and particle-detectors. The analysis of 

transient currents [18, 20-25] due to moving charges is commonly based on the 

Shockley-Ramo theorem [26, 27]. Alternatively, current density changes 

dependent on applied voltage can be simulated based on Boltzmann equation, 

e.g., [28], using conservation laws for carrier concentration, momentum and 

energy. However, the latter approach is acceptable for simulation of quasi-

steady-state regime, and, as emphasized in [29], “an analysis based on the 

Boltzmann equation with a rigorous treatment of the collision integral is 
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prohibitive” in the dynamic theories concerned with the transport properties 

under dynamic conditions, i.e., when the electric field varies in time and space. 

Therefore, the dynamic models including electric field variations are needed 

for deeper understanding of the transient currents in particle and photo-

detectors. 

Wide-bandgap semiconductor materials like diamond, GaN and CdS are 

attractive for fabrication of particle detectors, as the efficient and fast radiative 

recombination provides opportunity to get both the electrical and optical 

signals from sensors made of these materials. Technology of making 

polycrystalline CdS layers sensitive to ionizing radiations is rather cheap. 

However, operational characteristics of sensors made of GaN or CdS 

significantly depend on technologically introduced defects acting as rapid traps 

of excess carriers which reduce charge collection efficiency of detectors. 

Additionally, formation of mesa structures is the simplest approach in 

fabrication of electric signal detectors using sputtered or epitaxial layers of 

these materials [9]. Moreover, technological developments of formation of the 

terrace structures by combining plasma etching, laser ablation and other novel 

techniques represent only the initial stages in creation of the reliable 

fabrication means [9]. The efficiency of dual-purpose detectors, by employing 

of the scintillation and electrical signals, and of their functionality had 

insufficiently been investigated [6]. 

Synthetic diamond is the most promising material in fabrication of 

specific, extremely radiation tolerant sensors. However, large densities of the 

technologically inevitable impurities and crystalline morphology defects lead 

to complicated application of the diamond structures for manufacturing of 

radiation detectors. Therefore, investigation of the characteristics of synthetic 

diamond grown by various methods, such as high pressure-high temperature 

(HPHT), high temperature-low pressure (HTLP), chemical vapour deposition 

(CVD), is important in search of new matter for formation of the efficient 

particle detectors. The comparative study of several wide-band-gap materials 

in aspect of formation of the dual-purpose and radiation tolerant sensors would 
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be an effective tool for evaluation of the most acceptable design of detectors 

functional for the range of elevated fluences. 

 

Objectives of research. This study was addressed to search of the efficient 

device operation modes, design configurations and the most suitable materials 

for the formation of fast, radiation tolerant and dual-purpose sensors, capable 

to generate optical and electrical responses. 

The tasks were concentrated on: 

- spectroscopy of technological and radiation induced defects by combining 

several techniques for the comprehensive and reliable characterization of 

HPHT and CVD synthetic diamond, HVPE (hydride vapour phase epitaxy) and 

MOCVD GaN materials by covering a wide range of the trap and effective 

doping densities; 

- research of the impact of the technological procedures of the formation of 

junctions, of passivating layers and of electrodes on the operational 

characteristics of devices using silicon as a modelling material; 

- investigation of radiation defect formation under irradiations by reactor 

neutrons, protons and pions of Si material and detectors covering the range of 

fluences from 1011 to 1016 cm-2 and the regimes for the efficient radiation 

defect anneals; 

- study the evolution of the photo-electrical and luminescence characteristics 

during hadron irradiations of the CdS and GaN materials; 

- creation of the analytical models and of simulation algorithms for description 

of the dynamics of the electric field distribution and evolution of the current 

components within pulsed detector signals due to the injected bipolar domains 

of secondary carrier pairs;  

- development of the techniques for profiling of the transient sensor signals for 

evaluation of the parameters of carrier transport, recombination and thermal 

emission as well as for analysis of the polarization effects in wide-bandgap 

materials; 
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- development of the technology for the junction and capacitor type sensor 

formation based on synthetic diamond and GaN materials grown using 

different methods. 

 

Relevance and scientific novelty. Defect engineering of the technologically 

introduced impurities and crystal imperfections is a rather permanent problem 

in various applications of the newly synthesized or exploited materials for 

device fabrication. Despite of big progress in silicon based electronics and 

developments of silicon technology, specific tasks still exist in passivation of 

defects and suppression of their interplay, in formation of barriers and contacts 

in heavily doped or radiation damaged materials for production of the efficient 

solar cells and radiation hard detectors, etc. Solution of these problems, 

addressed to creation of novel defect engineering approaches, to particular 

silicon applications for dosimetry, require the development of the in situ 

material characterization techniques during irradiations. Moreover, silicon as 

the most technological material is desirable as the modelling matter in 

prediction of the defect interplay and device operation features in other 

materials containing large densities of the technological and radiation defects. 

Thus, in this research, several relevant investigations have been implemented 

using silicon as the tentative material in development of the electrode 

deposition and of the specific characterization techniques. 

The novel approaches were necessary in description of the complicated 

current transients in order to clarify the registered electrical and optical 

responses of the radiation and photo-sensors. The dynamic models for 

description of the current transients in junction and capacitor type detectors 

under injection of electron-hole pairs have been developed. The regimes of 

bipolar and monopolar carrier drift and of the avalanche amplification have 

been discriminated. The role of the carrier capture and thermal emission as 

well as of the external circuit has been clarified in formation of detector 

signals. The implementation of the detection modes, dependent on the injected 

charge density, close Ramo’s regime and for small drifting charge, has been 
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analyzed in order to reveal possibilities of the sensor signal governing by 

external voltage and under increasing density of traps. It has been 

demonstrated that synchronous carrier drift and trapping lead to a vast variety 

of possible current pulse waveforms. On the basis of the novel dynamic 

models, transient current profiling techniques have been developed and 

approved for characterization of the silicon and wide-band–gap semiconductor 

detectors. It has been discriminated the fast detection regimes in materials with 

different densities of recombination centres by sensing variations of the carrier 

concentration and drift components.  

The technique of synchronous profiling of the microwave probed 

photoconductivity and time resolved photoluminescence spectra during 

irradiation have been applied and approved for characterization of the synthetic 

diamond and GaN materials in order to clarify correlations of the distribution 

of the grown-in as well as radiation defects and carrier radiative as well as non-

radiative recombination channels. It has been demonstrated that this novel 

technique is an efficient tool for evaluation of secondary carrier pair 

production by penetrative hadrons and for extraction of defect introduction 

rates by ionizing radiations in different materials. The techniques of pulsed 

photo-ionization (PPI) spectroscopy and barrier evaluation by linearly 

increasing voltage (BELIV) have been demonstrated as the efficient methods 

for detection of intrinsic and radiation induced defects in silicon and wide 

band-gap materials and devices. These techniques appeared to be efficient in 

control of defect engineering procedures performed by heat treatments, as 

demonstrated on different technology and conductivity type Si irradiated by 

high energy protons, neutrons and pions. Efficiency of the combining of 

several spectroscopies (Fourier transform infrared spectroscopy (FTIR), 

luminescence), microscopy (scanning electron microscope (SEM) and con-

focal), electron-spin resonance and electrical-optical (microwave probed 

photo-conductivity (MW-PC), time resolved photo luminescence (TR-PL)) 

characterization techniques in reliable identification of defects has been 

demonstrated. For instance, the prevailing grown-in point defects, associated 
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with neutral and charged nitrogen impurity complexes as well as the pairs of 

nitrogen atoms on neighbouring sites, and the nickel impurities in HPHT 

diamond were unveiled. The transient techniques have been developed for 

analysis of the polarization effect. Relaxation of recovery of the detector peak 

current values in diamond and GaN sensors under a set of the carrier injection 

pulses has been employed to discriminate dynamic and static components of 

surface polarization. It has been shown that charge collection efficiency at low 

voltages can be considerably limited due to screening of the external electric 

field caused by the polarization effects in such structures under injection of the 

bulk charge within inter-electrode gap. 

The novel design and formation technology has been created and 

approved in fabrication of mesa structures on the MOCVD GaN epi-layers by 

using plasma etching, laser ablation and electrode deposition steps. The 

electrode deposition is there implemented on the terrace structures using metal 

sputtering followed by sintering procedures and exploiting buffer layers as rear 

contact of the sensors. These technological developments are promising in 

fabrication of future planar sensors where polarization effects can be excluded. 

Also, technology of formation of bulk capacitor-type sensors, filled with the 

wide band-gap (GaN and diamond) materials, has been designed. It has been 

demonstrated that such simple sensors can be fast and rather efficient radiation 

detectors.  

 

Practical importance.  The technologies for sensor formation on MOCVD 

GaN epi-layers by depositing the Schottky barriers and plane-parallel 

electrodes have been developed. These technologies can be applied in 

production of solar-blind, low leakage and fast response detectors. The specific 

plasma etching, laser ablation and electrode deposition technological 

procedures are promising in fabrication of future planar sensors where 

polarization effects can be excluded. 

The techniques of PPI spectroscopy and BELIV can be the efficient 

methods for detection of the intrinsic and radiation induced defects in silicon 
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and wide band-gap materials and devices. These techniques appeared to be 

efficient tools in control of defect engineering procedures performed by heat 

treatments. The designed methodology of the combining of several 

spectroscopies, microscopy, electron-spin resonance and electrical-optical 

characterization techniques is a reliable tool for identification, separation and 

characterization of various species of defects. 

The novel dynamic models for description of the current transients in 

junction and capacitor type detectors under injection of electron-hole pairs and 

for analysis of the avalanche amplification modes can be useful in design of 

the detector operation regimes. The transient current profiling techniques based 

on the novel dynamic models can be applied for comprehensive 

characterization of the silicon and wide-bandgap semiconductor detectors in 

evaluation of such parameters as charge collection efficiency, transit and 

carrier trapping time, dynamic polarization, mobility if carriers. 

 

Statements in defence. The main statements in defence of this thesis are as 

follows: 

1. The developed models for description of current transients allow emulating 

the dynamics of the electric field formation and the evolution of the drift and 

carrier trapping components, and the model of carrier pair multiplication 

process is suitable for design of the internal avalanche amplification regimes. 

2. The techniques of transient current profiling by external voltage and 

positioning of carrier photo-injection can be applied for comprehensive 

characterization of the silicon and wide-bandgap semiconductor detectors. 

3. Inspection of carrier lifetime values in pion irradiated wafer fragments of 

electronics-grade silicon can be a reliable tool for pion dosimetry in wide range 

of fluences, where carrier lifetime dependence on pion fluence fits the same 

calibration curve for hadrons. 

4. The designed formation technology in fabrication of mesa structures on the 

MOCVD GaN epi-layers allow to fabricate fast radiation sensors, capable to 

generate both the optical and electrical signals.  
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Structure of dissertation. The research problems, scientific relevance and 

novelty, objectives of the research and practical importance are discussed 

within Introduction section. The statement defence as well as author 
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contribution are there determined in the Introduction chapter. In Chapter 2, the 

issues concerned with technological and radiation defects in the analyzed 

semiconductor materials and pulsed current signals in capacitor type particle 

detectors are briefly reviewed to ground motivation of this research. Chapter 3 

is devoted to analysis of the main characteristics of the initial materials for 

sensor fabrication. There the measurement techniques are also briefly 

described.  In Chapter 4, the dynamic models for description of sensor pulsed 

responses and results of the profiling of pulsed current signals in GaN detectors 

are presented. The tentative technologies for fabrication of GaN different type 

sensors, sensor operation characteristics and carrier drift/recombination 

parameters extracted from pulsed characteristics are discussed in Chapter 5. 

There, the appearance of polarization effects and characteristics of their 

relaxation are also discussed. The dosimetry sensors made of different type Si 

and their sensitivity to pion irradiations are discussed in Chapter 6. The general 

conclusions are presented at the end of dissertation. 
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II. The role of defects in semiconductor sensors - brief review of issues 

2.1. Technological defects in diamond, GaN and Si 

Physical properties of diamond make it an attractive material for optical 

and optoelectronic applications. Diamond has a wide range spectrum of optical 

transparency as compared with other solid materials. This range covers 

wavelengths from 0.22 µm to far infrared, excluding internal vibration modes 

of wavelengths from 2.5 to 7 µm. This allows to study defects in diamond 

crystals, their optical activity, electronic and vibrational transitions by 

employing transmittance spectroscopy. The band gap of diamond is about of 

5.49 eV (Fig. 2.1). Mechanical and heat conductivity properties of diamonds 

play the important role in various fields of diamond applications [30, 31], as 

well.  High material density is beneficial in fabrication of the high power/high 

frequency transducers and radiation tolerant particle detectors [32-35]. Boron 

(n −conductivity type) and phosphorus (p - type) doped diamond is suitable for 

fabrication of UV LED’s, emitting wavelengths of 235 nm [33]. Mass 

production of LED’s, however, needs well-developed and cheap technology 

for growth of the synthetic diamond crystals. Nowadays, two technologies 

dominate in synthetic diamond growth, as the HPHT and CVD techniques [9].  

To evaluate quality of synthetic diamonds, the methods of the UV-VIS-

NIR, FTIR and EDXRF spectroscopy are often employed.  There a number of 

optically active centres (defects) had been revealed and classified, those 

determine the colour of diamond specimen [36]. The low-temperature PL 

measurements are commonly used for examination of tiny structure of spectra 

in advanced classification and certification of diamonds [10, 37, 38].  

The transitional metal catalysts are specifically exploited in HPHT 

diamond synthesis technology, those are the main sources of metallic 

impurities serving as centres of rapid carrier recombination. The HPHT 

diamond crystals growth rate can be elevated by doping of zinc. However, this 

technique requires higher temperatures than HPHT process with conventional 

catalysts. Moreover, the excessive addition of zinc may act as a suppressant for 

the nucleation in diamond synthesis [39]. 
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Fig. 2.1. The bandgap energy as a function of the lattice constant in wide-
bandgap binary semiconductors, after [9]. 

 

Also the nitrogen is inevitable in precursors of HPHT diamond growth. 

As a consequence, the nitrogen aggregation rate depends on the presence of 

transitional metals [11, 12]. Thereby, large densities of metallic impurities and 

of nitrogen complexes are routinely present in diamond crystals grown by 

HPHT technique, those considerably modify electrical and optical properties of 

these materials. Nitrogen forms the optically active defects, such as the isolated 

atoms, polyatomic complexes and nitrogen complexes wit other impurities and 

crystal imperfections. Qualitative classification of the diamond specimen is 

often performed on the basis of the optical absorption within spectral range 

ascribed to vibrational modes of nitrogen and its complexes [30, 40]. As a rule, 

the metallic and nitrogen impurities are distributed non-uniformly [39, 41]. The 

excess carrier lifetime is one of the most sensitive parameters to electrically 

active defects in material. On the other hand, carrier lifetime is the main 

limiting factor for charge collection efficiency in diamond based sensors and 

detectors [6]. Thereby, control of the recombination parameters enables ones to 

reveal the distribution of the technological impurities and to separate the 

prevailing channels of radiative and non-radiative recombination. The special 



25 

 

regimes should be kept in growth of the high quality single crystals of 

diamond, to avoid defect clusters or even different material phase inclusions by 

applying the linear growth rate of crystal [11, 42, 43]. However, significant 

heterogeneity of the growth processes, formation of crystal phases of different 

morphology and inhomogeneous spatial distribution of various impurities, as 

nitrogen and nickel as well as their complexes, complicate formation of 

diamond single crystals [44, 45]. Therefore, production of sensors on HPHT 

diamond needs primary evaluation of material quality by using spectral and 

electrical characterization techniques. The more homogeneous bulk diamond 

material is obtained using CVD growth technology. Nevertheless, these CVD 

diamond single-crystal materials are considerably more expensive relative that 

of HPHT, and can preferentially be exploited for particular detector 

production. 

Gallium nitride is a wide bandgap III-V semiconductor [46] (Fig. 2.1), 

which is a promising material for fabrication of the solar-blind photo-sensors 

and of particle detectors applied in high energy physics, radiation monitoring 

and other fields [46, 47]. The low leakage current, high luminescence 

efficiency and high tolerance of ionizing radiation are there attractive 

characteristics of GaN. However, defects introduced during crystal growth 

procedure affect functional characteristics of devices made of GaN material 

[47, 48]. The knowledge of parameters of the technological defects [49-51] is 

very important in prediction of operational characteristics (leakage current 

determined by deep levels, charge collection efficiency affected by shallow 

trapping centres, etc.) of detectors.  

The spectroscopic methods are there highly effective tools for the 

investigation of these defects. Point defects include the isolated native defects, 

such as vacancies, interstitials, anti-site defects, impurities and their complexes 

in various combinations. Understanding of the role of these defects suggests 

the defect engineering means, applied within crystal growth and doping 

procedures, those are desirable in order to improve the performance and 

durability of devices made of these GaN materials [52-55]. Several 
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technologies of GaN crystal growth are wide-spread in formation of bulk and 

layered GaN structures. The high rate growth method is the hydride vapour 

phase epitaxy. The epi-layer is usually grown on sapphire substrate which is 

afterwards removed to get bulk wafer. Another epitaxial growth technique is 

metal-organic chemical vapour deposition on various substrates to obtain 

rather thin GaN layers for optoelectronics applications. Production of the low-

temperature buffer layer on a sapphire substrate is a specific step to obtain high 

quality GaN thin films. Sapphire C-face (0001) substrates, determine a lattice 

mismatch of 16%, is widely used for the growth of GaN. The MOCVD GaN 

thin films are routinely grown on SiC, Si and GaAs substrates almost always 

using buffer layers [9, 13, 14]. The inevitable disordered domains appear at 

boundaries of GaN crystallites. This is the main reason in formation of edge 

dislocations arranged at these boundaries [15, 56-58].  

 

 

Fig. 2.2. Variation of the integrated PL intensity as a function of density of the 
screw and mixed dislocations in GaN:Si sample, after [9]. 
 

The rather high density of threading dislocations and the mosaic structure 

of epi-layers can significantly affect the excess carrier transport and 

recombination characteristics for the MOCVD GaN material.  Dislocations and 

their densities (Fig. 2.2) are commonly controlled by X-ray diffraction (XRD) 

techniques. The electrical activity and spectra of deep levels (Fig. 2.3) 

introduced by various point defects are conventionally evaluated using deep 
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level transient spectroscopy means, which nevertheless require the presence of 

p-n junction or a Schottky contact [59-61]. 

 

 

Fig. 2.3. Deep levels within bandgap of GaN associated with native defects, 

after [52]. 

 

 

 

Fig. 2.4. A scheme of radiative transitions in n-type GaN, responsible for 
various PL spectral bands, after [52]. 
 

These deep levels determine different spectral bands of radiative 

transitions (Fig. 2.4). The deep levels involved into non-radiative transitions 

can affect the luminescence efficiency [62-67], important for LED (light 

emitting diode) formation. Wide nomenclature of extended and point defects 
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had been revealed, e.g. [68, 69], in GaN materials produced by different 

technologies. However, manifestation and the role of various defects are 

specific for different device structures. For instance, the short carrier lifetime 

determined by carrier capture to deep traps can serve for fast response of 

radiation sensors, however, carrier trapping and thermal emission decreases the 

sensitivity of detector and increases the leakage current. There, study of photo-

activation spectra combined with monitoring of carrier lifetime can be a direct 

approach for discrimination of the predominant defects; those determine the 

carrier-pair generation rate and charge collection efficiency. Therefore, the 

relevant material characterization means should be smartly combined with 

device formation steps to get sensors of proper performance.  

A lot of similarities are within performance of diode detectors and solar 

cells in sense of barrier formation, governing of the depletion layers and the 

role of intrinsic defects in degradation of device characteristics. The efficiency 

of solar cells and radiation detectors considerably depend on the technological 

defects introduced during formation of junctions, of passivation layers and 

electrodes [70]. These defects as usually act as carrier trapping centres in the 

bulk and at surface of devices. As the alternative to the conventional silver 

based technologies in solar cell production, usage of copper electrodes is an 

attractive way in order to cheapen the commercial fabrication of solar cells. 

However, the problem of copper diffusion into the base region appears where 

metallic impurities are fast carrier traps and can make meta-stable complexes 

with dopants [71-72]. This problem can partially be solved by forming the 

diffusion barrier, which prevents copper in-diffusion [73-75]. The formation of 

copper electrodes on a solar cell is additionally complicated by the necessity to 

combine a deposition of several metals. These technological procedures should 

be precisely controlled to avoid a contamination of the active device layers by 

carrier capture and generation centres. The high conductivity Si material base 

is commonly used in production of the modern solar cells. The problem of the 

usage of the standard techniques and instrumentation (such as the capacitance 

deep level transient spectroscopy [76-78]) then appears in precise control of 
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the introduced defects, when heavily doped materials are exploited. The high 

conductivity base region leads to a large barrier capacitance of a junction. This 

requires the extremely small area samples for the application of the standard C-

DLTS instruments. Consequently, the enhanced leakage current on sample 

boundaries is inevitable for the small area samples. Therefore, it is important to 

develop the alternative methods for the defect spectroscopy in the high 

conductivity junction structures, to directly control a relatively low 

concentration of metallic impurities. The solar-cell grade silicon materials 

exploited in mass-production of photo-cell panels can then be an appropriate 

modelling matter for emulation of features of heavily irradiated particle 

detectors and for validation of testing techniques. In addition, the solar cell 

standard Si materials can be the cheap sensors employed for dosimetry of harsh 

areas of the particle accelerators of high luminosity. 

 

2.2. Radiation defects in GaN, CdS and Si 

Crystalline GaN is a promising material for creation of radiation hard 

particle detectors capable to operate in harsh areas of particle accelerators [48, 

79-81]. Bombardment by high-energy particles of the gallium nitride material 

alters the structure of the material by producing a lot of defects of various 

species, those affect operational characteristics of detectors [47, 82-88] 

Moreover, GaN crystals show rather efficient luminescence properties under 

excitation by ultraviolet (UV) radiation [89-92].  Thereby, GaN material can be 

employed for fabrication of dual-purpose sensors, which are able to operate 

both as the scintillation and charge collection detectors. However, efficiency of 

such detectors and their functionality is investigated insufficiently. 

Polycrystalline cadmium sulfide layers and heterojunctions are of great 

interest due to their unique properties in variation of composition and their 

potential applications in numerous fields [93], such as sensors in the X-ray 

imaging devices, [94] solar cells [95], super-ionic conductors, photo-detectors 

as well as photo-thermal converters [96-99]. Much research interest comprises 

the possible applications of CdS in fabrication of various optoelectronic 
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devices based on CdS polycrystalline films. Polycrystalline CdS can also be 

exploited as a cheap scintillating material for visualization of particle beams 

and for dosimetry. However, radiation hardness of the polycrystalline CdS is 

poorly investigated. In addition, the heterostructures Cu2S-CdS formed on 

these polycrystalline CdS layers [100, 101] show an opportunity to employ the 

heterostructures as the particle sensors. Thereby, such a sensor could be 

suitable for synchronous detection of the optical (acting as a scintillator) and 

electrical (as a charge collection sensor) responses. 

Particle detectors based on Si pin structure are commonly employed in 

high energy particle experiments for rapid and reliable detection of high energy 

particles [5, 6]. However, large density of radiation induced defects acting as 

carrier traps affect the detector functional parameters by reducing the charge 

collection efficiency [5, 6], increasing the leakage current [7], and 

consequently modifying the pulsed transient waveforms [8]. This necessitates a 

deeper study of peculiarities of carrier recombination channels attributed to 

radiation defects of large density. Carrier thermal generation and trapping 

parameters are the most important in evaluation of the performance of particle 

detectors operating at high fluences. Therefore, new techniques are desirable 

for the reliable ex situ and in situ spectroscopy of large density traps when 

traditional methods, such as DLTS, become non-applicable. Determination of 

the spectral signatures (such as activation energy, capture cross-section, etc.) of 

the dominant radiation traps and of their variations during irradiation is 

important in order to clarify the main reasons of the degradation of particle 

detectors under heavy irradiations. This is also relevant in search of methods 

for the enhancement of radiation tolerance of particle detectors. Study of pions, 

their impact on the material, is of great interest. During high-energy physics 

experiments performed on the LHC, it is very important to monitor background 

radiation in a wide range. This necessitates applying of the appropriate 

monitoring methods, specifically using the contact-less, fast and remote 

measurements techniques. Furthermore, the concept of the evolution of defects 



31 

 

in the crystal, their stability under the impact of the exotic particles, like pions 

[17,102,103], is examined rather poorly. 

 

2.3. Issues in analysis of the Si, GaN and diamond sensor signals 

Si based particle detectors are commonly made of high purity and large 

resistivity material [104]. These detectors should be radiation tolerant up to an 

extremely large fluences of >1016 cm–2. However, the effective doping density 

Neff of the material varies during detector operation due to charged radiation 

defects inevitably introduced. As a result, the charge collection efficiency, 

being the most important characteristic of electrical detector functionality, is 

reduced [105]. It is necessary to control the spectra of the introduced radiation 

defects, to predict the changes of detector parameters. The standard and widely 

used spectroscopy technique is capacitance deep level transient spectroscopy 

(C-DLTS) which is a sufficiently sensitive and straight spectroscopy technique 

for characterization of deep radiation traps [77]. However, the standard 

application of C-DLTS is limited by the trap concentration, which should not 

be larger than the doping density [76]. The measurement of generation current 

(I-DLTS) is an alternative option to the DLTS technique, which can be 

approved for the spectroscopy of high density carrier traps in silicon detectors 

made of large resistivity material [78]. An electrical filling of deep traps by 

manipulating the carrier injection pulses exploited in standard DLTS 

techniques can be inefficient for the radiation affected junction of the sensors. 

Therefore, an additional modification of DLT spectroscopy is implemented by 

using an optical carrier injection leading to the optical current DLTS (O-I-

DLTS) regime [76]. Optical excitation employing the laser or LED light 

illumination fills both types of the majority and minority carrier traps. 

However, it is impossible to distinguish the current components ascribed to the 

majority and minority carrier traps within the generation current transients. 

This is a disadvantage for usage of O-I-DLTS [106]. 
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Analysis of particle detector operation is commonly performed on the 

basis of consideration of the injected charge drift induced Ramo’s current [6, 

26, 27]: 
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where dXe/dt stands for velocity of the moving charge, and (1/VA)×(dVe/ dXe) is 

the weighting field. The current transients are widely examined in order to 

reconstruct an electric field distribution within the active layers of particle 

detectors [107-113]. In the heavily irradiated detectors, a sensor signal can be 

considerably modified by the injected charge trapping due to radiation defects 

introduced under long irradiation exposure of the particle detectors. Profiling 

of the carrier recombination centres [114, 115] and of the injected charge drift 

velocities [116-120] can be performed by the cross-sectional scans of the 

photoconductivity and drift current transients. However, a simplified analysis 

of the drift current transients in detector junction structures is usually applied 

for the interpreting of the detector signals. The most general consideration is 

based on the Maxwell’s equations for matter. Static and dynamic approaches 

exist to describe the transient electrical characteristics in matter [121]. The 

static theories are devoted to description of a drift velocity versus electric field 

characteristic. The common feature of static and quasi-steady-state approaches 

is a consideration of only the static and uniform electric fields. The most 

general dynamic theories deal with the charge transport properties under 

dynamic conditions when electric field varies in time and space. However, in 

most of approaches in analysis of the operational characteristics of 

semiconductor devices, the paradigm of drift current description is based on 

consideration of the first Poisson’s equation with either the continuity equation 

or drift-diffusion current model, which actually can be ascribed to quasi-steady 

state approaches. The first Poisson’s equation calibrates the charge in the 

system, but an electric field of an injected drifting charge is often ignored. 

Charge balancing through the changes of image charge leads to an appearance 

of electric fields varied in time and space. An example can be a consideration 
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of recombination models and continuity equation, where necessary to precisely 

include the balance of charged carrier flows, of group velocity and of electric 

fields. The main inconsistency of such models appears due to non-calibrated 

potential in field equations, i.e., by ignoring of the image charge. The main 

relation of electrostatics requires the unambiguous correlation between the 

charge and potential. This correlation is calibrated by the second Poisson’s 

integral including impact of the image charge, which is actually provided by 

external source. For non-calibrated consideration of the drift-diffusion 

approximation, this approach is only valid for partial description, for instance, 

drift-diffusion can be applied for description of current in the transitional 

layers nearby the field discontinuity interfaces (e.g., electrodes) after rapid 

transitional processes of field discontinuity drift are finished or balanced. 

Actually, the widely used drift-diffusion and the hydrodynamic approaches are 

based on consideration of the convection current, while in pulsed detectors 

routinely containing the depletion regions, the displacement current component 

is prevailing. The Ramo’s derivation gives an algebraic form of current 

expression obtained from the principles of simultaneous conservation of the 

electrostatic energy or reciprocity principle, of charge and of charge 

momentum for the complete closed circuit with fixed electrodes. It has been 

proved that equal fields superpose in modification of time varied current due to 

a drifting charge. These fields are time and drifting charge position dependent. 

Thereby Shockley-Ramo’s theory should be ascribed to dynamic models. 

Usage of Ramo’s current expression with ignored electrostatic induction field 

leads usually to a static model in description of drift velocity. 

In addition, the analysis of transient currents [20-25] due to moving 

charges is commonly based on the Shockley-Ramo theorem [26, 27]. 

Alternatively, current density changes dependent on applied voltage can be 

simulated based on a system of Boltzmann equation, e.g., [28], using 

conservation laws for carrier concentration, momentum and energy. However, 

the latter approach is acceptable for simulation of quasi-steady-state regime, 

and, as emphasized in [29], “an analysis based on the Boltzmann equation with 
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a rigorous treatment of the collision integral is prohibitive” in the dynamic 

theories concerned with the transport properties under dynamic conditions, i.e., 

when the electric field varies in time and space. Therefore, the dynamic models 

including electric field variations are needed for deeper understanding of the 

transient currents in particle and photo-detectors and for more precise 

description of sensor responses.  

Radiation-induced defects are one of the most significant limiting factors 

for the operational characteristics of particle detectors during high fluence 

irradiations. Therefore, radiation harder materials such as GaN [122,123] and 

diamond [124, 125] are considered as promising candidates for the design of 

the radiation tolerant detectors operational in the harsh environment of the 

future high brightness hadron collider experiments (Fig. 2.5).  

 

Fig. 2.5. Hadron fluence expected in the inner SUPER-ATLAS detector after 
five years of operation, [123]. 
  

GaN crystalline material of a proper quality is usually obtained by the 

MOCVD technique, and the as-grown epi-layers are rather thin. It has been 

evaluated that carrier pair generation by high energy protons comprises 

efficiency of 40–80 pairs per µm length of the device active width per proton 
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[123]. The internal gain implemented through multiplication processes is also a 

good alternative to compensate for device performance degradation caused by 

radiation defects and reduction of carrier lifetime [126]. Additionally, the 

thermal noise current is considerably reduced in wide band-gap materials. 

Several attempts to generalize a simple Ramo’s approach to multi-electrode 

and arbitrary space-charge field distribution systems had been made. An 

additional kinetic equation should be considered to determine the instantaneous 

velocity, as a motion velocity of charge is only postulated in Shockley-Ramo’s 

derivations. However, in most applications of Ramo’s theorem, the 

consideration of motion velocity, which should incorporate the induction 

(image) charge field, is ignored. Ignoring of the image charge field renders the 

Ramo’s current expression not practically applicable for analysis of detector 

signals. The motion velocity of these carriers varies during carrier drift, and it 

is determined by the changes of charge on the electrode. The charge, supplied 

to electrodes [27] by an external source (circuit) actually serves as an image 

charge for the moving charge within an inter-electrode space. The field 

inhomogeneity effects on boundary of electrode of a fixed dimension can also 

be important, especially for small drifting charge. More complications appear 

within the consideration of a kinetic equation, when the injected charge can 

vary due to charge traps inside the inter-electrode space. These traps in 

dielectric material can be a reason for charge localization and local charge 

generation. The mentioned brief review of problems in description of fast 

response sensors imply the necessity for development of the more 

comprehensive and adequate models in description and interpretation of 

advanced sensor signals. 
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III. Characterization techniques and characteristics of sensor materials 

Adequacy of detector signal processing considerably depends on 

characteristics of materials exploited in formation of sensors and on variations 

of these characteristics during operation in harsh environments of irradiations. 

Therefore, the initial stage is the material precursory characterization for 

deeper understanding of peculiarities and evolution of sensor signals. This 

requires the concerted measurements of various material parameters using 

relevant techniques to have the comprehensive characteristics of materials 

employed in fabrication of sensors. A brief description of the examined 

samples, the invoked characterization techniques and of the most important 

characteristics is presented within this chapter. Here, the more detail discussion 

on the characteristics of the initial materials: diamond and GaN, while 

characteristics of the examined polycrystalline CdS structures are published in 

more detail within articles [127, A5].  

 

3.1. Characteristics of synthetic diamond 

3.1.1. Materials and samples 

The HPHT diamond single crystals, synthesized by the high pressure 

(4.5–5.0 GPa) and high (1350–1450 °С) temperature gradient technology [128] 

using the Ni–Fe–C liquid solvent/catalyst carbon metallurgy system, were 

investigated. Growth was carried out of about 65–70 h. The solvent/catalyst 

system comprised the 70% Fe and 30% Ni metals in crystal growth cell, 

respectively. A 250–300 µm dimension pad of synthetic diamond with (100) 

plane, oriented towards the carbon source, served as a seed. Growth regime 

was controlled by measurements of electrical power consumption. These 

power consumption parameters are correlated with temperature by additional 

calibration measurements with precision of ±15 °С. The as-grown yellow-

colour single crystal of 1.22 ct weight had a cube-octahedral frame (Fig.3.1a). 
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Fig. 3.1. a – The as-grown crystal and a scheme of slicing of the wafer 
samples; b – weight and dimension parameters and photographs of the as-
polished diamond wafers taken in transmitted light; c – the fluorescence 
topography registered under excitation by ultraviolet light; d – the idealized 
sketches of the growth-morphology sectors. Here, “C” denotes cube sectors, 
“O” indicates the octahedral sectors. 
 

The octahedral growth planes prevailed on the as-grown crystal, while a 

cube growth sector can clearly be observed on the crystal-top plane situated 

oppositely to a seed. The cube growth sectors on the side-planes of a crystal 

were not clearly observable. The as-grown crystal contained a crack, denoted 

in Fig.3.1a by a dashed line contour, in parallel to the lower octahedral plane. 

Wafers No. 1 and No. 2 were cut in parallel to this line. The samples from No. 

3 to No. 9 were prepared by slicing of the residual part of the crystal into 

wafers across the plane (001) in parallel to the crystal base. The 250–500 µm 

thick two-side mechanically polished wafers contained surface roughness less 

than 20 nm, as inspected by an atomic force microscope. A scheme of wafer 

sample slicing is presented in Fig. 3.1a. Wafers No. 4, No. 7 and No. 9 have 

been examined in this work, in order to study distribution of the grown-in 

defects and impurities by mapping the lateral profiles of carrier lifetime. 

Dimensions and weight of each wafer are denoted in Fig. 3.1b. The 

photographs of each sample placed on a white sheet have been taken in 

transmitted light. These photographs are illustrated in Fig. 3.1b. The yellow 
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colour inhomogeneity and the contours of growth morphology sectors can be 

estimated from these photographs as suggested in [39]. For wafer No. 4, the 

complicated projections of different morphology sectors grown from a seed 

[39, 41] and metallic inclusions are also observed in Fig. 3.1b. 

 

3.1.2. Microscopy and composition characteristics  

The microscopy imaging has additionally been performed for selection of 

wafer areas containing the inherent macroscopic defects using a microscope 

Olympus BX51. A few of these microscopy images are illustrated in Fig. 3.2. 

Their origin has been identified by scanning electron microscopy (SEM) 

imaging combined with the energy dispersion X-ray spectroscopy (EDXS) 

using instruments SEM CamScan Apollo 300 and EDX Oxford Instruments 

spectrometer, respectively. 

1                           2                             3

A

B

 

Fig. 3.2. A- Optical microscopy images taken in dark field for the 
characteristic locations on a wafer No. 4: 1- the metallic phase inclusion, 2 - 
the macroscopic metallic precipitate, 3- small platelet defects. B – SEM images 
for the observed defects 1 and 2 [A8].  
 

It can be deduced from examination of wafers in transmitted light and by 

fluorescence imaging (Fig. 3.1) that wafer No.4 contains the most expressed 

variety of growth-morphology sectors. The most expressed inhomogeneity of 

yellow-brownish colour lateral distribution in transmitted light and of  intensity 

of yellow-green luminescence imply plenty of defects. Therefore, analysis of 

defects in this wafer sample No.4 has been performed and discussed in detail.  

50μm 20μm 
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It has been unveiled the different areas of a crystal which contains inherent 

inhomogeneities, namely: a cross-shaped defect distribution (Fig. 3.3 Aa), the 

small metallic precipitates (Fig. 3.3 Ab), the metallic phase inclusions (Fig. 

3.3Ac and Ad), highlighted by the microscopy imaging. The microscopy image 

photographs were taken in the sample area where accumulation of the cross-

shape defect distribution is observed under UV excitation (Fig. 3.3 Aa). Here, 

the superimposed projections of the cube, trapezohedral and octahedral 

growth-morphology sectors with different orientations can be implied 

according to the idealized schemes of the growth-morphology sectors 

[39,129,130]. The cross-shaped accumulation of defects in the central area of 

wafer No. 4, which is highlighted by the brownish-yellow colour in the 

transmitted light photograph, is inherent for the nickel-rich diamond material 

[41]. The enhanced scattering of light in this area can be deduced from the 

optical microscopy images. The scattering of light, deduced from Fig. 3.1. and 

within optical microscopy image of Fig. 3.3 Aa, implies clustering of defects 

of dimensions close to the light wavelengths <1 µm.  A pedestal of the 

enhanced IR absorption within FTIR spectra hints that dimensions of scattering 

centres can be extended up to 10 µm.  Thus, light scattering centres of 

dimensions in the range of 1-10 µm can be interpreted as non-dissoluted 

particles of the metal solvent/catalyst matter trapped into a crystal during the 

initial growth phase. This hypothesis is supported by the structure of the  

microscopy image (Fig. 3.3Aa) taken under ultraviolet light illumination, 

where the central black spot of small area (surrounded by the cross-shape 

contour of the enhanced intensity luminescence) can reliably be ascribed to a 

cube morphology sector which seems to be rather free of impurities. The cross-

shape contour of enhanced intensity of the yellow-green luminescence can be 

attributed to Ni impurities at the boundaries of the octahedral sectors. Ni 

impurities are predominantly concentrated within areas of the octahedral 

sectors [130]. 
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Fig. 3.3. A-Optical microscopy images: a- of the central sector of the sample 
No. 4, b- of the dispersed precipitates, c- of the iron-nickel inclusion, d- of 
nickel inclusion. The images were registered using the ultraviolet light 
illumination (a, b) and bright-field (c, d) regimes. B- EDXS spectra registered 
for the respective optical microscopy images [A8]. 

 

The larger precipitates of the 20-60 µm dimensions have also been 

highlighted in microscopy images taken using ultraviolet light illumination 

(Figs.3.3Aa-Ab) and the bright-field regime (Fig. 3.3Ac-Ad). Different 

inclusions of dimension of about 200 µm (Fig. 3.3Ac) and 50 µm (Fig. 3.3 Ad) 

have been resolved within wafer area using the bright-field regime. The origin 

of the metallic traces of the catalysts/solvent mixture trapped in the diamond 

crystal and of macroscopic defects had been identified by examination of the 

SEM images combined with EDXS.  The inherent EDXS spectra are illustrated 

in Fig. 3.3B, correlated with the macroscopic defects highlighted by optical 

microscopy. The different metal ascribed EDXS peaks, analyzed by software 

installed within EDXS instrument, are denoted in Figs. 3.3B.  

 

3.1.3. Spectral characteristics  

3.1.3.1.  FTIR spectra 

Evaluations of the total concentration of the nitrogen ascribed defects in 

the central area had been performed using methodology described in [132-135] 

based on FTIR measurements. Fourier Transform Infrared (FTIR) 

spectroscopy was performed using Bruker Vertex 70 spectrometer with 

spectral resolution of 0.5 cm-1.  The transmittance I/I0 had been examined in 



41 

 

the spectral range of 400- 4000 cm-1 wavenumbers keeping an aperture of 1.1 

mm diameter. Values of the absorption coefficient α at fixed wavelength can 

routinely be determined [136] as α=d
-1lnI0/I. However, for more reliable 

evaluation of nitrogen impurity concentration, the calibration method has been 

involved. The concentrations N of the A, C and C+ defects were calculated 

from the absorption coefficients α at wavenumbers of 1282, 1130 and 1332 

cm−1, respectively [132-135]. In order to determine the absorption coefficient 

for the single phonon absorption region, the absorption coefficient at 2030 

cm−1 wavenumber has been used as a standard, where α2030 is accepted to be 

12.8 cm−1 [131]. Concentrations of the A, C and C+ type defects are calculated 

by using the relations NA-1282(ppm)= (α1282/α2030)×12.8×16.5, NC-1130(ppm) = 

(α1130/α2030)×12.8×25, NC+−1332(ppm)= (α1332/α2030) ×12.8×5.5 [132-135], where 

NA-1282, NC-1130 and NC+-1332 are the concentrations of the A-, C- and C+-defects, 

respectively. Thereby, the total concentration of the nitrogen ascribed defects 

in the central area of a definite wafer sample has been determined to be 2×1019 

cm-3 in wafer No.9, 4×1019 cm-3 in wafer No.7, and 4.4×1019 cm-3 in wafer 

No.4, respectively. Values of defect concentration within wafer periphery 

region comprise a half of the concentration value in the centre of wafer.  

Detailed Fourier Transform Infrared (FTIR) spectroscopy in transmission 

mode has been performed on wafer No. 4 by using FTIR spectrometer Bruker 

Vertex 70 equipped with Bruker Hyperion 3000 microscope. The FTIR scans 

were carried out within local areas selected by a knife-edge aperture from 

20×20 µm2 to 200×200 µm2. These areas correspond to micro-volumes of 

different material quality and have been used to highlight inclusions of metallic 

phase precipitates. The extracted values of absorption coefficient have been 

used for evaluation of the local concentration of the nitrogen impurities. 

Precision of separation of the clearly distinguishable areas, where a difference 

of the impurity concentration can reliably be separated, is determined by an 

aperture used in measurement of FTIR spectrum ascribed to the local area. 

Therefore, the line between the points M-E, where separation of aperture areas 
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is reliable, has been taken for detailed examination of changes in carrier 

lifetime correlated with nitrogen impurity concentrations.  

 

 
Fig. 3.4. FTIR transmission spectra measured on sample No. 4 scanning 
different locations of wafer area. a- Attribution of the location points scaled 
with a microscopy image of a wafer fragment in the central area taken under 
ultraviolet light excitation (left panel) and a wafer photograph in transmitted 
light (right panel). b- FTIR spectra over 400 -3500 cm-1 spectral range for 
several denoted points on wafer. c- Comparison of the structure of spectra 
(shifted by 2 cm-1 across the ordinate for values of the absorption coefficient) 
recorded for different points within wafer area:  for points M (cube and 
octahedral sectors) and M’ ({001}cube morphology sector) correspond to the 
central area of the cross-like luminescence image; K - for cube {100} 
morphology sector at the corner of wafer; L- for the boundary of two 
octahedral sectors on the cross-like line superimposed with {100} cube sector, 
E- for octahedral {111} sector [A8]. 
 

The spectra of the absorption coefficient recorded for different locations 

within wafer No. 4 are illustrated in Fig. 3.4. The attribution of the location 

points is sketched in Fig. 3.4a. Here, a microscopy image of a wafer fragment 

in the central area taken under ultraviolet light excitation and a wafer 

photograph in transmitted light may serve as a lateral coordinate scale.  The 

spectra over 400 -3500 cm-1 spectral range are shown in Fig. 3.4b. These 

spectra are displayed (in Fig. 3.4c) for the narrower range of 1400-1000 cm-1 

of wavenumbers with spectral peaks ascribed (according to Refs. [39, 130, 

132] nomenclature) to the nitrogen defects of various types.  The peaks are 



43 

 

here highlighted and attributed to: C+ (1332cm-1), - a charged isolated-

substitutional-nitrogen; C (1130cm-1), - a neutral isolated–substitutional-

nitrogen; and A (1282cm-1), - the aggregate of a pair of the nearest-neighbour 

substitunional nitrogen atoms. 

These spectra have been recorded in sample No. 4 for several specific 

locations: spectra for point M (superimposed cube and octahedral sectors) 

and M’ (cube morphology sector, rather narrow range) correspond to the 

central area of the cross-like luminescence image; K – for cube {100} 

morphology sector at the corner of wafer; L – for the boundary of two 

octahedral sectors on the cross-like line, E – for octahedral {111} sector. The 

spectrum attributed to the point E has been obtained for the rather 

homogeneous area of material aside the cross-like image; point K 

corresponds to the non-luminescent image of a wafer area where no clear 

defects can be imaged. 

The observed changes in FTIR spectra could be interpreted as follows.  

For an area overwhelmed by a scan aperture at M’ point, a third of the 

probed area is within a dark square (left panel of Fig. 3.4a). This part of 

probed area is non-luminescent and covers a cube morphology sector. 

Consequently, the concentration of nickel impurities is there extremely small 

in this area. Therefore, the aggregation of nitrogen is weak in this region 

relative to the octahedral sectors where a concentration of nickel is elevated. 

This leads to the predominant formation of C-type neutral isolated-

substitutional-nitrogen defects. The FTIR peaks ascribed to the A and C+ 

defects appear from the superimposed area of the octahedral sectors. For the 

M point localized within octahedral sector nearby M’, the trapped nickel 

impurities accelerated the aggregation of nitrogen into A-type defects of 

pairs of the nearest-neighbour substitunional nitrogen atoms, which there are 

the prevailing defects. 

Luminescence of the enhanced intensity in vicinity of M point indicates 

the nickel-rich sectors. The nickel mediated formation of C+ charged nitrogen 

defects corroborates also this hypothesis.  The scanned L point is located on 
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the shoulder-line in the cross-like defect distribution picture. This L point 

covers the octahedral nickel-rich sector. Therefore, the structure of a FTIR 

spectrum recorded in the L area is similar to that obtained for M point. 

However, there appears the less concentration of the nitrogen ascribed defects. 

A little bit less luminescence intensity in the range of L point could be a 

motivation for a reduced concentration of the nitrogen impurities. It can also be 

assumed that the growth rate was lower during formation of the diamond 

crystal in vicinity of L point and the lower concentration of nitrogen was 

trapped. The FTIR spectrum, registered at E point, is typical for the Ib 

diamonds. The C-type defects prevail there. The area at the E point is non-

luminescent. This indicates the reduced concentrations of nickel impurities, 

and the A- and C+ - type defects are non-resolvable in FTIR spectra recorded 

for this range.  For K- point at corner of the wafer with inherent colourless and 

non-luminescent material ascribed to cube morphology sector, the 

concentration of nitrogen ascribed defects is below the resolution limit in 

registered FTIR spectra. 

 
Table 3.1. Concentration of nitrogen impurities evaluated from FTIR spectra, 
recorded for different locations within surface area of wafer No. 4 using an 
aperture of 20×200 µm2, and the ~1×1 mm2 aperture averaged values in wafers 
No.7 and No. 9. 

Defect type 

Location point within wafer No.4 Wafer No.7 Wafer No.9 

E M K 
Central 
area 

Central 
area 

Defect concentration ×1018 cm-3 

C 22±2 nr nr 3.6±1 9.1±2 

A nr 23±2 nr 37.0±3 11.0±2 

C+ 1±1 3±1 nr 1.4±1 nr 

 

Values of concentration of the nitrogen impurities being in different 

crystalline defect forms, extracted from the FTIR absorption spectra, are listed 

in Table 3.1, where local values of the concentration for different type defects 

in wafer No.4 are also presented. The largest concentration of nitrogen 
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ascribed defects is localized at the centre of diamond wafer No. 4 and on the 

cross-like lines. The C- type defects prevail within the rather homogeneous 

area of material aside of the cross-like image. There, the A-type defects have 

not been detected. The inherent defect concentration values are obtained to be 

of about (1-23)×1018 cm-3, while in several areas the concentration of the 

identified type (A-C) defects is below the resolution limit (i.e. non-resolvable –

nr). The integral concentration of the nitrogen attributed defects in wafer No.4, 

evaluated using a sum of FTIR peaks and averaged over central area of  > 1×1 

mm2,  is about of  (47±3) ×1018 cm-3. Values of concentration of the nitrogen 

attributed defects in the central area of wafers No.7 and No.9, evaluated from 

FTIR spectra peaks using a larger (of 1 mm dimension) aperture, are also 

presented in Table 3.1. 

The revealed defects and their lateral distributions are important in 

selection of suitable wafer fragments for fabrication of fast-response sensors. 

 

3.1.3.2.  Pulsed photo-ionization spectra 

The pulsed photo-ionization spectra have been examined by using 

microwave probed photo-conductivity transients under spectrally tuned 235-

9000 nm excitation pulses generated by an optical parametric oscillator.  

 
Fig. 3.5. A scheme of the experimental arrangement for pulsed photo-
ionization spectroscopy measurements. 
 

The generalized sketch of the pulsed photo-ionization spectroscopy 

arrangement is illustrated in Fig. 3.5. The excitation 40 fs pulses of tunable 

wavelength were generated by an optical parametric oscillator (OPO) pumped 
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by a Titanium: Sapphire laser. The MW-PC response [71, 115, 137] at fixed 

excitation wavelength has been detected by using a coaxial needle-tip MW 

probe. The signal recording scheme contains a balanced microwave bridge 

circuit. The photo-response signal is recorded by a digital 1 GHz oscilloscope 

Tektronix TDS-5104. The microwave signal actually represents the material 

conductivity σ(t)=σ0+∆σ(t) transient, which amplitude UMW-PC(t)~∆σ/σ [71] is 

proportional to the excess carrier concentration ∆n(t)~ ∆σ(t) generated by 

photo-ionization at fixed wavelength. The MW-PC transient additionally 

represents a carrier decay characteristic related to electronic transitions 

attributed to a definite deep level involved into photo-ionization processes at 

fixed excitation wavelength. To avoid non-controllable filling of deep levels, a 

spectrum is routinely measured starting from the longest excitation 

wavelengths.  

 
Fig. 3.6. Pulsed photo-ionization spectra obtained on CVD (a) and HPHT (b) 
diamond samples, respectively. Solid lines represent the simulated spectral 
steps using Lucovsky’s model. 
 

The pulsed photo-ionization (PPI) spectra, measured in the photon energy 

range of 1.7–5.3 eV for CVD diamond (a) and of 0.5–5.3 eV photon energy 

range for HPHT diamond samples (b), respectively, are illustrated in Fig. 3.6. 

The step-shape structures of the PPI spectra were observed in diamond samples 

grown by both CVD and HPHT technology. These spectral steps have been 

fitted (solid lines in Fig. 3.6) using Lucovsky's model [140]. By using fit 

parameters for every PPI spectral steps, the threshold photo-ionization energy 

values have been extracted. 
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Table 3.2. Threshold activation energy values, extracted by using Lucovsky’s 
model, and assignment of defects. 

 Photoactivation energy (eV) Defect type 

HPHT diamond 

0.52±0.05 a-C [138] 
0.74±0.06 a-C [138] 

1.1±0.1 a-C [138] 
1.5±0.1 a-C [138] 
2.0±0.1 N-V [139] 
2.7±0.1 N-VNiV-N [44] 
4.0±0.1 Ni, N2-VNi-N2 [44] 

CVD diamond 
1.5±0.1 a-C [138] 
2.4±0.1 N subst. [44] 

 

Values of the threshold photo-activation energy, extracted for different 

spectral steps using simulations by Lucovsky’s model, are listed in Table 3.2. 

These photo-activation energy values have been assigned to defects, according 

to existing literature. The shallower levels, with photo-activation energy below 

1.5 eV, have been ascribed to the a-C defect [138]. The activation energy of 

2.4 eV has been assigned to the nitrogen substitutional defect [44]. A nitrogen-

vacancy, with activation energies of 2.0 eV and of 2.7 eV, and the nickel-

related deep levels, with activation energy of 4.0 eV, respectively, have been 

identified for HPHT diamond. Nitrogen is present as an unavoidable impurity 

in synthetic diamond while the nickel impurities are commonly incorporated 

within HPHT diamond, synthesized using a nickel-containing alloy catalyst-

solvent. The nitrogen and nickel impurities, detected by FTIR and ESR 

spectroscopy, compose with vacancies the deep photo-active centres, 

resolvable by PPI spectroscopy.  

 

3.1.3.3.  Spectra of time resolved photo-luminescence 

The PL light is collected from the area with a normal directed towards a 

bisector between the incident and the reflected UV light beams (Fig. 3.7). The 

UV filtered PL light is focused onto a slit of a MDR-23 monochromator. The 

PL light is dispersed using a grating monochromator, and the PL pulsed signal 

is detected by a Hamamatsu H10721 photomultiplier with 1 ns resolution in 

time. This PL signal is also transferred to another channel of the digital 
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oscilloscope TDS-5104, where the PL transient is displayed and processed 

together with MW-PC transient. Profiling of the carrier lifetime distribution is 

implemented by a 2D stage driven by step-motors with positioning precision of 

about 2 µm. 

 

Fig. 3.7. Setup of the experimental arrangement for simultaneous recording of 
the pulsed photoconductivity and spectrally dispersed photoluminescence 
transient signals. 

 

 

Fig. 3.8. a- Transients of the green-yellow PL recorded in the sample No. 4 at 
different PL wavelengths. In the inset (i), the initial components of the PL 
transients in semi-log scale are presented. b- Evolution of PL spectrum [A8]. 
 

The typical variations of the time resolved green-yellow PL (TR-PL) 

transients recorded simultaneously with MW-PC signal for a fixed UV laser 

excitation spot are illustrated in Fig. 3.8. These variations of PL spectra were 

recorded at room temperature for a fixed excitation wavelength 354 nm. 
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The clearly multi-componential TR-PL transients with clearly expressed two 

terms are observed (Fig. 3.8a). The initial components are significantly shorter 

than the asymptotic one (Fig. 3.8a). The effective PL decay lifetime within the 

very initial PL decay stage (in the inset of Fig. 3.8a of durations ≤10 ns) is 

close to values of the MW-PC transient. This component generally represents 

the initial changes of the total density of excess carriers. Fast non-radiative 

recombination is able to reduce the carrier capture to radiation centres, while 

only rather small portion of the initially photo-generated carriers decay through 

luminescence. Thereby, a short segment of the very initial PL decay stage 

seems to represent the initial filling of deep radiative recombination centres 

(responsible for photoluminescence) which compete with the non-radiative 

recombination centres. Nevertheless, duration of the complete PL transient 

considerably exceeds that of the MW-PC transient. This result hints that 

processes of the radiative and non-radiative recombination are governed by 

different types of defects.  

 Evolution of the PL spectra is illustrated in Fig. 3.8b. These PL spectra are 

obtained for transparency spectral range of a diamond crystal, - therefore the 

sample thickness averaged PL signal has been recorded. To cover the entire 

range of the resolvable PL signals, the logarithmic time scale is here used. The 

spectral peak of the PL band is at 550±10 nm. The slightly asymmetric spectral 

band has been recorded. It is broadened towards the long wavelength wing, 

while this spectral band is rather wide covering a spectral range from 450 to 

800 nm. This result is in agreement with spectra reported in Ref. [141]. This 

photoluminescence band had been ascribed to the octahedral growth 

morphology sectors, and it was interpreted in [44, 45, 141, 142] through the 

radiative transitions within complexes of the positively charged nickel atom 

aggregated with nitrogen impurities and di-vacancy. 

The PL relaxation rate is slightly different for various spectral ranges: the 

green PL process appears to be longer within the asymptotic stage of the PL 

decay, relative to those transients recorded for the yellow PL (Fig. 3.8a). 

Moreover, the rather long green-yellow PL durations within two-componential 
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transients and considerably longer asymptotic components support the 

visibility of the fluorescence images (Fig. 3.1).  

The non-exponential TR-PL decay can appear [52] for the donor-acceptor 

photoluminescence (DAP) if radiative recombination rate W(R) depends on the 

spatial separation R between the donors and acceptors involved. This leads to 

an increase of the instantaneous DAP decay lifetime with display time t. The 

DAP intensity transient IDAP(t) can be described by expression [52]: 
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According to this model [52], the PL band originating from the DAP-type 

radiative transitions is expected to shift to the longer wavelength spectral wing. 

In our experiments, no clearly observable shift (Fig. 3.8b) of the PL band peak 

is obtained. Alternatively, the inhomogeneous distribution of excess carriers, 

captured to the DAP-type centres, can be expected due to the carrier diffusion 

mediated surface recombination. The luminescence signal, collected from the 

excited sample bulk, is then the wafer thickness averaged function of time.  

The time variations of luminescence intensity IPL(t) could reproduce the 

surface recombination determined transient, - for values of the radiative 

recombination lifetime τRR~1/BRRnexA,D (with a coefficient of radiative 

recombination BRR and carrier concentration nexA,D captured to A and D) which 

would be longer than carrier capture lifetime τC and shorter than effective 

lifetime of surface recombination τeff=(τb
−1

+Dη1
2)-1, i.e. τC <τRR<τeff. The two-

exponential character of PL transients (Fig. 3.8a) with asymmetric initial and 

asymptotic decay components imply the photoluminescence decay transients 

governed by surface recombination. 

 

3.1.3.4.  Electron spin resonance spectroscopy 

The electron spin resonance (ESR) technique provides information 

concerning microscopic structure of defects. In this research, the ESR 

technique has been applied for identification of the electrically active 
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impurities and their complexes involved. The ESR measurements have been 

performed by using a Bruker Elexsys E580 X-band spectrometer operating 

(Fig. 3.9) in 8–10 GHz microwave frequency range. A Bruker cryostat is also 

employed for measurement of the temperature dependent ESR spectral changes 

in the range of 90–300 K using this cryostat. A programmable goniometer 

E218-1001 is exploited for the rotation of the oriented sample with respect to 

the external magnetic field in order to observe the angular variations of the 

ESR spectra. The resonance microwave frequency and relevant MW power 

(varied in the range of 0.2–2.4 mW) are initially defined. Thereby, several MW 

power levels are tried to find the optimal MW power for the sample under 

investigation and to avoid signal distortions. The modulation amplitude is 

changed in the range of 0.1–2 G. Ranges of saturation of the ESR signal are 

determined by examination of the ESR signal changes dependent on the 

applied MW power. 

The ESR typical spectra enabled us to identify the dominant defects in 

different samples (Fig. 3.10). These spectra are normalized to a sample volume 

since it is required for Bruker software for evaluating the concentration of 

spins. Sample weight as well as volume and absolute values of ESR signals 

have been correlated to extract concentration of spin-active impurities of 

nitrogen and metal.  

 

Fig. 3.9. Bruker Elexsys E580 ESR spectrometer 
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The ESR spectrum of the diamond sample measured at room temperature 

exhibits the characteristic ESR resonances from the P1 paramagnetic centre 

[143], associated with a neutral single substitutional nitrogen impurity (S=1/2) 

in the diamond lattice. The g-factor of the central line of the P1 paramagnetic 

centre is equal to 2.00217±0.00003, and the line width, evaluated by the peak-

to-peak value, is 0.26 mT. For the externally applied magnetic field aligned 

parallel to a <110> crystallographic direction, the low-field and high-field 

satellites are symmetrically observed at +/-2.9 and +/-3.7 mT around the 

central ESR resonance of the P1 centre. Also, two additional ESR resonances 

(at ±1.8 mT with reference to the central resonance) appear in the ESR 

spectrum. These additional resonances are caused by the exchange interaction 

between the nitrogen atoms if their concentration is rather large, >2 ×1018cm–3 

[144]. The observed P1 centres are in good agreement with the literature data 

[144-147]. The ESR spectrum of these P1 centres is formed by the hyperfine 

interaction between the unpaired electron and the N14 nitrogen nucleus with a 

spin of I=1 [145]. Angular variations of the ESR spectra in diamond, measured 

at room temperature, are illustrated in Fig. 3.11. The hyperfine structure 

tensors and an anisotropy (A) values for the g-factor were evaluated being of 

the A|| = 113.98±0.05 MHz, A⊥ = 81.34±0.05 MHz and g⊥– g|| = 0.0002 by 

using the EasySpin [148] simulation platform.  

 

Fig. 3.10. ESR spectra recorded at room temperature in different diamond 
samples ascribed to the nitrogen impurities. These spectra are normalized to a 
volume/weight of each sample. The magnetic induction vector B was parallel 
to the <110>crystallographic direction [A8]. 
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These values correlate well with the data published in Ref. [149]. Due to 

the very small value of the g-factor anisotropy, the shift of the central ESR 

resonance is not observable. 

 

Fig. 3.11. Angular variations of the ESR spectra in diamond crystal measured 
at room temperature. Gray dashed lines are modelled by using EasySpin 
simulation platform [A8].  

 

The temperature scans (Fig. 3.11) of the ESR spectra enabled us to 

resolve the ESR signals ascribed to the substitutional negatively charged nickel 

(Nis
-) S=3/2, referenced as W8 centre [146]. This centre was first observed in a 

synthetic diamond grown in the nickel-containing system [150]. The Ni 

involvement in W8 (g=2.0319) was confirmed, and a 0.65±0.005mT hyperfine 

splitting from Ni61 was observed in powdered specimens with 86% content of 

this isotope in comparison with its 1.2% natural abundance [146]. The 

saturation of the ESR signal ascribed to the P1 centre increases at low 

temperatures (100 K) within temperature scans of the ESR spectra. However, 

the additional single peak PNi of the rather high intensity appears within the 

ESR temperature scanned spectra at the same power (2.4 mW) of MW probe 

(Fig. 3.12). The latter resonance PNi stays in the stable spectral position (346.88 

mT) during measurement of the angular characteristic. While the saturated 

ESR peak, ascribed to the P1 centre (caused by the hyperfine interaction 

between an unpaired electron and a N14 nitrogen nucleus) shifts its spectral 
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position within angular dependence. The g-factor of the isotropic ESR 

resonance PNi is equal to g=2.0319±0.0001, and a width of the peak-to-peak 

resonance curve is 0.28 mT.  

 

Fig. 3.12. ESR spectra measured at 100 K in diamond crystal, when the sample 
is oriented perpendicularly to magnetic field <001> and in parallel to magnetic 
field <110>. The Ni ascribed resonance is indicated (g = 2.0319) as NiS

- in the 
figure, which can be attributed to the W8 centre known in the ESR 
nomenclature [A8]. 
 

The concentrations of P1 and PNi defects have been evaluated by 

employing the standard Bruker spectrometer software using values of each 

wafer volume (using the weight and material density values). The ESR spectra 

were measured at different MW power values to avoid the saturation effect 

during concentration evaluations. The concentration of P1 defects has been 

evaluated to be in the range of (1.2-2)×1019 cm-3 in all the samples. While, the 

concentration of PNi defects was evaluated to be 1.9×1017 cm-3, 1.4×1017 cm-3 

and 5.4×1016 cm-3 in samples, No. 4, No. 7, and No. 9, respectively (Table 3.3).  

Table 3.3. Concentration of defects in various diamond samples evaluated by 
ESR spectroscopy.  

Sample No. 
Defects concentration (cm-3) 

P1 (N) PNi 
4 (2.4±0.3)×1019 (1.9±0.5)×1017 
7 (2.2±0.3)×1019 (1.4±0.3)×1017 
9 (1.2±0.2)×1019 (5.4±0.4)×1016 
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Table 3.4. Concentration of the identified impurities in HPHT diamond wafer 
samples, evaluated by combining ESR and FTIR spectral analyses. 

Defect 
Type 

Technique Sample Nr.4 Sample Nr.7 Sample Nr.9 
Defect concentration x 1018 cm-3 

P1 (N) ESR 24±3 22±3 12±2 
PNi ESR 0.19±0.05 0.14±0.03 0.054±0.004 
Location on the 

sample 
D F G Central area Central area 

C FTIR nr nr 22±2 3.6±1 9.1±2 
A FTIR nr 23±2 nr 37±3 11±2 
C+ FTIR nr 3±1 1±1 1.4±1 nr 

 

Concentrations of the inherent defects, extracted using ESR spectroscopy 

data, fit well (within error bars, Table 3.4) that values determined using FTIR 

measurements on the same samples. 

 

3.1.4. Characteristics of defects extracted by electrical techniques 

The transient signals of the microwave probed photoconductivity (MW-

PC) and time-resolved photoluminescence (TR-PL) have been simultaneously 

measured by employing the experimental set-up sketched in Fig. 3.7. Both the 

MW-PC and TR-PL transient signals, generated by the same UV (354 nm) 

beam spot of a pulsed (400 ps) laser STA-3H, are displayed by a real-time 

digital oscilloscope. Excitation of the excess carriers is implemented by two-

photon/two-step transitions, as it has been deduced from the measurements of 

the time-resolved transmission dependent on the intensity of the incident light 

(at 354 nm). The excitation density is varied by spectrally neutral optical filters 

in the range of 0.025–0.5 mJ/cm2. The MW-PC response [115,137] has been 

detected by using a coaxial needle-tip MW probe [151] and a Vilnius 

University (VU) propriety instrument VUTEG-4 operating in the range of 

about 21 GHz. The near-field detection regime is employed using the needle-

tip MW antenna, while a pulsed photoconductivity signal is collected from an 

area determined by a spot dimension of the focused laser beam. The 

microwave signal is determined by material conductivity σ=σ0+∆σ, and the 
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amplitude of the transient response UMW-PC~∆σ/σ is proportional to a 

photoconductivity ∆σ. Microwave probed photoconductivity technique is 

applicable at rather low excitation levels ∆σ/σ<1, as for ∆σ/σ≥1 saturation of 

the UMW-PC appears. At low excitation levels, variations of carrier mobility can 

be ignored. Therefore, the registered variations in time t of the amplitude UMW-

PC(t) of the microwave probed photoconductivity response is entirely 

determined by the changes of the excess carrier density nex(t). The linearity of 

the MW detector response relative to the carrier concentration is commonly 

verified by calibration measurements of UMW-PC as a function of excitation 

intensity Iex using well-examined samples (e.g. Si with known values of σ0). 

The registered MW-PC signal is transferred from VUTEG-4 to a digital 1 GHz 

oscilloscope Tektronix TDS-5104, equipped with a computer, where MW-PC 

transient is displayed and processed. 

The transients of the microwave probed photoconductivity (MW-PC) 

recorded in various diamond wafers are illustrated in Fig. 3.13. It can easily be 

noticed in Fig. 3.13 that the largest MW-PC signals and the longest transients, 

as a rule, are obtained for wafer samples No.9 and No.7, while these values are 

reduced for sample No. 4. It has been clarified that the MW-PC transients 

appear to be single-exponential (inset of Fig. 3.13 in semi-log scale).  

 

Fig. 3.13. The MW-PC transients recorded in different diamond wafer samples. 
In the inset, these transients are re-plotted in the semi-log scale [A8]. 
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The recombination lifetime values are directly evaluated from the slope at a 

level e−1 of the MW-PC transient curve plotted within a semi-log scale. The 

rough relations between the luminescence efficiency (Figs. 3.1, 3.4, 3.8) and 

the MW-PC signals (Figs. 3.13 and 3.14) can be deduced from the qualitative 

comparison of the fluorescence images and MW-PC scans. These carrier 

lifetime profiles scanned by the MW-PC technique are illustrated in Fig. 3.14 

for wafers investigated.  

(ns) (ns)

(ns)

 

Fig. 3.14. Carrier lifetime lateral distribution profiles in different wafers of the 
No. 4 (a), No. 7 (b) and No. 9 (c), respectively, mapped by the MW-PC 
transient scans [A8]. 
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The qualitatively different profiles (Fig. 3.14) of carrier lifetime lateral 

distribution are obtained in different HPHT diamond samples. A rather flat 

profile of carrier lifetime values is obtained for wafer No.9 (Fig. 3.14c). It is in 

agreement with FTIR and fluorescence imaging results obtained for wafer No. 9 

where the smallest concentration of nitrogen impurities (Table 3.1) and no 

fluorescence profile have been obtained.  This result is also supported by the 

largest amplitude of the MW-PC signals (Fig. 3.13). The rather flat lifetime 

distribution profile (Fig. 14c) hints that the cube morphology sector (nearly all 

the area of wafer No.9) contains the smallest concentration of nitrogen and metal 

impurities. The rather homogeneous distribution of recombination lifetime with a 

single local area of increased lifetime values (Fig. 3.14b) is also obtained for 

wafer No.7. This local area of enhanced carrier lifetimes could be attributed to a 

cube morphology sector surrounded by the octahedral sectors. The dark region 

(of a small area) in samples No.4 and No. 7 has been highlighted within 

microscopy imaging (Figs. 3.3 and 3.4) which can be ascribed to the cube 

morphology sector. This sector is in the centre of the cross-like fluorescence 

image (Fig. 3.1c).  The elevated values of the carrier lifetime in the profiling of 

wafer No.4 (Fig. 3.14a) are revealed for the central area and the corner regions 

where cube morphology sectors reside. The reduced values of carrier lifetime, 

relative to those in the central and corner regions of wafer No. 4 (Fig. 3.14a), 

have been obtained in wafer areas ascribed to the octahedral growth morphology 

sectors (Fig. 3.1).  

The MW-PC transients compared for different sectors (Fig. 3.15) in wafer 

No.4 imply that the reciprocal relation between the carrier lifetime and the 

concentration of nitrogen impurities is qualitatively held. A profile of the inverse 

lifetime scanned in between of the points M and E is illustrated in Fig. 3.16a for 

wafer No. 4. 
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Fig. 3.15. The normalized to a peak MW-PC transients recorded at different 
location within wafer No. 4 [A8]. 
 

There, variation of the concentration of nitrogen impurities extracted from 

the scanned FTIR spectra (Fig. 3.16b) are used in plots represented in Fig. 16a. 

A comparison of the lifetime variation profile with a change of the 

concentration of the nitrogen defects of different types hints the correlation 

between the inverse carrier lifetime and the concentration of the A-type (NA) 

defects, pairs of the nearest-neighbour substitutional nitrogen atoms. It appears 

that the change of concentration of various type defects ascribed to nitrogen 

impurities within the mapped line can only be correlated with variation of A-

type centres.  

 

Fig. 3.16. a- Carrier lifetime variation profile scanned along line in between of 
points M and E denoted in Fig. 6 and concentration of A and C defects in these 
points for sample No. 4. b – FTIR spectra scanned across the line M and E by 
step of about 450 µm [A8]. 
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Here, the inverse decay lifetime actually highlights variation of the defect 

concentration NN-A, as the rough estimation implies NN-A ∝1/(τσR−NvT).  Here, vT 

is the thermal velocity, σR-N is the capture-cross section for the definite defects, 

and τ is the measured value of recombination lifetime.    

However, the anti-correlation between the inverse lifetime and the 

concentration of C-type centres is obtained. The changes of the parameters (τ -1 

and NA) along the M-E line in wafer No.4 correspond to lifetime scans pointed 

from the central area to periphery of a crystal. The decrease of the total 

concentration of nitrogen and of nickel impurities appears within this M-E line 

due to crystal growth conditions. Reduction of nickel concentration can 

implicitly be correlated with changes of the C+ peak (NC+) (Table 3.1) within 

FTIR spectra. It can be noticed that intensity of the green-yellow PL is also 

decreased along this M-E direction in wafer No.4. Thereby, the correlation 

between distribution of the τ-1
 and NA obtained in wafer No.4 (Fig. 3.16) and 

verified for other samples can be explained by competition of the point defects 

ascribed to nitrogen (A-type) as well as to the nickel impurities those decorate 

these defects. As mentioned, the trapped nickel impurities had accelerated the 

aggregation of nitrogen into A-type defects of pairs of the nearest-neighbour 

substitutional nitrogen atoms, which there are the dominant defects. 

Luminescence of the enhanced intensity in M vicinity indicates the nickel-rich 

sectors. The nickel mediated formation of C+ charged nitrogen defects 

corroborates also this hypothesis.   

Thereby, the lateral distribution of nickel impurities can be associated 

with a profile of A centres, pairs of nitrogen atoms. The nickel impurities can 

thus be implied to be the prevailing centres of non-radiative bulk 

recombination. Therefore, it is necessary to estimate whether the bulk 

recombination is dominant and resolvable within MW-PC transients relative to 

the impact of surface recombination. The single-exponential shape and 

durations of the order of magnitude of 2-3 ns disagree with specific features of 

carrier decay inherent for surface recombination. In the case of the prevailing 
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surface recombination, the initial non-exponential component (as a result of 

superimposed higher decay modes) should be observed and followed by the 

single-exponential longer decay, determined by the main decay mode and 

characterized by the effective lifetime τeff=(τb
−1

+Dη1
2)-1

 [71, 115, 137]. Values 

of this effective carrier decay lifetime are governed by the bulk recombination 

lifetime only if the τb is significantly shorter than the surface component 

τs1=1/Dη1
2. Value of τeff can considerably be dependent on both τb and τs1 only 

in a narrow range of close values τb≈τs1 of these lifetimes. For rather thin 

samples with non-passivated surfaces, the surface recombination component 

determines the effective carrier lifetime τeff. The shortest component 

τs1=1/Dη1
2ascribed to surface recombination would be reached at the diffusion 

limited regime [71, 115, 137]. Value for the surface recombination component 

at diffusion limited regime τs∞ would be τs∞ =d
2
/π2

D≥ 1 µs for our 250-280 µm 

thick samples assuming the typical carrier mobility µ= 1400 -3000 cm2/Vs 

values [152]. Thus, the obtained values of carrier decay lifetimes (Fig. 3.13) of 

the order of a few nanoseconds, are significantly shorter than that predicted for 

the diffusion limited surface recombination (of velocity s→∞) and do not fit 

the inherent features of the dominant surface recombination process.  

Therefore, the prevailing of the bulk recombination through centres of the large 

cross-section and concentration is inferred. The MW-PC transients actually 

represent the rates of radiative and non-radiative channels acting together. 

Thus, the correlation of the MW-PC relaxation curves with the 

photoluminescence transients, simultaneously measured from the same wafer 

area, is necessary for the deeper understanding of the prevailing carrier decay 

processes.  

 

3.2. Characteristics of GaN and CdS materials 

3.2.1. Materials and samples 

The GaN samples under study were grown by using metal-organic vapour 

phase epitaxy (MOCVD) on sapphire substrates and hydride vapour phase 
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epitaxy (HVPE) methods. The MOCVD GaN epi-layers of 2.5–25 µm 

thickness were grown on sapphire substrates using MOCVD reactor at Vilnius 

University. The commercial HVPE GaN wafer fragments of 475 µm thickness 

contained Fe impurities of concentration of 2×1017 cm-3, as verified by ESR 

spectroscopy. Pictures of the wafer fragment samples are illustrated in Fig. 

3.17. 

 

   

a b c 

Fig. 3.17. Wafer fragment samples: of commercial HVPE GaN:Fe (a); HVPE-
HD GaN (b) and HVPE-LD GaN (c). Wafer thickness: 475 µm (a) and   400 
µm (b, c). 
 

Colour of wafer samples is determined by the type and concentration of 

the intentionally introduced impurities. These metallic impurities were 

introduced by vendors, in order to modify resistivity of the materials. 

 

3.2. 2.  Spectral characteristics of GaN 

3.2.2.1. Pulsed photo-ionization spectra 

The pulsed photo-ionization spectroscopy (PPIS) has been implemented 

using excitation by a tuneable wavelength laser and measurements of the 

photo-response using microwave probed photoconductivity transient (MW-PC) 

technique sketched in Fig. 3.5. Here tuneable wavelength (in the range of 0.26 

µm to 16 µm) femtosecond (40 fs) light pulses with energies of 20 µJ – 1mJ 

per pulse are generated by a laser system (Ti:Sapphire - HE-TOPAS) with an 

optical parametric amplifiers (OPO) and differential frequency generators 

(DFG). The sample was placed on the slit-antenna of 21 GHz microwave 

(MW) system. The pulse microwave response detected in the MW system 

represents a change in the signal of photo-conductivity which is proportional to 
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excess carrier concentration generated by laser pulses. The transients of MW-

PC signal have been recorded by using 1 GHz oscilloscope Tektronix TDS-

5104 (Fig. 3.5.). 

The PPIS spectra recorded at room temperature on HVPE GaN and 

MOCVD GaN wafer samples are illustrated in Fig. 3.18. The photo-ionization 

spectrum is obtained as the MW-PC signal amplitude, proportional to excess 

carrier density generated by photo-ionization, dependence on photon energy. 

This PPIS spectrum has a step-like structure. 

 

 

Fig. 3.18. The photo-ionization spectra of HVPE (a) and MOCVD (b) GaN 
[A2]. 

 

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  

δ-type potential of deep centre leads to the Lucovsky’s model [140,153]. This 

model is suitable for evaluation of the red threshold of the photo-ionization 

energy. 

Lucovsky’s model is a simple approach and has actually only a single 

parameter Ed of optical activation energy within a fitting procedure of spectra 

analysis. The photo-ionization of the trapped carriers nd by using short (fs) 

pulses of spectrally discriminated light enables ones to determine the 
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parameters of deep traps and a state of their filling. The cross-section σp-e in 

Lucovsky's model [153], is described by expression 
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where B is a multiplicative factor. Changes of absorption coefficient α(hν) for 

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

described by 

α(hν)=σp-e(hν)nd0.                                 (3.3) 

Illumination by a light pulse of surface density F(hν) of the incident photons 

leads to the density of photo-emitted carriers n
*

d=σp-e(hν)nd0F(hν) registered 

by MW probe. Then, the density of Nd traps can be evaluated from an 

absorption coefficient α(hν) spectrum. The filling factor nd/Nd can be 

controlled by combined measurements of MW-PC signal peak value or α(hν) 

as a function of F|hν, and the saturation of these characteristics indicates a 

complete photo-ionization of Nd traps. The PPIS spectrum can be 

approximated by eq. (3.2) for fixed F|hν  and nd0 quantities. 

For more precise fitting of the measured spectral steps, the analysis of 

differential dσe-p/dhν changes of the photo-ionization cross-section may be 

preferential. To include a strong electron-phonon interaction, the more 

comprehensive model of A. Chantre et al (C-V-B model) [154, 155] can be 

applied, which is more flexible in simulation of the spectral-step shape and the 

location of spectral maximum, expressed through a product of the electronic 

transition probability and the vibrational overlap integral. However, it should 

be pointed out that in C−V−B model [154] three adjustable parameters are 

exploited, instead of a single Ed parameter for Lucovsky's model. 

The step-like photo-ionisation spectra contained up to five spectral peaks, 

denoted in Fig. 3.18 as Ei-PPI, have been obtained for both HVPE and MOCVD 

GaN samples. The threshold photo-ionization energy values, extracted by 

fitting of experimental peaks, have been analyzed by comparing with literature 
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data. Thereby these photo-ionization peaks have been associated with different 

deep centres. 

 
Table 3.5. The threshold activation energy values, estimated by using 
Lucovsky model, and assignment of defects, using typical activation energy 
values referenced in literature. 

Material HVPE GaN MOCVD GaN 

Spectral 

step 

Photo-activation 

energy (eV) 
Defect type 

Photo-activation 

energy (eV) 
Defect type 

E1-PPI 0.6±0.1 VGa
-  [52] 0.7±0.1 VGa

-  [52] 

E2-PPI 1.1±0.1 NGa  [53] 1.2±0.1 NGa  [53] 

E3-PPI 1.6±0.1 Fe3+  [54] 1.7±0.2 VGaON [64] 

E4-PPI 2.5±0.2 CN [64] 2.6±0.2 CN    [64] 

E5-PPI 3.0±0.2 Fe2+  [156] 3.3±0.2 CNON  [64] 

 

The dominant PPIS peaks obtained for HVPE and MOCVD GaN wafer 

samples are listed in Table 3.5, where attribution to the photo-active centres 

caused by the technological defects is denoted and referenced to the relevant 

papers. The crystalline structure defects as vacancy as well as anti-site and 

carbon impurities have been discriminated in both HVPE and MOCVD GaN 

materials. It has also been obtained that Fe impurities induce the dominant deep 

centres in HVPE samples while C impurities are photo-active centres in 

MOCVD GaN samples. 

 

3.2.2.2. Parameters of GaN evaluated by deep level transient spectroscopy 

The DLTS measurements have been implemented by using a HERA-DLTS 

System 1030 spectrometer [157]. The temperature scans are performed in the 

range of 20–300 K using a closed-cycle He cryostat. The temperature sensors 

are connected to a LakeShore temperature control device. The barrier 

capacitance changes (due to carrier traps) are directly recorded as the 

capacitance transients by using a Boonton capacitance meter installed within 

the HERA-DLTS System 1030 spectrometer. DLTS measurement procedures 
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are controlled by a personal computer with installed Phys-Tech software. The 

PhysTech software is calculating the properties of deep levels such as the 

carrier capture cross-section, trap thermal activation energy and concentration 

of the levels. In order to suppress carrier fast decay through large density of 

carrier traps, inherent for compensated or unintentionally doped sample, it has 

been continuously illuminated by LED light of 380 nm wavelength for optical-

DLTS [76, 158] measurements (O-DLTS). The bias LED illumination of the 

compensated or unintentionally doped GaN serves for steady-state generation 

of free carriers. These carriers enable the partial depletion regime in the steady 

illuminated structure. For material without steady-state illumination, it is 

completely depleted at conditions close equilibrium. To predict changes of 

detector parameters, it is necessary to control the spectra of the introduced ra-

diation defects. The standard and widely used spectroscopy technique is the C-

DLTS which is a sufficiently sensitive and straight spectroscopy technique for 

characterization of deep radiation traps. However, the standard application of 

C-DLTS is limited by the trap concentration, which should not be larger than 

the doping density. The measurement of generation current (I-DLTS) is an 

option of the DLTS technique, which can be approved for the spectroscopy of 

high density carrier traps in silicon detectors made of large resistivity material. 

An electrical filling of deep traps by manipulating the carrier injection pulses 

exploited in standard DLTS techniques can be inefficient for the radiation 

affected junction of the detectors. Therefore, an additional modification of 

DLT spectroscopy is implemented by using an optical carrier injection leading 

to the optical current DLTS (O-I-DLTS) regime. Optical excitation employing 

the laser or LED light illumination fills both types of the majority and minority 

carrier traps. However, it is impossible to distinguish the current components 

ascribed to the majority and minority carrier traps within the generation current 

transients. This is a disadvantage for usage of O-I-DLTS. The O-I-DLTS 

regime has been implemented by using optical 20 ms injection pulses 

generated by an yttrium aluminium garnet neodymium (Nd:YAG) laser at 1064 

nm wavelength.  
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Fig. 3.19. A view (on top) of spectrometer and schemes (on bottom of figure) 

of module connections within HERA-DLTS System 1030 instrument [157]. 

The DLTS technique allows evaluating of the activation energy, 

concentration and analysis of capacitance transients caused by trapping and 

emission processes [76]. Interaction between free carriers and centres is 

described by the rate equations, employing the parameters of cn=σn‹νn›n 

electron capture rate, of en=σn‹νn›NCexp[-(EC-ET)/kBT] electron emission rate, 

of cp=σp‹νp›p hole capture rate and of hole emission ep=σp‹νp›NVexp[-(ET-

EV)/kBT] rate. Here σ denotes capture cross-section, ‹ν› stands for thermal 

velocity, n and p denote free carrier density for electrons and holes, 
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respectively, NC, NV represent density of states within conduction and valence 

bands, respectively, ET is the activation energy for definite trap. It is well-

known that carrier capture rates depend on free carrier density while carrier 

emission rates depend on trap activation energy and temperature. With special 

regimes it possible to observe majority and minority carrier traps and to have 

injection either by electrical or optical pulse. 

A routine capacitance based DLTS the filtered signal is proportional to the 

ratio of trap concentration (NT) to that of the effective doping (NDef). The time 

varied barrier capacitance change ∆C(t), determined by the majority carrier 

emission from deep levels, is described by relation: 
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with the parameter C of barrier capacitance.  

The I-DLTS signal does not depend directly on NDef value, and there is no 

limitation for the ratio of NT/NDef. The total current density is then expressed by 

relation J(t)=JL+δJ, where the first component represents the leakage current 

density JL while the second term is the transient signal of the current density δJ 

(t)) The last quantity is expressed as 
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The amplitude of the transient signal δJ depends on the depletion width xd, on 

the concentration NT of deep traps and on the emission rate en.   

In order to achieve the efficient filling of deep traps and governing of a 

barrier in rather compensated material, the optical excitation is commonly 

employed for the high resistivity samples. In the case of optical excitation, both 

majority and minority carriers determine the amplitude of the transient signal. 

Then, photo-injected carriers determine variations of depletion width 

dependent on carrier drift velocity and on carrier concentration, due to carrier 

emission within partially depleted junctions. Thus, O-DLTS transients are 

mainly governed by carrier density changes due to thermal emission. In order 
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to suppress carrier fast decay through large density of carrier traps, inherent for 

compensated or unintentionally doped GaN, the sample has been continuously 

illuminated by LED light of 380 nm wavelength for optical-DLTS [71] 

measurements (O-DLTS).  

 

Fig. 3.20. O-DLTS spectra recorded on MOCVD GaN Schottky diode [A2]. 

 

Spectra of thermal activation of the deep levels, recorded using O-DLTS 

measurements, are illustrated in Fig. 3.20. The O-DLTS spectra were recorded 

at a reverse bias of UR=-2 V in the temperature range of 30–315 K using time 

windows of tw=2s. The electrical injection pulse of Up=-0.1 V of duration tp=1s 

was used in these experiments. At least five overlapping O-DLTS spectral 

peaks have been observed in MOCVD GaN Schottky diodes. The amplitudes 

and their positions within temperature scale of different O-DLTS peaks have 

been separated by simulating the sum amplitude of the overlapping spectral 

peaks. The spectra have also been manipulated by varying time window of tw. 

The Arrhenius plots then were made to evaluate activation energies associated 

with different O-DLTS peaks. Using extracted values of the separated O-DLTS 

peaks, the thermally active traps have been identified by comparing with 

literature data. These traps with the denoted activation energies have been 

ascribed to technological defects as follows: E1-ODLTS= 0.15 eV as vacancy VN 

defect [59], E2−ODLTS= 0.20 eV as VN defect [63], E3-ODLTS= 0.27 eV as VN-VGa 
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complex [63], E4-ODLTS= 0.44 eV as CGa impurity [62], E5-ODLTS= 0.54 eV as NGa 

anti-site defect [55]. The carbon impurity ascribed centres seem to be involved 

in photo-ionization and thermal emission processes. 

 

3.2.2.3. ESR spectra for GaN  

In order to verify existence of Fe impurities in HVPE GaN material, the 

ESR measurements have been performed on these samples. The ESR spectra 

measured for the magnetic field oriented in parallel to the crystal c-plane (Fig. 

3.21a) provide clear identification of Fe impurities [7]. The angular 

dependence of the ESR response (Fig. 3.21b) measured for both the parallel 

and perpendicular magnetic field orientations relative to c-plane provided the 

structural information concerning Fe impurities. These ESR spectra variations 

supported the PPIS data obtained on the same samples. It has also been 

deduced from ESR measurements that concentration of 2×1017 cm−3 Fe 

impurities resides in HVPE GaN. 

 

Fig. 3.21. An ESR spectrum (a) and its angular dependence (b) on the 
orientation of the magnetic field relative to the c-plane [A2]. 
 

3.2.2.4. Photo-luminescence spectra for GaN  

The time resolved (TR) and continuous wave (cw) photo-luminescence 

(PL) spectra (Fig. 3.21) in the initial GaN materials were examined in order to 

have baseline data for comparison with irradiated samples. 
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Fig. 3.22. The cw-PL spectra excited by a laser pulse at 354 nm wavelength.  

Inset i - The TR-PL transients are illustrated. 

 

In Fig. 3.22, the cw PL spectra excited by a laser pulse at 354 nm 

wavelength are illustrated.  Several TR and cw-PL bands (Fig. 3.22) can be 

resolved. Namely, the ultra-violet (UV) and blue (B) bands in the range of 

wavelengths 350-430 nm, the yellow-green (YG) peaked at 560 nm and the 

red- infrared (RIR-L) with peak in the range of 710 nm are resolved. The  

UV-B and YG bands are well-known [52], and these luminescence bands are 

commonly ascribed to radiative recombination through excitonic and donor-

acceptor transitions, where the latter centres are attributed to the growth defects 

in MOCVD GaN layers. The YG and the RIR bands are commonly associated 

with randomly distributed point defects [52]. Alternatively to interpretations 

[52] of the B-PL band origin, the B-PL can also be attributed to the rather high 

density of dislocations, which is estimated by XRD technique to be of the order 

1010 cm-2 in this MOCVD GaN epi-layers. 

 

3.2.3. Microwave probed photoconductivity transients in GaN 

The MW-PC transients recorded in most of the GaN samples appear to be 

two-componential (Fig. 3.23). 
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Fig. 3.23. a - MW-PC transients in non-irradiated GaN. b - figure represents 
the simulated instantaneous lifetimes ascribed to different time instants within 
interval 0≤ t ≤ tinst varying SER index. c - illustrates the persistence of two-
component relaxation curve of carrier density over the longer display scale.  
 

The MW-PC asymptotic decay component of durations in a millisecond 

time scale obeys (UMW-PC(t)=UMW-PC(t=0)exp[-(t/τSE)α]) the stretched-

exponential (SER) relaxation law interpreted through a disorder of material.  

Here, UMW-PC(t) is the change in time (t) of the amplitude of the MW-PC 

signal; τSE is the characteristic time ascribed to the SER process approximated 

using SER with index α [159,160]. The disorder in the as-grown GaN epi-

layers can be related to the dislocation networks at the prism type crystallites 

which are twisted to each other by a certain angles [161].  Values of α are 

extracted using a routine plot (Fig. 3.22c) in SER analysis [159,160].  

As it was shown in Ref.[80], the photoconductivity (PC) asymptotic 

decay component with a duration in the millisecond time scale obeys to:  

UPC(t)=UPC(t=0)exp[-(t/τSE)α]     (3.6) 

the stretched-exponential relaxation (SER) law (eq.(3.6)) interpreted through a 

disorder of material in both contact (C-PC) and contactless (MW-PC) signal 

recording modes.  Here, UPC(t) is the change in time (t) of the amplitude of the 

C-PC/MW-PC signals approximated using SER with index α [159]. τSE is the 

characteristic time of SER process expressed as 

 ατττ /1
1

2)2/(
1

2 ])/4[(])/4[( xCxC D
ww

DSE == −   .   (3.7) 

The characteristic time of SER process is related to the parameters of 

anomalous diffusion with a coefficient 

 CD=Dt
1-(2/w),      (3.8) 



73 

 

and the diffusion exponent w, in approach of the anomalous diffusion of 

carriers (with the diffusion coefficient D). Here, x denotes the displacement in 

random-walk with a single-step-walk duration τ1. To cover wide range of PC 

transients of different durations, the changes of the instantaneous lifetime 

 )
)(

()(
dt

tdn
tninst −=τ  ,      (3.9) 

expressed in the case of SER as 

 ατ=τ α−α /1
, tSESEinst ,      (3.10) 

have been examined. This instantaneous lifetime expression reproduces the 

power law ~ t
1-α dependences with the time t exploited in analysis of dispersive 

transport transients. The disorder in the as-grown GaN epi-layers can be related 

to the dislocation networks at the prism type crystallites which are twisted to 

each other by certain angles [161].  Simulation of instantaneous lifetime using 

experimental transients for the time interval 0≤ t ≤ tinst (as illustrated in 

Fig.3.23b) enables to evaluate the SER index α. Prevailing of SER type 

relaxation curves can be implied from a seeming two-componential decay  

(Fig. 3.23c) over different display scales of transients. 

 

3.3. Evolution of the material characteristics during irradiations 

3.3.1. Arrangements for the in situ measurements 

The in situ measurements are devoted to track evolution of material 

characteristic variations under introduction of radiation defects. Particularity of 

this type measurement is a requirement for remote sensing of signals by 

obviating the radiation damage of instruments and personnel. Also, the contact-

less techniques are preferential in order to avoid modifications of electrode 

materials and contamination of the examined material with products of the 

radiation damage of metal structures. 



74 

 

 

Fig. 3.24. The set-up for the in situ and synchronous measurements of the 
proton beam induced photoluminescence (PL) spectra and microwave-probed 
photoconductivity transients. 
 

 In our experimental arrangement (Fig. 3.24), the photoluminescence 

spectra and microwave probed photoconductivity (MW-PC) transients were 

simultaneously recorded. The transient signals of the MW-PC and TR-L have 

been measured by collecting a response to the same UV (354 nm) excitation 

beam spot (of an area of 8×10-3 cm2), generated by a micro-chip laser  

STA-1-TH employed for the pulsed (500 ps) excitation of the excess carriers or 

the changes of the cw-PL spectra under particle beam exposure.  To implement 

the remote recording of the signals and to transfer excitation/ probe radiations, 

the optical fiber and waveguide/coaxial transfer lines are designed. The 

excitation is varied by spectrally neutral optical filters in the range of energy 

EL=0.001–0.2 µJ per laser pulse. The MW-PC response has been detected by 

using a coaxial needle-tip probe and a near field probing regime, performed by 

a Vilnius University propriety instrument VUTEG-3 equipped with a 

microchip laser, a system of laser beam attenuation and shaping and a port for 

connection to fiber lines as well as with microwave generation/detection 

system and microwave waveguide attachment port.  A microwave reflection 

mode has been implemented in these measurements. The MW-PC registered 
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signal is transferred from the VUTEG-3 module to a digital 1 GHz 

oscilloscope Tektronix TDS-5104, equipped with a computer, where MW-PC 

transient is displayed and processed. The TR-PL/cw-PL light is collected from 

an area with normal directed towards a bisector between the incident and the 

reflected UV light beams or an impinging particle beam. The UV filtered TR-

PL light is focused onto a slit of a ScienceTech-9030 monochromator. The TR-

PL light is displayed using a grating monochromator and detected by a 

Hamamatsu H10721 photomultiplier. This TR-PL signal is also transferred to 

another channel of the digital oscilloscope TDS-5104, where the TR-PL 

transient is displayed and processed together with MW-PC transient. The laser 

induced luminescence spectra (LI-L), registered by a signal integration regime, 

have complementarily been registered by employing a spectrophotometer 

Avantes AvaSpec-2048TEC equipped with a fibber adjusted input. The PL 

light has been transferred to the photometer input slit using a fiberscope with 

an aperture of 3×10-2 cm2 area. 

 

3.3.2. Evaluation of the parameters of the radiation impact for GaN 

GaN material can be utilized for fabrication of a combined double-purpose 

device which is able to operate both as scintillating and charge collecting 

detector. However, the efficiency of such detectors and their functionality has 

been insufficiently investigated.  This work is addressed to study the evolution 

of the photo-electrical characteristics and of the efficiency of photon and 

hadron induced luminescence. The production rate of radiation defects has 

been examined by in situ and post-irradiation changes of the radiative and non-

radiative recombination and by combining irradiations using penetrative 

hadrons, as nuclear reactor neutrons and 24 GeV/c protons, and 1.6 MeV 

protons, strongly absorbed within a GaN layer. The role of technological and 

radiation induced defects has been studied by analysis of changes of the 

material disorder factor evaluated through a stretched-exponent index and the 

instantaneous carrier decay lifetimes dependence on irradiation fluences in 

wide range of 1011 – 1016 cm-2.  
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3.3.2.1. In situ variations of recombination characteristics  

The GaN sample is mounted on a cold finger within a specially fabricated 

irradiation chamber [80] during the 1.6 MeV proton irradiations and the in situ 

measurements of MW-PC and luminescence signals. This chamber contains 

the coaxial and fiber connectors to transfer the optical and microwave signals 

between probes inside vacuum chamber and the measurement instrumentation 

placed remotely from the irradiation area. The thickness of epi-layers and the 

1.6 MeV energy of protons have been chosen on the basis of the initial 

simulations made by TRIM [162], where a nearly homogenous energy loss of a 

proton beam is obtained during interaction of protons with GaN material. 

Contrarily, the optical excitation at 345 nm wavelength determines the initially 

inhomogeneous excitation due to a large absorption coefficient β=4.7×104 cm-1 

[51]. Thereby, the distribution of the excess carriers acquires the stabilized in-

depth profile only after diffusion time tD≅d
2
/D=63 ns (estimated using 

approximation d≅(DtD)1/2) overwhelming the layer thickness d. Here, D≅ 1 

cm2/s is the coefficient of carrier ambipolar diffusion in GaN. The 2.6 -12 µm 

thick GaN samples were employed for irradiations by penetrative hadrons, - 

nuclear reactor neutrons and 24 GeV/c protons. 

In Fig. 3.25, the S-L spectra excited by a laser pulse (LS-L) at 354 nm 

wavelength and by a 1.6 MeV proton beam (at a very initial stage, 1 sec, of 

irradiation) are compared.  This comparison has been employed to initially 

evaluate the excess carrier density excited by protons and to relate it to that of 

the yellow-green S-L induced by protons. Several TR-L and S-L bands  

(Fig. 3.25b) can be resolved within both the laser and the proton induced 

spectra. The ultra-violet (UV-L) and blue (B-L) bands in the range of 

wavelengths 350-430 nm, the yellow-green (YG-L) S-L peaked at 560 nm and 

the red- infrared (RIR-L) with peak in the range of 710 nm are resolved. The 

UV-/B-L and YG-L bands are well-known [52], and these luminescence bands 

are commonly ascribed to the growth defects in MOCVD GaN layers. The 

YG-L and the RIR-L bands are commonly associated with randomly 
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distributed point defects [52]. Irradiation leads to a decrease of the intensity for 

the most of luminescence spectral bands.  

 

 
Fig. 3.25. a-MW-PC transients in 1.6 MeV proton irradiated GaN. Inset (i) 
illustrates the persistence of two-component relaxation curve of carrier density 
over the longer display scale. b- The S-L spectra excited by a laser pulse (LS-
L) at 354 nm wavelength and by a 1.6 MeV proton beam (at a very initial 
stage, 1 sec, of irradiation).  The LS-L intensity for the laser induced yellow-
green (YG-L) photoluminescence peaked at 560 nm is multiplied by a factor 6 
to coincide it with YG-L spectral band registered for proton in situ generated 
luminescence. A comparison of transients of the photoluminescence (for the 
YG-L band) and the photoconductivity (MW-PC) recorded in 5.6 µm thick 
GaN epi-layer is presented in the inset for figure b [A5]. 
 

From the fit of laser and proton beam induced luminescence intensities, 

the average of excess carrier density generated by a proton beam can be 

evaluated through calibration of the laser pulse parameters and the absorption 

coefficient β at laser light wavelength. To increase evaluation precision, the 

inhomogeneity of laser excitation and the time-integration of S-L signal have 

been included into this fitting procedure. The depth averaged 

<nL>=n0(1/d)∫0
dexp(-βx)dx=(n0/βd)[1-exp(-βd)]≅1.3×1017 cm-3 carrier density 

can then be equalized with excess pair density nP generated homogeneously in 

d by penetrative protons. The equivalent density nP of excess carrier pairs 

generated by protons would be equal to <nL> if time of signal integration 

coincides with tD. It has been obtained by equalizing the YG-L intensities  

(Fig. 3.25a) that integrated density nPtD exceeds that <nL>tD by about 6 times.  
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This observation is in good agreement with the calculated value of this ratio if 

a UV pulse induced TR-L transient with initial TR-L decay time τYG-L
in~10 ns 

is taken into account for YG-L band, - the spectro-photometer integrated 

signals over tD=63 ns are related as nPtD=<nL>∫0
tDexp[-t/τY-GL]dt=<nL>tD(τY-

GL/tD). For longer integration times, the instantaneous TR-PL decay time in 

asymptoticτYG−L
as~50 µs is employed to correlate the nP and <nL> values. A 

quantity of carrier pair generation by a single 1.6 MeV proton has been 

estimated by independent evaluating of a flux of protons using values of the 

proton beam current iP and the beam area AP=2×10-1 cm2. The flux of protons 

is then obtained as FP=iP/eAP ≅8×1011 cm-2s-1 with e =1.6×10-19 C the 

elementary charge of proton. Then, it is estimated a quantity of protons 

NP=FPτL-avAP ≅1.6×109, which cross the GaN layer d and correspond to the 

YG-L signal integration time τL-av =10 ms for a single laser pulse. The 

efficiency κP of a single proton generation is obtained to be κP=nP/NP≅1.3×107 

cm-3 per proton or κPApr=40 carrier pairs per a micrometer of layer depth per 

proton.  

 
Fig. 3.26. Fluence dependent variations of the intensity IYG-L of the yellow-
green (YG-L) luminescence for 1.6 MeV (diamonds) and 24 GeV/c (stars) 
proton and for reactor neutron (crosses) irradiated GaN epi-layers. Here, peak 
intensity IY-L obtained for the irradiated samples is normalized to that recorded 
in the non-irradiated material [A15]. 
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Fig. 3.27. a - fluence dependent variations of the instantaneous SER decay 
lifetimes measured in situ during irradiation by 1.6 MeV/c protons (hollow 
circles) and by post-irradiation measurements of GaN samples, irradiated with 
24 GeV/c protons (stars). b - variations of the C-PC and MW-PC transients 
recorded for GaN samples irradiated with different energy hadrons and with 
various fluences are illustrated [P4].  
 

A reduction of the peak intensity for YG-L spectral band as a function of 

irradiation fluence is illustrated in Fig. 3.26.  The destruction of a net of these 

point defects is inferred from the evolution of PI-L bands (Fig. 3.26, diamond 

symbols). This hypothesis is corroborated by the clearly observed increase of 

the degree of disorder (a reduction of α) in GaN material. Alternatively to 

interpretations [52] of the B-L origin, the B-PI-L can also be attributed to the 

rather high density of dislocations, which are more resistant to the radiation 

destruction. 

The efficiency κP of a single proton generation is obtained to be 

κP=nP/NP≅1.3×107 cm-3 per proton and κPApr=40 carrier pairs per a micrometer 

of layer depth per proton. This κPApr=40 µm-1p-1 value is close to those values 

for wide-gap materials, listed in Ref. [123].  The defect production rate has 

been evaluated from the evolution of YG-PI-L reduction as a function of 

fluence (Fig. 3.26). The YG-PI-L decrease can be explained through the 

reduced excess carrier density nP=gPτrd at fixed generation rate gP   ascribed to 

invariable proton flux. This reduction of initially generated excess carrier 

density appears due to shortening of the carrier capture lifetime τrd via density 

of the radiation induced defects Nrd=1/σrdτrdvT. The Nrd density can be 
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evaluated using the typical parameters of capture cross-section σrd~10-14 cm2 

and thermal velocity vT~107 cm/s. The PI-L intensity decrease is implied to be 

observable when τrd becomes shorter than τPI-L, i.e. τrd<<τPI-L. For the non-

irradiated GaN samples, values of the instantaneous lifetime ascribed to the 

TR-L decay hint that density Nrd of radiation defects can be resolvable in the 

range of Nrd0≅2×1011 cm-3. By analyzing the reduction rate within a curve of 

changes of the YG-L peak values in Fig. 3.27, the production rate 

KP=∆Nrd/∆Φ~∆IYG-L/∆Φ of radiation defects is estimated to be KP≅ 0.6 cm−1. 

This implies that proton irradiation determines both the creation of the specific 

radiation defects with rate of KP≅ 0.6 cm-1 and the modification of the material 

structure by increasing its disorder. The latter feature can be deduced from the 

observed decrease of value of the stretched-exponent index. The degree of 

disorder determines the character of carrier diffusion and trapping, thereby 

influencing a redistribution of carrier flows through radiative and non-radiative 

decay channels.  

 

3.3.2.2. Ex-situ analysis under irradiation of different energy hadrons 

A wider range of fluences for the analysis of the variation of the 

parameters of radiative and non-radiative recombination can be covered by 

post-irradiation measurements of the photoconductivity and photo-

luminescence characteristics (Figs 3.26 and 3.27). The same waveform of C-

PC and MW-PC transients were observed (inset for Fig 3.27). This result 

implies that the dispersive transport prevails in the investigated GaN epi-layers 

irrespective of layer thickness and irradiation fluence. The in situ (diamond 

symbols) and ex situ (stars and crosses) changes of yellow-green luminescence 

(YG-L) intensity are compared in Fig 3.26.  It can also be deduced that the 

slopes of clearly distinguishable reduction for both carrier lifetime (Fig 3.27) 

and YG-L (Fig 3.26) are nearly the same in characteristics measured using in 

situ and post-irradiation regimes. Nevertheless, the threshold fluence values for 

1.6 MeV protons (diamond symbols) and for reactor neutron (crosses) as well 
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as for 24 GeV/c protons (stars) are shifted within the fluence scale. This can be 

explained through different interaction cross-sections for the penetrative 

hadrons (24 GeV/c protons and reactor neutrons) and nearly stopped ones  

(1.6 MeV protons) within GaN epi-layer depth.  

 

Summary for the chapter 

The nitrogen and nickel are the main impurities those govern the non-

radiative recombination of the excess carrier with characteristic lifetimes in the 

range of 0.4-2.4 ns. The nitrogen ascribed cross-sections of carrier capture and 

photo-ionization are obtained to be σR,N=(2–12.5)×10-18 cm2, evaluated by 

combining the measured values of lifetimes of the non-radiative 

recombination, the absorption coefficient and the concentration of the spin-

active centres. The nickel attributed cross-sections of carrier capture are 

estimated to be σR,Ni=(0.8–1.3)×10-15 cm2, as evaluated by using the measured 

values of lifetimes and the concentration of the spin-active centres. It has been 

inferred that the nickel precipitates and iron-nickel and nickel macroscopic 

inclusions can also be responsible for the rapid non-radiative recombination 

processes. However, these macroscopic defects contain low concentration.  

Profiling of the carrier lifetime, the simultaneous detection of the MW-PC and 

PL signals collected from the same excitation area,  and the results of analysis 

of the inherent MW-PC and PL decay times imply that the clustering areas 

(within wafer plane) for the nitrogen and nickel impurities coincide. However, 

the nitrogen impurities mainly act as the point defects, while nickel 

precipitation has also been clarified. Values NNi extracted from ESR spectra 

represent only a wafer volume averaged concentrations, while local 

concentrations of NNi within metal clusters can be significantly larger. The 

green-yellow PL of the rather long duration ~ 2 µs is ascribed to the action of 

the radiative recombination centres attributed to the nitrogen and nickel 

complexes. The measured PL decay lifetimes lead to the time of 1.9 µs for the 

main diffusion limited decay mode of the carriers which recombine on wafer 

surfaces. The lifetime of the diffusion limited surface recombination allows 
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estimating of the ambipolar diffusion coefficient of Da=46 cm2/s at room 

temperature for wafers of thickness ~300 µm 

The profiling of the microwave probed photoconductivity transients and of 

the time resolved photoluminescence spectra has synchronously been 

performed on the synthetic diamond wafer samples in order to clarify 

correlation of the distribution of the grown-in defects and carrier radiative and 

non-radiative recombination channels. The distribution of microscopic 

characteristics of the grown-in defects has been correlated with carrier lifetime 

and TR-PL lateral profiles as well as with ESR and FTIR spectral parameters. 

The pulsed photo-ionization spectra, those directly represent the photo-

ionization signals obtained for various diamond materials, appeared to be well 

approximated using a simple Lucovsky’s model. Additionally, the 

simultaneous measurements of carrier lifetimes using the PPI technique allow 

to control of the photo-activation/photo-neutralization of defects involved into 

photo-ionization processes. The step-like photo-ionization spectra contained up 

to seven spectral peaks for HPHT material while photo-ionization spectra for 

CVD diamond were composed of two peaks. These peaks have been attributed 

to a-C and substitutional N impurities in CVD diamond. For HPHT material, 

the photo-ionization spectral steps have been ascribed to a-C, N-vacancy and 

Ni- associated complexes. Thus, nitrogen and nickel attributed defects in 

HPHT diamond, identified by combining ESR spectroscopy, appeared to be the 

photo-active centres. 

The crystalline structure defects as vacancy and anti-site and carbon 

impurities have been discriminated in both HVPE and MOCVD GaN materials 

by photo-ionization (PPI) spectroscopy. Fe impurities induce the dominant 

deep centres in HVPE samples as identified from PPI and ESR spectra, while 

C impurities are photo-active centres in MOCVD GaN samples. Existence of 

high density of metallic impurities in semi-insulating GaN material is the main 

factor for short carrier lifetime values in the range of 2–20 ns, as determined 

from MW-PC transients examined on HVPE GaN. The O-DLTS technique, 

using continuous wave UV light illumination has been applied for 
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spectroscopy of the GaN parameters of the deep levels ascribed to 

technological defects. Five traps with thermal activation energies in the range 

from 0.15 eV to 0.54 eV have been indented from O-DLTS spectra, and these 

deep centres can be ascribed to the technological defects related to VN 

vacancies, VN-VGa complex, carbon CGa impurity and NGa anti-site. The carbon 

impurity ascribed centres seem to be involved in both photo-ionization and 

thermal emission processes. 

It has been revealed that proton irradiation induces both the creation of the 

specific radiation defects and the modification of the GaN material structure by 

increasing its disorder. The dispersive transport prevails in the investigated 

GaN epi-layers irrespective of layer thickness and irradiation fluence. The in 

situ and ex situ variations of the yellow-green luminescence intensity in GaN 

epi-layers indicate different threshold of material damage by penetrative (24 

GeV protons and reactor neutrons) and nearly-stopped (1.6 MeV protons) 

hadrons.  It can also be deduced from the slopes of parameter dependence on 

fluence that clearly distinguishable reduction for both carrier lifetime and YG-

luminescence appear at nearly the same threshold fluence measured using by in 

situ and post-irradiation regimes. 
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IV. Modelling and profiling of sensor signals 

Analysis of particle detector operation is commonly performed on the basis 

of consideration of the injected charge drift induced Ramo’s current [6, 26, 

27]. The current transients are widely examined in order to reconstruct an 

electric field distribution within the active layers of particle detectors [107, 

108]. In the heavily irradiated detectors, a sensor signal can be considerably 

modified by the injected charge trapping due to radiation defects introduced 

under long irradiation exposure of the particle detectors. Profiling of both the 

carrier recombination centres [109, 110] and the injected charge drift velocities 

[110, 112-116] can be performed by a cross-sectional scan of the 

photoconductivity and drift current transients. However, a simplified analysis 

[6, 18, 108]  of the drift current transients in detector junction structures (e.g., 

by considering only the monopolar drift of the injected charge, by using an 

average electric field integrated over all the depth of the possible drift region 

instead of the acting field, by including the carrier trapping/recombination only 

in the drift component and ignoring drift velocity changes, while the induction 

current depends on any change of charge within the inter-electrode volume, 

etc.) is usually applied for the interpreting of the detector signals. 

The most general consideration is based on Maxwell’s equations for matter. 

To describe the transient electrical characteristics in matter, the static and 

dynamic approaches exist [116]. The static theories are devoted to description 

of a drift velocity versus electric field characteristic. The common feature of 

static and quasi-steady-state approaches is a consideration of only the static 

and uniform electric fields. The most general dynamic theories deal with the 

charge transport properties under dynamic conditions when electric field varies 

in time and space.  However, in most of approaches in analysis of the 

operational features of semiconductor devices the paradigm of drift current 

description is based on consideration of the first Poisson’s equation with either 

the continuity equation or drift-diffusion current model, which actually can be 

ascribed to quasi-steady state approaches. The first Poisson’s equation 

calibrates the charge in the system, but an electric field of an injected drifting 
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charge is often ignored. Charge balancing through the changes of image charge 

leads to an appearance of electric fields varied in time and space. An example 

can be a consideration of recombination models and continuity equation, where 

necessary to precisely include the balance of charged carrier flows, of group 

velocity and of electric fields [17]. The main inconsistency of such models 

appears due to non-calibrated potential in field equations, i.e. by ignoring of 

the image charge. The main relation of electrostatics requires the unambiguous 

correlation between the charge and potential. This correlation is calibrated by 

the second Poisson’s integral including impact of the image charge, which is 

actually provided by external source. For non-calibrated consideration of the 

drift-diffusion approximation, this approach is only valid for partial 

description, - for instance, drift-diffusion can be applied for description of 

current in the transitional layers nearby the field discontinuity interfaces (e.g. 

electrodes) after rapid transitional processes of field discontinuity drift are 

finished or balanced. 

The Ramo’s derivation [26] gives an algebraic form of current expression 

obtained from the principles of simultaneous conservation of the electrostatic 

energy or reciprocity principle [27], of charge and of charge momentum (qv) 

for the complete closed circuit with fixed electrodes.  It has been proved that 

equal fields [27] superpose in modification of time varied current due to a 

drifting charge. These fields are time and drifting charge position dependent. 

Thereby Shockley-Ramo’s theory should be ascribed to dynamic models. 

Usage of Ramo’s current expression by ignoring of induction field [18, 108, 

110, 112-115] leads usually to a static model in description of drift velocity. 

In this work, the analysis of the electric field distribution due to the 

injected bipolar domain of the surface charge drifting in a fully depleted 

detector has been presented. In his chapter, the principles of analysis is briefly 

presented and addressed to interpretation of the detector current profiling, 

while detail derivation of the applicable equations for general consideration of 

sensors signals is published in article [A3]. This analysis is based on the 

consideration of transients of the induced currents in junction structures by the 
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injected charge [118]. Several regimes of the rather small charge drift and 

trapping as well as the large charge bipolar drift proceeded by ambipolar 

diffusion have been examined.  The aim of this study was to distinguish the 

role of the non-linear effects (such as possible avalanche processes nearby the 

electrodes due to strong electric field) and the inherent current profiles (due to 

the injected charge drift) which are caused by varied injection location within 

detector cross-section. The next goal of this investigation was to clarify 

whether the radiation damage of the detector material leads to the 

transformation of the device layered structure (which would be responsible for 

the redistribution of fields inside it) or this radiation damage leads to a simple 

prevailing of the capture of the injected carriers on the radiation introduced 

traps. 

Drift velocity changes in time have been considered by solving the kinetic 

equation including the drifting charge and external voltage source induced 

surface charge fields. It has been predicted in Ref. [118, A3] and shown in this 

work that the double-peak current transients can be inherent due to a transform 

of the injected charge bipolar drift to a monopolar drift regime. Thereby, 

profiles of the current density, obtained varying the charge injection position 

within a cross-section of a detector, contain a minimal current value, - within 

the current (peak value) dependence on the position of charge injection within 

detector active layer (inter-electrode space d), ascribed to a pure bipolar drift 

regime. Complementarily, duration of current transient pulses varies due to 

different charge domain transit time attributed to the bipolar and monopolar 

drift components, respectively. 

 

4.1. Description of transient signals for profiling of sensor current 

The analysis of the injected charge (q) domain drift current (ICDC) 

transients has been performed on the basis of the charge, the charge 

momentum (qvdr i.e. drift current continuity i=qvdrS/d with an instantaneous 

drift velocity vdr) and energy conservation [118]. The consideration has been 

made by analyzing surface charge vectors, similar to field analysis using 
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surface charges in Ref. [119] (Fig. 4.1.(c)) of the injected charge q with 

Eq=nqq/εε0 and of the surface charge σ on electrode with Eσ=nσσ/εε0 ascribed 

to the external voltage (U) source (qC=CgU) modified by the electrostatic 

induction (due to the injected charge). Here, q, qC and σ denote the surface 

charge density; ε and ε0 is the material and vacuum permittivity, respectively; 

n is a vector of the normal to a single-side surface of the drifting surface 

charge domain; Cg is the geometrical capacitance of the system attributed to a 

unite of its area. The grounded circuit (with zero charge and potential on the 

grounded electrode [163]) and velocity vectors of allowed directions of motion 

for the definite polarity of charge (under the electrostatic field) are considered; 

therefore, the single-side surfaces are important. Details are published in our 

article [A3]. The finite area S electrode system is considered at assumption 

S
1/2>>d relative to an inter-electrode spacing d. Then, drift of the injected q 

charge can be described through the changes in time t of its dimensionless 

position ψ(t)=Xq(t)/d, within a scalar representation. Here, Xq is the 

instantaneous position of surface charge domain. The generalized distance until 

the end of drift ψq
* for the domain, can also be defined through this 

instantaneous position: e.g., ψh=Xh/d=ψh for holes and ψe
*
=1-(Xq,e/d) =1-ψe 

for electrons, respectively, within the accepted coordinates. Introduction of the 

dimensionless instantaneous position and the distance to drift, leads to the 

immediate transform of the equations for the drift velocity field and current 

density. The current density is considered as the σ charge changes in time 

domain. Then, solutions of these equations are represented by the characteristic 

times: the τMq=εε0d/µq of the dielectric relaxation of a drifting charge which 

characterizes a capability of the injected charge (for instance, electrons, -q), 

localized at the initial coordinate, to induce surface charge (+q) on the high 

potential electrode through an electric displacement field; the characteristic 

time τTOF=d
2
/µU of the carrier free flight through a spacing d with the initial 

velocity acquired at opposite electrode due to the acting voltage U, - both τMq 

and τTOF vary due to changes of the  injected charge position and acting voltage 
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drop during a drift within the inter-electrode space with voltage source field; 

and the material dielectric relaxation time τM,NDef=εε0/µeND,ef at an assumption 

the effective dopant density ND,ef=n0 is in accordance with equilibrium carrier 

density n0. Here, µ is the mobility of the definite type carriers. The equality of 

these τTOF=τMq which are the characteristic times of action and reaction, 

respectively, implies a consequence of the electrostatic approach. 

On the basis of the assumptions discussed (details can be found in Ref. 

[A3]), the current density (for a drift of the electron monopolar domain) and 

drift velocity (rate) field is described in the scalar form as [118]: 

dt
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and  
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respectively. It can be noticed that expression (Eq. 4.1) for the current density 

coincides with that Ramo’s derived. The kinetic equation (Eq. 4.2) for the drift 

rate should satisfy the boundary conditions for the drift time tdr, as:  

dreee ttfortfor ==== 1;00 ψψψ .                         (4.3) 

The solution of the Eq. (4.2) with boundary conditions Eq.(4.3) yields:   
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and 
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Representation of these solutions for τMq=τM,NDef and τMq<τM,NDef can be 

found in [118 and A3]. It can be noticed in Eq.(4.4) that neither drift velocity 

nor acceleration is constant for the electrostatic induction moderated drift 

during 0≤ t ≤tdr. However, in the case of τMq=τM,NDef, the dimensionless position 

ψe(t) increases linearly with t in the range of 0≤t≤ tdr, which is directly 

determined by τTOF and τM,NDef. 

The τMq depends on the surface density q of a drifting domain. This 

drifting surface charge also acts as a voltage sharing element. Therefore, τTOF 

should also be rearranged including the acting voltage UC, if a small surface 

density q charge drifts (e.g. for the initial instant σ=qC>>q). The acting 

voltage can be evaluated from the energy conservation for the one-dimensional 

drift as 

Ce
e

eSeq Uqd
dt

d
nm =2)(

ψ
 .                                (4.6) 

Here, meq is the effective mass of the elementary charge carrier, neS=N/S is the 

surface density of N carriers within a drifting domain. 
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Fig. 4.1. Sketch of the electrical (a) and optical (b) measurement schemes 
(zoom). (c) – instantaneous field distribution for bipolar charge drift. Symbols 
denote as follows: Xe, h is the instantaneous position of the drifting one-sided 
surface charge domain of the electrons (–qe) or holes (qh) (with normal vectors 
ne and nh), respectively; E1 = Eqh + Eσ + ENDX is the electric field caused by the 
superposition of the hole charge (qh) domain, the surface  (of an area S) charge 
(+σ , with a normal vector nσ) on the high potential electrode and the local 
surface charge introduced to represent the electric field at x created by a bar (of 
a width (d-x)) of the bulk ion charge (with a normal vector neNDX); E2 = Eqe + 
Eσ + ENDX is the electric field caused by the superposition of the electron 
charge (–qe) domain, the surface charge (+σ) and the local surface charge of the 
ion bar; E3 = Eσ + ENDX is the superposition of field between the electron and 
hole domains and the surface charge of the ion bar, -an arrow at ENDX shows a 
direction of ENDX field not its value; ve,h is the instantaneous velocity vector of 
a drift of the surface charge domain –qe or qh, respectively; d is the inter-
electrode distance; ε and ε0 are the material and vacuum dielectric permittivity, 
respectively; k0 is the unit ortho-vector in the uni-directional coordinate 
system; ψh and ψe are the dimensionless, normalized positions of the drifting 
hole or electron domains, respectively. 
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The three-dimensional drift should be considered due to boundary effects 

appeared through the small charge and the small geometrical measures of the 

injected charge domain. Then, the current is changed not only due to the 

domain drift, but also by the carrier diffusion within directions, perpendicular 

(y, z) to a drift (x) direction (due to the sharp gradients of density caused by 

finite electrode can be ignored within the first either small density or small 

diameter of an excitation spot).  

The boundary effects on a order approximation at accepted assumption of 

S
1/2>>d, φ. Carrier diffusion processes for a fixed width φ of an injection spot 

can be approximated by a solution of the two-boundary diffusion task [110], 

represented as 
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 (4.7) 

and expressed through the spatial frequencies of the ηy,z obtained from the 

solutions of the transcendental equations of the type 

s

D
ctg

η
ηφ =)( .                                      (4.8) 

Here, D is the diffusion coefficient of carriers, A denotes the norm-coefficients, 

ϕ denotes the phase shifts, the spatial frequency ηy,z modes (sinηyy) are 

considered (in analogy with frequency in time domain (sinωt)) for the task of 

surface recombination velocity s=D/LD, which (s) can be related to Debye 

length LD. 

Another peculiarity in solution of the drift rate equations appears if carrier 

capture processes are significant. The charge density change in time can be 

approximated by q(t)=q0exp(-t/τC), which leads to τMq(t)=τMq0exp(t/τC), 

τM,NDef(t)=τM,NDef0exp(t/τC) and re-arrangement of equations of the type Eqs. 

(4.1 and 4.2) to such as 
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These equations can only be solved numerically, in the general case. However, 

for the τC<<τTOF, the carrier capture component prevails within these 

equations. 

The bipolar charge initial injection causes the next peculiarity in the 

analysis of the recorded waveforms of the current transients. This injected 

neutral domain is separated into electron (qe) and hole (qh) sub-domains under 

the diffusion and external voltage source field (qC) action. These domains drift 

in the opposite directions, while diffusion in these (along x axis) directions can 

be ignored if applied voltage is sufficient (i.e. qc>>q). The current density 

module for the bipolar drift is expressed by 

                                  )(
dt

d

dt
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d
j hehe
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ψψσ
+== − ,                                    (4.10) 

at the same assumptions, as in derivation of Eq. (4.1). The electrostatic 

induction (as |q|=|qe|=|qh|) is then correlated in time (τb) for the bipolar drift 

process, if carrier capture can be ignored. The bipolar drift rate equations can 

be represented as: 
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or 
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The regime (described by Eq. 4.11A) of pure bipolar drift, for the synchronous 

existence of both type carriers within the entire inter-electrode spacing, can 
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only be realized for a single definite point of the bipolar charge domain 

injection ψ0. While mixed the bipolar processes appear when bipolar drift 

(within current pulse) changes to either a monopolar drift of electrons’ domain 

(described by Eq. 4.11B) after holes reach a grounded electrode or it becomes 

a monopolar drift of holes domain (expressed by Eq. 4.11C) after electrons 

reach the high potential electrode. Such a consideration can be understood for a 

moving system of coordinates: one of sub-domains drifts in a system which 

beginning is shifted by the charge domain drifting in the opposite direction. 

The entire velocity of such a drift is a sum of velocities of the sub-domains. 

Solutions obtained (e.g. for Eq. (4.11B)) in time domain τb are as follows: 
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These solutions satisfy the boundary conditions: 
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Here, ψe
*0

 serves as the start position for the monopolar drift of the electrons 

domain, just during an instant of the domain of holes disappearing at a 

grounded electrode. The time τbB of the initial bipolar drift is obtained by 

integrating the expression for drift velocity (using Eqs. 4.11, 4.12 and 4.13) as: 
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For the proceeded monopolar drift of electrons with ψe
*0 as an initial position, 

the current density, in the case of the mixed regime (Eq. 4.11B), is expressed 

by using solution Eq.(4.1) as 
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Here, the step-like change of field and current density would be obtained for an 

instant of holes arrival to the grounded electrode. To validate the charge, 

charge momentum, and energy conservation, the coordinate transform should 

be performed, to stitch solutions obtained in the moving (τbB time domain) 

system to that obtained (Eq. 4.1) for a still system of coordinates. This 

transform should include the charge induction on the electrodes, the drift 

velocity conservation and the coordinate relations, which can be represented 

as: 
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These transforms relate the “new” ψ+ still system for the proceeded monopolar 

drift analysis, after the charge induction procedure is accounted for and 

velocities are matched. The entire duration τP of the current pulse contains both 

phases: 

monebBPt ,ττ += ,              (4.17) 

of the bipolar (τbB) and monopolar (τe, mon) drift of electrons. The identical 

procedures, similar to those illustrated through Eqs. (4.12-4.16) for the case of 

the mixed drift with the initial bipolar drift during a hole sub-domain drift time 

(regime defined by Eq. 4.11B), should be performed in profiling of current 

transients. All the possible mixed drift regimes (Eqs. 4.11A-4.11C) appear 

using the scan of the initial injection location. 
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For the mixed drift regime, the transformation of coordinates from moving 

one to the laboratory system is necessary (Eqs. (4.16)). Then, the kinetic 

equation of type Eq. (4.2), derived for the monopolar drift in laboratory system 

of coordinates with zero initial velocity, should be transformed including Eqs. 

(4.16). There, continuity of current, equivalent to the charge momentum 

conservation q(vh,b+ve,b)=qve,mon for the instant of hole arrival to an electrode, 

and a non-zero initial velocity should be included.  In the general case, the one-

dimensional approach becomes invalid for the drift current rigorous analysis. 

Nevertheless, the approximation of the one-dimensional drift can be obtained 

through replacing the coefficients (ratios of characteristic times) Re=τMq,e/τTOF,e 

and RNDef,e=τMq,e/τM,NDef in the re-arranged Eq. (4.2) using Eqs. (4.16) by 

Ref,e=(τMq,e/τTOF,e)(UC,ef,e/(U+UFD)) and Ref,NDef,e=(τMq,e/τM,NDef)(UC,ef,e/(U+UFD)) 

using the approximation UC,ef,e=1.225qed(ψe
*0

)
1/2

/εε0 for electrons. 

Analogically, in the re-arranged equation for hole monopolar drift, ratios of Rh 

and RNDef,h are approximated by Ref,h=(τMq,h/τTOF,h)(UC,ef,h/(U-UFD)) and 

Ref,NDef,h=(τMq,h/τM,NDef)(UC,ef,h/(U-UFD)) using UC,ef,h=1.995qhd(ψh
*0)1/3

/εε0. 

These corrections should be made to account for the acting voltage UC which 

changes with instantaneous position of drifting domain. The numerical 

coefficients in approximations of the UC,ef have been evaluated by simulations 

of the continuity of the drift velocity and the current. In capacitor type 

detectors, these coefficients (being of values in the range of 1.15–1.25) 

represent nearly equal distribution of the kinetic energy between the degrees of 

freedom in three-dimensional motion, while, in the junction detector, the 

coordinate dependent field distribution introduces the asymmetry in the drift 

velocity dependence on the instantaneous position of the drifting charge. 

Signal registration circuit (namely, load resistor RL) inevitably transforms 

transient shape due to voltage on detector changes depending on current value 

within circuit. In more general case, the transients are described by solutions of 

the differential equation with variable coefficients, derived as 
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This leads to a non-linear differential equation 
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which should be solved by using the relevant initial conditions. 

The changes of the injected charge domain drift current (ICDC) 

transients, simulated by using model sketched within Eqs. (4.1)–(4.19) and 

varying the initial injection point ψ0, are represented in Figs. 4.2 and 4.3. 

It can be deduced from Fig. 4.2, that the suitable injection location ψ0 for 

the pure bipolar drift depends on the injected charge density and the ratio of 

carrier mobilities. Simulated profiling of ICDC transients in Fig. 4.3 implies 

that the initial current peak increases with approach of the injection point 

towards electrodes. This can be explained by a shortening of the bipolar drift 

duration. The current changes during the bipolar drift stage also show (Fig. 

4.3) that sub-domains of the drifting holes and electrons interact via the 

induced charges on electrodes (mediated through a voltage source).  

Therefore, the ICDC pulse duration increases and a peak amplitude falls 

down with approach of the injection location to the mid of the inter-electrode 

spacing. This can be explained by the changes of the instantaneous electric 

field, ascribed to the injected/drifting charges.  Thereby an increase of pulse 

duration (for the injection location which satisfies the pure bipolar drift) can 

also be understood at an assumption that the amount of drifting charge and 

charge collection efficiency are invariable. 
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Fig. 4.2. Possible injection location for the pure bipolar drift as a function of 
the density of the injected charge domain, at condition U>>UFD, for different 
ratios of carrier mobilities and for fixed other parameters, [A9]. 

 

Fig. 4.3. Simulated profiling of the ICDC transients due to the injected charge 

(3.5×10-12 C/cm2) domain in 300 µm thick n-type conductivity base for U=100 
V applied voltage, [A9]. 

In the analysis of the avalanche effects, the kinetic energy of carriers 

mvx
2/2≥Eg (with qUC replaced by Eg the forbidden energy gap in Eq. (4.6)) 

determines the threshold energy for the gain of current. This gain process can 

be accounted for by introducing the additional generation function f(t) into 

equations Eq. (4.1) and (4.9) by q replacing as q(t)=q0(1+f(t)).  
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4.2. Analysis of multiplication factor 

Multiplication factor M(x), evaluated as the amount of carrier pair increase 

due to impact ionization, when a carrier, initially located at x and possessing 

the sufficient kinetic energy to excite the impact ionization, initiates the 

cascade multiplication process along its drift trajectory. Multiplication factor is 

the most important parameter in analysis of the efficiency of the internal gain, 

as it determines the possible internal amplification and the excess noise factor. 

Therefore, the multiplication factor M(x) is initially considered similarly to 

well-known Mc Intyre‘s model [164-167] and applied for analysis of 

semiconductor devices [168-170].  It is assumed that a single carrier M(x)=1 is 

initially generated at location x within device depth w, and the multiplication of 

additional pairs appears in the interval 0≤x’<x <x”≤ w due to impact ionization 

with coefficients of α and β (in cm−1) for electrons and holes, respectively. 

Let’s assume, that holes move a distance x’ to the left relative to initial location 

x while electrons drift to the right from x, using a circuit similar to that 

analyzed in [171]. Such a drift with multiplication is described by a differential 

equation for different segments of hole and electron drift as 
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including the directions of motion. This equation in segments should satisfy the 

boundary (initial, t=0) condition M(x, x’)=1 for x’≡x. Solution of Eq. (1) with 

boundary leads to expressions for each segment  
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Integrating Eq. (4.20) over the entire range of 0<x<w (for a fixed initial 

location x of a pair), ones obtain 

∫ ∫+−+=
x w

x

xdxMxdxMxM
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)"()"()'()'(1)( αβ .                                    (4.22)  
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This equation coincides with that considered within wide-spread models 

[164-170]. Inserting solutions Eq.(4.2.) into Eq. (4.22) for the relevant 

segments, Eq. (4.22) is re-arranged as 

1]
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with boundary values of M(0)=exp(αw), M(w)=exp(βw) and M(x)=1. The 

obtained Eq.(4.23) indicates that a finite multiplication factor is only possible 

for the finite width w. Expression for M(x) (Eq. 4.23) appears to be different 

from the routine McIntires’ model (with infinite M(x) value under a single 

impact ionization event), while it is close (has and exp-function form) to 

multiplication expression derived in Townsend [172] avalanche model. 

The pure bipolar drift and multiplication lead to charge collection at 

electrodes of a set of generations (cascades) of carriers appeared due to impact 

ionization. Eq. (4.23) represents multiplication obtained for the first generation 

M(x,1) of multiplied carriers determined by drift of holes and electrons in 

opposite directions from the initial point x within external field, sufficient for 

impact ionization. Only single type of carriers (holes or electrons) is collected 

at relevant electrode. Other counter-partner (for instance, electron, if holes are 

collected at x=0) of each multiplied pair is separated by diffusion and moves 

from this electrode and initiates the next generation (cascade) of carrier 

multiplication. For symmetric pure bipolar process (α≡β, x=xh≡(w-xh)e, vh=ve), 

electrons with initial (at x=0) quantity eβx-1 generate pairs (during the transit 

time τtr≅xh/ve), and the enhanced quantity of pairs reaches (at x’=x) value 

N2,x=∫0
xα(e

βx’−1)dx’. The holes of these N2,x pairs during the time t interval 

τtr<t≤2τtr generate the second set of collected charge Mh(x,2)=∫0
xβ N2,x dx’. By 

considering the same process within (w-xh)e path of electron multiplication, the 

same Me(x,2) value is obtained. The total quantity of the carriers, attributed to 

the second generation, is M(x,2)=2[eαx-1-αx-(αx)2/2]. By continuing analysis 

of the next generations of carriers (multiplication cascades) the multiplication 

factor for each generation n is derived as  



100 

 

1]
!

)(
[2),(

22

0
+∑

α
−=

−

=

α n

m

m
x

m

x
enxM          (4.24) 

for the symmetric pure bipolar drift and multiplication process (α≡β, x=xh≡(w-

xh)e, vh=ve). The cumbersome expressions are obtained for the asymmetric 

bipolar drift (τtr,b≅xh/vh≅(w-xh)/ve) with properly adjusted coefficients α and β. 

In general case of mixed (bipolar proceeded by monopolar) drift regime, the 

re-calibration of charge on electrodes should be included [171]. The cascade 

multiplication model predicts a delayed current transient relative to a single 

transit time process. Here, charge collection gain is obtained as a current 

integral over increased pulse duration when current is held nearly invariable 

due to sustained multiplication of carrier pairs. The multiplication factor can be 

expressed as a ratio of areas beneath the current variation curves over a current 

pulse, obtained with and without multiplication. The completely inelastic 

process of carrier pair excess generation is assumed in the cascade 

multiplication model where drifting carriers transfer their kinetic energy 

(acquired from the accelerating electric field created by an external voltage 

source) into the impact ionization energy. Here it is also assumed that the 

external source is able to support the invariable voltage on electrodes 

irrespective of the increased current due to carrier multiplication. Thus, the 

capacity of the external voltage source is an external limiting factor, while the 

high electric field (sufficient to support the prevailing impact ionization at the 

end of the injected, non-equilibrium carrier acceleration over its mean free 

path, – “dead length” [173, 174]) is the internal condition for cascade 

multiplication (leading to a non-local field model [175]). Then the 

consideration using electrodynamics can be applied to estimate 

deterministically the required carrier acceleration. Therefore, the cascade 

multiplication, dynamic model predicts different expression of the 

multiplication factor relative to that of traditional [164-170] models, based on 

steady-state statistical consideration. The latter models can be attributed to the 

asymptotic ones, where multiplication region is assumed to be very long, 
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”what is equivalent that number of ionizing collisions per primary carrier 

transit is infinite” [176]. 

 

4.3. Modelling of current transients with carrier multiplication 

In particle detectors, reduction of carrier lifetime due to radiation defects 

should be compensated (at least) by proper multiplication M(w) >2. Both 

parameters, carrier pair multiplication factor M(x) and carrier lifetimeτ, lead to 

a change of carrier drift velocity v=w(dψ/dt) with variation of the 

dimensionless position ψ=x/w due to carrier drift. For instance, changes of a 

velocity of drifting electrons (using the dynamic consideration, e.g. similarly to 

[171]) caused by impact ionization with <M(x)>=m and carrier trapping with τ 

are described by solution of differential equation 
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                                 (4.25) 

with boundary conditions ψ=ψ0 for t=0 and ψ=1 for t=τtr. Here, τtr denotes the 

transit time of a drifting charge of surface density q=(eR/S) with characteristic 

times of free flight τTOF=w
2
/µUw and of dielectric relaxation τMq,0=εε0w/µqe, 

respectively, over the definite distance w. Other symbols represent: Uw is the 

applied on w voltage drop, µ≈(e/me)τtr is the mobility of electrons, me and e is 

the electron mass and elementary charge, respectively; ε0 and ε is the dielectric 

permittivity of vacuum and of the material filling the inter-electrode gap, 

respectively; S is the area of electrode surface, R is the quantity of injected 

pairs. It can be deduced from Eq.(4.25) that drift velocity depends on 

dimensionless position ψ of moving charge (due to a change of Coulomb force 

with distance). Actually, due to different mobilities of holes and electrons, 

different acting electric fields and velocities appear for holes and electrons. For 

the pure bipolar drift (Eqs. (4.22-4.24)), the synchronous arrival of electrons 

and holes to opposite electrodes is held by making drift of electrons and holes 

with invariable velocity [171]. Thus, to keep the same transit time τw 

(τw=x/w(dψh/dt)=(w−x)/w(dψe/dt)), the coordinate and field dependent ratios 
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of the impact ionization coefficients α(E,x)/β(E,x)=x/(w-x) should appear. 

Really, an event of impact ionization would appear for simultaneous matching 

of energy and momentum conservation (mv
2/2=2.3εG+0.7 (eV) [3], 

mv=hk(ε)+hκph). The expressions in the latter parenthesis are written using 

relation for phonon assisted process in material with forbidden energy gap εG 

defined in eV [55, 177] and drift momentum related to quasi-momentum and 

the energy band spectrum k(ε) [55, 177]. Actually, to satisfy energy and 

momentum conservation for varied acting electric field E(ψ) the spectrum κph 

of the needed phonon filled states should be rather wide. This depends 

considerably on lattice temperature. For the mixed drift regime, when electrons 

and holes arrive to electrodes at different time instants, consideration becomes 

more complicated [171]. Assuming here that conditions for pure bipolar drift 

are held, every carrier pair carries an elementary charge under arrival to 

electrodes, and there appear the collected charge QM=e<M|α,β> and current i= 

QM/τtr. Variations of the acting electric field E(ψ(t)) in time and as a function 

of dimensionless position ψ(t) can be determined using the dynamic approach 

[171].  

The dynamic model, including charge induction on electrodes and drift 

velocity (Eq. (4.25)) changes dependent on drifting charge amount, applied to 

analysis of cascade processes with multiplication and carrier capture, should 

take into account scattering of the injected carriers. Impact ionisation can then 

be considered as a scattering process with varied carrier pair quantity. The 

scattering dependent parameters, such as carrier mobility, determined for 

steady-state conditions, can be employed for the first iteration. The drift 

velocity can alternatively be considered based on solutions obtained for 

vacuum capacitor. There, a free mean path λ can be assumed to be a 

characteristic drift distance, i.e. w=λ and with characteristic relaxation times 

τTOF,λ, τM,λ. The free mean path λ can then be estimated statistically by using 

Chynoweth’s law [168-170] for the coefficients of impact ionization, - as 

λ(E)=α∞
−1exp(Ethr/E), which leads to shortening of λ with enhancement of 
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acting field E.   The acting voltage over a free path before impact ionization, as 

Uλ, is defined by Uλ= ∫X
X+λ

E(t,Xλ)dXλ, which depends on the amount of a 

drifting charge and its instantaneous position.  The current transient then is 

comprised of fragments of the injected charge drift over a set of η =w/λ of free 

paths. Really, the scattering process with the shortest free mean path λsi should 

be assumed as the prevailing one: 1/λ=1/λsi+Σi-11/λi≈1/λsi, if different 

scattering processes can be assumed as acting in parallel. 

To evaluate the possibility and the main regimes to compensate 

recombination through radiation defects (with carrier lifetime τ)  by impact 

ionization M(x,n) (with free mean path λsi), the simplified assumptions are 

made: i)  the applied voltage U is sufficient to initiate the impact ionization 

determined by inequality (m/2)[{eτtr,λ(d/λ)/m}(U/d)]2
>2.3εG+0.7; ii) the pure 

bipolar drift of carriers takes place, where single pair carries an elementary 

charge of electron under simultaneous arrival of hole and electron to opposite 

electrodes, separated by a distance d, i.e. 

 

,                                  (4.26) 

 

and the total current ascribed to a single pair drift is obtained 
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The current generated by pure bipolar drift always exceeds that of the 

monopolar one due to the shorter transit time, irrespective of that carried 

charge is the same; iii) the pure bipolar drift regime determines the invariable 

drift velocity [171]; iv) the pure bipolar drift regime justifies derivation of Eqs. 

(4.22-4.24) (with initial bipolar charge injection) and application of 

multiplication factor M(x,n) expressions.  

Current variations in time due to collection of each generation n (cascade) 

of multiplied carrier pairs is obtained by assuming that xh=vht for 
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and using expressions of cascade multiplication M(tn,n), Eq. (4.24). Here, 

qS=eR is the charge carried by the initially (at x, t=0) injected R pairs, 

t=tn+Σp=0
n−1

pτtr is the running time. The pure bipolar drift regime can be held 

by varied instantaneous values of coefficients α and β of the impact ionization 

dependent on acting field and instantaneous location of drifting charges. 

Diffusion within a narrow domain of the injected carrier pairs is included using 

the time dependent solutions of diffusion problem in a finite thickness region 

[115, 151].  Ambipolar diffusion is there characterized by the decay time 

τDn=1/Dζn
2 with spatial frequency ζn of the main decay mode ascribed to a 

spatial width δ of the injected domain and including its broadening during each 

tn of multiplication cascade. 

Using assumptions i)-iv) and dynamic model based on Shockley-Ramo’s 

theorem [26, 27], the simplified simulation algorithm for emulation of impact 

ionization attributed to the first generation carrier pairs can be made employing 

equal free mean paths λii, attributed to the impact ionization, at the end of 

which quantity of pairs is doubled with m=<M(x)>|λii, leading to η=d/λii 

segments of double multiplication of pairs. Then, the transit time τtr,λii is 

estimated for each segment of double multiplication, including of Ramo’s 

current dependence on carrier density and location of each segment within 

inter-electrode gap. The complete transit (with multiplication) time τtr,Σ,e is a 

sum τtr,Σ,e =Σλiiτtr,λii,e of transit times over drift segments for either electrons or 

holes. Competition of recombination (τ) and multiplication m=M(t,n) in 

Eq.(4.24) is accounted for in modification of drift velocity Eq.(4.25) within 

each segment by a sum of quantities (-τtr,λii/τ)+M(τtr,λii,1)≥1. Additionally, 

dependence of acting field on the amount of drifting charge (eRηe<M(x)>|λii) 

with approach of x (or (w-x)) to electrode is included, according to dynamic 

model [171], - in other words, shortening of τMq (e.g., in Eq.(4.25)) with 

increase of the amount of drifting charge is taken into account. Simultaneously, 
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scattering leads to the three-dimensional drift regime, which makes the 

increased τTOF (in Eq. (4.25)), where τTOF is dependent on time and on drifting 

charge parameters. Multiplication process is additionally limited by the amount 

of the multiplied drifting charge: eM(t,n)≤QB=CU, i.e. it cannot exceed the 

charge QB supplied by battery of voltage U to a device of capacitance C. For 

large multiplication, the increased charge eM(t,n)≈QB of free drifting carriers 

will screen (via electrostatic induction) the externally created charge QB on 

electrodes. Then, the current changes are determined by charge collected at 

electrodes, brought by diffusion.  

Variations of current transients in capacitor type detector, simulated using 

the discussed assumptions and dynamic models with a set of parameters for 

GaN filled capacitor-type detector of inter-electrode gap w=5 µm, are 

illustrated in Figs. 4.4a and 4.4b. The results of simulations, illustrated in 

Fig.4.4, have been obtained neglecting the load resistance, i.e. keeping zero the 

load and battery internal resistances (rL,B=0). The capacitor and PIN (with thin 

I-layer) type devices made of wide-gap materials show the similar 

characteristics when operating in particle detector regime [178, 179]. 

Therefore, illustration of evolution of detector transients in Fig. 4.4 enables 

ones to compare the capacitor as well as PIN detector characteristics and to 

clarify the main differences in using of the dynamic and steady-state 

approaches. 

The simulated current evolution in time during the first generation segment 

of multiplied carriers is illustrated in Fig. 4.4a varying values of τ of 

recombination lifetime. For rather long recombination lifetime, increase of 

current is the fastest. The charge amount increases with time (due to 

multiplication caused by approach of drifting charge to electrode) and 

determines enhancement of acting field according to Coulomb law. These 

factors, - the nearly exponential increase of carrier quantity due to 

multiplication and of their velocity, lead to a sharp increase of current with 

time. However, for the large multiplication, the increased charge of free 
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drifting carriers will screen the externally created charge (due to applied 

external voltage) on electrodes. The current value limited by (screening) 

diffusion is sketched by a horizontal line in Fig. 4.4a.  

 

 
Fig. 4.4. Comparison of simulated current transients for capacitor-type detector 
of GaN. a- The initial component (of the first generation multiplied carrier 
pairs) of current transients, simulated using the described dynamic model with 
parameters: S= 10-4 cm2, <M(x,1)>λ=2, d=5 µm, U=40 V at initial amount of 
injected pairs R= 10 and varying recombination lifetime: 1 – τ=20 ps, 2 - 2 ps, 
3 - 1 ps, 4 - 0.5 ps. b- Current transients including the higher generations of 
multiplied carrier pairs simulated using Eq.(9) with parameters D=2cm2/s, 
δ=0.5µm, d=5µm, v=106cm/s, α=8000 cm-1  and carrier lifetimes 1- τ=τD=∞, 
2-τ=1 ns, 3-τ=300 ps; 4-20 ps, solid – (5) curve represents the current transient 
for pure bipolar drift without multiplication [A3]. 

 

The current transients consisting of a set of 6 generations (cascades denoted 

by dot circles and Roman ciphers) in multiplication sequence are illustrated in 

Fig. 4.4b. These transients have been simulated by using Eq. (4.28). The 

largest current appears for the first generation pairs due to the shortest transit 

time (where transit times of the counter-partners e and h coincide with carrier 

transit time without multiplication).  Multiplied pairs of the second and the 

higher generations (Fig. 4.41b) run the longer paths than those for the first 

generation ones and consequently appear at the later instants of running time t. 

These pairs are responsible for the decreasing current variation in time after the 

current peak formed by the first generation pairs. The recombination 

consequently makes the most important influence by reducing current values 

within the rearward phase of a current pulse due to increase of transit time 
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(exp(−t2/τ)>exp(−t3/τ>…). Nevertheless, the cascade multiplication processes 

determine the rather long tail of current decrease (relaxation) after the peak of 

current caused by first generation carrier transit. Reduction of carrier 

recombination lifetime significantly shortens this relaxation component in 

current transient (Fig. 4.4b). The current pulse of the multiplied charge drift 

appears to be significantly longer than the charge drift current without 

multiplication, – Fig. 4.4b (for comparison shown this nearly square-shape 

pulse simulated at applied voltage slightly below the multiplication threshold). 

The multiplication regime enables ones to increase significantly the collected 

charge relative to that of the current integral (area of a square-shape pulse) 

determined by pure bipolar drift without multiplication. Moreover, the delayed 

relaxation of current pulse over multiplication processes of higher generations 

overwhelms the time scale from picoseconds to nanoseconds. It is a proper 

time range in usage of particle detectors in measurements with shaping time of 

several nanoseconds. The waveforms of current transients are additionally 

dependent on the measurement circuit elements, due to voltage drop i(t)rL 

within load resistor and current rise delay (τrC) within an external circuit [171]. 

 

4.4. Experimental profiling of sensor current transients  

Particle pad-detectors (fabricated from n- type CZ (Czochralski grown) Si 

supplied by Okmetic Ltd) non-irradiated and irradiated with reactor neutrons to 

fluences in the range of Φ=1014-3×1014 n/cm2 were examined. The detectors 

with (p+-n-n+) diode structure had an active area of 5×5 mm2 which was 

surrounded by 16 floating guard rings. The diode base material had dopant 

density of about 1012 cm-3 and base thickness 300 µm. A more detailed 

description of the detector structure is provided in Refs. [120,121].  To avoid 

boundary effects due to a field and current density distortions at narrow 

electrode and to keep d<<S
1/2 for a detector with inter-electrode spacing d and 

a finite area S electrode, the diode was cut in halves, and a sawing boundary 

was polished by preparing a surface of the optical quality. For the evaluation of 

the cut boundary surface passivation by HF has been applied. The tentative 
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experiments were made by comparing current transients on non-cut and both 

passivated and non-passivated cut samples. In the last case, measurements 

were performed rapidly to fit a rather short duration of surface passivation with 

HF. However, steady-state surface leakage current seems to play the 

insignificant role within short duration transients, separated by a capacitor on 

the input of an oscilloscope. 

The sample was mounted on a strip line (implemented by printing circuit 

board) with the polished boundary oriented perpendicularly to a focused 

scanning laser beam, Fig. 4.1. The strip-line with a mounted sample was 

connected to an external circuit using the high-frequency SMA sockets. 

Measurement circuit contains a diode connected in series with a reverse bias 

voltage source and a 10 Ω load resistor, Fig. 4.1a. An amplifier was employed 

for measurements of weak signals, when necessary. The measurement circuit 

time RC constant is 175 ps. The current transient pulse, generated by an 

excitation light pulse, is registered on a load resistor (and pre-amplified if 

necessary) by using closed input of the 1 GHz band, a real time oscilloscope 

TDS-5104. The calibration measurements of the strip line with sample showed 

the time resolution of 290 ps when using a 10 Ω load resistor while it was not 

better than 700 ps for a 50 Ω load. These calibration tests were performed by 

analyzing the rise to peak of the photo-voltage signal generated by a short laser 

pulse. The sample holder with circuit connectors was mounted on a step-

actuator driven 3D stage. Boundary scans had been performed at room 

temperature by movements (with precision of 2.5 µm) of the sample relative to 

a pulsed (400 ps) laser beam (Fig. 4.1b).  

The uncertainty concerning the laser beam propagation within bulk of the 

detector can appear if: i) the scanned volume can act as a waveguide; ii) an 

outspread of a sharply focused beam is possible; iii) a diffusive broadening of 

the injected carrier domain can be important if a dimension of any electrode is 

comparable with that of a beam. The strongly absorbed (in Si) light of 532 nm 

wavelength with a penetration depth of <2 µm was employed in order to avoid 
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these uncertainties, Fig. 4.1b.  An excitation spot was either of φ=6 or 25 µm 

diameter at a waist of a focused Gaussian laser beam. The caustic of the 

distribution of focused Gaussian laser beam has been simulated using the 

WinLase software [180]. A profile of the focused laser beam has been 

examined experimentally by employing common techniques, e.g. Refs. [171, 

181], in laser physics: both knife-edge and laser beam profiler (Coherent: Laser 

Cam-HR and Chameleon: CMLN-13521-CS), placed at the location of studied 

sample boundary. The surface density (≤107 cm-2) of the light injected carriers 

has been evaluated by measurements of light energy per pulse and using 

calibration of the attenuator as well as a waist diameter of the laser beam. 

Really, the smallest surface density is limited by sensitivity of the 

measurement system with a suitable signal amplifier. The impact of surface 

passivation of the freshly prepared boundary has been estimated by comparison 

of the transients measured by using parallel (direction of the impinging 

excitation beam is the same as the applied electric field) and perpendicular 

orientations between the laser beam and electric field before and after cutting 

of a diode.  The diffusive outspread (with carrier diffusion coefficient D~10 -

30 cm2/s and the drift current pulse duration of τP~1–30 ns) is ∇=(2DτP)1/2, 

which is in the range of 2.5 to 25 µm and is not larger than a laser beam spot 

dimension. 

 
Fig.4.5. The ICDC transients measured in the non-irradiated Si pin diode (with 
300 µm thick n-type conductivity base of ~1012 cm-3 dopant density) as a 
function of the injection location and for the rather small, - q/qC =q/CgU≅10-3 
for U=100 V applied voltage (a) and rather large, - q/qC ≅10, (b) density of the 
injected charge for U=11 V applied voltage [A9]. 
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Variations of the injected charge domain drift current transients with 

X0=ψ0d for the small (top panel) and large (bottom panel) injected charge are 

illustrated in Fig. 4.5, as measured on the non-irradiated Si pin diode. 

As can be deduced from Fig. 4.5(a), the profile of the initial current peak 

qualitatively agrees well with the simulated one in Fig. 4.3, for the small 

injected charge density. The initial peak indicates the bipolar drift phase. The 

rearward kink (in the current pulse), the smaller second peak implies the small 

charge drift regime where an increase of velocity with time within the 

monopolar drift phase is small and hided by velocity acquired during bipolar 

drift. Nevertheless, the shape of the current transient clearly shows the bipolar 

injection and drift phase proceeded by the monopolar drift.  However, the 

experimentally obtained duration of the ICDC pulses is shortened with 

approach of the injection point to the mid of the inter-electrode spacing. This 

disagreement can be explained by the impact of lateral diffusion (with an 

enhanced surface recombination at cut boundary) within the surface plane of 

the injected domain due to narrow excitation spot ∇~φ. The impact of the 

lateral diffusion was not accounted for within the simulations of ICDC 

transients, shown in Fig. 4.3. For the sharp gradients of the ∇~φ , the 

characteristic diffusion times τD=1/Dη2
m1 can become extremely short due to 

ηm1≅πm1/φ , where m1→ ∞.  Then, the impact of the lateral diffusion is the 

most important for the injection locations close to a mid of the inter-electrode 

spacing. 

For the large injected charge (in Fig. 4.5b), the diffusion within the inter-

electrode spacing d>>φ appears to be the prevailing process. Then, the pulse 

duration of the diffusion governed process τD=1/Dη2
m1≅d

2/Dπ2 reaches the 

microsecond range, instead of the drift governed ICDC pulses of a few 

nanoseconds. Consequently, the peak current values within the ICDC 

transients are obtained to be the largest ones for the injection locations nearby 

a half of d. This can be understood by the smallest impact of surface 
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recombination (field mediated extraction of carriers at electrodes) for X0≅d/2. 

Additionally, the impact of the lateral diffusion should be the smallest. Such an 

increase of current peaks (initial and rearward) is really observed in Fig. 4.5b 

for the large bipolar domain injected at half-width (curve 5) of a base region. 

 

Fig. 4.6. The ICDC transients measured in the 1014 n/cm2 neutron fluence 
irradiated Si pin diode as a function of the injection location for the small 
density (q/qC ≅10-3) of the injected charge for U=100 V applied voltage. In the 
inset (i), these ICDC transients are re-plotted in the semi-log scale to highlight 
a bipolar drift stage and the trapping component [A9].  

The small injected charge density ICDC transients, recorded on the  

1014 n/cm2 neutron fluence irradiated Si pin diode are illustrated in Fig. 4.6. 

The single peak ICDC transients can only be observed by profiling the 

injection location in these irradiated samples. It can be noticed that the 

measured ICDC pulse durations are considerably shortened (being of 1-2 ns 

relative to those of 10 ns – in Fig. 4.5a recorded in the same non-irradiated 

diode) within the bipolar drift and recombination phase. The current transient 

component dominated by carrier trapping can be highlighted in the semi-log 

scale (see inset of Fig. 4.6). It can be noticed that the duration (being of about 8 

ns at exp(-1) level) of the carrier trapping component is nearly invariable. 

However, the more precise extraction of the carrier lifetime is rather 

complicated procedure, - both the charge decay and drift velocity changes (e.g. 

Eqs. 4.9 and 4.10) modify the current within its transient. This implies that the 
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carrier capture current component prevails in the current profiles obtained for 

the moderately irradiated diode. 

The current peak profiles, recorded on different samples, are plotted in Fig. 

4.7. The observed ICDC current peak profiles as well as pulse durations, 

obtained on the non-irradiated diode are shown in Fig. 4.7a. There the open 

circles denote the amplitude of the initial peak within ICDC transients, while 

the solid circles indicate the amplitudes of the rearward peak. The initial 

component indicates the bipolar drift phase with larger current relative to a 

monopolar drift component. The longer drift of holes (due to less their 

mobility) determines the larger distance of electron drift during a bipolar drift 

phase. Here, the profiles were scanned starting at junction, where holes are 

initially extracted. Also, this region is attributed to the stronger field in the 

diode base. Approaching to the rear electrode in profiling scans, the electrons 

are initially extracted, and their drift duration determines a time scale of the 

bipolar drift. However, this region is ascribed to the weaker field in diode base.  

The amplitudes of the rearward peak (solid circles) indicate current ascribed to 

the monopolar drift. It can be deduced form Fig.4.7a that a monopolar drift of 

electrons, for x<150 µm, determines the larger current than that caused by hole 

monopolar drift, for x>150 µm. The ratio of these amplitudes leads to 

ipeak(x~40 µm)/ipeak(x~260 µm)≅2.2. This ratio would indicate the ratio of drift 

velocities of electrons (e) to that of holes (h). Assuming that velocity of the 

monopolar drift is proportional to the carrier mobility, µe/µh≅3 for Si, and the 

obtained ipeak(x ~40 µm)/ ipeak(x~260 µm)≅2.2 shows difference in acting 

fields. Really, the monopolar drift of holes proceeds in the rising field. While 

for electrons, this field is descending. The pulse durations are also determined 

by different transit times of holes and electrons. It can be deduced from Fig. 

4.7a, that the longer monopolar drift of holes (for x>150 µm) leads to the 

larger overall drift pulse duration. 

The profiles of the initial ICDC current peak ascribed to the small injected 

charge, obtained for different applied reverse bias voltage, are presented in 
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Fig.4.7b.  The increase of the current peak with applied voltage is ascribed to 

the increased electric field, which determines the bipolar drift current 

component even in the irradiated diodes. The current peak value clearly 

increases with applied voltage in the irradiated samples (Fig. 4.7b), while the 

drift pulse duration changes insignificantly (Fig. 4.6). This hints that the impact 

of the drift current component is rather small. Actually, carrier recombination 

in the initial quasi-neutral domain is important during separation of the charge 

sub-domains. Clearly, the density of the initially separated charges increases 

with voltage, while processes of the carrier recombination together with 

diffusion within φ dimensions are rather fast. Therefore, the mixed regime of 

the competing processes of drift, recombination and diffusion is represented in 

the measured current profiles on the irradiated samples. 

  

Fig. 4.7. The peak current value profiles measured in the non-radiated (a),  and 
(b) in the 1014 n/cm2 neutron fluence irradiated Si pin diode with 300 µm thick 
base for the small density of the injected charge (q/qC ≅10-3) and for different 
applied bias voltage [A9]. 

The impact of avalanche processes can be estimated by a comparison of 

the peak current values, measured on the non-irradiated and the same irradiated 

samples. As mentioned, no impact of avalanche effects can reliably be 

separated within the ICDC profiles obtained on the non-irradiated diodes. The 

peak current values in the ICDC profiles, obtained on the irradiated same 

diodes, show even weaker current. This comparison allows inferring, that 

impact of the avalanche effects can be ignored, on the basis of principles of the 

description discussed above. 
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Summary for the chapter 
 

The modelling of the current transients has been performed using 

assumptions, that: i) carrier drift within the  heavily doped p+ and n+ layers of 

the pin structure can be ignored, as its duration is rather short and not 

resolvable within the RC time-gap of the measurement circuit; ii) nearly 

homogeneous domains (charged planes of a fixed area) of the injected charge 

are accepted in the case of the narrow excitation depth for the strongly 

absorbed light in the presented simulations; iii) the assumption of parallel-plate 

detector is valid for the drift of the small injected charge in the diode of rather 

large surface area S in comparison with excitation spot area πφ2/4 on the basis 

of Lagrange’s (Fermat’s) principle where it is kept that redistribution of charge 

on electrodes (qC=CgU>q) is fast enough to react on the induction caused 

changes of the charge density on electrode; iv) the drift velocity of injected 

domain is smaller than the velocity of the electric induction field (light) 

propagation.  The principles of simulations are presented based on these 

assumptions.  

Profiling of the injected charge drift current transients has been 

implemented by varying charge injection position within cross-sectional 

boundary of the non-irradiated and neutron irradiated Si pin diodes. The 

obtained profiles of the induction current density and duration of the injected 

charge drift pulses fit well the simulated current variations. It has been shown 

that the mixed regime of the competing processes of drift, recombination and 

diffusion appears in the measured current profiles on the irradiated samples. 

The impact of the avalanche effects within the range of applied voltages can be 

ignored based on the experimental profiling of current transients.   
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V. Formation technology of GaN sensors and operation characteristics 

In this study, the structures of the capacitor and Schottky diode type 

detectors have been fabricated on GaN material grown by metal-organic 

chemical vapour deposition (MOCVD) and hydride vapour phase epitaxy 

(HVPE) using plasma etching and metal deposition technology. The material 

characteristics of the initial matter invoked into preparing of the tentative 

technology are described in Chapter III.  The operational characteristics of 

these tentative detectors have been investigated by transient current profiling 

technique discussed in Chapter IV. The regimes of the perpendicular and 

parallel profiling have there been applied. The experimental current transients 

have been correlated with simulated current transients by employing the 

dynamic models discussed in Chapter IV, while additional modelling has been 

performed in order to include polarization effects. The experimental regimes of 

injection of the localized and bulk excess carrier packets have been examined 

in order to establish the surface charge formation and polarization effects. The 

screening effects have been observed and ascribed to surface charge and to 

dynamics of extraction of the injected excess carriers.  

 

5.1. Materials and sensor types 

The parameters of the invoked materials are listed in Table 5.1. 
 

Table 5.1. Parameters of the samples fabricated as the capacitor (Cd) and 
Schottky diode (SD) devices. 

GaN sample Thickness (µm) Technology Device 

structure 

u-GaN 24 MOCVD Cd and SD 

SI GaN:Fe 475 HVPE Cd 

HVPE-LD 400 HVPE Cd 

HVPE-HD 400 HVPE Cd 

 

The obtained results are important for prediction of the functionality of 

future GaN based sensors. The undoped (u-GaN) 24 µm thick epi-layers were 
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grown on sapphire substrates using MOCVD reactor (Aixtron  3x2FT close 

coupled showerhead system [182]). A thin (~0.2 µm) buffer layer of n+-GaN 

was formed on sapphire substrate during the growth of MOCVD GaN epi-

layer. This buffer layer serves as a layer of enhanced conductivity. Several 

semi-insulating (SI) GaN materials grown by HVPE technology and doped 

with compensating impurities were also employed for fabrication of sensors. 

The GaN:Fe sample of thickness 475 µm grown by HVPE technique was 

doped with Fe of concentration 2× 1017 cm-3. Also, HVPE SI GaN samples of 

thickness 400 µm contained growth defects and were doped with other 

compensating metallic impurities of low (HVPE-LD, ~1016 cm-3) and high 

(HVPE-HD, ~1019 cm-3) concentration. The capacitor (Cd) and Schottky diode 

(SD) type detectors have been fabricated using MOCVD GaN, whereas, 

capacitor sensors were made of HVPE SI GaN free-standing wafer fragments. 

GaN material is a binary compound containing a crystalline structure with a 

lack of inversion centre symmetry [183-189]. Thus, a GaN crystal has a built-

in polarization ascribed to the piezoelectric and the spontaneous polarization 

components. This polarization is directed along the crystal growth c-axis 

(0001), perpendicular to the epi-layer surface. For the bulk GaN material in 

equilibrium, this polarization field is screened by free carriers excited through 

band tilting and generated from the impurity and defect states. This built-in 

polarization can be a reason for appearance of a steady-state surface charge if 

the mobile carriers are extracted from the bulk by the applied external field. 

The built-in charge is able to screen the charge on the device electrodes 

induced by an external source. Free carriers trapped on the deep levels can also 

create a localized space charge within a region close to the electrode. Surface 

reconstruction during crystal relaxation may also be a reason [187] for 

suppressed crystal polarization effects in bulk material samples. Finally, 

extraction of a sub-system (of electrons or holes) of the light induced excess 

carrier pairs may be a reason for the formation of charged layers. These layers 

are depleted from one of the excess carrier sub-system, as injected electrons 

and holes move to opposite electrodes. There, the electrically neutral region 
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appears between the depleted layers, due to the sufficient density of excess 

carrier pairs to screen the external field (surface charge on electrodes). Thus, 

the acting electric field appears as a superposition of the fields. These fields are 

created by the surface charges on electrodes induced by an external battery, by 

the mobile charges of the light pulse injected carrier pairs, by the localized 

charge of carriers captured at deep traps and by the surface charge due to the 

built-in crystal polarization. The polarization effect may then occur due to the 

mentioned steady-state and dynamic components.  

 

5.2. Formation steps and sensor structures 

The capacitor type mesa structure detectors were fabricated using plasma 

etching to have the terrace structure where electrodes were deposited on the top 

and buffer layer surfaces. The In or Ag contacts were sputtered and sintered. 

The electric contacts were formed by using pressed Cu plate electrodes for 

bulk precursor samples using an Ag paste contact deposition on cleaned 

sample surface.  

 

Fig. 5.1. Sketches of the Schottky diode (SD) (a) and the capacitor Cd (b) type 
sensors. 
 

The Schottky barrier type mesa detectors were formed by deposition of the 

sintered In cathode at the bottom terrace, which was etched on GaN epi-layer, 

and the anode was fabricated by Au sputtering on top of the mesa structure. 

The schematic views of the fabricated structures are illustrated in Fig. 5.1. The 

top opening of ~1.5 mm width (significantly prevailing wafer thickness to 

suppress the role of lateral diffusion of the light injected carriers) was made for 

excitation of excess carriers.  
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In the MOCVD GaN meza structure devices and HVPE GaN wafer 

fragments employed for fabrication of the capacitor type and Schottky barrier 

sensors, the external field was always oriented along the c-axis. Therefore, for 

the range of rather low applied voltages, the polarization can suppress the 

external field, and the drift current signals disappear, similarly to formation of 

virtual gate and drain current collapse effects in field effect devices [189]. To 

reveal the dynamic and the steady-state components of the polarization, 

measurements of the relaxation of polarization were additionally performed. 

The Schottky barrier diode formed on MOCVD GaN have been tested 

using BELIV, I-V and C-V measurements. These measurements indicated 

existence of blocking (in capacitor structure) electrodes and Schottky barrier in 

Au capped MOCVD GaN mesa structures. As an illustration for Schottky 

structures, the asymmetry of I-V (Fig. 5.2b) and capacitance decrease with 

enhancement of reverse voltage (Fig. 5.2c) in C-V characteristics clearly 

indicate the typical features of a diode. The inherent BELIV transient, 

illustrated in figure 5.2a, shows a barrier capacitance charging and generation 

current components. The latter (ig) component appeared to be significantly 

modified by the additional continuous wave illumination. This result implies 

and supports existence of deep carrier traps. 

 

 

Fig. 5.2. BELIV transients recorded without and with additional illumination 
(a). I-V (b) and C-V (c) characteristics measured for MOCVD GaN Schottky 
diode, [A2]. 
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5.3. Modelling of responses for sensors with polarization 

The transients are as usual recorded within an external circuit. Therefore, 

the current is described as the surface charge density σ(t) variations in time 

integrated over an area S of electrode. Under a switched-on external dc voltage 

U, a surface charge on electrodes is initially induced by an external battery. An 

additional surface charge on electrodes might be induced by spontaneous 

polarization of GaN material [183-185], filling the inter-electrode gap, as 

contacts are deposited within plane perpendicular to the c-axis of the 

MOCVD/HVPE grown crystal. The equilibrium/steady-state polarization 

charge can nevertheless be ignored in bulk GaN material as the surface 

relaxation and reconstruction [187-189] of the GaN sample and defects in the 

material lead to compensation of this polarization surface charge. The current 

transient is then formed by injection/recombination and drift/diffusion of a 

light pulse injected domain of excess carrier pairs (e-h) with surface charge 

density (qe, qh). It is assumed that the injected surface charge domains contain 

the same area as contacts and the electric fields created by these mobile 

domains are oriented in parallel to electric field induced by an external source. 

These surface charges (qe, qh) (due to their motion or changes in density) 

induce surface charges on electrodes (according to Shockley-Ramo’s theorem). 

Under assumption of parallel oriented electric fields created by surface charges 

on electrodes and of injected domains, the moving surface charge domains 

create the varied electric fields Eq(t,ψ)=qψ(t)/εε0 dependent on instantaneous 

position Xq of the mobile domains within inter-electrode gap d, expressed 

through dimensionless parameter ψ(t)=Xq(t)/d. Thus, a superposition of the 

electric fields, created by the mobile surface charge domains and those of 

external battery, determines variation of surface charge on electrodes. The 

invariable voltage drop on sensor (as an integral of acting electric fields over 

inter-electrode gap d) is retained by changes in battery induced charge on 

electrodes. These charge variations (as a battery’s feed-back to field variations 

within a sensor due to motion of the injected carriers) are namely registered as 

a current transient within an external circuit, i.e. on load resistor. 
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The generalized expression for the current dependence on time (t) ascribed 

to the bipolar (e-h) drift processes as well as to the instantaneous positions of 

sub-domains (ψe,h(t)), governed by the carrier drift and capture processes, reads 

as 
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This current contains the drift stages for the both polarity (bipolar) charges, 

which may be prolonged by the monopolar drift of holes (or electrons), if 

transit times (for e and h sub-domains) differ. In the case of hole monopolar 

drift, the current components are expressed as 
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Here τtr, τMq e,h,, τTOF,e,h denote the characteristic times of transit, of 

dielectric relaxation and of free flight, respectively. Other symbols represent: 

v0 is the initial velocity of the monopolar charge drift, d is the inter-electrode 

gap width, ψ0  and ψe,h are the dimensionless locations of the initial injection 

and of the instantaneous positions of drifting packets, respectively. The 

analytical description of the current transients, at low applied voltages U and 

bulk injection of an electron-hole packet, is implemented by considering the 

instantaneous position Xe,h(t)=ψe,h(t)d variations. There appears the 

characteristic depth Xe,h0 of depletion, which in the case of the electron 

extraction is represented as 
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The depletion layers close to the surface occur due to screening/balance of 

the battery supplied surface charge by the charge of excess carriers left after 

initial extraction of their counter-partners within the light injected domain. The 

current variation in time (t) during the initial stage of a pulse (i1(t)), when 

injected carriers drift and the depletion layer Xe,h 0 forms, is obtained as 
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Here, ε0 and ε represent permittivity of vacuum and material, respectively, 

n0 is the initial concentration of the injected carrier pairs.  A width of depletion 

layers can be increased and a reduction of the current within the initial stage of 

transients can occur for a set of injection light pulses applied if accumulation 

of the non-extracted carriers takes place. This may be a reason for sensor 

polarization. The accumulated carriers then prevent further induction of charge 

from the battery. This leads to a collapse of current (i1) in transients generated 

by the set of injection light pulses. The current (i1) value can only be restored if 

these mobile accumulated carriers are extracted by reverse polarity of the 

battery or shunted by a resistor installed in parallel to a sensor. These (near 

surface) accumulated carriers determine the dynamic polarization effect. 

Certainly, the accumulated carriers can also be trapped to deep levels residing 

in the near surface region (for instance, due to dangling bonds, impurities, 

etc.). This forms a space charge region which also causes polarization of 

sensor. The latter polarization can be reduced after trapped carriers are 

thermally emitted to the continuum states and extracted by appropriate polarity 

of the external voltage (or under relaxation to equilibrium after external 

voltage source is switched off). Both dynamic components of sensor 

polarization determine the current reduction (within the transients generated by 

a set of injection pulses) and duration of sensor recovery (polarization 

relaxation). Sketches of formation of the depletion region, of the screening and 

polarization fields are illustrated in Fig. 5.3. 

Using equation for the instantaneous drift velocities (dXe/dt) of carriers 

under acting electric fields (expressed through the dimensionless instantaneous 

locations (ψ(t)) of drifting charges), the initial stage (for the time interval 

0≤t≤τtr) of the drift current pulse can be described as  
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Fig. 5.3. Formation of the depletion regions (a), of the screening field by the 
photo-injected (into dielectric) bulk charge domain as well as its diffusive 
relaxation (b), and of the polarization field (c), respectively. ENR denotes the 
electrically neutral region. 
 

An additional current component, ascribed to the carrier capture and 

recombination (with inherent lifetimes τC and τR, respectively), is introduced as 
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Here, deff=d-Xe0-Xh0, τD,k=deff
2/[4π2

Da(2k+1)], and Da is the coefficient of 

carrier ambipolar diffusion. More detail derivations of equations (5.1-5.6) can 

be found in Refs. [171, 190]. 
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Solving the current equation for the external circuit with a characteristic 

relaxation time RL,1||2Cd,SD, the actual  current transient shape (slightly modified 

the idealized transient, described by equations (5.1)-(5.6), due to delays within 

external circuit) can be simulated and employed for the fitting of the 

experimental transients. 

 

5.4. Experimental regimes for evaluation of sensor characteristics 

The experimental setups exploited for recording of the pulsed current and 

the polarization relaxation transients are shown in Figs. 5.4a and 5.4b, 

respectively. More details on experimental arrangements can be found 

elsewhere [171, 190]. The sensor was mounted on a strip-line (to exclude 

frequency limitations for signal transfer within external circuit), implemented 

as a printed circuit board (PCB). The load resistance RL,1||2=25 Ω (Fig. 5.4a) 

was employed for recording of the rather short pulses. 

 
Fig. 5.4. Arrangement of measurement circuitries for the profiling of the carrier 
packet injection location (a) and for examination of the polarization relaxation 
(b), [A1]. 

 
The excess carrier packets (domains) were injected by using a beam of 354 

or 532 nm light laser pulses of τL = 400 ps duration and 100 Hz repetition rate. 

A laser beam was focused by a cylindrical lens to a ∆~10 µm strip, which 

covered all the sample length to minimize the impact of the side diffusion of 

light injected carriers. Side diffusion of carriers complicates dynamics of 

electric field distribution, when one-dimensional approach becomes invalid. 

The sample depth over the inter-electrode gap was scanned by moving the 
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sample relative to this focused light strip. The energy of <1 µJ per laser pulse 

was kept, to implement the regime of small charge drift as well as to avoid 

screening effects attributed to the injected excess carriers, and the excitation 

intensity was lowered by neutral filters. 

Different regimes of profiling of the sensor signals can be implemented by 

varying injection position and applied voltage to clarify the role of these 

components and to extract the parameters of carrier transport. Forming the 

local domains of drifting charges can be performed using carrier injection via 

pulsed excitation of the carriers through a cross-sectional boundary of a sensor 

structure when the excitation beam is oriented perpendicularly to the acting 

electric field. Profiling of sensor current pulses can also be implemented by 

varying voltage capable to extract a different amount of the injected carriers 

which are excited within the entire inter-electrode gap (where the excitation 

beam impinges in parallel to the acting electric field). 

To reveal the dynamic and the steady-state components of the polarization, 

measurements of the relaxation of polarization were implemented. A recovery 

of the external field governed current transients can be observed by either 

switching-off the voltage or by the sudden changing of the voltage polarity. To 

highlight the changes of the charge induced by the external voltage source, 

transformations of the capacitor charging transient after each laser pulse 

(which injects carrier pairs and thus modifies the role/state of the surface 

polarization) have been examined. This has been implemented by using long 

pulses of applied voltage synchronized with the laser pulses which inject 

excess carrier pairs. Several pulse generators, sketched in Fig. 5.4b, were 

employed to arrange a single voltage pulse or a set of the square-wave bipolar 

voltage pulses. A set of laser light pulses generates the excess carriers in the 

bulk of GaN device during the voltage pulse. There, excitation was performed 

by impinging of a laser beam either through a hole made within electrode or by 

illuminating a cross-section of a device, as sketched in Fig. 5.4b. The set of the 

short charging current pulses of the amplitude decreasing in time is then 

recorded (as vertical lines) within a time scale of a voltage pulse and a set of 
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laser pulses running with 100 Hz repetition rate. These oscillograms directly 

represent a transient of suppression and recovery of the drift current values 

those were reduced due to accumulated polarization charge. 

 

5.5. Operational characteristics sensors  

5.5.1. Recombination and current transients in HVPE GaN sensors 

The comprehensive study of the recombination characteristics, performed 

by combining analysis of the microwave probed photo-conductivity (MW-PC), 

recorded without external electric field, showed a wide variety in 

recombination and trapping lifetimes (as discussed in Chapter III). It has been 

inferred that the long-tail non-exponential behaviour of the MW-PC transients 

is caused by excess carrier trapping and de-trapping due to defects that are 

commonly introduced during MOCVD GaN crystal growth. The MW-PC 

transients obtained from MOCVD samples were well described by stretched-

exponential relaxation (SER), indicating the significant disorder induced by 

defects in the material. Spectroscopy data for defects in GaN employed for 

fabrication of the device structures are discussed in Chapter III. Excess carrier 

relaxation transients in semi-insulating HVPE GaN samples showed 

considerably different time scales. It has been obtained that carrier 

recombination lifetime decreases with enhancement of concentration of the 

compensating metallic dopants, which also act as recombination centres. 

Two experimental regimes have been implemented for profiling of current 

transients: i) by varying the applied voltage when an excitation beam is 

impinging in parallel to the external battery created electric field, and ii) by 

varying location of a focused injection beam within the inter-electrode gap 

when a laser beam is perpendicular to the electric field. The results of profiling 

of the injected charge current transients at room temperature for HVPE-HD 

sample with high concentration of dopants are illustrated in Fig. 5.5. The shape 

of the current transients is entirely related to the predominant process of 

recombination and drift-diffusion of the excess carriers, described in Section 

5.4.  
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The primary current peak (ipeak(t)=q/τtr,bip) in voltage profiled transients 

(Fig. 5.5a) is attributed to the bipolar drift of carriers, while a component of the 

decreasing current can be ascribed to the excess carrier 

trapping/recombination. The peak amplitudes of the current pulses dependent 

on detector biasing voltage show the impact of the polarization effect (Fig. 

5.5b)). Formation of the near surface polarization charge by the injected excess 

carriers prevents charging of the device by the external battery of small 

voltage. These injected carriers may create a depletion layer either due mobile 

carriers (they cannot be extracted by a fixed polarity of external field) or they 

can be trapped by defect levels forming a localized space charge. This space 

charge may screen the electric field created by an external battery. Thus, the 

polarization charge suppresses the control of the injected carrier current by a 

small applied voltage (<50 V, Fig. 5.5b). This voltage profiling of current 

transients, ascribed to the injected bulk domains of carriers covering the entire 

inter-electrode gap, is suitable for evaluation of the role of the polarization 

effects. The current increase with voltage is clearly observed only for the 

voltages exceeding a threshold value of Uthr≥100 V (Fig. 5.5b).  Then, current 

increases almost linearly (Fig. 5.5b) with external voltage (>100 V) due to 

shortened transit time at elevated voltages for bipolar drift of injected carriers. 

However, this profiling regime does not allow to definitely evaluate the drift 

distance and transit time, as carrier trapping/recombination controls a rear 

stage of current transient when transit time is close to carrier lifetime. 

The carrier mobility values have been estimated by analysis of the current 

dependence on locations of the electron-hole (e-h) domain injection (Figs. 5.5c 

and 5.5d), where drift distances of electrons and holes can be discriminated. 

For extraction of carrier mobility, the drift distance for the injected carrier sub-

domain (which first reaches a contact) is evaluated from the injection position 

(within a profile of the peak current as a function of injection location) by 

including polarity of the applied voltage. Polarity of the applied voltage 

determines a sign (charge polarity) of the collected carriers, those arrive 

foremost to the electrode. The transit time for each injection position is 
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evaluated from the minimal current value within the respective (relative to 

each fixed position of injection) current transient (shown by dashed curve in 

Fig. 5.5d). The transit times coincide for both carrier sub-domains within a 

stage of bipolar drift in Fig. 5.5d, however, the drift distances are different due 

to different carrier mobilities. The drift time for bipolar motion stage is 

determined by transit of the sub-domain which foremost reaches the contact, as 

sub-domains synchronously move in opposite directions (Fig. 5.5d). The 

surface charge induced on electrodes by the latter sub-domain modifies electric 

field acting on another sub-domain. Therefore, current minimum is reached at 

the end of the bipolar drift, for a definite current transient (Fig. 5.5d). On the 

other hand, the minimum current at end of bipolar drift phase can be ascribed 

to the longest drift path and to a consequent transit time for a late sub-domain 

within the pure bipolar drift process (Fig. 5.5d). The flat or the ascending 

vertex of the second peak within current pulse indicates the monopolar drift. 

The transit time ascribed to the monopolar drift is then evaluated as the time 

interval between an instant where minimal current is reached and the end of the 

current pulse. The end of a drift pulse is estimated by the current bend within 

rear phase of a transient. The experimental transients are more complicated due 

to the delays, caused by external circuit elements, and the carrier 

capture/recombination processes. Durations of the current rise to peak and of 

relaxation may be distorted by the delays within the external circuit and carrier 

capture. Therefore, for the more precise extraction of drift parameters under 

mentioned complications, simulation of the current transients recorded for each 

injection location (Fig. 5.5d) is correlated with simulation of the entire profile 

(Fig. 5.5c) for the peak current dependence on injection position.  
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Fig. 5.5. Profiling of current transients by varied applied voltage (a) and peak 
amplitudes as a function of applied voltage (b). Profiling of current transients 
by varying location of the initial injection of e-h domain in HVPE GaN (c). In 
figure (d): the solid curve represents the transient as recorded within cross-
sectional scan for carrier injection location at x=X0=50 µm, the dashed curve 
represents the simulated current transient without including the impact of 
external circuit, the dotted curve simulated with including delays within 
external circuit, [A1]. 
 

The current minimum can also be observed within a profile of peak current 

dependent on injection position (Fig. 5.5c). This current minimum is obtained 

for the peculiar injection position when both sub-domains run the longest 

distances and reach electrodes synchronously. The square-wave shape transient 

would be an indication of such a pure bipolar drift regime, observable for a 

small density of drifting carriers when carrier capture can be excluded. The 

minimal current value is obtained (Fig. 5.5c), as current is a reciprocal function 

of the transit time. Indeed, a minimal current is observed (Fig. 5.5c) within a 

peak current profile, measured relative to injection position.  
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By combining analysis of transients and profiles (Figs. 5.5c and 5.5d), the 

drift distances and transit times are evaluated and employed for the extraction 

of carrier mobilities. To reproduce the transit time components, the recorded 

transients are fitted by simulated ones (as illustrated in Fig. 5.5d) for a transient 

recorded for a fixed injection location) using the dynamic model (sketched by 

equations (5.1)-(5.6)). Simulations are performed for every definite injection 

location using the parameters of the fixed external circuit (U, Cd,SD, S, RL) as 

well as of the injection (n0, X0, ∆, Da, τC, τL). The initial stage of the current 

pulse is always determined by the bipolar charge drift. While, the rear 

component of a transient is always ascribed to the monopolar charge drift, as 

follows from the dynamic models for small charge drift. The shape of the latter 

rear component depends on the applied voltage and on the density of the 

injected excess carrier pairs, resulting either the rising current shape or forming 

a rather flat vertex. The polarity of charge involved into the monopolar drift is 

unambiguously defined by the polarity of the external voltage. The polarity and 

value of the applied voltage, the transit times extracted from transients 

recorded for each injection location (by fitting experimental and simulated 

data) and the parameters of the external circuit (as RCd) were taken into 

account for the evaluations of carrier mobility. Actually, the injection location 

and transit times for bipolar and monopolar drift were adjusted with relevant 

mobility of sub-domains in fitting of the experimental transients for evaluation 

of carrier mobilities. It is evident that the simulation procedure should be 

performed within a multi-dimensional space of the parameters of the external 

circuit, of the injection and of the material (µe, µh). Therefore, the most 

possible quantity of the independent relations (equations) is desirable. The 

peak current profile, illustrated in Figure 5.5(c), provides the additional 

relation to a set of transients, of the type illustrated in Fig. 5.5d. For the precise 

extraction of the material parameters (e.g., ascribed to carrier drift: µe, µh), a lot 

of iteration procedures should be performed by minimizing a functional in the 

non-linear least square method, serving as a measure for the best fitting 

between the experimental and simulated data. 
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Values of carrier mobility have been obtained to be: µe=1000±200 cm2/Vs 

for electrons and µh=400±80 cm2/Vs for holes, respectively. The statistical 

errors for extraction of mobility values are in the range of 20% relative to mean 

values. These errors are mainly arisen from uncertainties due to positioning of 

injection beam and simulation errors in evaluation of transit times. The 

obtained electron mobility value is in agreement with published data [191-

194], while the estimated hole mobility value is twice less than those reported 

in [195], although it agrees with value reported in [196].  

 

5.5.2. Current transients in GaN materials with short carrier lifetime 

The discussed observations also imply the significant role of carrier 

capture in materials of short carrier lifetimes, in the range of a few ns, as 

revealed for HVPE GaN:Fe and MOCVD GaN materials. There the 

generation/carrier capture current components prevail. 

 

Fig. 5.6. Profiling of current transients (a) and of peak amplitudes (b) by 
applied voltage in HVPE GaN:Fe, [A1]. 

 

For the semi-insulating GaN material, i.e. HVPE GaN doped with Fe, 

current pulse duration (Fig. 5.6a) appeared to be shorter than that for the 

unintentionally doped HVPE GaN sample, as can be deduced by comparing 

transients in Figs 5.5a and 5.6a. Additionally, for the GaN:Fe sample where 

short recombination lifetimes (of τR~2 ns) were deduced from MW-PC 

transients, the peak current increases linearly (Fig. 5.6b) with applied voltage 
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over the entire range of the applied voltages, - i.e. the polarization effect is 

nearly negligible. In this GaN:Fe material, the current pulses, profiled by 

varying the injection location, appeared to be significantly shorter than those 

transients recorded (Fig. 5.5d) for the unintentionally doped HVPE GaN 

material with longer carrier lifetime.  

The current increases with enhancement of voltage (Fig. 5.6a) due to the 

shortened transit time ascribed to the bipolar drift. However, due to rapid 

capture of carriers, this bipolar drift phase is not completed, - carriers disappear 

(through recombination) before one of the drifting sub-domains reaches a 

contact. Such a drift current is similar to that described by Hecht’s model 

[197]. This can alternatively be understood as an increase of the excess carrier 

portion involved into drift. The registered sensor signal represents a sum of 

carrier drift and generation/capture current components (included within 

equation (5.6)). Thereby, current pulse duration is mainly determined by 

carrier lifetime. The transit time is indefinite in this case even for the bipolar 

drift phase, as neither drift distance nor drift duration can reliably be extracted 

from the recorded transients of 1-2 ns duration. In this case the current pulse 

duration is close to the carrier lifetime and the carrier drift parameters are 

hardly measurable in the materials with short carrier lifetime. The peak current 

increase with voltage is then obtained to be close to a linear function (Fig. 

5.6b), as a rather small concentration of excess carriers is involved into drift. 

The carrier generation/capture current component then prevails in formation of 

the transient duration, while the current component attributed to the bipolar 

drift increases with voltage. The observed pulse durations are in good 

agreement with carrier recombination lifetimes measured by the MW-PC 

technique. The peak current (Fig. 5.6b) increases linearly with voltage due to 

predominant carrier drift processes. There, the peak current is an inverse 

function of a drift time which decreases almost linearly with enhancement of 

voltage. 
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5.5.3. Impact of polarization effects 

To clarify the dynamics of polarization effect in MOCVD and HVPE GaN 

samples, the relaxation processes have been examined. Such a relaxation 

characteristic has been measured by controlling the changes of the amplitudes 

of the charging currents under action of a set of light pulses keeping either the 

invariable switched-on dc voltage or uni-polar voltage pulse (Fig. 5.7a)  for the 

MOCVD GaN and by varying polarity of applied voltage for the HVPE GaN 

(Figs. 5.7b - 5.7d).  

Formation of the surface charge and thus polarization of the MOCVD GaN 

structures seems to be caused by carrier capture into deep levels and formation 

of the localized space charge within near–surface regions, as discussed in 

Section 5.3. The characteristic relaxation time of the order of hundred 

milliseconds (Fig. 5.7a) represents duration of a balance between carrier 

capture to deep traps and thermal emission of trapped carriers in formation of a 

depletion layer of localized space charge capable to screen the external field. 

The relaxation transients of polarization appeared to be dependent on a series 

resistance for the MOCVD GaN capacitor type and Schottky diode structures. 

The series resistance in MOCVD devices appears due to inappropriate quality 

of contacts deposited on mesa structure.  The series resistance leads to an 

increased offset within the initial component of relaxation curve in Fig. 5.7a. 

For the HVPE GaN capacitor type sensors, the relaxation curve shape and 

duration depends on the doping level of the material (Figs. 5.7b- 5.7d).  The 

initial offset for the relaxation curves (Figs. 5.7b and 5.7c) is rather small in 

highly doped GaN:Fe and HD GaN material sensors due to short carrier 

capture time. The duration of polarization charge creation during formation of 

depletion layers correlates well with carrier lifetimes when comparing 

transients in Figs. 5.7b (for GaN:Fe) and 5.7c (for HD GaN), where carrier 

lifetimes of τR≤2 ns in GaN:Fe and τR~20 ns in HVPE-HD GaN, respectively, 

were measured by MW-PC. Thus, manifestation of the material polarization 

depends on bulk concentration of dopants and of excess carriers those are able 

to create polarization charge which screens the external field.  
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Fig. 5.7. Relaxation of peak current values under a set of injection light pulses 
in MOCVD GaN Schottky structure (a) and in HVPE GaN capacitor type 
sensors structures (sample of compensated GaN:Fe (b), and GaN samples 
HVPE-HD (c) as well as HVPE-LD (d)) due to polarization effect. Dashed 
ellipses indicate the groups of data points (curves) those are related with 
coordinate axis denoted by arrows, [A1]. 
 

Additionally, two relaxation components, fast and slow, can be clearly 

discriminated for the polarization process within curves of Fig. 5.7c. The 

characteristic times of the order of tens and hundreds of milliseconds ascribed 

to the slow component correlate with the time scale of thermal generation 

lifetimes attributed to deep levels. Consequently, variations of the sensor 

signals (Figs. 5.5a - 5.5d) determined by the injection of the excess carrier 

pairs and applied voltage are also sensitive to the time scale of 

formation/suppression of polarization. 

The recorded peak amplitudes of the charging current pulses also depend 

on doping of the HVPE GaN material (Figs. 5.7c - 5.7d). This observation can 

be explained by different density of impurities and crystalline defects those 

modify the material ability either to accumulate the trapped carriers, by 
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forming surface charge, or to modify the built-in polarization. The density of 

defects also modifies the rate of the excess carrier decay. As a consequence, 

the polarization effect exhibits the steady-state (slow) and dynamic (fast) 

components for the HVPE GaN sensors. The charge collection efficiency 

realized at low voltages for injection of the bulk excess carrier domain, 

covering the entire inter-electrode gap, can be considerably limited due to the 

screening of the external electric field by a surface charge (polarization field) 

in such structures. The excess carriers residing nearby the electrodes can only 

be collected during formation of the depletion layers at low voltages. The 

excess carrier pairs deep in the bulk aggregate an electrically neutral region 

which separates the depleted layers at electrodes. 

 

Summary for chapter 

The GaN based capacitor and Schottky diode type detectors have been 

fabricated. Two regimes have been implemented for profiling of current 

transients in these devices: i) by varying the applied voltage when an excitation 

beam is parallel to the electric field, and ii) by varying location of a focused 

injection beam within the inter-electrode gap when a laser beam is 

perpendicular to the electric field. The carrier capture and drift components as 

well as polarization effect have been revealed in different GaN samples. It has 

been shown that the role of the polarization effect decreases with enhancement 

of the applied voltage. The drift component can be well discriminated by 

varying a location of a focused injection beam within the inter-electrode gap 

when the local e-h domains are injected. Profiling of the carrier injection 

location allows separating of the bipolar and monopolar drift components. The 

drift distance for drift of each sub-domain and their transit times can then be 

discriminated and evaluated. Using the parameters of the drift paths and of the 

transit times, carrier mobility has been extracted. Carrier mobility values 

attributed to the HVPE GaN material have been estimated to be: µe= 1000 ± 

200 cm2/Vs and µh= 400 ± 80 cm2/Vs for electrons and holes, respectively. 

Relaxation of the peak current values due to polarization effect has been 
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examined using a set of the excitation pulses. For the HVPE GaN capacitor 

type sensors, the relaxation curve shape and its duration depends on doping of 

material. The polarization effect exhibits the components of the steady-state 

(slow) and of the dynamic (fast) polarization. The charge collection efficiency 

at low voltages can be considerably limited due to screening of the external 

electric field caused by the polarization effects in such structures under 

injection of the bulk charge within inter-electrode gap. 

Technology of formation of the capacitor type sensors on diamond 

materials is nearly the same, as described in this chapter by discussing GaN 

sensors. Various metal contacts (implanted junctions, silver pasted, sintered In, 

pressed Cu) are there usually deposited on cleaned wafer sample surfaces. The 

main features of the capacitor type diamond sensors are similar in general view 

to those discussed on capacitor sensors made of GaN materials. Therefore, 

discussion of formation technology using diamond materials is skipped in this 

dissertation. 
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VI. Dosimetry sensors 

The simple Si wafer fragments can serve as the irradiation dose sensors 

when fluence dependent variations of carrier recombination and thermal 

emission lifetimes are the parameters under control. It had been shown such a 

possibility in monitoring of fluences of the high energy protons and neutrons 

[198]. Then a lot of such Si wafer sensors can be sited over the large areas 

where rather intense radiations exist within accelerator facilities. 

The more big challenge is to control irradiations by the extremely short-

living sub-atomic particles, such as pions. There, a control of the pion beam 

profiles is also a considerable issue. Solution of this problem can be 

implemented by control of the lateral distribution of carrier lifetimes within Si 

wafer sensor areas of proper dimensions. In this study, the possibilities to 

monitor the pion beams and their irradiation fluences have been considered. 

 

6.1. Prerequisites of Si dosimetry sensors 

As mentioned above, the knowledge about the fluence dependent variations 

of carrier recombination and thermal emission lifetimes should be calibrated 

and ascribed to rather stable radiation defects, in order to apply Si wafer 

fragments for wide range dosimetry monitoring. The prerequisite 

investigations have been performed by using different quality Si materials and 

structures. Usage of rather cheap materials, for instance, solar-cell industry 

standard Si substrates, would facilitate production of large amounts of sensors 

for high fluence irradiations, relatively to alternative dosimetry sensors made 

of Al foils or even electronic grade devices. 

The temperature dependent variations of carrier trapping lifetime is directly 

related to thermal emission parameters, ascribed to radiation defects. In order 

to have comparative information, set of the n-type Si of high resistivity 

(ND~1012 cm-3) wafer samples, grown by magnetic field applied Czochralski 

(MCZ) technique, and pin diodes [199] with active area of 5×5 mm2 and 

thickness of 300 µm, made of the same material have been examined. These 

samples were irradiated with reactor neutrons of fluence Φ=1014 n/cm2
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(1 MeV n. eq.). Surfaces of wafer samples were passivated with thermal oxide. 

The isochronal anneals for 24 h were also performed by varying heat treatment 

temperature in the range of 80–3800C for wafer samples. Wafer samples were 

employed for analysis of the carrier recombination and trapping/generation 

parameters, while diode samples were used to evaluate carrier generation 

characteristics on the same irradiated Si material. 

Temperature dependent excess carrier decay transients have been examined 

by MW-PC technique [71] modified by usage of the special cryostat. This 

cryostat has been designed for the precise positioning of the optical fibre-tip 

and needle-tip MW probes in vacuum. Also, this cryostat is supplied with CaF 

window for the additional bias illumination of wide spectrum. Sample is 

commonly mounted on a cold finger cooled by liquid nitrogen. The liquid 

nitrogen flow is manipulated for the precise temperature stabilization. 

Temperature control is performed on a cold finger and the sample. Excess 

carriers are photo-generated by 500 ps laser pulses of 1062 nm wavelength. 

The excitation light is transferred into the cryostat by using optical fibre. The 

fibre-tip light spot excited area of the sample is probed by microwaves of 22 

GHz using a needle-tip antenna. The microwave radiation is supplied to the 

needle-tip antenna by using the coaxial cables and vacuum proof connectors. 

The excess carrier decay transients are recorded by a 1 GHz digital Tektronix 

oscilloscope TDS-5104. 

Carrier recombination and trapping lifetime values as a function of the 

inverse thermal energy (extracted from the measured MW-PC transients) are 

plotted in Fig. 6.1, as obtained for the samples irradiated with fluence of  

1014 cm-2. Carrier decay transients for the as-irradiated samples appear to be 

the single-exponential waveform. However, these transients are transformed 

into the two-componential decays after anneals. In Fig. 6.1, τR denotes the 

recombination lifetime described by the Shockley-Read-Hall (S-R-H) model 

with the well-known dependencies on the excess carrier density ∆n and 

temperature T. The single-type carrier trapping is determined by the 

concentration M of such type defect and the effective density of states reduced 
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by the trap activation factor NM=NC,Vexp(-∆EM/kT).  Spectroscopy by using the 

trapping effect is namely based on the temperature dependent changes of the 

carrier lifetime through variations of the effective density of states (i.e. NM(T)).  

Hereby, trapping increases during the relaxation process of ∆n, since the 

excess carrier density falls down, and the trapping effect appears as a long-tail 

component within the MW-PC transients at relatively low excitation intensity. 

 

 

Fig. 6.1. Temperature dependent carrier recombination (τR) and trapping (τtr) 
lifetime variations in reactor neutrons as irradiated at fluences of Ф=1014 cm-2 
and annealed Si wafer samples [A13]. 
 

Formation of the trapping lifetime peaks within temperature scan can serve 

as the indication of the transforms of radiation defects. There a system of the 

simultaneously acting carrier trapping (τtr) and recombination (τR) centres is 

considered. The deep traps act as the recombination defects, while carriers are 

temporary captured on levels which act as the trapping (generation current) 

centres. Competition of these centres determines the carrier decay flows and 

the current components in diode structures. Carrier lifetime (τR as well as τtr) 

dependences on the inverse thermal energy (1/kT) have been employed for 

evaluation of activation energy of the radiation defects. The trapping centres 

with the activation energy values of Etr1=0.60±0.03, Etr2=0.50±0.02, 

Etr3=0.40±0.02, Etr4=0.30±0.02, and Etr5=0.26±0.02 eV should be employed to 

fit the experimental trapping lifetime changes within temperature scan for the 
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diode irradiated with neutron fluence of Ф=1014 cm-2 and annealed at 3800C. 

Here, a pedestal of the simulated peaks is the variation of the measured 

recombination lifetime. In Fig. 6.1, the symbols represent the experimental 

changes of carrier lifetime values, while the simulated trapping lifetime peaks 

attributed to a definite level with characteristic activation energy are shown by 

lines. There, the grey curve represents the simulated sum over all the acting 

trapping centres. The overlap of the trapping ascribed peaks in the lifetime 

temperature scans (τtr-1/kT) can be noticed in Fig. 6.1. De-convolution of the 

τtr-1/kT bands enabled us to distinguish the centres with activation energy 

values of Etr1=0.60±0.03, Etr2=0.50±0.02 as well as Etr4=0.30±0.02 eV, 

ascribed in literature to the radiation clusters [4] and Etr3=0.40±0.02 as well as 

Etr5=0.26±0.02 eV [3, 6] are commonly attributed to the single- and double-

charged di-vacancy (V2
-/0, V2

=/-), respectively.  It can be deduced by comparing 

the extracted deep level activation energy values that the di-vacancies appear 

as the most efficient carrier trapping centres, which determine the generation 

current in diode. Additionally, the thermal treatment activates a rich spectrum 

of traps. In the as irradiated material, the cluster defects are the dominant 

recombination centres, while these defects can act as the single-type carrier 

capture levels with large cross-sections under anneal induced defect 

transforms. 

These traps have been confirmed by DLTS spectroscopy in the same 

materials [A14]. There neutron fluence dependent variation of the radiation 

defect spectra in MCZ Si pad detectors has been examined by combining the 

C-DLTS and O-I-DLTS regimes. The TDD, V-O and V2 ascribed peaks have 

been observed within C-DLTS spectra measured in diodes irradiated with 

fluence of 1012 n/cm2. Up to six O-I-DLTS peaks have been resolved within 

the temperature scan spectra measured in the range of 20- 300 K. These DLTS 

peaks have been ascribed to the TDD, V-O, V2 and multi-vacancy complexes. 

The radiation induced vacancy attributed defects such as V-O, V2 and clusters 

have been identified, density of which increases with irradiation fluence in the 
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range of 1012–1014 cm-2, while this density saturates for the collected neutron 

fluence of more than 1014 cm-2. These traps appeared to be rather stable, while 

their density increases with irradiation fluence as illustrated in Fig. 6.2. 

 

Fig. 6.2. The dependence of the amplitude of the O-I-DLTS spectral peaks on 
neutron irradiation fluence obtained for MCZ Si detectors, [A14]. 

 

The tentative industry solar cells, made employing of the copper 

technology, were examined [A11]. A solar cell contains the 180 µm thick p-Si 

base boron doped region. The n+-p junction with an emitter thickness of 0.3 

µm was formed by phosphor diffusion. The textured anti-reflection and the 150 

nm thick Si3N4 surface passivation layers were formed. The silicide layers of 

Ni2Si of thickness of 0.1 µm were also deposited. The electrodes were formed 

depositing by chemical means the Ni and Cu layers of 250 nm and 20 µm 

thickness, respectively. 

The solar cell fragments of 4×4 mm2 were cut for the C-DLTS 

measurements, as the commercial DLTS instruments enable compensation of 

the steady-state barrier capacitance of values less than 3 nF. It has been found 

within the DLTS measurements that the nickel-copper electrodes are 

insufficiently proof for the temperature cycling in the range of 50-300 K. 

Therefore, several samples were made using the 100 nm thick gold electrodes 

deposited by a magnetron sputtering, after the copper electrode had been 

removed. Then, the DLTS and BELIV techniques were combined to reveal the 

dominant thermal emission centres [A11]. 



141 

 

The traps with activation energy values of EB=0.045±0.001 eV, 

ENi=0.12±0.02 eV and ECu-2=0.23±0.02 eV have been resolved in solar cell 

fragments containing Ni/Cu electrodes. These traps can be assigned to B 

dopants with EB =0.045±0.001 eV, and to the nickel impurities with 

ENi=0.12±0.02 eV. The trap with activation energy of ECu-2=0.23±0.02 eV can 

be ascribed to copper impurities. This latter activation energy value might also 

be inherent to Ni, as referenced in literature [158]. However, the value of the 

capture cross-section, attributed to Cu, is considerably larger. Therefore, the 

trap with activation energy of ECu-2=0.23±0.02 eV is assigned to the copper 

impurities in this consideration.  

In samples made of solar cell fragment containing Au top electrode, the Ni 

ascribed traps with ENi=0.12±0.02 eV and the Cu attributed ones with 

activation energy of ECu-2 =0.23±0.02 eV have been resolved, as well. This 

indicates that Ni and Cu impurities were incorporated during the primary 

formation of electrodes on solar cells. The Cu impurities seem to form several 

deep levels with thermal activation energy values of ECu-2=0.23±0.02 eV, as 

determined from BELIV and C-DLTS temperature scans, and ECu-1=0.41±0.02 

eV, as extracted from C-DLTS spectroscopy data. The performed spectroscopy 

clearly show the possibility to discriminate technological and radiation defects 

by comparing thermal emission spectra (DLTS) and carrier trapping lifetime 

(BELIV). 

 

6.2. Dosimetry instrumentation based on carrier lifetime measurements 

To cover wide range of fluences, the instrument VUTEG-5-AIDA had 

been designed and fabricated for dosimetry of collected fluence by MW-PCT 

technique (Fig. 6.3), which contains a dark measurement cabinet, wherein a 

steady-state bias illumination source is installed. A wafer fragment sensor 

under investigation, being placed within transparent plastic (polythene) bag, is 

mounted on positioning stage and brought into area of intersection of 500 ps 

pulsed IR (1062 nm) laser beam and of slit microwave antenna. The instrument 



142 

 

also contains modules for adjustments of measurement regime by varying 

pulsed IR light intensity using neutral optical filters, by MW bridge varied 

coupling between sample and slit antenna and by changing intensity of bias 

illumination. Transients are recorded by a 1 GHz band digital oscilloscope and 

data processing is performed by personal computer. Averaging of about 102 -

103 transients enabled us to significantly reduce an impact of noises.  

 

Fig. 6.3. A general view of the instrument VUTEG-5-AIDA. 

 

Recombination parameters are rapidly extracted by using software for data 

processing, installed within the instrument VUTEG-5-AIDA. VUTEG-5-AIDA 

instrument also contains the temperature control and lateral mapping modules. 

 

6.3. Dosimetry of pion irradiations 

The latter study has been addressed to analysis of carrier lifetime changes 

in pion irradiated sensors made of different type Si material and to search of 

transforms of radiation defects under anneals in comparison with reactor 

neutron and high energy proton irradiation. Another task was to profile 

irradiation homogeneity by “pion beam” by using VUTEG-5-AIDA instrument 

installed at CERN. 

Description of samples exploited and of parameters of the pion irradiations 

is presented in Table 6.1. 

 

Table 6.1. Samples, parameters of pion irradiations and anneal regimes 
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SET# Sample ID Req. 
Fluence 
(n/cm2) 

Detector size 

(mm × mm) 

Achieved 
flu. (n/cm2) 

Error 
(+/-%) 

1907 AIDA 2012-Cz-n and Fz-n 1e11 10×10 1.34e11 7 

1908 AIDA 2012-Cz-n and Fz-n 3e11 10×10 2.74e11 7 

1909 AIDA 2012-Cz-n and Fz-n 1e12 10×10 7.68e11 7 

1910 AIDA 2012-Cz-n and Fz-n 3e12 10×10 2.41e12 7 

1911 AIDA 2012-Cz-n and Fz-n 1e13 10×10 1.07e13 7 

1912 AIDA 2012-Cz-n and Fz-n 3e13 10×10 3.70e13 7 

1913 AIDA 2012-Cz-n and Fz-n 1e14 10×10 1e14 7 

1914 AIDA 2012-Cz-n and Fz-n 3e14 10×10 1.71e14 7 

1915 AIDA 2012-Cz-n and Fz-n 1e15 10×10 4.26e14 7 

1916 AIDA 2012-Cz-n and Fz-n 3e15 10×10 5.12e14 7 

 

The rather inhomogeneous „pion beam“ irradiation profiles have been 

revealed by scanning the lateral distribution of carrier lifetimes in 1 cm2 area 

sensors made of Si wafer fragments, as illustrated in Fig. 6.4. This implies a 

widely-outspread pion beam. The radiation defects introduced by pions are 

thermally stable showing a low migration velocity (in the range of rather small 

temperatures). The defect distribution profiles retain their shape over all the 

range of fluences and anneal temperatures applied. 

It has been found the most important result that absolute values of carrier 

recombination lifetime in different type Si materials and irradiated with various 

type penetrative hadrons (neutrons, protons, pions) fit the same calibration 

curve, shown in Fig. 6.5. 
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Fig. 6.4. Profiles of carrier recombination lifetime distribution along a single 
direction within n-Si wafer sensors (in the middle of its leg) irradiated with 
different pion fluences and isothermally (at 800C) annealed with various 
exposure times, [P1]. 

 
Fig. 6.5. Carrier recombination lifetime as a function of fluence for various 
type hadron irradiations when fluence is related to 1 MeV neutron equivalent 
damage, [P1]. 
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The obtained calibration curve (Fig. 6.5) is nearly insensitive to thermal 

environment. Thus, the rather simple Si sensors are suitable for dosimetry of 

elevated hadron irradiation fluences (which is a serious issue using other 

dosimetry techniques). 

The performed study, that different Si wafer fragments of relevant area and 

of proper material quality are promising sensors for fast dosimetry monitoring 

over the large areas where rather intense radiations exist within accelerator 

facilities. A single and simple test of fluence collected by a Si sensor can be 

performed during 1 min. including procedure of sensor mounting for 

measurements by VUTEG-5-AIDA instrument.  

 

Summary for the chapter 

The VUTEG-5-AIDA dosimeter for monitoring of the large fluence 

irradiations within facilities of hadron accelerators and spallators has been 

approved for monitoring of pion irradiation dosimetry. This instrument has 

been installed at CERN and approved for the monitoring of the accelerator 

environments and particle beams. It has been found the most important result 

that absolute values of carrier recombination lifetime in different type Si 

materials and irradiated with various type penetrative hadrons (neutrons, 

protons, pions) fit the same calibration curve. The obtained calibration curve 

for dosimetry using carrier recombination lifetime measurements is nearly 

insensitive to thermal environment. Thus, the rather simple Si sensors are 

suitable for dosimetry of elevated hadron irradiation fluences. Si wafer 

fragment sensors of relevant area and of proper material quality are promising 

devices for fast dosimetry monitoring over the large areas where rather intense 

radiations exist within accelerator facilities. 
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Conclusions 

1. The parameters of native and radiation induced defects extracted by 

combining several spectroscopy techniques provide the comprehensive 

characterization of materials necessary in pre-selection procedure for design 

and fabrication of fast sensors made of wide-bandgap materials. 

2. The dynamic models for description of sensor responses in different type 

detectors have been derived and approved for sensor signal profiling using the 

discretely varied external voltage and carrier injection position. 

3. The dynamic models of carrier pair multiplication have been derived 

which are suitable for prediction of regimes in design of single active-layer 

sensors with internal gain. 

4. The GaN based capacitor and Schottky diode type detectors have been 

fabricated. The polarization effects have been revealed in sensors made of 

different GaN materials. It has been shown that the role of the polarization 

effect decreases with enhancement of the applied voltage.  

5. For the HVPE GaN capacitor-type sensors, the relaxation curve shape and 

its duration depends on doping of material. The polarization effect exhibits the 

components of the steady-state (slow) and of the dynamic (fast) polarization.  

6. The charge collection efficiency at low voltages is considerably limited due 

to screening of the external electric field caused by the polarization effects in 

such structures under injection of the bulk charge within inter-electrode gap. 

7. The drift current component within GaN sensor response can be well 

discriminated by varying a location of a focused injection beam within the 

inter-electrode gap when the local e-h domains are injected. The drift distance 

for drift of each sub-domain and their transit times can then be discriminated 

and evaluated. Using the parameters of the drift paths and of the transit times, 

carrier mobility has been reliably discriminated and evaluated. Carrier mobility 

values attributed to the HVPE GaN material have been estimated to be: µe= 

1000±200 cm2/Vs and µh= 400±80 cm2/Vs for electrons and holes, 

respectively. 



147 

 

8. Comparison of the luminescence spectra induced by a proton beam and by a 

laser pulse in MOCVD grown GaN layers, enabled us to evaluate the 

efficiency of excess carrier generation by κP=<nP>/NP≅1.3×107 cm-3 per 1.6 

MeV proton and carrier pair generation within layer depth by κPApr=40 

µm−1p−1. These parameters indicate that GaN layers can be an efficient material 

for detection of protons by combining both the electrical measurements, using 

a proper thickness of detector layer with κPApr=40 µm-1p-1 to reach the 

resolvable charge collection signal, and scintillation detection, using rather fast 

photo-sensors, capable to integrate the PI-YG-L signals with κP≅107 cm-3p-1.  

9. It has been obtained that the inevitable degradation of the material appears 

for proton irradiation fluences above 1014 cm-2 with radiation defect 

introduction rate KP≅0.6 cm-1. The calibrated reduction of the intensity of PI-L 

in the range of green-yellow luminescence can also be exploited for dosimetry 

of the hadron irradiations in rather wide range of fluences.  

10. The rather inhomogeneous „pion beam“ irradiation profiles have been 

revealed by scanning the lateral distribution of carrier lifetimes in 1 cm2 area 

sensors made of Si wafer fragments. This implies a widely-outspread pion 

beam. The radiation defects introduced by pions are thermally stable showing a 

low migration velocity.  

11. The absolute values of carrier recombination lifetime in different type Si 

materials and irradiated with various type penetrative hadrons (neutrons, 

protons, pions) fit the same calibration curve.  
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