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ABSTRACT

In nuclear fusion reactors, the operational lifetime of the diagnostic semiconductor detectors is reduced upon exposure to neutrons and gamma rays. The widely used silicon detectors are prone to radiation damage. Wide bandgap semiconductor such as 4H-silicon carbide (4H-SiC) has the potential to overcome the radiation limitations of silicon due to its superior physical properties. Hence, this work is targeted to investigate the performance of silicon and 4H-SiC detectors for fusion plasma diagnostics.

The fusion produced neutron irradiation effects on the X-ray spectral response of the commercially available passivated implanted planar silicon (PIPS) detectors are analyzed up to a fluence of 3.6×10 10 n/cm 2 . The deterioration in the alpha-particle spectral response of the PIPS detector after neutron irradiation is also explored. To investigate the detector performance at higher irradiation levels, simulation studies of irradiation induced changes in the electrical characteristics of the PIPS detectors are carried out for higher neutron fluences/gamma doses in the commercial device simulator. From the results, a prediction is attempted for the continuous operation of the silicon detectors in a thermonuclear fusion reactor-like environment.

The Schottky barrier diodes (SBDs) and the bulk detectors are fabricated on the n-type epitaxial 4H-SiC and the high-purity semi-insulating (HPSI) 4H-SiC substrates. Thermally stimulated capacitance (TSCAP) measurements are performed to identify the traps in the epitaxial 4H-SiC detectors. The defects in the HPSI 4H-SiC detectors are characterized by zero-bias thermally stimulated current (ZB-TSC) and high-temperature resistivity measurements. The X-ray spectral responses of 4H-SiC detectors are investigated in the energy range of 30-40 keV. The alpha-particle detection properties of the detectors are analyzed by using 241 Am α-particle source. The experimental studies on the polarization in the 4H-SiC detectors are conducted.

The neutron and 60 Co-gamma irradiation produced defects are identified in the epitaxial and HPSI 4H-SiC detectors. The neutron irradiation effects on the X-ray and alpha-particle spectral responses of the 4H-SiC detectors are studied up to a fluence of 10 11 n/cm 2 . To study the reliability of the 4H-SiC SBD detectors in the high-radiation environments, the irradiation induced changes in the electrical characteristics of the detectors are examined for higher irradiation levels by incorporating the neutron and gamma induced traps in the device simulator and the possible degradation in the detector response is analyzed. The possibility of employing 4H-SiC detectors in the fusion plasma diagnostics is discussed.
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CHAPTER-1 INTRODUCTION

The main motive of the nuclear fusion research is to demonstrate the scientific and technological feasibility of fusion power as a source of energy for future generations [1]. The nuclear fusion energy can be a long-term source to generate electricity for the future energy demands by considering the advantages such as abundant fusion fuels, carbon-free source, and relatively little radioactive waste; however, many technical challenges are there to make the fusion power a reality [1]- [START_REF] Vigneshwara Raja | Numerical simulation of 60 Co-gamma irradiation effects on electrical characteristics of n-type FZ silicon x-ray detectors[END_REF]. Nuclear fusion powers the Sun as hydrogen nuclei fuse together to form helium nuclei at the temperature of ~15 million ºC by overcoming the strong repulsive electrostatic forces between the positively charged atomic ions (nuclei) due to the massive gravitational forces. A small fraction of the mass (Δm) is lost in the nuclear fusion reaction, which is multiplied by the square of the speed of the light (c 2 ), releasing tremendous amounts of energy as per the Einstein's relation E=Δmc 2 .

The nuclear fusion between the two hydrogen isotopes such as deuterium (D) and tritium (T) is identified as the most efficient fusion reaction under laboratory conditions. To achieve nuclear fusion on earth, the hydrogen isotopes (D-D or D-T) must be heated above the temperature of ~150 million ºC to form the plasma (complete separation of the negatively charged electrons from the positively charged atomic ions), which must be confined long enough to fuse the nuclei [1]- [START_REF] Vigneshwara Raja | Numerical simulation of 60 Co-gamma irradiation effects on electrical characteristics of n-type FZ silicon x-ray detectors[END_REF]. Magnetic confinement is the most effective way of confining the plasma and the existing fusion reactor such as Joint European Torus (JET), the largest tokamak operating in the world, is based on this principle. In this method, the plasma particles are confined by using strong magnetic fields in a doughnut-shaped vacuum vessel (tokamak).

International Thermonuclear Experimental Reactor (ITER) will be the world's largest experimental tokamak fusion reactor that aims to burn the D-T plasma and produce a significant amount of fusion power ~500 MW for pulse duration of 400 s [2]. The D-T fusion reaction is illustrated in Fig. 1.1. The D-T fusion plasma produces 3.5 MeV energy helium nucleus (alpha-particle) and 14.1 MeV neutron, along with the electromagnetic radiation viz. infrared (IR), visible light, ultraviolet (UV), X-ray, 2 and high energy gamma ray [4]- [6]. In the proposed future nuclear fusion power plants, the kinetic energy of the neutrons will be absorbed by a thicker blanket and convert into the heat energy, which will be used to generate electricity by steam turbines [1]- [START_REF] Vigneshwara Raja | Numerical simulation of 60 Co-gamma irradiation effects on electrical characteristics of n-type FZ silicon x-ray detectors[END_REF]. Nuclear fusion produced alpha-particles must be confined for long time periods to heat the plasma, thereby achieving efficient ignition. The self heating technique (heating the plasma by alpha-particles) is planned to be implemented in the upcoming fusion reactors to accomplish sustained thermonuclear ignition [1], [2]. 

Fusion Plasma Diagnostic Systems

In tokamak nuclear fusion reactors, plasma diagnostic systems are designed to provide key information on plasma parameters and on process occurring at the plasma-wall interface, through which the ignited plasma can be monitored and controlled. The proposed ITER fusion plasma diagnostics will comprise about 40 different dedicated measurement systems drawn from the main generic diagnostic groups such as magnetic diagnostics, neutron and fusion product diagnostics, optical systems, bolometric systems, spectroscopic and neutral particle analyzer (NPA) systems, microwave diagnostics, plasma-facing components and operational diagnostics, and diagnostic neutral beam [4]- [6]. Among the plasma diagnostics, X-ray diagnostic systems provide crucial information about magnetohydrodynamic (MHD) fluctuations, precursors to disruptive instabilities, detection of plasma impurities, and electron temperature of the plasma [7]- [START_REF] Pasini | JET x-ray pulseheight analysis system[END_REF]. X-ray imaging systems (XIS) and X-ray pulse height analysis (PHA) spectrometer are the integral part of the X-ray diagnostics. Fusion alpha-particle diagnostics are designed to continuously monitor the alpha-particles (carrying an energy of 3.5 MeV) produced by the D-T fusion reaction [START_REF] Fisher | Approaches to confined alpha diagnostics on ITER[END_REF], [START_REF] Darrow | Initial results from the lost alpha diagnostics on Joint European Torus[END_REF]. The plasma instabilities result in a fractional loss of alpha-Chapter-1
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particles from the reactor core. Hence, the lost alpha-particle diagnostics give information about the energy balance in the fusion reactors. Therefore, the X-ray and alpha-particle diagnostic systems play an important role in the plasma diagnostics.

Plasma diagnostic challenges

The most important issue to develop diagnostics for thermonuclear fusion reactors is the reliability of the diagnostic components in the high-radiation environments. During the operational period of the fusion reactor machine, the diagnostic systems are exposed to reactor core 14.1 MeV neutrons, scattered neutrons [START_REF] Vigneshwara Raja | Numerical simulation of 60 Co-gamma irradiation effects on electrical characteristics of n-type FZ silicon x-ray detectors[END_REF](4)(5)(6)(7) MeV in energy) from the reactor walls, and high energy gamma rays [5], [6].

These high energy neutrons and gamma rays cause significant radiation damage to the diagnostic components installed inside the machine. In JET, the neutron flux [START_REF] Gill | First results in D-T from the radiation hardened soft x-ray cameras[END_REF], [START_REF] Barnsley | Design description document on radial x-ray camera system[END_REF] received by the unshielded and radiation shielded X-ray imaging systems is about 2.9×10 11 n cm -2 s -1 , and 1.7×10 8 n cm -2 s -1 , respectively. The plasma volume of the ITER tokamak will be about 8 times higher than the JET [5]. Relative to the JET, the neutron flux and gamma dose levels are nearly 10 times higher in the ITER environment. Moreover, the maximum neutron flux of 4.4×10 13 n cm -2 s -1 is expected at the first wall of the ITER tokamak [START_REF] Wodniak | CVD diamond detectors for fast alpha particles escaping from the tokamak D-T plasma[END_REF] where the lost alpha-particle diagnostic systems will be installed, so the alpha-particle diagnostics experience severe radiation damage. Hence, reliable operation of the diagnostic systems in these high-energy radiation environments is definitely a challenging task. The continuous operation of the diagnostic components will strongly depend on radiation-hardened diagnostic detectors.

Radiation detectors

The performance of a radiation detector may be evaluated based on the properties such as energy resolution, charge collection efficiency (CCE), and detection efficiency [START_REF] Knoll | Radiation Detection and Measurement[END_REF]- [START_REF] Lutz | Semiconductor Radiation Detectors: Device Physics[END_REF]. The energy resolution of a detector is usually measured in terms of the full width at half maximum (FWHM) of the peak energy ) ( 0 E emitted by the incident radiation source. Individual peak energies can be resolved only if they are separated by an energy greater than their FWHM. The detector energy resolution ) (R can also be represented in terms of percentage [16] Chapter-1
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The CCE of a detector is defined as the ratio between the total charge collected in the detector and the total charge created in the detector by the incident photon/particle.

The absolute detection efficiency of a detector is the ratio of the number of signal pulses recorded by the detection system and the number of photons/particles emitted by the source. Whereas, the intrinsic detection efficiency is defined as the ratio between the number of signal pulses recorded by the detection system and the number of photons/particles incident on the detector.

Among the various radiation detectors, semiconductor detectors have superior energy resolution, fast response time, high signal strength, high efficiency for a given size, and compact size [START_REF] Knoll | Radiation Detection and Measurement[END_REF]- [START_REF] Lutz | Semiconductor Radiation Detectors: Device Physics[END_REF]. The semiconductor detectors require less energy (average energy of 3.62 eV for silicon) to create an electron-hole pair as compared to the gas detectors that need higher energy ~30 eV to produce an electron-ion pair by the ionizing particle; hence, high signal strength is generated by the incident energy in semiconductor detectors and also higher detection efficiency for a given size.

Moreover, the semiconductor detectors provide superior energy resolution as compared to the other solid-state detectors such as scintillation counters [START_REF] Knoll | Radiation Detection and Measurement[END_REF]- [START_REF] Lutz | Semiconductor Radiation Detectors: Device Physics[END_REF].

Silicon based detectors are widely used for position sensitive X-ray imaging and X-ray pulse-height analysis in fusion plasma diagnostics [8]- [START_REF] Pasini | JET x-ray pulseheight analysis system[END_REF]. Moreover, commercially available X-ray and alpha-particle (α-particle) detectors are usually fabricated on silicon. The well developed silicon-based microelectronics technology allows fabricating array of detectors in a compact size. In general, the commercial silicon radiation detectors are fabricated on high resistivity and thicker silicon substrates. The high resistivity substrate (doping concentration ≤ 10 12 cm -3 ) is recommended to achieve good charge collection at low bias voltages. The thicker substrate (at least 300 µm) is essential to obtain good absorption efficiency for high energy X-rays (>30 keV). Besides these advantages, it is important to note that the silicon detectors are prone to the radiation damage [START_REF] Knoll | Radiation Detection and Measurement[END_REF]- [START_REF] Lutz | Semiconductor Radiation Detectors: Device Physics[END_REF]. The working operation of the silicon detectors in the XIS and PHA systems, and the need of the semiconductor detector for alpha-particle diagnostics are discussed in the upcoming sub-sections. The radiation damage effects on the diagnostic silicon detectors are presented in the next Section 1.2.

X-ray imaging systems (XIS)

In nuclear fusion reactors, most of the electromagnetic radiation emitted by the plasma falls in the X-ray region [START_REF] Pasini | JET x-ray pulseheight analysis system[END_REF]. The plasma X-ray imaging systems (XIS) are designed to measure the poloidal profile of the X-ray emission with high spatial and temporal resolution, to investigate the MHD fluctuations, and the disruptive instabilities in the plasma [7]- [START_REF] Ingesson | Chapter 7: tomography diagnostics: bolometry and soft x-ray detection[END_REF]. High signal-to-noise ratio (SNR) and fast response time are the major requirements for the XIS detectors. The silicon PIN photodiode arrays (p + -n --n + structure) are used as position-sensitive detectors in the JET XIS [8].

During the operational time, the ambience of the JET XIS is maintained at room temperature. The X-ray energy range of interest for the JET XIS is from 2 keV to 30keV [7]- [START_REF] Ingesson | Chapter 7: tomography diagnostics: bolometry and soft x-ray detection[END_REF], which depends on the plasma temperature. Silicon detectors have a good X-ray detection efficiency up to 30 keV, thus they are ideal for the JET XIS.

The JET XIS detector assembly consists of unshielded and radiation shielded detectors [START_REF] Gill | First results in D-T from the radiation hardened soft x-ray cameras[END_REF], [START_REF] Barnsley | Design description document on radial x-ray camera system[END_REF].

In JET, silicon PIN photodiode based X-ray detectors are operated at zero bias (i.e. partially depleted condition) in current mode [8], [START_REF] Barnsley | Design description document on radial x-ray camera system[END_REF]. Operating a detector at zero bias provides the advantage of minimizing the noise contribution from the leakage current. The plasma produced X-rays incident on the active side (p + -implant side of the PIN diode) of the detector through a 250 µm thick beryllium (Be) window.

The purpose of the Be window is to filter out the radiation below the energies of ~2keV [8], [START_REF] Barnsley | Design description document on radial x-ray camera system[END_REF]. The amount of X-rays (intensity) absorbed in the detector from the X-ray beam depends on the incident X-ray energy and the detector substrate thickness, as related by [START_REF] Knoll | Radiation Detection and Measurement[END_REF], [START_REF] Tsoulfanidis | Measurement and Detection of Radiation[END_REF] ) exp(
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where A I is the intensity of the absorbed X-rays in the material, 0 I is the incident Xray intensity, T I is the intensity of the transmitted X-rays, a  is the absorption coefficient of the material, and t is the material thickness. So, thicker substrates (at least 300 µm thick) are required to attain good absorption efficiency for high energy X-rays as per the Eqn. 1.2.

The X-ray interaction mechanism in the semiconductor detector is shown in Whereas, the photo-generated charge carriers in the un-depleted region are only collected, if their diffusion length is sufficient to reach the depletion region [START_REF] Lutz | Semiconductor Radiation Detectors: Device Physics[END_REF]. The typical minority carrier diffusion length in the neutral region of the n-type silicon is about 50-120 µm [8]. Hence, in the partially depleted mode, the beam of X-rays produced charge collection in the detector is the combination of excess charge carriers generated in the depletion region and diffusion of excess carriers from field-free region into the depletion region [START_REF] Lutz | Semiconductor Radiation Detectors: Device Physics[END_REF]. This way, the incident X-ray flux is detected in the form of a current signal. Since the XIS detector operates in current mode, the average value of the signal current is measured from the detection of X-rays with different energies.

Accordingly, the detector signal current varies based on the incident X-ray intensity.

The top contacts (p + -implant side contacts) of the detector array are connected to the readout electronics for further signal processing [8], [START_REF] Barnsley | Design description document on radial x-ray camera system[END_REF]. The schematic of typical readout electronics for the XIS is shown in Fig. reconstruction methods for monitoring any fluctuations in the plasma [8], [START_REF] Ingesson | Chapter 7: tomography diagnostics: bolometry and soft x-ray detection[END_REF].

Chapter-1 7 Fig. 1.3: Schematic of typical readout electronics for the X-ray imaging systems [8], [START_REF] Barnsley | Design description document on radial x-ray camera system[END_REF].

X-ray pulse height analysis (PHA) spectrometer

The X-ray pulse height analysis (PHA) spectrometer is expected to provide the details about plasma electron temperature and impurities in the plasma [7]. The X-ray energy range of interest for the JET X-ray PHA spectrometer is 2-30 keV. The lithium-drifted silicon Si (Li) detectors are used in the JET X-ray PHA system [START_REF] Pasini | JET x-ray pulseheight analysis system[END_REF], [START_REF] Xu | First results obtained from the soft x-ray pulse height analyzer on experimental advanced superconducting tokamak[END_REF]. The active area of the Si (Li) detectors is covered with the Be window to transmit the X-ray energies above 2 keV. In this system, the Si (Li) detectors are operated in pulse mode to measure the height of the signal pulses produced by the Xrays in the detector (i.e. to determine the different X-ray energies emitted by the plasma). The advantages of the Si (Li) detectors are high-energy resolution and good absorption efficiency for high energy X-rays. However, the ambience of the Si (Li) detectors must be continuously maintained at liquid nitrogen (LN) temperature to avoid the possibility of lithium migration at room temperature [START_REF] Knoll | Radiation Detection and Measurement[END_REF]. The large volume and troublesome maintenance of the LN refrigerating systems limit the diagnostic for the arrangement of spatial multichannel configurations [START_REF] Shi | Application of avalanche photodiode for soft x-ray pulse-height analyses in the Ht-7 tokamak[END_REF]. So, compact and room temperature detectors are needed to assemble the X-ray PHA spectrometer in spatial multichannel arrangements. The pulse pile-up rejection system identifies the pile-up pulses in the signal which are subsequently rejected by the linear gate. The signals are then converted into equivalent digital signals by the ADC whose output is stored in the memory. The resulting X-ray spectra are accumulated for a time period of 300 ms (sufficient for calculating the energy resolution) in a PC. In the other path, the signal count rate is investigated by using the fast amplifier and the scaler to find out the count loss in the detection system due to pulse pile-up and the dead time associated with the detection system. Finally, time evolution of the plasma electron temperature and the impurity concentration in the plasma are identified from the measured X-ray spectra as a function of energy [7], [START_REF] Pasini | JET x-ray pulseheight analysis system[END_REF]. 

Lost alpha-particle diagnostics

In JET, Faraday foil (15-50% energy resolution) and scintillation (energy resolution of 5-15%) type detectors are used to measure the 3.5 MeV alpha-particles escaped from the D-T plasma [START_REF] Fisher | Approaches to confined alpha diagnostics on ITER[END_REF], [START_REF] Darrow | Initial results from the lost alpha diagnostics on Joint European Torus[END_REF]. However, the energy resolution of these detectors is relatively poor. The silicon detectors can provide high energy resolution for α-particles, but they are susceptible to radiation damage [START_REF] Knoll | Radiation Detection and Measurement[END_REF], [START_REF] Tsoulfanidis | Measurement and Detection of Radiation[END_REF]. Considering the high radiation background [START_REF] Wodniak | CVD diamond detectors for fast alpha particles escaping from the tokamak D-T plasma[END_REF] and temperature expected in the tokamak, the silicon detectors may not be recommended for lost α-particle diagnostics.

Nevertheless, studying the α-particle detection properties of commercially available silicon detectors for fusion reactor applications can be a valuable starting step.

Figure 1.5 shows the α-particle interaction mechanism in the semiconductor detector (PIN diode detector structure is shown for illustration). When the α-particle interacts with the detector, it generates excess charge carriers along its line of the track through columbic interaction, till the projected range in the material [START_REF] Knoll | Radiation Detection and Measurement[END_REF], [START_REF] Tsoulfanidis | Measurement and Detection of Radiation[END_REF].
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Note that, the α-particle interaction probability is high where the particle comes to rest. A thin entrance window (p + -implant region of the PIN diode) is necessary for the α-particle detection to reduce the energy straggling (spread in α-particle energy due to the random interaction) in the entrance window as well as to achieve high energy resolution. In the partially depleted detector, the α-particle produced charge collection is the combination of the excess carriers produced in the depletion region (drift component) and the excess carriers generated and diffused from the neutral region to the depletion region (diffusion component) [START_REF] Lutz | Semiconductor Radiation Detectors: Device Physics[END_REF]. The collected charge in the detector is further processed by the readout system. 

Radiation Damage Effects on Diagnostic Silicon Detectors

When the X-ray diagnostics have access to view the plasma, along with the Xrays, the fusion produced neutrons and gamma rays impinge the silicon detector [5]- [7]. These neutrons and gamma rays create displacement damage in the detector. The displacement damage caused by the fast neutrons in the n-type silicon is depicted in Fig. 1.6. Note that, the n-type silicon substrate contains a considerable amount of unintentional background impurities such as carbon (C) and oxygen (O) located mostly in the electrically inactive configurations, along with the electrically active phosphorus (P) impurities [START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF]. When a fast neutron interacts with an atom of silicon, a primary knock on atom (PKA) is displaced from its lattice site resulting in a selfinterstitial (I) and a vacancy (V) i.e. referred as "Frenkel pair" [START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF]- [START_REF] Li | Radiation damage effects in Si materials and detectors and rad-hard Si detectors for SLHC[END_REF]. The imparted energy to the PKA depends on the incident neutron energy. This PKA creates defects along its path through the silicon lattice, resulting in the formation of intrinsic crystal

Chapter-1 10 defects viz. divacancy (V2), vacancy-interstitial (V-I), etc. and impurity related defects such as VP (vacancy-phosphorus), VO (vacancy-oxygen), V2O (divacancyoxygen), CiOi (carbon-oxygen interstitial), etc. The neutron irradiation induced crystal defects are illustrated in Fig. 1.7. At the end of an energetic PKA recoil track, the nonionizing interactions are dominating and resulting in dense agglomerations of intrinsic defects mostly composed of vacancies [START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF]. These disordered regions are called as defect clusters which contain extremely high concentrations of defects (~10 19 cm -3 ) in a very small region (typical diameter is of the order of ~10 nm) [START_REF] Li | Radiation damage effects in Si materials and detectors and rad-hard Si detectors for SLHC[END_REF]. The gamma rays create displacement damage in the silicon by the Compton scattered electrons that only produce a more uniform distribution of impurity related point defects in the material rather than formation of defect clusters [START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF]. Hence, neutron and gamma irradiation produced bulk damage causes crystal lattice defects whose energy levels are introduced within the bandgap of the silicon.

The changes in the detector properties strongly depend on the radiation produced defect concentration and its level of occupancy in the bandgap. The major irradiation induced changes in macroscopic detector properties are, increase in the leakage current, change in the effective doping concentration, and degradation in the X-ray/α-particle response [8], [START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF]. The most important fundamental carrier transitions responsible for changes in the detector characteristics caused by the irradiation induced traps are illustrated in Fig. 1.8. The increase in the detector leakage current after irradiation is caused by thermal generation of carriers via radiation-induced deep-level defects [START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF]. Mainly, the defect levels near to the middle of the bandgap, act as generation centers, are responsible for the increase in the leakage current, as shown in Fig. 1.8(a). The generation of carrier can be viewed as a thermal excitation of a bound valence-band electron to the defect level and a subsequent excitation of that electron to the conduction band. The increase in the leakage current after neutron irradiation (not in gamma irradiated detectors) is also due to inter-center charge transfer between the defects located close to one another within the defect cluster, as illustrated in Fig. 1.8(b). The increase in the leakage current ) ( I  is directly proportional to the neutron fluence/gamma dose, and can be written as [START_REF] Bruzzi | Radiation damage in silicon detectors for high-energy physics experiments[END_REF], [START_REF] Li | Radiation damage effects in Si materials and detectors and rad-hard Si detectors for SLHC[END_REF] 

V k I h C     (1.3)
where C  is the constant related to the current related damage rate, h k is the hardness factor (comparison of the radiation damage created by a specific irradiation with the damage that would have been created by monoenergetic 1 MeV neutrons),  is the neutron fluence/gamma dose and V is the active volume of the detector. The increase in the leakage current after irradiation is seen in the detector as noise, so that the SNR is reduced.

The irradiation induced changes in the effective doping concentration of the n-type silicon detectors are due to the removal of positively charged donors and creation of negatively charged acceptor-like states [START_REF] Bruzzi | Radiation damage in silicon detectors for high-energy physics experiments[END_REF] in the n-type active volume.

The change in the effective doping concentration after irradiation

) ( eff N
can be expressed as [START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF], [START_REF] Li | Radiation damage effects in Si materials and detectors and rad-hard Si detectors for SLHC[END_REF] 
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where 0 eff N is the initial effective doping concentration of the detector, c is the donor removal rate, A  is the introduction rate of acceptor-like states. The value of c and A  depends on the type of radiation (neutron/gamma) impinge on the detector. Under irradiation, the effective doping concentration of the n-type silicon detector decreases with increasing neutron fluence/gamma dose until the space charge sign inversion (SCSI). The SCSI is defined as the fluence/dose at which the n-type substrate is effectively inverted to p-type substrate [START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF], [START_REF] Bruzzi | Radiation damage in silicon detectors for high-energy physics experiments[END_REF], [START_REF] Li | Radiation damage effects in Si materials and detectors and rad-hard Si detectors for SLHC[END_REF]. After SCSI, the initial dopants present in the substrate of the n-type silicon are mostly compensated. Hence, the effective doping concentration of the detectors increases with neutron fluence/gamma dose after SCSI due to the continuous introduction of acceptor-like states. Due the substrate type inversion of the p + -n --n + detector after SCSI, the effective junction moves from the p + -implant side to the n + -implant side and the depletion region should move starting from the back contact side [START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF]. Consequently, it is anticipated that the detector response is considerably degraded after the SCSI.

The irradiation induced changes in the electrical characteristics affect the Xray response of the detectors [START_REF] Lutz | Semiconductor Radiation Detectors: Device Physics[END_REF]. Furthermore, the radiation produced defects can temporary trap the charge carriers and release them at random time as shown in Fig. 1.8(d), this phenomenon is called as charge trapping [START_REF] Srour | Review of displacement damage effects in silicon devices[END_REF]. Accordingly, the charge trapping reduces the charge collection in the detector and also varies the signal pulse height due to the random nature of the trapping phenomenon [START_REF] Lutz | Semiconductor Radiation Detectors: Device Physics[END_REF] causing degradation Chapter-1 13 in the X-ray response of the detectors. Hence, the detector properties are degraded by the radiation produced defects. Consequently, the continuous operation of the X-ray diagnostic silicon detectors is affected by the radiation induced bulk damage.

The fusion produced neutrons may also produce background signals resulting from alpha-particle emission through nuclear reactions taking place in the silicon.

However, the probability of such interactions is found to be small [START_REF] Lutz | Semiconductor Radiation Detectors: Device Physics[END_REF]. Moreover, neutron induced background signal strength is significantly lower than signal current produced in the radiation shielded detectors installed at JET [START_REF] Gill | First results in D-T from the radiation hardened soft x-ray cameras[END_REF], [START_REF] Barnsley | Design description document on radial x-ray camera system[END_REF]. As the unshielded detector experiences very high neutron flux, the silicon would not be preferable for the unshielded detectors in the future nuclear fusion reactors like ITER.

It should be noted that the photoelectric absorption of high energy gamma rays is poor in the standard silicon detectors (substrate thickness of 300 µm) [START_REF] Knoll | Radiation Detection and Measurement[END_REF]- [START_REF] Lutz | Semiconductor Radiation Detectors: Device Physics[END_REF]; therefore the gamma ray induced background signal strength is negligible as compared to the X-rays. Hence, studies on neutron and gamma induced radiation damage effects on the detectors is more important than the radiation induced background signal effects for the radiation shielded X-ray imaging systems.

The silicon detector properties may be considerably degraded in the ITER-like radiation environments, arising the need of radiation hardened semiconductor material that can possibly replace silicon in these high-radiation environments. Wide bandgap semiconductor such as 4H-silicon carbide (4H-SiC), due to its superior physical properties, has the potential to overcome the radiation limitations of silicon.

4H-SiC Detector Technology

The physical properties of silicon and 4H-SiC (polytype of SiC) at room temperature are summarized in Table 1.1 [START_REF] Bertuccio | Study of silicon carbide for x-ray detection and spectroscopy[END_REF]- [START_REF] Baliga | Silicon Carbide Power Devices[END_REF]. For the high-radiation environment applications, 4H-SiC detectors are considered as one of the promising alternatives [START_REF] Ruddy | Development of a silicon carbide radiation detector[END_REF]- [START_REF] Wu | Performance of a 4H-SiC Schottky diode as a compact sized detector for neutron pulse form measurements[END_REF] to the conventional silicon detectors in terms of radiation hardness and high temperature operation, due to its wide bandgap, high atomic displacement threshold energy, high breakdown electric field, and good thermal conductivity, as compared to the silicon. Due to the wide bandgap, the thermal generation current component is considerably lower in the 4H-SiC detectors, so they can be operated at room temperature without any cooling arrangement. The low electron affinity of the 4H-SiC allows the fabrication of Schottky barrier diodes with a high Schottky barrier height and with a low leakage current [START_REF] Baliga | Silicon Carbide Power Devices[END_REF]. Most importantly, the 4H-SiC detectors are expected to be more radiation hard than the silicon detectors because of their higher displacement threshold energy (22-35 eV). As the average energy needed to create an electron-hole pair in the 4H-SiC (7.84 eV) is higher than silicon (3.62 eV) [START_REF] Bertuccio | Study of silicon carbide for x-ray detection and spectroscopy[END_REF], the X-ray/α-particle produced signal strength is lower in the 4H-SiC detectors at a particular energy. The 4H-SiC based X-ray and alpha-particle detectors are not commercially available yet. The 4H-SiC detectors can be fabricated on epitaxial 4H-SiC substrate [START_REF] Bertuccio | Study of silicon carbide for x-ray detection and spectroscopy[END_REF], [START_REF] Nava | Silicon carbide and its use as a radiation detector material[END_REF], [START_REF] Nava | Radiation detection properties of 4H-SiC Schottky diodes irradiated up to 10 16 n/cm 2 by 1 MeV neutrons[END_REF] or on high-purity semi-insulating (HPSI) [START_REF] Mandal | Characterization of semi-insulating 4H silicon carbide for radiation detectors[END_REF], [START_REF] Bertuccio | x-γ ray spectroscopy with semi-insulating 4H-silicon carbide[END_REF] 4H-SiC substrate.

In addition to the high crystalline quality, high-resistivity and thicker substrates are substrates have the maximum epilayer thickness up to 150 μm with the doping concentration higher than 10 13 cm -3 [START_REF] Kimoto | Fundamentals of Silicon Carbide Technology Growth, Characterization, Devices, and Applications[END_REF]. Diode-type detectors fabricated on epitaxial 4H-SiC substrates perform well for the detection of charged particles having low penetration depth and provide good detection efficiency up to the X-ray energy of 10 keV [START_REF] Bertuccio | Study of silicon carbide for x-ray detection and spectroscopy[END_REF] as compared to the HPSI detectors where the trapping effects limit the detector performance. Nevertheless, high energy X-rays are poorly absorbed in the thinner (maximum of 150 µm) 4H-SiC epilayers [START_REF] Bertuccio | x-γ ray spectroscopy with semi-insulating 4H-silicon carbide[END_REF]. Because of the excessive effective doping concentration of the epilayer, the epitaxial 4H-SiC detectors need to be operated at higher bias voltages to obtain 100% CCE for α-particles and to attain better X-ray detection efficiency. Moreover, the excessively doped and thinner 4H-SiC epilayers can create a high specific capacitance (~90 pF/cm 2 for parallel-plate pad detectors) [START_REF] Bertuccio | x-γ ray spectroscopy with semi-insulating 4H-silicon carbide[END_REF].

On the other hand, the availability of the thicker (up to 500 µm) and high resistivity (>10 5 Ω-cm) high-purity semi-insulting (HPSI) 4H-SiC substrates can be a promising alternative to the epitaxial 4H-SiC [START_REF] Kimoto | Fundamentals of Silicon Carbide Technology Growth, Characterization, Devices, and Applications[END_REF], [START_REF] Bertuccio | x-γ ray spectroscopy with semi-insulating 4H-silicon carbide[END_REF]. The thicker HPSI 4H-SiC substrates can have better photon absorption efficiency for high-energy X-rays. The active volume of the high resistivity HPSI 4H-SiC detectors can be fully depleted even at zero bias. The high resistivity and thicker HPSI 4H-SiC substrates also produce significantly lesser specific capacitance. Bulk photoconductive type detectors (i.e. high resistive bulk region even at zero bias) can be fabricated on the HPSI 4H-SiC substrates. Hence, the bulk detectors can possibly replace the epitaxial detectors in some specific applications.

The main concern of the 4H-SiC detector technology is the quality of the substrate which is still under development stage. The 4H-SiC epitaxial substrate contains surface morphological defects ("carrot" defect and shallow pit, triangular defect, and down-fall), micropipes, dislocations, and stacking faults [START_REF] Kimoto | Fundamentals of Silicon Carbide Technology Growth, Characterization, Devices, and Applications[END_REF]. Some crystal defects are originated from the substrate and other defects are possibly created during epilayer growth and surface polishing process. Among the crystal defects, micropipes (hollow tubes penetrating entire crystal) are the major detrimental defects affecting the crystalline quality of the epilayer. Presently, the micropipe density is considerably reduced in the commercial 4H-SiC epitaxial wafers (≤1 micropipes/cm 2 ) [START_REF] Kimoto | Fundamentals of Silicon Carbide Technology Growth, Characterization, Devices, and Applications[END_REF]. The crystal defects present in the epitaxial 4H-SiC substrate can introduce their electronic levels within the bangap of the 4H-SiC. So, the epitaxial 4H-SiC detector properties are affected by the defects in the epilayer. The carrier lifetime in the 4H-SiC epilayer is also reduced due to the presence of the defects. It is noted that the hole lifetime in the n-type 4H-SiC epilayer (<10 -6 s) is about three orders of magnitude lower than that in the n-type silicon (2.5×10 -3 s) [START_REF] Torrisi | Single crystal silicon carbide detector of emitted ions and soft x rays from power laser-generated plasmas[END_REF].

As compared to the epitaxial 4H-SiC, the material quality of the HPSI 4H-SiC is poor due to the high density of intrinsic crystal defects that are responsible for controlling the resistivity of the substrate through the carrier compensation mechanism [START_REF] Mitchel | Compensation mechanism in high purity semi-insulating 4H-SiC[END_REF]. The typical micropipe density in the HPSI 4H-SiC wafers are in the range of 30-150 cm -2 [START_REF] Jenny | High-purity semi-insulating 4H-SiC grown by the seeded-sublimation method[END_REF]. Due to the high density of defects, the longest carrier lifetime in the HPSI 4H-SiC is less than 8 ns [START_REF] Hettler | Carrier lifetime studies of semi-insulating silicon carbide for photoconductive switch applications[END_REF], [START_REF] James | High-purity semi-insulating 4H-SiC as a high-voltage switch material[END_REF]. Moreover, the defects in the HPSI 4H-SiC, can act as scattering centers, which reduce the carrier mobility in the HPSI 4H-SiC lower than that in 4H-SiC epilayer [START_REF] Chandrashekhar | High purity semi-insulating 4H-SiC epitaxial layers by defect-competition epitaxy: controlling Si vacancies[END_REF]. Furthermore, polarization effect [START_REF] Owens | Compound Semiconductor Radiation Detectors[END_REF] (time-dependent variations in the spectral properties such as charge collection efficiency and count rate) is expected in the HPSI 4H-SiC detectors [START_REF] Bertuccio | x-γ ray spectroscopy with semi-insulating 4H-silicon carbide[END_REF], [START_REF] Rogalla | Particle detectors based on semi-insulating silicon carbide[END_REF] due to the high density of defects. Polarization is a detrimental phenomenon in the detectors causing poor energy resolution. Therefore, the spectral response of the HPSI 4H-SiC detectors is significantly affected by the intrinsic defects.

1.4

Literature Review

Review on radiation induced effects in silicon detectors

Neutron irradiation induced damage effects on silicon detector properties have been extensively studied in fission-based nuclear reactors. Whereas, limited work is available for nuclear fusion produced neutron irradiation induced effects in silicon detectors. Gill et al. [START_REF] Gill | First results in D-T from the radiation hardened soft x-ray cameras[END_REF] reported the radiation hardness of radiation shielded and unshielded soft X-ray cameras installed in the JET tokamak. The authors observed the continuous operation of radiation shielded detectors till the neutron fluence of 5.34×10 10 n/cm 2 (after the D-T phase) and extended operation until 1.5×10 12 n/cm 2 was anticipated. Cho et al. [START_REF] Cho | Effects of neutrons on semiconductor x-ray detectors including n-type Joint European Torus and p-type GAMMA 10 tomography detectors[END_REF] investigated the nuclear fusion produced neutron irradiation induced deterioration in the X-ray response of silicon PIN photodiode detectors (operated at zero bias) up to a neutron fluence of 5×10 13 n/cm 2 . The authors identified partial recovery in the detector response when the low reverse bias voltage was applied to the irradiated detectors. Kohagura et al. [START_REF] Kohagura | Effects of nuclear fusion produced neutrons on silicon semiconductor plasma x-ray detectors[END_REF] studied D-D and D-T fusion produced neutron irradiation effects on the X-ray response of the silicon PIN diode detectors up to the fluence of 2×10 14 n/cm 2 . Kohagura et al. [START_REF] Kohagura | Deterioration and recovery effects in energy responses of semiconductor x-ray detectors due to nuclearfusion produced neutron irradiation[END_REF] observed partial recovery in the detector response up to the neutron fluence of 10 14 n/cm 2 .

Beyond the fluence of 10 14 n/cm 2 , the authors found re-degradation in the detector response might be due to the SCSI of the n-type substrate.

From the ITER report [START_REF] Barnsley | Design description document on radial x-ray camera system[END_REF], it is noted that the silicon photodiode detector arrays are planned to install in the ITER radiation shielded imaging systems during the D-D phase [START_REF] Barnsley | Design description document on radial x-ray camera system[END_REF]. In fact, if the neutron fluence estimation results allow for the survival of the silicon detectors in D-T phase, the radiation shielded detectors probably need not be changed during the D-T phase. Moreover, the X-ray energy range of interest for the ITER XIS [START_REF] Barnsley | Design description document on radial x-ray camera system[END_REF] will be much higher than 30 keV, which is the upper limit of X-ray emission of interest in the JET [8].

Attempts were made to study the neutron irradiation induced changes in the silicon detector characteristics through numerical device simulations. Passeri et al.

[ 

Research gaps

Based on the literature review on radiation induced effects in silicon detectors, the following research gaps have been identified:

 The 14.1 MeV neutron irradiation induced changes in the X-ray spectral response of silicon detectors are not analyzed completely till now.

 The effect of scattered neutrons on the X-ray spectral response of silicon detectors is also not reported yet.

 The silicon detector performance needs to be investigated for high energy Xrays for the ITER X-ray imaging systems.

 The radiation damage model is not yet reported for the 14.1 MeV neutrons.

 The gamma irradiation induced changes in the detector properties are also not studied by the device simulations.

 The survival of the silicon detectors in a thermonuclear fusion reactor-like environment is to be investigated.

Review on epitaxial 4H-SiC detectors

In order to understand the epitaxial 4H-SiC detector properties, the electrically active defects in the 4H-SiC epilayer need to be known. There are many works in the literature reporting the defects in the 4H-SiC epilayers [START_REF] Dalibor | Deep defect centers in silicon carbide monitored with deep level transient spectroscopy[END_REF]- [START_REF] Sasaki | Major deep levels with the same microstructures observed in n-type 4H-SiC and 6H-SiC[END_REF]. Daliber et al. [START_REF] Dalibor | Deep defect centers in silicon carbide monitored with deep level transient spectroscopy[END_REF] identified for epitaxial 4H-SiC SBD detectors (with ultra-thin 10 nm Schottky contact and a with low micropipe density <1cm -2 in epilayer). Chaudhuri et al. [START_REF] Chaudhuri | Schottky barrier detectors on 4H-SiC n-type epitaxial layer for alpha particles[END_REF] analyzed the drift and diffusion components of the CCE of the epitaxial 4H-SiC alpha-particle detectors. Nguyen et al. [START_REF] Nguyen | Improved n-type 4H-SiC epitaxial radiation detectors by edge termination[END_REF] obtained an improved energy resolution from 0.7% to 0.4% with epitaxial 4H-SiC SBD detectors by edge termination. Zat'ko et al. [START_REF] Zat'ko | High resolution alpha particle detectors based on 4H-SiC epitaxial layer[END_REF] examined the 4H-SiC SBD detector properties in the alpha-particle energies 5.1 to 5.8

MeV. Abubakar et al. [START_REF] Abubakar | Stability of silicon carbide particle detector performance at elevated temperatures[END_REF] investigated the stability of the epitaxial 4H-SiC Schottky detectors at elevated temperatures. It is noted from the literature that the n-type epitaxial 4H-SiC detectors provide a good energy resolution (range 0.29-2.7%) and 100% charge collection efficiency (CCE) at higher bias voltages for α-particles.

Research gaps

From the literature review on epitaxial 4H-SiC detectors, the following research gaps have been found:

 Identification of electrically active defects in the commercially available epitaxial 4H-SiC is required for understanding and thereby improving the epitaxial 4H-SiC detector properties.

 In the literature, only one work [START_REF] Menichelli | Characterization of energy levels related to impurities in epitaxial 4H-SiC ion implanted p + n junctions[END_REF] has been found on identification of traps in the epitaxial 4H-SiC by TSCAP technique, even here also the DLTS is

Chapter-1 20 emphasized. Hence, very limited work on the identification of traps in the epitaxial 4H-SiC by TSCAP spectroscopy.

 Spectroscopic performance of the epitaxial 4H-SiC detectors for higher X-ray energies (> 30 keV) needs specific attention.

 As the 4H-SiC material quality is in improving stage, the X-ray and α-particle detection capabilities of the epitaxial 4H-SiC detectors should be investigated for fusion plasma diagnostics.

Review on HPSI 4H-SiC detectors

The high-purity semi-insulating (HPSI) 4H-SiC substrate contains high density of defects as compared to epitaxial 4H-SiC [START_REF] Kimoto | Fundamentals of Silicon Carbide Technology Growth, Characterization, Devices, and Applications[END_REF]. Zvanut et al. [START_REF] Zvanut | The level position of a deep intrinsic defect in 4H-SiC studied by photoinduced electron paramagnetic resonance[END_REF] used photo-induced EPR spectroscopy to detect the position of the deep intrinsic defect in the HPSI 4H-SiC. Müller et al. [START_REF] Müller | Sublimation-grown semi-insulating SiC for high frequency devices[END_REF] reported the thermal activation energies (0.9-1.6 eV) for HPSI 4H-SiC identified by the high-temperature resistivity measurements. Zvanut et al. [START_REF] Zvanut | Defect levels and types of point defects in highpurity and vanadium-doped semi-insulating 4H-SiC[END_REF] reported the point defects in the HPSI 4H-SiC identified by the EPR and photo-induced EPR measurements. Mitchel et al. [START_REF] Mitchel | High temperature Hall effect measurements of semi-insulating 4H-SiC substrates[END_REF] performed high-temperature Hall Effect and resistivity measurements to identify the thermal activation energy for the HPSI 4H-SiC. Mandal et al. [START_REF] Mandal | Characterization of semi-insulating 4H silicon carbide for radiation detectors[END_REF] determined the thermal activation energy for the HPSI 4H-SiC by high-temperature resistivity measurements. Thermally stimulated current (TSC) spectroscopy has been successfully applied for identifying traps in the HPSI 4H-SiC. Fang et al. [START_REF] Fang | Thermally stimulated current spectroscopy of high-purity semi-insulating 4H-SiC substrates[END_REF] investigated the deep traps in the HPSI 4H-SiC substrates by TSC measurements.

In
Mandal et al. [START_REF] Mandal | Characterization of semi-insulating 4H silicon carbide for radiation detectors[END_REF] and Muzykov et al. [START_REF] Muzykov | Characterization of deep levels in n-type and semi-insulating 4H-SiC epitaxial layers by thermally stimulated current spectroscopy[END_REF] employed TSC spectroscopy for characterizing defects in the semi-insulating 4H-SiC.

Recently, X-ray detectors on semi-insulating (SI) 4H-SiC have been fabricated and characterized. Mandal et al. [START_REF] Mandal | Characterization of semi-insulating 4H silicon carbide for radiation detectors[END_REF] successfully detected high-energy X-rays with the detector on 390 µm thick SI substrate; but the energy resolution, charge collection efficiency (CCE), and detection efficiency of the detector are not reported. Bertuccio et al. [START_REF] Bertuccio | x-γ ray spectroscopy with semi-insulating 4H-silicon carbide[END_REF] reported the thickness dependence of the X-ray spectral response and obtained good charge collection efficiency with the thinner substrates (70 µm) compared to thicker substrates (416 µm).

Over the last ten years, the charge particle response of the SI 4H-SiC detectors has been investigated [START_REF] Rogalla | Particle detectors based on semi-insulating silicon carbide[END_REF], [START_REF] Cunningham | Performance of bulk SiC radiation detectors[END_REF]- [START_REF] Ruddy | Development of radiation detectors based on semi-insulating silicon carbide[END_REF]. Rogalla et al. [START_REF] Rogalla | Particle detectors based on semi-insulating silicon carbide[END_REF]  Studies are needed to examine the performance of HPSI 4H-SiC detectors for high energy X-rays (>30 keV).

 The α-particle spectroscopic properties of the HPSI 4H-SiC detectors are still not well understood from the literature.

 The energy resolution and detection efficiency of the HPSI 4H-SiC detectors for α-particles are not yet reported, so the alpha-particle spectral responses of the HPSI 4H-SiC detectors need to be investigated.

Review on radiation induced effects in 4H-SiC detectors

There are some works on the 1 MeV neutron [START_REF] Nava | Radiation detection properties of 4H-SiC Schottky diodes irradiated up to 10 16 n/cm 2 by 1 MeV neutrons[END_REF], [START_REF] Kalinina | Electrical study of fast neutron irradiated devices based on 4H-SiC CVD epitaxial layers[END_REF], [START_REF] Hazdra | Point defects in 4H-SiC epilayers introduced by neutron irradiation[END_REF] and the 60 Cogamma [START_REF] Miyazaki | Effect of gamma-ray irradiation on the device process induced defects in 4H-SiC epilayers[END_REF] irradiation induced traps in the n-type 4H-SiC epilayers. Nava et al. [START_REF] Nava | Radiation detection properties of 4H-SiC Schottky diodes irradiated up to 10 16 n/cm 2 by 1 MeV neutrons[END_REF] studied 1 MeV neutron induced traps in the 4H-SiC epilayer by DLTS and photo induced current transient spectroscopy (PICTS). Kalinina et al. [START_REF] Kalinina | Electrical study of fast neutron irradiated devices based on 4H-SiC CVD epitaxial layers[END_REF] used DLTS to detect the 1 MeV neutron irradiation produced traps in the 4H-SiC epitaxial layers.

Hazdra et al. [START_REF] Hazdra | Point defects in 4H-SiC epilayers introduced by neutron irradiation[END_REF]  It is important to note that the neutron and gamma irradiation produced defects in the HPSI 4H-SiC are not reported yet.

 The neutron and gamma irradiation effects on the HPSI 4H-SiC detector properties are not investigated yet.

Objectives of the Work

From the literature review on silicon and 4H-SiC detectors for the current  Analyze the irradiation effects on the 4H-SiC SBD and bulk detector properties.

 Prepare guidelines for the possibility of employing silicon and 4H-SiC detectors in the fusion plasma diagnostics.

Organization of the Thesis

The research work has been divided into five chapters.

Chapter-2: Neutron and gamma irradiation effects on passivated implanted planar silicon (PIPS) detectors

For studying the fusion produced neutron irradiation effects on silicon detector, commercially available passivated implanted planar silicon (PIPS) detectors are irradiated with 14.1 MeV and 4.5 MeV neutrons and changes in the X-ray spectral response of the detectors are analyzed. The X-ray spectral responses of the PIPS detectors are analyzed for high energy X-rays (30-40 keV) at room temperature before and after neutron irradiation. The reasons for choosing PIPS detectors for the current study are their low leakage current, thin entrance window and good energy resolution compared to surface barrier diodes [START_REF] Knoll | Radiation Detection and Measurement[END_REF]. Furthermore, the neutron irradiation effects on the alpha-particle spectral response of the PIPS detectors are studied.

The survival of the tomography diagnostic silicon detectors has to be predicted for the continuous operation of the diagnostic system. Technology computer-aided design (TCAD) device simulation has been shown as an effective tool for studying the radiation induced changes in the detector characteristics without the need for actual fabrication and irradiation of detectors [START_REF] Passeri | Comprehensive modeling of bulk-damage effects in silicon radiation detectors[END_REF]- [START_REF] Petasecca | Numerical simulation of radiation damage effects in p-type and n-type FZ silicon detectors[END_REF]. Therefore, in this work, the radiation damage models are developed for 14.1 MeV neutrons and 60 Co-gamma rays in the commercial device simulator to investigate the changes in the electrical characteristics of the PIPS detectors at higher neutron fluences and gamma doses. The possible degradation in the X-ray response of the detectors is analyzed at higher irradiation levels by using the simulation results. Finally, a prediction is attempted for the long term operation of the silicon detectors in the thermonuclear fusion reactor-like environment.

Chapter-3: Fabrication and characterization of 4H-SiC radiation detectors

The Schottky barrier diode (SBD) detectors are fabricated on the epitaxial (30µm thick) 4H-SiC substrates. Bulk detectors (photoconductive detectors) are fabricated on the (355 µm thick) HPSI 4H-SiC substrates.

Traps in the epitaxial 4H-SiC can be determined by performing thermally stimulated current [START_REF] Mandal | Characterization of semi-insulating 4H silicon carbide for radiation detectors[END_REF], [START_REF] Muzykov | Characterization of deep levels in n-type and semi-insulating 4H-SiC epitaxial layers by thermally stimulated current spectroscopy[END_REF] and capacitance [START_REF] Menichelli | Characterization of energy levels related to impurities in epitaxial 4H-SiC ion implanted p + n junctions[END_REF] (TSC and TSCAP) measurements on the 4H-SiC Schottky barrier diodes (SBDs). Note that, the leakage current of the SBD is expected to dominate over the TSC signal at higher operating temperatures; therefore, there may be a loss of some deep level defects which can be detected at higher temperatures. On the other hand, the TSCAP technique [START_REF] Sah | Thermally stimulated capacitance (TSCAP) in p-n Junctions[END_REF]- [START_REF] Lang | Space-charge spectroscopy in semiconductors[END_REF] can be able to differentiate the electron and hole traps in the investigated sample and also the signal sensitivity is not affected by the device leakage current. In this work, traps in the epitaxial 4H-SiC SBDs are thoroughly characterized by the TSCAP technique.

A variant of TSC, i.e. zero-bias (ZB)-TSC technique [START_REF] Huang | A simple and reliable method of thermoelectic effect spectroscopy for semi-insulating III-V semiconductors[END_REF], [START_REF] Desnica | Thermoelectric effect spectroscopy of deep levels in semi-insulating GaN[END_REF], has been applied for differentiating the electron and hole traps in the HPSI 4H-SiC as well as for improving the signal-to-noise ratio at higher temperatures [START_REF] Muzykov | Characterization of deep levels in n-type and semi-insulating 4H-SiC epitaxial layers by thermally stimulated current spectroscopy[END_REF]. Furthermore, hightemperature resistivity measurements [START_REF] Mandal | Characterization of semi-insulating 4H silicon carbide for radiation detectors[END_REF] have been conducted to identify the thermal activation energy for the HPSI 4H-SiC.

Investigations on the X-ray and α-particle detection capabilities of both the Furthermore, the simulated results for higher neutron fluences are validated by comparing with the reported experimental data. The dominant mechanisms responsible for the irradiation induced changes in the SBD electrical characteristics are also analyzed by using device simulations. From the simulation results, the possible degradation in the detector response is analyzed at higher irradiation levels.

Finally, the possibility of employing epitaxial 4H-SiC detectors in the fusion plasma diagnostics is presented.

Chapter-5: Radiation effects on HPSI 4H-SiC bulk detectors

The neutron and gamma irradiation produced defects in the HPSI 4H-SiC are identified by ZB-TSC spectroscopy. The irradiation induced changes in the thermal activation energies for the HPSI 4H-SiC are analyzed by high-temperature resistivity measurements. The neutron irradiation effects on the spectral response of the HPSI 4H-SiC detectors are investigated. Moreover, the changes in the electrical characteristics of the HPSI 4H-SiC bulk detectors is examined after irradiation.

Chapter-6: Summary and conclusions

This chapter describes summary of the results, conclusions of the work, and the future scope of the work. Furthermore, the simulation results for higher neutron fluence are validated by comparing with the reported experimental results. The simulated investigations are also extended for detectors with different resistivity substrates (4 kΩ-cm, and 300 Ωcm) and thin detector structures (100 µm).

CHAPTER-2 NEUTRON AND GAMMA IRRADIATION EFFECTS ON PASSIVATED IMPLANTED PLANAR SILICON (PIPS)

DETECTORS

The gamma irradiation effects on the electrical characteristics of the PIPS detectors are investigated by incorporating a 4-level 60 Co-gamma radiation damage model in the device simulator. In the simulations, the PIPS detector structure is considered with varying substrate resistivity (7.4 kΩ-cm, 5.4 kΩ-cm, and 300 Ω-cm).

The simulation results have been validated with the reported experimental measurements carried out on similar device structures. The 60 Co-gamma irradiation induced changes in the electrical characteristics of the detectors are analyzed up to the dose of 3500 Mrad.

From the simulations, the probable deterioration in the X-ray response of the PIPS detectors is analyzed from the changes in the electrical characteristics due to the irradiation. The comparison between the 14.1 MeV neutron and 60 Co-gamma irradiation effects (typical fusion environments) on silicon detectors is attempted. The survival of the irradiated silicon detectors is predicted from the simulation studies.

Finally, the possible use of the silicon detectors in the plasma XIS is discussed.

Experiment

The commercial PIPS detectors (with p + -n-n + structure) are fabricated on highresistivity float zone (FZ) silicon by a planar process which combines oxide passivation and ion implantation. The thin entrance window of the PIPS detectors (<50 nm eq. Si.) minimises the X-ray produced charge loss in the buried ionimplanted p + -region [START_REF]Passivated Implanted Planar Silicon (PIPS ® ) Detectors[END_REF]. The low leakage current of the detectors (< 1nA at room temperature) reduces the electronic noise contribution and also improves the energy resolution. Considering these features, PIPS detectors may be suitable for the room temperature X-ray spectroscopy. For this purpose, two PIPS detectors (named as PIPS-I and PIPS-II) were purchased from CANBERRA Inc. 

Electrical characterization

I-V and C-V characteristics of the PIPS detectors prior to and after the neutron irradiations were measured at room temperature by using Agilent B1500A

Semiconductor Device Analyzer. The reverse and forward I-V characteristics were acquired to obtain the leakage current and the forward voltage drop, respectively. The forward voltage drop across the device was measured at a constant forward current of ~1 mA. The signal frequency used for the C-V measurements was 10 kHz. The full depletion voltage and the effective doping concentration were extracted [START_REF] Sze | Physics of Semiconductor Devices[END_REF] from the (1/C 2 )-V characteristics.

Measurement of X-ray spectral response

The spectral responses of the detectors were measured at Fusion Neutronics Laboratory (FNL), Institute for Plasma Research (IPR), Ahmedabad, India. The X-ray spectral response of the detectors was investigated at room temperature by using three radioactive sources viz. 133 Ba, 137 Cs, and 152 Eu. The block diagram of the X-ray spectrometer electronics and the photograph of the X-ray spectroscopy measurement setup are shown in Figs. 2.2 and 2.3. The detectors were operated at the recommended bias voltage of -40V, through NHQ 103M voltage supply, because operating above the recommended bias voltage may increase the leakage current thereby causing excessive noise and loss of energy resolution [START_REF]Passivated Implanted Planar Silicon (PIPS ® ) Detectors[END_REF]. In the measurements, each radioactive source was placed near to the detector under dark conditions. X-rays emitted by the radioactive source interact with the detector and produce electron-hole pairs by photoelectric absorption. The total charge ) ( 0 Q created in the detector by the incident X-ray with energy ) (E can be expressed by [16] i Eq Q

  0 (2.1)
where q is the elementary charge, and i  is the average energy (for silicon 3.62 eV) needed to create an electron-hole pair. The generated excess charge carriers are accelerated by the applied electric field and are collected at the detector electrodes.

The collected charge was converted into a linear-tail voltage pulse by using charge sensitive EURORAD PR-16H preamplifier. The generated voltage pulse was further amplified and shaped by CANBERRA 2022 amplifier with a shaping time of 1µs.

The pole-zero cancellation was adjusted in the amplifier to produce a semi-Gaussian voltage signal that was recorded in the Tektronix TDS 3032B Digital Phosphor

Oscilloscope. The amplifier analog output pulse was converted into an equivalent digital signal by using ORTEC EASY-MCA that has a 13-bit ADC and an FPGA that reconstructs the energy spectra. Finally, the resultant X-ray spectrum was displayed in the computer interfaced ORTEC MAESTRO-32. The spectrum was accumulated up to a point where the source X-ray spectrum can be clearly visualized. The electronic noise of the detection system was not measured due to the unavailability of the pulse generator at that time of the measurements. The detector energy resolution was identified by measuring the full width at half maximum (FWHM) of the source spectrum obtained with detector at the peak energy emitted by the source. The charge collection efficiency (CCE) of the detector was calculated as per the following equation [START_REF] Owens | Compound Semiconductor Radiation Detectors[END_REF] Chapter-2
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where M ch is the peak maximum channel number of the X-ray spectrum, off c is the intercept term which corrects for any voltage offset in the amplifier, 0 Q is the total charge created in the detector by the X-ray photon, m is the conversion gain of the MCA, p G is the sensitivity of the preamplifier (V/pC), and A G is the amplifier gain. The intrinsic detector efficiency i.e. full-energy peak efficiency ) ( int  of the detector was determined by using the following relationship [START_REF] Knoll | Radiation Detection and Measurement[END_REF]:

incident counts N N  int  (2.3) where counts N
is the number of counts recorded in the X-ray spectrum corresponding to the energy E and incident N is the number of X-ray photons with the energy E incident on the detector from the source. 

Neutron irradiation details

Neutron irradiations were carried out at FNL, IPR, India. The detectors were irradiated with the accelerator based D-T fusion produced 14.1 MeV neutrons and the Am-Be source produced ~4.5 MeV neutrons. A significant amount of neutrons is scattered back from the walls of the fusion reactor and the scattered neutrons have lower energies (typically between 3-7 MeV). Hence, the detector is also exposed to Am-Be neutron source to study the scattered neutron irradiation induced modifications. In the D-T generator, the deuterium beam was accelerated to 150keV by a beam current of 1100 µA and injected onto a rotating tritium target yielding 14.1MeV neutrons of 4.9×10 9 n/s. The Am-Be source produced neutron energy spectrum extends up to 11 MeV with the average neutron energy of ~4.5 MeV. The average neutron yield at the surface of the Am-Be source was about 1.6×10 7 n/s. The neutron flux received by the detector was measured by the foil activation technique, whereas the absolute neutron fluence was measured by considering the spatial distribution of neutron flux from the target and controlling irradiation time.

The neutron irradiation was performed in three phases. During the irradiations, PIPS-I and PIPS-II were always irradiated with 14.1 MeV neutrons and 4.5 MeV neutrons, respectively. The neutron fluences received by PIPS-I detector in first and second phases were about 1.8×10 10 n/cm 2 , 3.6×10 10 n/cm 2 , respectively. During first and second phases, the PIPS-II detector was irradiated up to the neutron fluence of 1.5×10 9 n/cm 2 , and 1.8×10 10 n/cm 2 , respectively. The neutron fluence received by PIPS-II was intentionally kept an order of magnitude smaller than received by PIPS-I in the first phase of irradiations. This is in accordance with the reported relative neutron induced signal strengths seen in edge and central channel of detector assemblies used in soft X-ray camera of JET [START_REF] Gill | First results in D-T from the radiation hardened soft x-ray cameras[END_REF]. It was reported that over 85% of the neutron induced signal seen in the detectors comes from neutrons viewed directly along the line of sight of the channel [START_REF] Gill | First results in D-T from the radiation hardened soft x-ray cameras[END_REF], [START_REF] Edwards | The use of x-ray diagnostics in plasma control[END_REF]. Hence, the scattered neutron fluence is about an order of magnitude smaller than the dominant 14.1 MeV neutron fluence at the detector. Whereas, in the second phase of irradiation, the neutron fluence of the PIPS-II was the same as that of neutron fluence received by PIPS-I in its first phase to compare the relative damage caused by each of them in the detector. The third phase of irradiation was carried out to study the neutron irradiation effects on the α-particle spectral response of the detector. In the third phase, the PIPS-II detector was only irradiated up to a fluence of 3.6×10 10 n/cm 2 .

Measurement of alpha-particle spectral response

Alpha-particle spectral response of the PIPS-II detector was measured after the second phase of irradiation (initial case for alpha spectroscopy). The main motive of this measurement was to investigate the neutron irradiation induced changes in the detector energy resolution for α-particles. The block diagram for the α-particle spectrometer and the photograph of the α-particle spectral response measurement setup are shown in Figs. 2.4 and 2.5. The measurement setup was similar to the X-ray measurements, except the α-particle spectral measurements were performed under vacuum conditions. During the measurements, the detector and the 241 Am α-particle source were placed within a distance of ~1 cm inside an ORTEC 807 vacuum chamber operated at a pressure of ~0.1 Torr achieved using a rotary pump. It was found that the used 241 Am radioactive source (sealed source) is not suitable for X-ray spectral measurements; hence the 241 Am source was only used for alpha-particle spectral characterization. The α-particle spectral responses of the PIPS-II detector were measured at -40V before and after the third phase of irradiation. 

Experimental Results and Discussion

X-ray spectral response

Before investigating the spectral characteristics, it is important to know the Xray absorption efficiency in silicon for different X-ray energies. The X-ray absorption efficiency of the PIPS detector is calculated by substituting the reported X-ray absorption coefficients of the silicon [START_REF]NIST: X-Ray Mass Attenuation Coefficients -Silicon[END_REF] in the Eqn. 1.2. The X-ray absorption efficiencies (10-60 keV) for PIPS detector with a 308 µm thick active region are shown in Fig. 2.6. It is noticed that the X-ray absorption efficiency decreases with the X-ray energy. The X-ray absorption efficiency for the PIPS detector at 31 keV, 32keV, and 40 keV is found to be 9.3%, 8.8%, and 4.9%, respectively.

The X-ray energy scales were calibrated in the MCA using the peak X-ray emission line of the respective radioactive sources detected by the PIPS detector. 133 Ba is sufficiently high (33%) [START_REF]Nuclear Data, Table of Radioactive Isotopes[END_REF], the observed height of this spectrum line is much lesser than the 31 keV X-ray line for the same accumulation time. It implies that X-ray detection efficiency of the PIPS detectors decreases with increasing photon energy. Similarly, the X-ray energy spectra of 137 Cs (32 keV and 36.4 keV -Fig. 2.9)

and 152 Eu (40 keV and 45.4 keV -Fig. 2.10) are obtained with the PIPS detectors.

The energy resolution for an X-ray detector i.e. full width at half maximum ) ( X FWHM can be represented as the quadratic sum of the various noise components

[16], [25] 2 2 2 2 ) ( ) ( ) ( ) ( cc ele fano X FWHM FWHM FWHM FWHM    (2.4)
where fano FWHM indicates the FWHM-equivalent noise energy (ENE) created by the statistical fluctuations in the X-ray produced charge in the detector [START_REF] Knoll | Radiation Detection and Measurement[END_REF].

ele FWHM is the FWHM-ENE spread in the spectrum due to the electronic noise produced by the Chapter-2 36 detector and the readout system [START_REF] Bertuccio | Study of silicon carbide for x-ray detection and spectroscopy[END_REF], [START_REF] Lioliou | Electronic noise in charge sensitive preamplifiers for x-ray spectroscopy and the benefits of a SiC input JFET[END_REF]. it is noticed that the PIPS detectors provide moderate energy resolution at ambient conditions. However, the obtained energy resolution depends not only on the detector, but also on the quality of preamplifier and amplifier [START_REF]Passivated Implanted Planar Silicon (PIPS ® ) Detectors[END_REF]. Furthermore, the current work is mainly focused on neutron irradiation induced changes in the X-ray spectral characteristics rather than achieving high energy resolution.

Almost 100% CCE is obtained for X-rays with the PIPS detector at -40V For the neutron fluence (Φ4.5MeV) of 1.8×10 10 n/cm 2 , the X-ray spectral characteristics of 133 Ba and 137 Cs are significantly changed, as observed from The CCE of PIPS-II detector is not affected by the neutron irradiation at the fluence (Φ4.5MeV) of 3.6×10 10 n/cm 2 . On the other hand, the signal count rate is found to be decreased after the 4.5 MeV neutron irradiation. Hence, the X-ray detection efficiency of the detector is decreased after irradiation. The changes in the X-ray detection efficiency of the PIPS detector are summarized in Table 2.3. At Φ4.5MeV=3.6×10 10 n/cm 2 , the detection efficiency of the PIPS-II detector at the X-ray energies of 31 keV, 32 keV, and 40 keV is found to be ~3.56%, ~3.34%, and ~1.84%, respectively. So, the detection efficiency is reduced by ~2.6 times of its preirradiation value at Φ4.5MeV = 3.6×10 10 n/cm 2 . 133 Ba spectra (see Fig. 

Alpha-particle spectral response

In order to understand the α-particle response, the projected range of alphaparticle in silicon needs to be known. The 241 Am α-particle spectrum consists of 5.486MeV, 5.443 MeV, 5.388 MeV energies with emission probability per decay of 85%, 13%, and 1.6%, respectively [START_REF]Nuclear Data, Table of Radioactive Isotopes[END_REF]. The energy resolution for an alpha-particle detector ) (  FWHM consists of several contributions, described by [START_REF] Knoll | Radiation Detection and Measurement[END_REF], [START_REF] Ruddy | Highresolution alpha-particle spectrometry using 4H silicon carbide semiconductor detectors[END_REF] 

2 2 2 2 2 ) ( ) ( ) ( ) ( ) ( other cc ele fano FWHM FWHM FWHM FWHM FWHM      (2.5)
The first three components of the Eqn. 2.5 are already discussed in the Section 2.2.1.

others

FWHM

indicates the spectral broadening produced by the other factors such as energy straggling in the entrance window of the detector, and self-attenuation of the alpha-particle energy in the source, operating pressure, source to detector distance, etc. For the initial case, the detector energy resolution is found to be ~50 keV FWHM for 241 Am α-particles. Nearly 100% CCE and intrinsic detection efficiency are obtained with the PIPS detector for 241 Am α-particles. From Fig. 2.17, it is noticed that the 241 Am α-particle spectrum is much broadened after the 4.5 MeV neutron irradiation at the fluence of 3.6×10 10 n/cm 2 . The energy resolution at the fluence of 3.6×10 10 n/cm 2 is identified as ~106 keV FWHM, which is almost 2 times higher than that of its initial value. While, the CCE and detection efficiency of the detector are not changed at the fluence of 3.6×10 10 n/cm 2 . However, the detector energy resolution is considerably degraded even at the low neutron fluence of 3.6×10 10 n/cm 2 .

Fig. 2.17: Changes in 241 Am α-particle spectral response of the PIPS-I detector after 4.5 MeV neutron irradiation.

Detector leakage current

It should be noted that the spectral response of the PIPS detectors is always investigated with the same readout electronics and in the similar operating conditions before and after the irradiations. In this case, the irradiation induced degradation in the energy resolution of the detectors principally depends on the electronic noise component (mainly due to changes in the detector leakage current), as evident from Eqn. 2.4. Therefore, the neutron irradiation induced changes in the detector leakage current are analyzed to find out the reasons for the degradation in the X-ray spectral characteristics. Figure 2.18 shows the changes in the leakage current of the PIPS detector as a function of bias voltage before and after the neutron irradiation. At -40 V detector bias, the leakage current of PIPS-I and PIPS-II detectors prior to neutron irradiation are 0.44 nA, and 0.39 nA, respectively. Possibly due to these small changes in the leakage current of the pre-irradiated detectors, slightly broaden energy resolution is obtained for the PIPS-I detector, the same noted from Table 2.1 and 2.2. The leakage current is found to increase after the neutron irradiation, which is caused by the thermal generation of carriers via deep-level defects created by neutron irradiation [START_REF] Bruzzi | Radiation damage in silicon detectors for high-energy physics experiments[END_REF]. The observed high leakage current after neutron irradiation may also be due to inter-center charge transfer between the defects located close to one another within the defect cluster. After neutron irradiation, it is noticed from the Figure 2 this difference may be due to the higher energy imparted to silicon PKA by the 14.1

MeV neutrons as compared to the 4.5 MeV neutrons [START_REF] Srour | Short-term annealing in 14-MeV neutronirradiated silicon[END_REF]. Moreover, the 14.1MeV neutron irradiation creates more defect clusters than single isolated defects in silicon, as compared to the 4.5 MeV neutrons [START_REF] Srour | Short-term annealing in 14-MeV neutronirradiated silicon[END_REF]. Hence, the total number and the concentration of defects must be higher for 14.1 MeV neutrons [START_REF] Srour | Short-term annealing in 14-MeV neutronirradiated silicon[END_REF], [START_REF] Stein | Energy dependence of neutron damage in silicon[END_REF]. From this comparison, it might be concluded that the radiation damage caused by reactor core neutrons is higher than the scattered neutrons.

Full depletion voltage

To achieve good energy resolution, the detectors are recommended to operate near the full depletion voltage, because it is well known that the excess charge carrier generation in the depletion region dominantly contributes to the detector signal [START_REF] Lutz | Semiconductor Radiation Detectors: Device Physics[END_REF].

Hence, a study focusing on neutron irradiation induced changes in the full depletion voltage is also important for investigating the spectral response of the detectors. The

full depletion voltage ) ( dep V
of pre-irradiated PIPS detectors was found to be -45 V, as

extracted from the (1/C 2 )-V plot shown in Fig. 2.19. The effective doping concentration ) ( eff N
of the detectors is calculated from the following equation [START_REF] Lutz | Semiconductor Radiation Detectors: Device Physics[END_REF] 2 2

d q V N dep eff   (2.6)
where  is the permittivity of silicon, q is the elementary charge, and d is the substrate thickness. The calculated effective doping concentration of the PIPS detectors is about 6×10 11 cm -3 , taking the substrate thickness as 308 µm. In general, the neutron irradiation changes the full depletion voltage and the effective doping concentration in n-type silicon detector due to the removal of donors and creation of acceptor-like states, as revealed by Eqn. 1.4. Figure 2. [START_REF] Xu | First results obtained from the soft x-ray pulse height analyzer on experimental advanced superconducting tokamak[END_REF] shows the (1/C 2 )-V characteristics of PIPS-I detector at a signal frequency of 10 kHz before and after 14.1MeV neutron irradiation. As compared with the pre-irradiated (1/C 2 )-V characteristics, nearly same characteristics are obtained after the neutron irradiation.

Therefore, there are no significant changes in the full depletion voltage and the effective doping concentration up to the neutron fluence of 3.6×10 10 n/cm 2 . Hence, the neutron irradiation induced defect concentrations might be lower than the effective doping concentration of the detector. In addition, the C-V characteristics of the irradiated detectors exhibited no dependence on the frequency of the measuring signal. The frequency dependent C-V characteristics are expected after high neutron fluence due to the high concentration of neutron irradiation produced deep level defects [START_REF] Petterson | Charge collection and capacitancevoltage analysis in irradiated n-type magnetic czochralski silicon detectors[END_REF]. 

Forward voltage drop

In the JET, the first indication of the neutron induced radiation damage in the 

B J F V V V   (2.7)
where J V is the voltage drop across the junction of the diode, and

B
V is due to the bulk resistive component (i.e. Ohmic losses in the substrate [START_REF] Sze | Physics of Semiconductor Devices[END_REF]). The carrier life time p  is related to J V by the following equation [START_REF] Sze | Physics of Semiconductor Devices[END_REF], [START_REF] Pepper | Neutron, electron and gammaray radiation responses of a fast P-I-N photodiode[END_REF] 
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where F I is the forward current of the diode, D N is the concentration of the donors, A is the cross sectional area of the diode, i n is the intrinsic carrier concentration, and p D is the hole diffusion coefficient. After the 14.1 MeV neutron fluence of 1.8×10 10 n/cm 2 and 3.6×10 10 n/cm 2 , the forward voltage drop across the detector was decreased to 0.44 V, and 0.4 V, respectively, for the same forward current. The reason for the reduction in the forward voltage drop across the detector after irradiation is stated as follows: It is known that the neutron irradiation induced defects in a semiconductor can act as recombination centers and decrease the carrier lifetime [START_REF] Pepper | Neutron, electron and gammaray radiation responses of a fast P-I-N photodiode[END_REF]. Accordingly, the voltage drop across the junction J V must reduce relative to the pre-irradiation value, so that J V necessarily dominates F V for low neutron fluences [START_REF] Pepper | Neutron, electron and gammaray radiation responses of a fast P-I-N photodiode[END_REF]. For this reason, decrease in the forward voltage drop was observed up to the fluence of 3.6×10 10 n/cm 2 . As the neutron fluence increases, the resistivity of the bulk reaches nearly intrinsic [START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF]- [START_REF] Li | Radiation damage effects in Si materials and detectors and rad-hard Si detectors for SLHC[END_REF] and radiation induced high concentration of defects cause the carrier mobility to decrease via scattering process [START_REF] Srour | Review of displacement damage effects in silicon devices[END_REF]. For this condition, bulk resistive component 

Simulation of Neutron Irradiation Effects

In the experimental work, the neutron irradiation induced changes in the PIPS detector (ρ = 7.4 kΩ-cm) characteristics are investigated up to the fluence of 3.6×10 10 n/cm 2 . However, the expected neutron fluences in the ITER XIS [START_REF] Barnsley | Design description document on radial x-ray camera system[END_REF] are much higher than the considered radiation levels in the experimental studies. The neutron irradiation induced changes in the detector characteristics can be studied by introducing trap parameters in the device simulator [START_REF] Passeri | Comprehensive modeling of bulk-damage effects in silicon radiation detectors[END_REF]- [START_REF] Petasecca | Numerical simulation of radiation damage effects in p-type and n-type FZ silicon detectors[END_REF]. Hence, to investigate the reliability of the detectors at higher irradiation levels, the changes in the electrical characteristics of the PIPS detectors are analyzed for higher neutron fluences by using TCAD device simulation. From the experiments, it is noted that the degradation in the detector properties induced by the 14.1 MeV neutrons is higher than the 4.5 MeV neutrons. In addition, the scattered neutron flux is about an order of magnitude lower as compared to the reactor core neutrons in the JET tokamak [7], [START_REF] Edwards | The use of x-ray diagnostics in plasma control[END_REF]. Hence, it is considered that the 14.1 MeV neutrons mainly create bulk damage to the detectors.

For this reason, the simulation of 14.1 MeV neutron irradiation effects on the PIPS detectors is carried out in this work.

Since the XIS detectors are operated at zero bias, low dark current and reasonable depletion region thickness are essential to achieve good signal-to-noise ratio. Consequently, the possible neutron irradiation induced degradation in the X-ray response of the detectors is investigated from the simulated changes in the depletion region thickness and the leakage current. Simulation studies of the fusion neutron irradiation effects are important as the neutron induced noise needs to be corrected for during tomography reconstruction. The aim of this simulation is to investigate the role of changes in the electrical characteristics of the tomography diagnostic detector in determining its X-ray response. Simulation studies are extended for substrates with different resistivity (4 kΩ-cm, and 300 Ω-cm) and thin detector structures (100 µm).

Neutron radiation damage model

The dominant deep level traps responsible for changes in the detector characteristics have been considered in the radiation damage model. The 3-level radiation damage models proposed by Passeri et al. [START_REF] Passeri | Comprehensive modeling of bulk-damage effects in silicon radiation detectors[END_REF], [START_REF] Passeri | Device simulations of silicon detectors: a design perspective[END_REF], Moscatelli et al. [START_REF] Moscatelli | Comprehensive device simulation modeling of heavily irradiated silicon detectors at cryogenic temperatures[END_REF],

and Petasecca et al. [START_REF] Petasecca | Numerical simulation of radiation damage effects in p-type and n-type FZ silicon detectors[END_REF] for the n-type silicon considers three dominant neutron Whereas, limited information is available in the literature for the 14.1 MeV neutron irradiation induced defects in silicon detectors. Srour et al. [START_REF] Srour | Short-term annealing in 14-MeV neutronirradiated silicon[END_REF] and Stein [START_REF] Stein | Energy dependence of neutron damage in silicon[END_REF] have reported that the average energy imparted to the PKA by the 14.1 MeV neutron is much higher than that for the 1 MeV neutron. Therefore, the total number and the concentration of defects should be higher for the 14.1 MeV neutrons. But the nature of defects produced by these two types of neutrons is essentially the same.

Some authors [START_REF] Chaudhari | Comparison of defects produced by 14-MeV neutrons and 1-MeV electrons in n-type silicon[END_REF]- [START_REF] Fretwurst | Neutron induced defects in silicon detectors characterized by DLTS and TSC methods[END_REF] have identified the 14.1 MeV neutron induced defects in the n-type silicon through detailed DLTS and TSC studies. They have reported similar neutron induced defects as discussed above, along with a common A-center (VOi) which is the combination of one silicon vacancy and one oxygen atom with its energy level at Ec-0.17 eV. As revealed by the DLTS studies [START_REF] Fretwurst | Neutron induced defects in silicon detectors characterized by DLTS and TSC methods[END_REF], CiOi level at Ev+0.36 eV is found only in the ion-implanted, oxide passivated silicon. As both the processing steps are used in the fabrication of the PIPS detectors, CiOi level must be present in the active volume.

From the above discussion, it may be assumed that 14.1 MeV neutrons and 1MeV neutrons in silicon may produce the same type of defects, with an additional shallow VOi level, but with different concentrations. The same assumptions may partly be validated macroscopically by looking into the reverse I-V characteristics of Chapter-2
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the irradiated PIPS detectors. From the Fig. 2.18, it has been observed that the increase in the leakage current is found to be higher (about 1.6 times) for the detector irradiated with 14.1 MeV neutrons as compared to the other (4.5 MeV neutron irradiated detector) even at the same neutron fluence levels of 1.8×10 10 n/cm 2 , and 3.6×10 10 n/cm 2 . Hence, the defect concentrations must be higher for 14.1 MeV neutron irradiated detector, supporting the reported works [115], [START_REF] Srour | Short-term annealing in 14-MeV neutronirradiated silicon[END_REF]. Moreover, it has been identified from Fig. 2.18 that the changes in the leakage current per unit volume are smaller (as per the Eqn.1.3) for the case of 4.5 MeV neutrons. Considering a hardness factor of 1.5 for 4.5 MeV neutrons, the current related damage rate is found to be nearly the same. This may suggest that the type of defects responsible for current generation in both cases is nearly the same.

Following the reported literature combined with the experimental results, a four-level radiation damage model is considered with the model parameters given in Table 2.4. Each trap is characterized by parameters such as its energy level Et, capture cross-section of electrons and holes σn/p, and introduction rate of traps η, respectively.

In particular, the introduction rate of divacancy is intentionally chosen as higher than reported [START_REF] Moll | Comparison of defects produced by fast neutrons and 60 Co-gamma in high-resistivity silicon detectors using deep-level transient spectroscopy[END_REF], to account for the inter-center charge transfer effects in the simulation [START_REF] Passeri | Device simulations of silicon detectors: a design perspective[END_REF], [START_REF] Moscatelli | Comprehensive device simulation modeling of heavily irradiated silicon detectors at cryogenic temperatures[END_REF]. In many reported works, the neutron fluences are normalized to 1 MeV equivalent neutron fluences by using the hardness factor. The hardness factor compares the damage created by a specific neutron irradiation with the damage that would have been created by monoenergetic 1 MeV neutrons. Hence, the 14.1 MeV neutron irradiation induced defect concentration T N is calculated by [START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF], [START_REF] Chaudhari | Comparison of defects produced by 14-MeV neutrons and 1-MeV electrons in n-type silicon[END_REF] MeV h T k N Chapter-2 53

Simulation setup

Commercially available 2D-device simulator Silvaco ® TCAD is employed in the simulation studies [START_REF]ATHENA Silvaco ®[END_REF], [START_REF]ATLAS Silvaco ®[END_REF]. For studying the radiation effects on silicon detectors, the typical 2D-structure of the PIPS detector is considered in the simulation, as shown in Fig. 
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where  is the electrostatic potential,  is the permittivity of silicon,  is the local space charge density, and T Q is space charge density introduced by the traps. The donor removal mechanism mentioned in the Eqn. 1.4 is considered in the simulations with a constant removal rate ) (c based on the earlier work of Moll [START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF]. The 4-level model trap parameters in Table 2.4 with the trap concentrations computed using Eqn.2.9 are adopted in the simulations and the changes in the detector characteristics are analyzed up to the fluence of 2×10 14 n/cm 2 . All simulations are carried out at the temperature of 300 K.

Model validation

For validating the proposed model, first, the simulated detector characteristics are compared with the measured pre-irradiation characteristics of the PIPS detectors.

The PIPS detectors have a bulk resistivity of 7.4 kΩ-cm and a substrate thickness of 308 µm. The same parameters are used in the simulations. As similar to the experiments (see Fig. 

Simulation results

To understand the radiation effects on PIPS detector, the changes in the effective doping concentration and the leakage current are analyzed for higher neutron After SCSI, the effective junction moves from the p + -implant side to the ohmic side of the type inverted PIPS detector (p + -n-n + structure). Now the junction forms between effectively type inverted p-type substrate and the n + -implant side and the depletion region is starting to grow from the back contact side [START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF]. There remains a small depletion region on p + -implant side. This effect is termed as the double junction effect [START_REF] Castaldini | Doublejunction effect in proton-irradiated silicon diodes[END_REF] in the literature. Figure 2.26 shows the double junction effect observed from the simulated vertical electric field distribution of the HR PIPS detector after SCSI. Before irradiation, the peak electric field is occurred at the p +implant side. After the SCSI, the electric field is much more pronounced near to the n + -implant side at the bias of -5V, while a weaker electric field exists at the p +implant side. The typical structure of the PIPS detector after SCSI is shown in 

Detector with different resistivity substrates

The neutron irradiation induced changes in the depletion region thickness

) ( dep d
are calculated by [START_REF] Lutz | Semiconductor Radiation Detectors: Device Physics[END_REF], [START_REF] Sze | Physics of Semiconductor Devices[END_REF] 
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where C indicates the depletion capacitance, R V is the applied reverse bias, and bi V is the diode built-in-potential. The SCSI for detectors using low resistivity substrate occurs at higher fluences than that obtained for high resistivity substrate, because the former has higher initial effective doping concentration. The SCSI fluences for moderate resistivity (MR, ρ= 4kΩ-cm), and low resistivity (LR, ρ = 300 Ω-cm) PIPS detectors are obtained as ~9×10 12 n/cm 2 , and ~1.5×10 14 n/cm 2 , respectively, as shown by the arrows in Fig. 2.28. The SCSI fluence of LR detector is approximately two orders of magnitude higher than that obtained by HR detector. Therefore, the low resistivity silicon detectors appear to build a more radiation-hard detector in terms of SCSI fluence range, the same is found from the reported experimental studies [START_REF] Bruzzi | Radiation damage in silicon detectors for high-energy physics experiments[END_REF], [START_REF] Angarano | Characterization of neutron irradiated, low-resistivity silicon detector[END_REF]. is observed for higher neutron fluences (>10 13 n/cm 2 ) even at the same detector bias. The increase in the leakage current density of the HR PIPS detector is higher than the LR PIPS detector up to a fluence of ~8×10 13 n/cm 2 , as noted from Fig. 2.31.

The functional dependence of the

The reason for this difference is due to the varying depletion region thickness of these detectors at zero bias [START_REF] Park | Consideration of the leakage-current and the radiation-response characteristics of silicon PIN detectors with different n-type substrates and their application to a personal γ-ray dosimeter[END_REF] (refer Fig. 2.28). Beyond the 14.1 MeV neutron fluence of 8×10 13 n/cm 2 , both the detectors have nearly the same depletion region thickness (up to the fluence of 10 14 n/cm 2 ). As a result, nearly similar changes in the leakage current density are obtained in the fluence range between 8×10 13 n/cm 2 to 10 14 n/cm 2 . After the fluence of 10 14 n/cm 2 , the leakage current (at zero bias) of the LR detector is expected to increase notably in comparison to the HR detector due to considerable
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increase in the depletion region thickness of the LR detector. However, it may be concluded that there can be an advantage by choosing the LR detector in terms of leakage current up to the neutron fluence of ~10 14 n/cm 2 at zero bias. This advantage of the LR detector is also valid for low reverse bias conditions at the same neutron fluence. The important point to be noted here is the detector operational bias that principally determines the leakage current of the detectors. Particularly, after the full depletion voltage, the LR and the HR detectors have nearly the same leakage current due to full depletion of the detectors [START_REF] Park | Consideration of the leakage-current and the radiation-response characteristics of silicon PIN detectors with different n-type substrates and their application to a personal γ-ray dosimeter[END_REF], [START_REF] Passeri | A comprehensive analysis of lowresistivity silicon radiation detectors[END_REF]. voltage due to increase in the active volume of the detector [START_REF] Sze | Physics of Semiconductor Devices[END_REF]. At the fluence of 10 14 n/cm 2 , the JL of the HR PIPS detector at 0 V, -5 V and -10 V is found to 0.595mA/cm 2 , 1.78 mA/cm 2 , and 3.75 mA/cm 2 , respectively. So, the leakage current density at low bias voltages is considerably increased from the zero bias value even at the same neutron fluence. to the standard thicker detector, considerable reduction in full depletion voltage is found after high neutron fluences (-85 V for thinner detector and -811 V for thicker detector at 10 14 n/cm 2 ), even though the SCSI occurred at about 10 12 n/cm 2 for both the detectors. The changes in the leakage current density at 0V with the 14.1MeV neutron fluence are displayed in the Fig. 2.34 for both the detectors. It is found that the increase in the leakage current of the thin detector after neutron irradiation is nearly the same as the standard thicker detector at zero bias. But the thin detectors have a low leakage current when operated at higher bias voltages [START_REF] Petasecca | Analysis and simulation of charge collection efficiency in silicon thin detectors[END_REF], which may not be a preferred mode of operation for a tomography X-ray detector. These results

Chapter-2 64 reveal that there are no significant advantages with respect to the SCSI fluence range and the leakage current at zero bias by choosing a thin detector with the same resistivity. Chapter-2 65

Simulation of Gamma Irradiation Effects

Recall that, the X-ray imaging systems are exposed to neutrons and high energy gamma rays during the operational period of the reactor machine [5]. So, studies on gamma irradiation induced changes in the silicon detector properties are required. Therefore, the 60 Co-gamma irradiation effects on the electrical characteristics of the PIPS detectors (with different resistivity substrates ρ=7.4kΩ-cm, 5.4 kΩ-cm, and 300 Ω-cm) are analyzed by using 4-level radiation damage model up to the dose of 3500 Mrad. The main purpose of this simulation is to determine the SCSI dose for high resistivity (HR, ρ = 7.4 kΩ-cm) and low resistivity (LR, ρ = 0.3kΩ-cm) PIPS detectors for predicting the survival of the detectors. The gamma irradiation effects on the detector with the resistivity of 5.4 kΩ-cm are simulated to validate the proposed model with the reported experimental results.

Gamma radiation damage model

When the 60 Co-gamma rays (energy of 1.17 One deep-donor defect carbon-oxygen complex (CiOi, EV+0.36 eV) is accounted in the radiation damage model due to its higher introduction rate [START_REF] Hönniger | Radiation damage in silicon -defect analysis and detector properties[END_REF]. Without considering the CiOi defect, about 5% error is noticed for the increase in the leakage Chapter-2 66 current from the simulations. Furthermore, the gamma irradiation induced changes in the effective doping concentration of the detectors can be fairly predicted by accounting both the acceptor-and donor-type defects together in the model.

The energy level of the defects (Et), the electron capture cross section of the defects (σn), the defect introduction rate (η), and the hole capture cross section (σp) of the I-, Γ-, and CiOi-defects given in the Table 2.5 are taken from reported experimental data [START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF], [START_REF] Hönniger | Radiation damage in silicon -defect analysis and detector properties[END_REF]- [START_REF] Fretwurst | Bulk damage effects in standard and oxygenenriched silicon detectors induced by 60 Co-gamma radiation[END_REF]. For V2-defect, the hole capture cross section value (σp=2×10 -14 cm 2 ) is assumed for validating the simulated increase in the leakage current with the experimental data. (2.12)

From Eqn. 2.12, the TG N is calculated by unit converted defect introduction rate (from rad -1 cm -3 to cm -1 , see Table 2.5), 60 Co-gamma dose equivalent fluence (using dose to fluence conversion factor 1 rad = 1.95×10 9 γ/cm 2 [START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF]) and hardness factor of 60 Cogamma rays (4.9×10 -5 ) [START_REF] Hönniger | Radiation damage in silicon -defect analysis and detector properties[END_REF]. The defect parameters given in Table 2.5 and the concentration of defects calculated by Eqn. 2.12 are taken in the simulations and the gamma irradiation effects on the detector properties are investigated up to the dose of 3500 Mrad at the temperature of 300 K.

Model validation

For validating the proposed model, the simulated detector characteristics are compared with the reported experimental results [START_REF] Fretwurst | Bulk damage effects in standard and oxygenenriched silicon detectors induced by 60 Co-gamma radiation[END_REF] for the detector (with resistivity of 5.4 kΩ-cm) irradiated with 60 Co-gamma rays. The simulated gamma irradiation induced changes in the effective doping concentration

) ( eff N
and the full

depletion voltage ) ( dep V
are compared with the measurements by Fretwurst et al.

[131] and are shown in Fig. 2.35. It is observed that the eff N of the detector decreases with gamma dose up to the SCSI dose that occurred at the dose of ~220 Mrad. The detector substrate is effectively changed from n-type to p-type during the SCSI dose [START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF]. The minimum value of eff N is noticed at the SCSI dose due to nearly complete removal of initial dopants (indicated by the arrow in Fig. 2.35). After SCSI dose, the eff N is found to increase with the gamma dose due to the continuous introduction of acceptor-like states. It is noticed that the simulated changes in the eff N and dep V closely track the reported experimental data [START_REF] Fretwurst | Bulk damage effects in standard and oxygenenriched silicon detectors induced by 60 Co-gamma radiation[END_REF].

Figure 2.36 shows the simulated and measured [START_REF] Fretwurst | Bulk damage effects in standard and oxygenenriched silicon detectors induced by 60 Co-gamma radiation[END_REF] 60 Co-gamma irradiation induced changes in the leakage current per unit voltage at full depletion voltage of the detectors. It is noted that the increase in the detector leakage current per unit volume is proportional to the 60 Co-gamma dose [START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF], as per the Eqn. 1.3. The simulated leakage current per unit volume closely tracks the measured data [START_REF] Fretwurst | Bulk damage effects in standard and oxygenenriched silicon detectors induced by 60 Co-gamma radiation[END_REF] up to the dose of 820 Mrad. Furthermore, the calculated current related damage rate of  = 8.1 ± 1.6 × 10 -23 A/cm γ from the simulation is given a good agreement with the reported data ( = 7.4 ± 1.4 × 10 -23 A/cm γ) in the literature [START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF]. From the Figs. 2.35-2.36, it is observed that the developed radiation damage model is able to predict the 60 Cogamma irradiation effects on the detector characteristics. Hence, the 60 Co-gamma irradiation induced changes in the effective doping concentration and the leakage current are extended for different resistivity substrates (7.4, and 0.3 kΩ-cm) by using the proposed model. of the HR detector is increased from 2.5 pA/cm 2 (pre-irradiation value) to 0.95µA/cm 2 . The increase in the Jleakage of LR detector is found to be smaller as compared to HR detector up to the dose of 2500 Mrad due to the variations in the dep d of these detectors as noted from Fig. 2.37. The JL at 0V of the LR detector is nearly as the same of the HR detector for the dose range of 2500-3000 Mrad. After 3000 Mrad, the dep d (at 0V) of LR detector is considerably increased with respect to HR detector, as a result the JL at 0V is notably increased in the LR detector. Figure 2.41 shows the changes in the leakage current density (JL) of the HR detector as a function of gamma dose for different reverse bias voltages. The JL is found to increase with reverse bias voltage. At G  =3500 Mrad, the JL of HR detector at -5 V, and -10 V is identified as 2.6µA/cm 2 , and 5.4 µA/cm 2 , respectively. So, the JL at -10 V is significantly increased from the zero bias value even at the same gamma dose. Chapter-2 73

Possible Changes in X-ray Response at Higher Irradiation Levels

As mentioned in Section 1.1.3, the total X-ray sensitive depth of a partially depleted detector is the sum of the depletion region thickness and the carrier diffusion length ) ( D L [START_REF] Lutz | Semiconductor Radiation Detectors: Device Physics[END_REF]. The characteristic length of carrier diffusion is proportional

to r L r D / ) / exp(
, where r indicates distance from the point of X-ray generated excess charge carrier to the edge of the depletion region [START_REF] Cho | Effects of neutrons on semiconductor x-ray detectors including n-type Joint European Torus and p-type GAMMA 10 tomography detectors[END_REF]. High energy X-rays deeply penetrate into the field-free substrate and produce electron-hole pairs by photoelectric absorption. Particularly at zero bias conditions, the charge contribution from the field-free region dominates over the charge generation within the depletion region for high energy X-rays. From the simulation results, it is found that the dep d increases with the neutron fluence until SCSI (refer Figs. 2.28 and 2.37). Generally, an increase in the dep d enhances the X-ray detection efficiency of the detectors. On the contrary, degradation in the X-ray response is expected due to the reduction in minority carrier lifetime and the trapping of charge carriers [START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF], [START_REF] Cho | Effects of neutrons on semiconductor x-ray detectors including n-type Joint European Torus and p-type GAMMA 10 tomography detectors[END_REF]. The irradiation induced defects can act as recombination centers, which cause the minority carrier lifetime to decrease. The diffusion length ) ( D L is related to the carrier lifetime ) ( and the diffusion coefficient ) (D by the following equation [110] 

 D L D  (2.13)
A reduction in the minority carrier lifetime causes a decrease in the diffusion length of carriers. As a result, charge collection from the field-free substrate (by diffusion of carriers) decreases, which leads to deterioration in the X-ray response. Charge trapping is the next most important reason for the degradation in X-ray response.

Irradiation induced shallow level traps can temporally trap charge carriers, thereby, decreasing the signal generation [START_REF] Lutz | Semiconductor Radiation Detectors: Device Physics[END_REF], [START_REF] Srour | Review of displacement damage effects in silicon devices[END_REF].

Applying a lower reverse bias voltage to the irradiated detector reasonably increases the depletion region thickness, as observed from Figs. 2.29 and 2.39. In this case, the charges produced deeper in the un-depleted region by high energy X-rays may reach the thicker depletion region. Consequently, a partial recovery in the degraded X-ray response of the detector is expected by applying a low reverse bias before SCSI, similar to the observations by Cho et al. [START_REF] Cho | Effects of neutrons on semiconductor x-ray detectors including n-type Joint European Torus and p-type GAMMA 10 tomography detectors[END_REF]. After SCSI, it is observed that the dep d decreases from the peak value attained at the SCSI (Figs. 2.28 and 2.37).
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After heavy irradiation (i.e. >10 13 n/cm 2 for HR PIPS detector), the dep d is significantly decreased from the pre-irradiation value. Furthermore, from the simulations, it has been noticed that the leakage current increases to several µA even at zero bias after the neutron fluence of 2×10 13 n/cm 2 . Under this condition, operating the detector at lower bias voltages might also increase the leakage current from zero bias value resulting in poor signal-to-noise ratio.

After SCSI, the n-type detector substrate is effectively changed into p-type, so that double junction effect is noticed from the Figs. 2.26 and 2.38. Reduction in the diffusion length of carriers after SCSI, coupled with the narrow depletion region at p +side results in reduced charge collection as compared to its magnitude before SCSI. If the readout electronics are attached to the detector from p + -side, the collected charge may be improved by applying a small reverse bias. Nevertheless, after SCSI, the diffusion length of carriers is significantly reduced due to the high concentration of neutron induced traps. Furthermore, the charge contribution from the un-depleted region is also severely decreased due to the charge trapping. On the other hand, if the readout electronics are connected to the n + -side, the dead layer of the detector is considerably increased immediately after SCSI. The incident X-rays must pass through this thicker dead layer (see Fig. 2.27) before reaching the depletion region. As a result, there is a portion of X-ray produced signal loss in the entrance window due to the incomplete charge collection, which severely affects the X-ray response of the detectors. Taking these effects into account, after SCSI, the X-ray response of the detector is expected to deteriorate severely with fluence. This may explain the subsequent degradation in the X-ray response of silicon detectors after SCSI, as observed experimentally by Kohagura et al. [START_REF] Kohagura | Deterioration and recovery effects in energy responses of semiconductor x-ray detectors due to nuclearfusion produced neutron irradiation[END_REF].

From the simulations (Fig. 2.33), it has been noticed that operating a thin detector at zero bias will provide the same dep d , as that obtained by the standard thicker detector. Hence, the charge carrier generation from the depletion region is essentially the same for both the detectors. The charge contribution from the wider diffusion region may vary for high energy X-rays. So, as compared to the standard thicker detectors, the thin detectors might not provide any considerable X-ray response for the high energy X-rays due to their reduced bulk thickness. Therefore, the thin silicon detectors may not be preferred for the X-ray imaging systems.
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From the simulation results, it has been observed that the SCSI fluence/dose can be moved to the higher neutron fluence/dose (Φ14.1MeV = ~1.5×10 14 n/cm 2 , dose=3400 Mrad) by choosing the LR detector. Furthermore, in terms of the leakage current, the LR detectors perform better up to the fluence of ~10 14 n/cm 2 (dose of 3000 Mrad) for the zero bias condition. After SCSI, the detector might stop working properly due to shifting of the active region to the backside of the detector. Hence, the substrate resistivity must be carefully chosen to adapt well to the SCSI fluence/dose range for the continuous operation of the detector.

The comparison of 14.1 MeV neutron and 60 Co-gamma irradiation effects on silicon detectors is given as follows: The double junction effect is observed in both the 14.1 MeV neutron and gamma irradiated PIPS detectors after SCSI. The 14.1MeV neutron equivalent SCSI fluence for gamma irradiated LR detector (ρ = 300 Ω-cm) is ~1.73×10 14 cm -2 , which is higher than the SCSI fluence (~1.5×10 14 n/cm 2 ) observed for 14.1 MeV neutron irradiated detector with the same resistivity, here the 14.1 MeV neutron equivalent fluence is calculated by the dose to fluence conversion factor [START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF] and the hardness factor of 14.1 MeV neutrons [START_REF] Moll | Comparison of defects produced by fast neutrons and 60 Co-gamma in high-resistivity silicon detectors using deep-level transient spectroscopy[END_REF] and 60 Co-gamma rays [START_REF] Hönniger | Radiation damage in silicon -defect analysis and detector properties[END_REF].

From these results, it is considered that the 14.1 MeV neutrons may quickly damage the PIPS detectors even at the same equivalent fluence of the 60 Co-gamma rays. In the ITER-like environment, the detectors are exposed to the 14.1 MeV neutrons and high energy gamma rays at the same time, so that it is hard to predict the mixed radiation effects (both neutron and gamma) on the detectors. Based on the literature, the neutron and gamma irradiation effects on the oxygen-lean material like FZ silicon may be additive [START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF], [START_REF] Pintilie | Results on defects induced by 60 Co gamma irradiation in standard and oxygen-enriched silicon[END_REF], [START_REF] Li | Complete suppression of reverse annealing of neutron radiation damage during active gamma irradiation in MCZ Si detectors[END_REF]; consequently, the mixed irradiation may shift the SCSI range of the detectors to the lower neutron fluences/gamma doses, as predicted by the simulations. After the expected 2×10 6 s operational time of the ITER tokamak machine, estimated 14.1 MeV neutron fluence and gamma dose received by the radiation shielded detectors may be ~2×10 14 n/cm 2 , and ~200 Mrad, respectively [5], [START_REF] Barnsley | Design description document on radial x-ray camera system[END_REF]. Accounting these numbers, it is assumed that the 14.1 MeV neutrons primarily cause radiation damage to the radiation shielded detectors. It is worth recalling that even the LR detectors can be safely operated in these high energy neutron radiation environments until SCSI fluence. Hence, the commercially available low resistivity (ρ=300Ω-cm) silicon detectors may find use in the plasma X-ray imaging systems up to a neutron fluence ~10 14 n/cm 2 .
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Conclusions

The energy resolution of 2.49 keV FWHM (at 32 keV of 137 Cs X-ray), 100 % CCE, and reasonable X-ray detection efficiencies (10-5%) for the energies 30-40 keV are obtained with the PIPS detectors before irradiation at room temperature. The neutron irradiation induced degradation in the X-ray spectral response of the PIPS detectors have been investigated up to the fluence of 3.6×10 10 n/cm 2 . The energy resolution of the detectors is found to degrade by about 3.8 times that of the preirradiation value at the 14.1 MeV neutron fluence of 3.6×10 10 n/cm 2 . Hence, the PIPS detectors have shown poor X-ray spectral response even at low neutron fluences.

Moreover, the PIPS detector energy resolution for 241 Am α-particles is considerably deteriorated at the fluence of 3.6×10 10 n/cm 2 . The degradation in the energy resolution of the detectors is attributed to the neutron irradiation induced increase in the detector leakage current. The extent of damage caused by 14.1 MeV neutrons is found to be higher than the 4.5 MeV neutrons, as inferred from the electrical and spectral investigations at the same neutron fluence. No significant changes in the effective doping concentration are observed up to the neutron fluence of 3.6×10 10 n/cm 2 .

Considering the post-irradiation spectral responses, the PIPS detectors may not be recommended for the fusion diagnostic spectrometers. The SCSI doses for the HR (ρ=7.4 kΩ-cm), and LR (ρ=0.3 kΩ-cm) detectors are identified as ~80 Mrad, and ~3400 Mrad, respectively. As a result, the SCSI dose range of the LR detector is about 43 times higher than that obtained by the HR detector. Furthermore, 60 Co-gamma and 14.1 MeV neutron irradiation effects on the PIPS detectors are compared. It is considered that the 14.1 MeV neutrons primarily cause radiation damage to the radiation shielded detectors.

After the SCSI, the detector might stop working properly due to the shifting of the active region to the backside of the detector. So, the X-ray response of the HR PIPS detector (ρ=7.4 kΩ-cm) is expected to degrade considerably after the 14.1 MeV neutron fluence of 10 12 n/cm 2 . Hence, the resistivity of the detector substrate has to be selected carefully to well adapt to the SCSI fluence range for the continuous operation of the detectors. In conclusion, the commercially available high resistivity silicon detectors may not be suitable for the X-ray imaging systems. Accounting the SCSI fluence range, commercially available silicon detectors with a resistivity of 300 Ω-cm may find use in the X-ray imaging systems up to the fluence of ~10 14 

4H-SiC Detector Fabrication

The n-type epitaxial and HPSI 4H-SiC wafers (3-inch diameter, double side polished, Si-face CMP) from CREE Inc. were used for the detector fabrication. The epitaxial 4H-SiC consists of 30 µm thick low nitrogen-doped (with a concentration of 5×10 14 cm -3 ) epitaxial layer, grown on 364µm thick heavily doped (~10 18 cm -3 ) n-type 4H-SiC substrate (~1 µm thick n + -buffer layer is located between the epilayer and the substrate). The HPSI 4H-SiC has a substrate thickness of 355 µm with a bulk resistivity of 10 9 Ω-cm. The 4H-SiC epilayer contains a low micropipe density of ≤15cm -2 , whereas the HPSI 4H-SiC has the standard micropipe density in the substrate. Figure 3.1 shows the photograph of the epitaxial and HPSI 4H-SiC wafers used in the current study. 

Surface cleaning process

As the first step, the 4H-SiC samples were effectively cleaned as per the degreasing and RCA cleaning procedure [START_REF] Joyce | Effective cleaning process and its influence on surface roughness in anodic bonding for semiconductor device packaging[END_REF], [START_REF] Gupta | Thermal oxidation of silicon carbide (SiC)experimentally observed facts[END_REF]. In the wet cleaning process, the sample was placed in a quartz beaker containing chemicals. During the cleaning, the beaker was routinely shaked to obtain a uniformly cleaned surface. Radio Corporation of America (RCA) cleaning process consists of two steps: RCA-1 and RCA-2. The undergone surface cleaning process is described below.

(a) Degreasing: The main purpose of the degreasing is to remove the grease, thick oily substances, and light metal ions from the sample surface. At first, the sample was immersed in trichloroethylene (TCE) and heated for ten minutes. After that, the beaker containing the sample and TCE was allowed to cool for some time;

then the sample was transferred to another beaker containing acetone and boiled for ten minutes. The beaker was cooled for some time. Afterwards, the sample was immersed in methanol and heated for ten minutes; again the sample was cooled. Finally, the sample was thoroughly rinsed in the flowing de-ionized (DI)

water. The sample was transferred in a cleaned Petri dish and kept on a hot plate (around a temperature of 200 ºC) till the water evaporated from the surface of the sample. The Petri dish was stored in a hot air oven at a temperature of 120 ºC.

(b) RCA-1: The high pH alkaline mixture, i.e. ammonium hydroxide (NH4OH), hydrogen peroxide (H2O2) and DI-water in a ratio of 1:1:5, is used to remove organic, ionic, and metal contaminations from the surface of the sample. The mixture was heated up to 80 ºC and the sample was immersed in the mixture for 10 minutes. The mixture was cooled for some time. After that, the sample was rinsed in DI-water. A thin layer of SiO2 forms on the 4H-SiC surface during the RCA cleaning process [START_REF] Gupta | Thermal oxidation of silicon carbide (SiC)experimentally observed facts[END_REF]. The oxide layer on the 4H-SiC was removed by dipping the sample in diluted hydrofluoric acid (HF) solution (HF, and DI-water in a ratio of 1:50) for 20 seconds. After the DI-water rinse, the sample was transferred in the Petri dish and heated using hot plate to evaporate the water from the surface. Afterwards, the Petri dish was kept in the oven at 120 ºC.

(c) RCA-2: This cleaning procedure was performed to remove metal contaminations (was unable to disrobe by RCA-1), light alkali ions, and metal hydroxides. The sample was immersed in the RCA-2 mixture (i.e. 1:1:6 ratio of hydrochloric acid, H2O2 and DI-water) at 80 ºC for 10 minutes. After the sample cooling step, the oxide layer on the 4H-SiC was removed by the diluted HF dip. Subsequently, the DI-water rinse and the hot plate heating steps were followed. The cleaned sample was kept in the Petri dish and stored in the oven at 120 ºC.

Contact formation

The meal deposition was performed by reactive magnetron sputtering system (VST-TFSP-840), at a chamber pressure of (5-6) ×10 -3 Torr and at room temperature, in Ar ambient. The shadow mask used for the fabrication is shown in Fig. [135], [START_REF] Zaman | Fabrication of Ni/Ti/Al Schottky contact to n-type 4H-SiC under various annealing conditions[END_REF], no thermal annealing process was performed after the metal deposition on the n-type samples. For the fabrication of bulk detectors, the top contact was formed by sputtering Ti (50 nm)/Au (150 nm) bi-layer through the shadow mask on the Si-face of HPSI 4H-SiC, and the same Ti/Au bi-layer was considered for the back contact on the Cface of the HPSI 4H-SiC. After forming contacts, the HPSI samples were annealed at 400°C for 30 minutes in Ar ambient. Post metallization annealing is an essential step as the annealing of Ti/4H-SiC around 400° C can form titanium carbide (TiC) at the Ti/4H-SiC interface which results in low contact resistance at the metalsemiconductor interface by reducing the barrier height [START_REF] Lee | Electrical characterization of TiC ohmic contacts to aluminum ion implanted 4H-silicon carbide[END_REF], [START_REF] Huang | Low resistance Ti ohmic contacts to 4H-SiC by reducing barrier heights without high temperature annealing[END_REF]. Finally, arrays of devices were fabricated on the processed quarter 4H-SiC wafer.

Device packaging

The TO-8 headers from Schott Inc. were used for the device packaging. It should be noted that the Ti/4H-SiC SBDs were only considered for the SBD detector packaging. The processed samples were diced according to the space available in the TO-8 header by the laser dicing machine. The diced 4H-SiC chips were attached to the TO-8 header by using conducting epoxy (i.e. die bonding). The devices were
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bonded by the ball-to-wedge bonding of 25 µm diameter gold wire (i.e. wire bonding). Finally, a metal cap was attached to the TO-8 header for protecting the detector from any physical damage. 

4H-SiC Detector Characterization

At first, the I-V and C-V characteristics of the 4H-SiC detectors were measured at room temperature. The packaged 4H-SiC detectors were used for the measurement of X-ray and alpha-particle spectral response. The unpackaged 4H-SiC SBDs and photoconductors (PCs) were used for TSC and TSCAP measurements.

Thermally stimulated current (TSC) measurements

Thermally stimulated current (TSC) technique is applicable for identifying defects in both the junction devices like Schottky barrier diodes (SBDs) and the high resistivity bulk photoconductors (PCs). In TSC measurements, the device under test (DUT) is cooled down to a low temperature (T0) and the traps in the DUT are populated at T0. Finally, the DUT is heated and the thermal emission current is recorded with respect to temperature; the peaks in the TSC spectrum (i.e. current vs.

temperature) reveal the traps in the DUT.
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In this work, the TSC measurements were carried out in the temperature range of 80K-675 K under a vacuum <10 -6 Torr by using the Janis ® cryogenic probe station in which the sample chuck temperature was controlled by Lakeshore 336 temperature controller. The schematic view and the photograph of the TSC measurement setup are shown in Figs. 3.7 and 3.8.

The conventional (biased) TSC measurements were performed on the SBDs to identify the traps in the n-type 4H-SiC. In the conventional TSC measurement, the sample was initially cooled to a low temperature of ~80K (T0) without applying any bias, and then the traps in the n-type 4H-SiC sample were populated at T0 by 2 mA current injection for 100 seconds. Finally, the sample was heated at a constant heating rate under the reverse bias of -100V and the thermal release of trapped carriers from the energy levels were recorded by measuring the current (using Keithley 6517B

Electrometer) vs. sample temperature at the same time with the LabVIEW interfaced PC. Variable heating rate method [START_REF] Mandal | Characterization of semi-insulating 4H silicon carbide for radiation detectors[END_REF], [START_REF] Fang | Thermally stimulated current spectroscopy of high-purity semi-insulating 4H-SiC substrates[END_REF], [START_REF] Muzykov | Characterization of deep levels in n-type and semi-insulating 4H-SiC epitaxial layers by thermally stimulated current spectroscopy[END_REF] was employed to extract the trap parameters from the TSC measurements. Accordingly, the TSC spectra were measured for the three different heating rates of 0.08 K/s, 0.12 K/s, and 0.16 K/s, respectively. A variant of TSC, i.e. zero-bias (ZB)-TSC technique has been applied to the 4H-SiC PCs to distinguish the electron and hole traps in the HPSI 4H-SiC. In the ZB-TSC measurements, the traps in the HPSI samples were filled by 365 nm UV illumination for 5 minutes at T0 using a 6W handheld UV lamp. The penetration depth of 365 nm UV in 4H-SiC at room temperature is ∼100µm [START_REF] Sridhara | Absorption coefficient of 4H-silicon carbide from 3900 to 3250 Å[END_REF], [START_REF] Hu | 4H-SiC detectors for low level ultraviolet detection[END_REF]. The UV penetration depth in the semiconductor increases while decreasing the sample temperature. Hence, the 365 nm UV light might be deeply absorbed in the 4H-SiC substrate at T0. No bias voltage was applied to the 4H-SiC PCs during the TSC scan by excluding the voltage source from the measurement setup. Four different heating rates (0.08 K/s, 0.12 K/s, 0.16 K/s, and 0.2 K/s) were considered in the ZB-TSC measurements for extracting the trap activation energies using the variable heating rate method [START_REF] Mandal | Characterization of semi-insulating 4H silicon carbide for radiation detectors[END_REF], [START_REF] Fang | Thermally stimulated current spectroscopy of high-purity semi-insulating 4H-SiC substrates[END_REF], [START_REF] Muzykov | Characterization of deep levels in n-type and semi-insulating 4H-SiC epitaxial layers by thermally stimulated current spectroscopy[END_REF]. Furthermore, TSC spectra were measured in the 4H-SiC

PCs at the bias of -5 V (considering the top contact negatively biased with respect to the bottom contact) for comparing the ZB-TSC spectrum with the conventional TSC spectrum. 

Thermally stimulated capacitance (TSCAP) measurements

Thermally stimulated capacitance (TSCAP) measurements were conducted on the 4H-SiC SBDs to differentiate the electron and hole traps in the n-type epitaxial 4H-SiC. Moreover, the TSCAP can identify the traps in the sample even at higher temperatures, which may not be detectable from the TSC measurements.

Figures 3.9 and 3.10 show the schematic view and the photograph of the TSCAP measurement setup. The TSCAP measurement setup was as similar to the TSC, except here 4285A LCR meter was used to measure the change in the capacitance of the SBD with temperature. TSCAP characterization was performed at a signal frequency of 1 MHz and with a small AC signal of 30 mV. For identifying the traps in the samples, TSCAP spectra without and with trap filling were taken. For acquiring the TSCAP spectra without trap filling, the samples were heated up to 675K, subsequently they were cooled from 675 K to T0 (120-160 K) under the reverse bias of -40 V for completely emptying the traps within the space charge region. Upon reaching T0, the samples were heated at 0.12 K/s under -40 V without any trap filling and the changes in the capacitance were measured with respect to the sample temperature in the LabVIEW interfaced NI-PXI 1031 system. For getting the TSCAP spectra with trap filling, the above procedure was repeated with the 2 mA current injection at T0. To check the sensitivity of the TSCAP measurements with the heating rate, some TSCAP spectra were obtained with the SBDs for the three different heating rates of 0.08 K/s, 0.12 K/s, and 0.16 K/s, respectively. Chapter-3 88

High-temperature resistivity measurements

High-temperature resistivity measurements were carried out to identify the thermal activation energy for HPSI 4H-SiC substrate. In the resistivity measurements, the resistance of the 4H-SiC PC was measured at the bias voltage of -500 V using the Keithley 6517B Electrometer and the resistivity of the HPSI 4H-SiC substrate was evaluated according to the device dimensions [START_REF] Mandal | Characterization of semi-insulating 4H silicon carbide for radiation detectors[END_REF]. For the high-temperature resistivity measurements, the sample temperature was varied and the changes in the resistivity of the HPSI 4H-SiC substrate were observed in the temperature range of 300 K to 675 K.

Measurement of spectral response

The details of the X-ray and α-particle spectral response measurement setup are discussed in the Sections 2.1.2 and 2.1.4. The spectral response was obtained for all the fabricated detectors and the best results are presented in this thesis. The X-ray response of the SBD detectors was measured by using 137 Cs and 152 Eu sources (in the energy range of 30-40 keV) at a bias voltage of -100 V, and at a shaping time of 12µs.

The alpha-particle spectral responses of the SBD detectors were obtained at different bias voltages (0 V to -100 V), and at a shaping time of 0.5 µs, using 241 Am α-particle source. The 137 Cs and 152 Eu X-ray spectra were acquired for the bulk detectors at a bias voltage of -500 V, and at the shaping time of 12 µs. The X-ray response of the 4H-SiC detectors was not characterized by the 133 Ba source, as because the half-life of 133 Ba source was finished at the time of the measurements. The 241 Am α-particle spectral response of the bulk detectors was measured at different bias voltages (-50V to -500V), and at the shaping time of 0.5 µs.

For identifying the total electronic noise of the detection system, CANBERRA 807 pulser was connected to the preamplifier along with the detector but without the radioactive source. For investigating the polarization phenomenon, the amplifier output signal was monitored at different time intervals while acquiring the X-ray spectrum. Similarly, the α-particle spectrum was measured at different time intervals after the application of the particular bias voltage to inspect the polarization. Charge collection efficiency (CCE) and intrinsic detection efficiency of the detectors were determined using the Eqns. 2.2 and 2.3.

Chapter-3 89 forward voltage (VF). The Schottky barrier height of 1.12 eV is extracted [START_REF] Sze | Physics of Semiconductor Devices[END_REF] from the JF-VF characteristics of the Ti/4H-SiC SBDs. The reverse current density of the Ti/4H-SiC SBD detectors at -60V, and -100V is found to be 0.9 nA/cm 2 , and 5.6nA/cm 2 , respectively. It is observed that the leakage current density of the SBD detectors increases with reverse bias voltage may be due to the Schottky barrier lowering and the tunneling current effects [START_REF] Baliga | Silicon Carbide Power Devices[END_REF], [START_REF] Schoen | Design considerations and experimental analysis of high-voltage SiC Schottky barrier rectifiers[END_REF]. After the voltage of -100V, the SBD detector dark current is considerably increased, and hence the spectral characteristics are not measurable above -100 V. of the 4H-SiC epilayer can be identified from the (1/C 2 )-V characteristics using the equation [START_REF] Sze | Physics of Semiconductor Devices[END_REF] eff

Results and Discussion

Electrical characteristics

R N q dV C d  2 ) / 1 ( 2   (3.1)
From Eqn. 3.1, the effective doping concentration of the 4H-SiC epilayer is identified as ~5×10 14 cm -3 . The depletion region thickness of the SBD detectors as a function of bias voltage is calculated using Eqn. 2.11 and is plotted in the Fig. 3.14. The depletion region thickness is found to increase with the bias voltage. The depletion region thickness at -60V and -100V is found to be 11.6 µm, and 14.7 µm, respectively. given by [START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF], [START_REF] Forbes | On the determination of deep level center energy and concentration by thermally stimulated conductivity measurements using reverse-biased p-n junctions[END_REF] 

           dT X N X d A q I T To T SBD TSC  exp 2 _ (3.2)
where A is the diode active area, d is the depletion region thickness, T N is the density of traps filled at 0 T , and  is the heating rate. The carrier thermal emission rate ) (X is expressed by [21], [88] 
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where  is the capture cross section of the traps, V C N / is the effective density of states in conduction or valence band for electron or hole traps, and T E is the trap activation energy. for the peak P1. The magnitude and the peak maximum temperature ) ( m T of the TSC peak P1 is found to increase with the heating rate [START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF], [START_REF] Fang | Thermally stimulated current spectroscopy of high-purity semi-insulating 4H-SiC substrates[END_REF], [START_REF] Muzykov | Characterization of deep levels in n-type and semi-insulating 4H-SiC epitaxial layers by thermally stimulated current spectroscopy[END_REF] as noticed from the Fig. 3.17, based on the Eqn. 3.2. Peak maximum temperature of P1 is noted for the different heating rates of 0.08 K/s, 0.12 K/s, and 0.16 K/s. The activation energy of ~0.63 eV is identified for trap P1 from the Arrhenius plot shown in the inset of Fig. 3.17 by using the variable heating rate method equation [START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF], [START_REF] Fang | Thermally stimulated current spectroscopy of high-purity semi-insulating 4H-SiC substrates[END_REF], [START_REF] Muzykov | Characterization of deep levels in n-type and semi-insulating 4H-SiC epitaxial layers by thermally stimulated current spectroscopy[END_REF] ) / 10 1 ln( ) / ln( / T is the peak starting temperature, and 2 T is the peak ending temperature. The capture cross section of 5×10 -16 cm 2 is calculated by fitting the numerically simulated spectrum as per the TSC Eqn. 3.2 with the measured peak P1. Note that, type of the trap (i.e. electron trap or hole trap) is not identified from the TSC spectroscopy. 

TSCAP spectroscopy

To check further any traps are not detected in the TSC spectrum, the TSCAP measurements are performed on the 4H-SiC SBDs. Figure 3.18 shows TSCAP spectra measured in the Ni/4H-SiC SBD (3.8 mm 2 ) and the inset shows the TSCAP for different heating rates. In the TSCAP spectrum obtained without trap filling, the depletion capacitance of the SBD is found to increase with temperature due to the decrease in the built-in voltage [START_REF] Sah | Thermally stimulated capacitance (TSCAP) in p-n Junctions[END_REF]. From the TSCAP spectrum obtained with trap filling, two TSCAP steps (i.e. abrupt increase in TSCAP) are observed in the temperature range of 225-265 K (P1) and 490-540 K (P2).

The TSCAP steps (P1 and P2) are generated by the electron traps in the SBD

[104]- [START_REF] Lang | Space-charge spectroscopy in semiconductors[END_REF], which is explained as follows: Before the trap filling, the SBD depletion capacitance is essentially determined by the ionized donors ) (  D N in the space charge region. After the trap filling at T0, the ionized donors can be compensated by the trapped electrons ) ( T n in the depletion region, which decreases the capacitance ) (C as realized by [START_REF] Sah | Thermally stimulated capacitance (TSCAP) in p-n Junctions[END_REF] ) ( 2

) ( bi R T D V V n N q A C      (3.6)
where

A is the diode active area, q is the elementary charge,  D N is the ionized donor density in the space charge region, R V is the reverse bias voltage, and bi V is the built- in potential. From a particular temperature during the TSCAP scan, the thermal emission rate of the trapped electrons from the trap level dominates and hence the detrapped electrons are instantaneously depleted from the space charge region due to the electric field. As a result, momentary rise in the capacitance is observed at the temperatures of ~225 K, and ~490 K. This process continues until all the trapped electrons from the trap level are released. Hence, any sharp increase in the capacitance in the TSCAP spectrum reveals the presences of electron traps in n-type samples. Therefore, the increasing TSCAP steps in our measurements (P1 and P2) must be produced by the electron traps. Unlike TSC measurements, the traps are identified at higher temperatures as the TSCAP technique is not limited by the leakage currents and the trap type is also
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determined. Hence, from now, TSCAP results are only presented. From the inset of Fig. 3.18, it is observed that TSCAP steps do not change with the heating rate (unlike TSC) supporting the earlier reported works [START_REF] Miller | Capacitance transient spectroscopy[END_REF], [START_REF] Lang | Space-charge spectroscopy in semiconductors[END_REF]. The mid-temperature ) ( 2 / 1 T of the TSCAP step is related to the trap activation energy ) (

T E by [106]         ) 2 ( ln 2 / 1 2 / 1 2 / 1 kT E q vkT kT E T T (3.7)
where v is the escape frequency factor, as expressed by [21], [106] th

V C V N v /   (3.8)
Generally, the value of escape frequency factor is assumed to identify the trap activation energy from the TSCAP [START_REF] Lang | Space-charge spectroscopy in semiconductors[END_REF]. As the trap P1 is identified from the TSC spectroscopy, the escape frequency factor calculated from the TSC is considered in Eqn. 3.7. The electron trap detected at ~525 K is also reported by some authors using DLTS [START_REF] Sasaki | Major deep levels with the same microstructures observed in n-type 4H-SiC and 6H-SiC[END_REF], [START_REF] Hemmingsson | Deep level defects in electronirradiated 4H SiC epitaxial layers[END_REF], accordingly the escape frequency factor of the trap P2 is chosen based on these works. As a result, the energy level of the traps P1, and P2 is found to be Ec-0.63 eV, and Ec-1.13 eV, respectively. The capture cross section of the traps is calculated by using Eqn. 3.8. The trap concentration ) ( T N is estimated by [104]- [106] 

d d T N C C C N C C N 1 1 2 1 ) ( 2 2     (3.9)
where 1 C and 2 C are the capacitances at the step starting temperature and the step ending temperature. After investigating all the samples, trap densities for P1 and P2 are found to be in the range of (1-1.5)×10 13 cm -3 and (1.2-1.5)×10 13 cm -3 , respectively.

The TSCAP spectrum acquired for Ti/4H-SiC SBDs is shown in Fig. 3.19.

The spectrum reveals only one trap (P1) and no traces of trap P2. In addition, it is noted from the inset of Fig. 3.19 that the TSCAP steps are not changed with the heating rate. The P1 trap concentration in the Ti/4H-SiC SBDs is also in the same range of (1-1.5)×10 13 cm -3 . The trap P1 is observed in all the studied SBDs revealing that the Ec-0.63 eV is an omnipresent defect in the 4H-SiC epilayer. Moreover, the current observations create a dilemma that whether the P2 is a bulk trap or an interface trap. Note that, the TSCAP measurements are very insensitive to the traps located near to the interface of the SBD [START_REF] Miller | Capacitance transient spectroscopy[END_REF], [START_REF] Lang | Space-charge spectroscopy in semiconductors[END_REF]; as a result the P2 may be a bulk trap. The P2 is only observed in Ni/4H-SiC SBDs, so it may be related to Ni impurity based defect complex. However, the diffusion coefficient of Ni in 4H-SiC is extremely small at room temperature [START_REF] Kimoto | Fundamentals of Silicon Carbide Technology Growth, Characterization, Devices, and Applications[END_REF]. Hence, the reason for the appearance of the P2 in Ni/4H-SiC SBDs is unclear from the current measurements; studies are underway to identify the reason.

The traps identified in the 4H-SiC SBDs are summarized in Table 3.1. The TSCAP step label, the mid-temperature of the TSCAP step

) ( 2 / 1
T , the energy level ) ( T E , and the electron capture cross section ) ( n  are tabulated for each trap. The traps are assigned to the possible defects reported in the literature. As the trap at Ec-0.63 eV is the omnipresent defect in the studied samples, the trap P1 might be produced by the lifetime killer defect Z1/2 commonly observed in the n-type 4H-SiC epilayers [START_REF] Zhang | Electrically active defects in n-type 4H-silicon carbide grown in a vertical hot-wall reactor[END_REF], [START_REF] Danno | Midgap levels in both n-and ptype 4H-SiC epilayers investigated by deep level transient spectroscopy[END_REF], [START_REF] Klein | Lifetime-limiting defects in n -4H-SiC epilayers[END_REF]. As the trap density is about 10 13 cm -3 , the trap P1 might significantly reduce the carrier lifetime (<10 -6 s) in the 4H-SiC epilayer [START_REF] Kimoto | Fundamentals of Silicon Carbide Technology Growth, Characterization, Devices, and Applications[END_REF], [START_REF] Klein | Lifetime-limiting defects in n -4H-SiC epilayers[END_REF]. The other trap at Ec-1.13 eV (P2) may be related to the EH5 [START_REF] Sasaki | Major deep levels with the same microstructures observed in n-type 4H-SiC and 6H-SiC[END_REF], [START_REF] Hemmingsson | Deep level defects in electronirradiated 4H SiC epitaxial layers[END_REF] and IL2 [START_REF] Pintilie | Deep levels in as-grown 4H-SiC epitaxial layers and their correlation with CVD Parameters[END_REF] centers. The energy location of the traps in the bandgap of the epitaxial 4H-SiC is shown in Fig. 3.20. 

Electrically active defects in 4H-SiC bulk detectors

ZB-TSC spectroscopy

It is noticed that two types of ZB-TSC spectra are nearly repeatable in the studied HPSI 4H-SiC samples and accordingly the samples are categorized into two sets. The ZB-TSC spectra presented in this thesis are obtained with the 3.8 mm 2 photoconductors (PCs). The repeatability of the measurements is checked and the best results are presented. Figure 3.21 shows the ZB-TSC spectra observed in the first set of HPSI samples for the heating rates of 0.08 K/s, 0.12 K/s, 0.16 K/s, and 0.2 K/s.

Seven distinct positive TSC peaks at ~ 98 K (1), ~ 130 K (2), ~ 170 K (3), ~190 K (4), ~ 212K (5), ~326 K (6), ~ 426 K ( 7) are clearly identified from the Fig. 3.21, but no negative TSC peaks are detected. The height of the strong TSC peak at ~ 426 K is about 2-3 times of the other peaks and a small peak is noted at ~212 K. After 450 K, the leakage current of the device dominates the ZB-TSC spectrum; hence it is unable to retrieve the trap information beyond this temperature.

The observed total thermal emission current ( PC TSC I _ ) measured in the 4H-SiC PC from a distinct trap during a TSC scan can be characterized by [START_REF] Muzykov | Characterization of deep levels in n-type and semi-insulating 4H-SiC epitaxial layers by thermally stimulated current spectroscopy[END_REF], [START_REF] Pavlović | Precise determination of deep trap signatures and their relative and absolute concentrations in semi-insulating GaAs[END_REF] ) exp(

0 _ dT X X N qAE I T T T f PC TSC      (3.10)
where f E is the electric field,  is the carrier mobility,  is the carrier lifetime, and X is the thermal emission rate of carriers (refer Eqn. 3.3). From Fig. 3.21, it is noticed that the TSC peak maximum temperature and the magnitude of the ZB-TSC peak increase with the heating rate [START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF], [START_REF] Mandal | Characterization of semi-insulating 4H silicon carbide for radiation detectors[END_REF], [START_REF] Fang | Thermally stimulated current spectroscopy of high-purity semi-insulating 4H-SiC substrates[END_REF], as per the Eqn. 3.10. The peak maximum temperature ) ( m T of the each TSC peak is noted for the four different heating rates and the trap activation energy ) ( T E is evaluated by the variable heating rate method using Eqn. 3.4. parameter [START_REF] Mandal | Characterization of semi-insulating 4H silicon carbide for radiation detectors[END_REF], [START_REF] Muzykov | Characterization of deep levels in n-type and semi-insulating 4H-SiC epitaxial layers by thermally stimulated current spectroscopy[END_REF]. The capture cross section for the traps 1-7 is identified as ~3×10 -16 cm 2 (1), ~1×10 -16 cm 2 (2), ~2×10 -17 cm 2 (3), ~4×10 -17 cm 2 (4), ~3×10 -16 cm 2

(5), ~4×10 -16 cm 2 (6), and ~2×10 -15 cm 2 (7). As the mu-tau product ) ( is not well reported for the HPSI 4H-SiC at low and high temperatures, the trap concentration cannot be determined exclusively from the ZB-TSC measurements [START_REF] Mandal | Characterization of semi-insulating 4H silicon carbide for radiation detectors[END_REF], [START_REF] Fang | Thermally stimulated current spectroscopy of high-purity semi-insulating 4H-SiC substrates[END_REF]. Hence, the trap concentration is not evaluated further. The seven positive ZB-TSC peaks observed from the Fig. 3.21 must be produced by the hole traps, which is justified as follows: In the measurements, the top surface of the sample has a slightly lower temperature (around 1-2 K) with respect to the bottom surface during the temperature ramp [START_REF] Huang | A simple and reliable method of thermoelectic effect spectroscopy for semi-insulating III-V semiconductors[END_REF], [START_REF] Desnica | Thermoelectric effect spectroscopy of deep levels in semi-insulating GaN[END_REF], so the thermally emitted electrons and holes will move towards the top surface due to the thermal gradient, as the applied bias voltage is zero. The resultant electron and hole current are in the opposite direction, therefore negative and positive peaks of the ZB-TSC spectra in our measurements reveal electron and hole traps, respectively. Thus, seven hole traps viz. As compared with the ZB-TSC, many defects are not identified from the conventional (biased) TSC spectrum; this may be caused by the considerable increase in the device leakage current with the application of bias voltage. Furthermore, it is noted that the height of the TSC peaks is significantly increased in the conventional TSC spectrum because of the improvement in the trapped charge collection with the increase in the electric field. The resulting thermal emission current is directed by the applied electric field, thus the conventional TSC spectrum cannot differentiate the electron and hole traps [START_REF] Fang | Thermally stimulated current spectroscopy of high-purity semi-insulating 4H-SiC substrates[END_REF], [START_REF] Huang | A simple and reliable method of thermoelectic effect spectroscopy for semi-insulating III-V semiconductors[END_REF]. Therefore, the ZB-TSC method is better suitable than the conventional TSC technique for identifying traps in the HPSI 4H-SiC.

Fig. 3.24: TSC spectrum measured in the first set of HPSI samples before irradiation with the bias of -5 V at 0.12 K/s.

The defects in the HPSI 4H-SiC deduced from the ZB-TSC measurements are summarized in Table 3.2. The TSC peak label, the peak maximum temperature ) ( m T at 0.12 K/s, the energy level ) ( T E , and the capture cross section ) ( are tabulated for each trap. The defects are attributed to the possible impurities and/or intrinsic defects reported in the literature based on their energy levels. The trap peaked at ~ 98 K can be produced by the Al-impurity [START_REF] Lebedev | Deep level centers in silicon carbide: a review[END_REF], and the intrinsic defect complex based acceptortype L-center [START_REF] Lebedev | Deep level centers in silicon carbide: a review[END_REF]. The defect identified in the range of 130-140 K can be caused by the B and Ga impurity atoms [START_REF] Lebedev | Deep level centers in silicon carbide: a review[END_REF], and may be related to the carbon displacement Chapter-3 103 created UK1 center [START_REF] Danno | Deep level transient spectroscopy on as-grown and electron-irradiated p-type 4H-SiC epilayers[END_REF] by considering its location in the bandgap. The traps such as Ev+0.33eV, and Ev+0.36 eV may be generated by the intrinsic DI pseudo-donor defect [START_REF] Janzén | Defects in SiC[END_REF], HS1 [START_REF] Zhang | Electrically active defects in n-type 4H-silicon carbide grown in a vertical hot-wall reactor[END_REF], and HH1 [START_REF] Hemmingsson | Deep level defects in electronirradiated 4H SiC epitaxial layers[END_REF] centers. The hole traps at ~186 K, and 190-195 K with the energy level of Ev+0.4 eV, and Ev+0.45 eV may be the intrinsic HS2 center [START_REF] Danno | Deep level transient spectroscopy on as-grown and electron-irradiated p-type 4H-SiC epilayers[END_REF].

The electron trap of Ec-0.35 eV can be attributed to the intrinsic P3, and acceptor-like ID4 centers reported by the Dalibor et al. [START_REF] Dalibor | Deep defect centers in silicon carbide monitored with deep level transient spectroscopy[END_REF], and the other electron trap Ec-0.44 eV can be assigned to intrinsic EH1 [START_REF] Mitchel | Compensation mechanism in high purity semi-insulating 4H-SiC[END_REF], [START_REF] Hemmingsson | Deep level defects in electronirradiated 4H SiC epitaxial layers[END_REF] and ID8 [START_REF] Dalibor | Deep defect centers in silicon carbide monitored with deep level transient spectroscopy[END_REF] traps. The intrinsic acceptortype i-center [START_REF] Lebedev | Deep level centers in silicon carbide: a review[END_REF] and the B related D-center [START_REF] Lebedev | Deep level centers in silicon carbide: a review[END_REF], [START_REF] Zhang | Electrically active defects in n-type 4H-silicon carbide grown in a vertical hot-wall reactor[END_REF] may produce the weak positive peak detected at ~ 212 K. The energy level of the deep hole trap (6), Ev+0.83 eV, is nearly related to the SI-1 defect [START_REF] Janzén | Defects in SiC[END_REF] , [START_REF] Son | Defects in high-purity semi-insulating SiC[END_REF] detected in the HPSI 4H-SiC substrates, and the intrinsic HK2 [START_REF] Danno | Deep level transient spectroscopy on as-grown and electron-irradiated p-type 4H-SiC epilayers[END_REF] and L9 [START_REF] Müller | Sublimation-grown semi-insulating SiC for high frequency devices[END_REF] centers observed in the as-grown p-type 4H-SiC epilayers. The strong peak observed at ~426 K with the energy level of Ev+1.16 eV can be assigned to the four intrinsic deep hole traps. They are EP4 center identified in the electron irradiated p-type 4H-SiC epilayers [START_REF] Danno | Deep level transient spectroscopy on as-grown and electron-irradiated p-type 4H-SiC epilayers[END_REF], donor-like SI-8 center observed in the HPSI 4H-SiC [START_REF] Janzén | Defects in SiC[END_REF], [START_REF] Son | Defects in high-purity semi-insulating SiC[END_REF], X4 trap in the HPSI 4H-SiC reported by Iwamoto et al. Most of the identified deep level defects (>0.5eV) in the HPSI 4H-SiC are hole traps, supporting the earlier reported works [START_REF] Janzén | Defects in SiC[END_REF]- [START_REF] Iwamoto | High temperature annealing effects on deep-level defects in a high purity semi-insulating 4H-SiC substrate[END_REF]. It should be noted that the deep hole traps such as Ev+0.83 eV (316-326 K), and Ev+1.16 eV (420-426 K) have strong peaks in the ZB-TSC spectrum. In the HPSI 4H-SiC, it is considered that the intrinsic deep level defects are responsible for the semi-insulating behavior of the substrate (with high resistivity > 10 5 Ω-cm) by the compensation of the residual shallow donor and acceptor impurities [START_REF] Mitchel | Compensation mechanism in high purity semi-insulating 4H-SiC[END_REF]. Note that, the reported thermal activation energies for the HPSI 4H-SiC are in the range of 0.6-1.6 eV [START_REF] Son | Prominent defects in semi-insulating SiC substrates[END_REF], [START_REF] Müller | Sublimation-grown semi-insulating SiC for high frequency devices[END_REF], which suggests that several deep-level defects are involved in the compensation mechanism.

Considering the activation energy, the traps Ev+0.83 eV and Ev+1.16 eV might play a significant role in controlling the resistivity of the HPSI 4H-SiC substrate. To study the same, high-temperature resistivity measurements on the studied HPSI 4H-SiC samples are performed and the results are discussed in Section 3.3.3.2.
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High-temperature resistivity measurements

The changes in the measured resistivity of the HPSI 4H-SiC substrate with the inverse temperature (300-675 K) for the two set of samples are shown in Fig. 3.26. It is observed that the resistivity of the HPSI 4H-SiC substrate decreases with the Chapter-3 105 temperature due to the increase in the carrier concentration. The Arrhenius relationship between the temperature and the resistivity ) ( is given as [37] After investigating many samples, it has been found that the high-temperature resistivity measurements yield the thermal activation energy in the range of 1-1.3 eV before neutron irradiation. The thermal activation energy for the HPSI 4H-SiC reveals the Fermi level pinning position within the bandgap [START_REF] Mitchel | Compensation mechanism in high purity semi-insulating 4H-SiC[END_REF]. Therefore, it can be considered that the defects located near to the thermal activation energies 1-1.3 eV are responsible for the substrate compensation in HPSI 4H-SiC [START_REF] Mitchel | Compensation mechanism in high purity semi-insulating 4H-SiC[END_REF], [START_REF] Zvanut | Defect levels and types of point defects in highpurity and vanadium-doped semi-insulating 4H-SiC[END_REF]. Moreover, the samples in the same 4H-SiC wafer exhibited varying activation energies (1-1.3 eV) suggesting that several deep-level defects responsible for the substrate compensation might be non-uniformly distributed across the 4H-SiC wafer. Hence, the density of the different defects may vary across the HPSI 4H-SiC wafer [START_REF] Zvanut | Defect levels and types of point defects in highpurity and vanadium-doped semi-insulating 4H-SiC[END_REF]. Possibly due to the Chapter-3 106 variations in the thermal activation energies, the first and second set of samples have shown different ZB-TSC spectrum. In addition to the defects located near to the activation energies, other deep level defects may also participate in the substrate compensation [START_REF] Zvanut | Defect levels and types of point defects in highpurity and vanadium-doped semi-insulating 4H-SiC[END_REF]. Thus, the ZB-TSC and the high-temperature resistivity measurements suggest that the two deep levels at Ev+0.83 eV, and Ev+1.16 eV and the defects located near to the activation energy range of 1-1.3 eV might be responsible for the compensation mechanism in the HPSI 4H-SiC substrate.

X-ray spectral response of 4H-SiC SBD detectors

The spectral characteristics presented in this thesis are obtained with the 3.8mm 2 active area detectors. It may be noted that the fabricated SBD detectors are Ti/4H-SiC SBDs. The X-ray absorption efficiencies (10-60 keV) for the epitaxial 4H-SiC SBD detectors (30 µm epilayer) and the HPSI 4H-SiC bulk detectors (355µm substrate) are calculated using the Eqn. 1.2 by taking the reported x-ray absorption coefficients of 4H-SiC [START_REF] Bertuccio | Study of silicon carbide for x-ray detection and spectroscopy[END_REF] and are shown in Fig. 3.27. The X-ray absorption efficiency is found to decrease with X-ray energy in both the detectors. The X-ray absorption efficiency for the SBD detector at 32 keV and 40 keV is found to be 0.89%, and 0.48%, respectively. Hence, the SBD detectors have the poor absorption efficiency for the X-ray energies 30-40 keV due to the thinner epitaxial layer. The Xray absorption efficiency of bulk detectors is discussed in Section 3.3.5.

Figure 3.28 shows the typical amplifier output signal for the 152 Eu X-rays obtained with the Ti/4H-SiC SBD detector at different time intervals after the application of the bias voltage -100V. The charge collection efficiency (CCE) of the SBD detector for 40 keV X-ray is identified as ~90% at -100V. Moreover, nearly the same CCE is noted from the 137 Cs X-ray response. Hence, linearity (same CCE at different energies) in the SBD detector response is observed for the X-ray energies 32keV and 40 keV. The X-ray produced signal strength is unchanged even after the elapsed time of 240 minutes as noticed from Fig. 3.28; hence, the polarization effect is not observed in the epitaxial 4H-SiC SBD detectors. collection property of the SBD detectors [START_REF] Lutz | Semiconductor Radiation Detectors: Device Physics[END_REF], [START_REF] Owens | Compound Semiconductor Radiation Detectors[END_REF] (discussed later). Note that, the energy resolution of the SBD detectors is still not as good as the energy resolution of the PIPS detectors (refer Section 2.2.1). The possible reason for the spectral broadening in the 4H-SiC SBD detectors is the incomplete charge collection.

From the pulser spectrum shown in the Figs. 3.29 and 3.30, the electronic noise of the detection system is found to be 2.71 keV FWHM. The Fano noise

) ( fano FWHM
in the detector is determined by [START_REF] Knoll | Radiation Detection and Measurement[END_REF]

] E F FWHM i fano  35 . 2  (3.12)
where F is the Fano factor (0.1 for 4H-SiC [69]). From Eqn. 3.12, the Fano noise at 32 keV and 40 keV is calculated as 372 eV FWHM, and 417 eV FWHM. Hence, the spectral broadening of 2.17 keV FWHM-equivalent noise may be created due to the incomplete charge collection [START_REF] Bertuccio | Study of silicon carbide for x-ray detection and spectroscopy[END_REF], [START_REF] Hemmingsson | Deep level defects in electronirradiated 4H SiC epitaxial layers[END_REF] in the SBD detector as per the Eqn. 2.4. Recall that, one deep electron trap at Ec-0.63 eV is identified with the concentration of ~10 13 cm -3 in the Ti/4H-SiC SBDs. Considering the trap location and the trap concentration, this defect can cause significant charge trapping in the detector resulting incomplete charge collection [START_REF] Owens | Compound Semiconductor Radiation Detectors[END_REF]. The incomplete charge collection reduces the CCE and hence degrades the detector energy resolution [START_REF] Lutz | Semiconductor Radiation Detectors: Device Physics[END_REF]. Due to the charge trapping, some low energy counts (i.e. the low-energy tail) are obtained in the Figs.

3.29 and 3.30.

The intrinsic X-ray detection efficiency of the SBD detector at 32 keV and 40keV is found to be 0.42%, and 0.23%, respectively. The identified efficiency of the SBD detectors nearly matches with the efficiency calculated based on the Eqn. 1.2 by considering the depletion region depth as the material thickness ) (t . This reveals that the X-rays absorbed in the depletion region contributed to the detector signal [START_REF] Lees | Semi-transparent SiC Schottky diodes for x-ray spectroscopy[END_REF].

However, the intrinsic efficiency of the SBD detectors is much lower than the PIPS detectors for the X-ray energies of 30-40 keV (refer Section 2.2.1), because of the thinner 4H-SiC epilayer. Overall, the SBD detectors have shown a promising energy resolution of ~3.5 keV FWHM at room temperature, good CCE of 90% at -100V, and low detection efficiency for the X-ray energies of 30-40 keV.
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X-ray spectral response of 4H-SiC bulk detectors

The X-ray absorption efficiencies of the 355 µm thick HPSI 4H-SiC bulk detectors are shown in Fig. 3.27. It is observed that the bulk detectors have the reasonable X-ray absorption efficiency for the energies of 32 keV (10%) and 40 keV

(5.6%). Thus, the bulk detectors have better absorption efficiency for high energy Xrays as compared to the thinner epitaxial 4H-SiC SBD detectors.

Figure 3.31 shows the variations in the amplifier output signal for 152 Eu X-ray response of the HPSI 4H-SiC bulk detector measured at different time intervals after the application of bias voltage -500V. The CCE of 30% (CCE0) for 152 Eu X-rays is obtained immediately after the -500V bias voltage was applied to the bulk detectors. It is noted that the CCE decreases with the elapsed time measured after the application of the bias voltage. Consequently, the CCE is reduced to 25% after the elapsed time of 15 minutes. After 120 minutes, the CCE is stabilised to a steady state value of 20% (CCE∞). The same observations have been found from the 137 Cs X-ray response of the bulk detectors, therefore the polarization effect [START_REF] Owens | Compound Semiconductor Radiation Detectors[END_REF] is observed in the 4H-SiC bulk detectors. Furthermore, the maximum CCE attained with the bulk detectors for X-rays is not more than 30% (-500V) might be due to the charge trapping effects. Chapter-3

111

The linearity in the bulk detector response (same CCE at different energies) is checked when the detectors reaching the steady-state condition. Almost linearity in the bulk detector response is observed for the X-ray energies 32 keV and 40 keV at the steady-state condition. The CCE of the bulk detectors as a function of the elapsed time measured after the application of the bias voltage -500V is shown in Fig. 3.32.

The time dependence of the CCE )) ( ( t CCE is fitted to the following exponential function equation [START_REF] Bertuccio | x-γ ray spectroscopy with semi-insulating 4H-silicon carbide[END_REF], [START_REF] Rogalla | Particle detectors based on semi-insulating silicon carbide[END_REF] 

 / 0 ) ( ) ( t e CCE CCE CCE t CCE       (3.13)
with a decay time constant of 24 minutes, as shown in Fig. 3.32. Moreover, The thermal activation energies for HPSI 4H-SiC substrate are in the range of 1-1.3 eV, hence several defect levels are located near to the activation energy range 1-1.3 eV for controlling the resistivity of the substrate. Hence, it is clear that the HPSI 4H-SiC substrate contains more number of defects as compared to the epitaxial 4H-SiC substrate. Therefore, the carrier lifetime in the HPSI 4H-SiC is considerably reduced due to the charge trapping effects produced by the defects [START_REF] Kimoto | Fundamentals of Silicon Carbide Technology Growth, Characterization, Devices, and Applications[END_REF], resulting a decrease in the carrier drift length in the bulk detectors which leads to poor charge collection (maximum CCE of 30% at -500V) for X-rays. The space charge produced by the trapped carriers in the defects can create an internal electric field which may be opposite to the applied electric field [START_REF] Bertuccio | x-γ ray spectroscopy with semi-insulating 4H-silicon carbide[END_REF], [START_REF] Owens | Compound Semiconductor Radiation Detectors[END_REF]; thereby the drift length of the carriers may further decrease from its value with time due to the reduction in the effective electric field inside the bulk detectors. For this reason, the variations in the CCE are noticed with time.

The 152 Eu X-ray spectrum obtained with the bulk detector at room temperature is shown in Fig. 3.33, along with the pulser peak and the simulated spectrum. The Chapter-3
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A much broadened 137 Cs spectrum is observed from Fig. 3.34 with a poor energy resolution of 11.2 keV FWHM, yet again the 137 Cs X-ray energies 32 keV and 36.4keV are not resolved in the spectrum. From the simulated spectrum shown in Fig. 3.34, the spectral broadening at the individual 137 Cs X-ray energies is estimated as ~10.4keV FWHM. The electronic noise of the detection system identified from the pulser spectrum is about 4.24 keV FWHM from the Figs. 3.33-3.34. Hence, about 10.4 keV FWHM-equivalent noise may be produced by the trapping noise component [START_REF] Bertuccio | Study of silicon carbide for x-ray detection and spectroscopy[END_REF], [START_REF] Bertuccio | Energy resolution in GaAs x-and γray detectors[END_REF] of the detector itself; this reveals that the broadened spectrum is due to the drastic variation in the signal pulse height caused by the charge trapping and polarization. Consequently, the pile-up of signal pulses with different heights may cause the high energy tail in the X-ray spectrum as noted from the Figs. 3.33 and 3.34.

Hence, the charge trapping and polarization effects produced by the defects in the HPSI 4H-SiC might be responsible for the observed poor energy resolution of the bulk detectors. The variations in the intrinsic X-ray detection efficiency with time are also noticed in the bulk detectors due to the polarization effect. The initial X-ray detection efficiency at 32 keV and 40 keV is identified only 0.3%, and 0.17%, immediately
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after the application of the bias -500V. The calculated X-ray absorption efficiency in the HPSI 4H-SiC at 32 keV and 40 keV is ~10%, and ~5.6% (refer Fig. 3.27), thus the observed detection efficiency is about 33 times lower than the calculated absorption efficiency. Therefore, it is evident that the significant portion of the X-ray produced signal is lost in the HPSI 4H-SiC substrate because of the charge trapping and the recombination (considering worst case). Due to the polarization, the intrinsic efficiency of the bulk detectors is decreased to ~0.28% (at 32 keV), and ~0.15% (at 40keV) after reaching the steady state. Although the bulk detectors have good X-ray absorption efficiency for the energies 30-40 keV, the detection efficiency of the HPSI 4H-SiC bulk detectors (355 µm active region) is lower than the thinner epitaxial 4H-SiC SBD detectors (30 µm active region). Note that, the thinner (<100µm) SI 4H-SiC detectors have been shown [START_REF] Bertuccio | x-γ ray spectroscopy with semi-insulating 4H-silicon carbide[END_REF] better X-ray spectroscopic performance as compared to the thicker one. However, the high energy X-rays are poorly absorbed in the thinner 4H-SiC substrates.

From the results, it is concluded that the X-ray spectral response of the 4H-SiC bulk detectors is severely affected by the charge trapping and polarization phenomena. Hence, a considerable improvement in the crystalline quality of the HPSI 4H-SiC substrate is required for the fabrication of the high performance X-ray detectors on the HPSI 4H-SiC.

The suitability of using 4H-SiC detectors in the plasma X-ray imaging systems is discussed: It is worth to remember that the X-ray spectral responses of the epitaxial 4H-SiC SBD detectors are better than the HPSI 4H-SiC bulk detectors in terms of energy resolution, CCE, and also intrinsic X-ray detection efficiency. Nevertheless, the X-ray detection efficiency of the 4H-SiC SBD detectors is much lower than the PIPS detectors for the energies 30-40 keV, because of the thinner 4H-SiC epitaxial layer. Therefore, the development of thicker (~300 µm) and low doped (<10 13 cm -3 ) epitaxial 4H-SiC substrates are required for making high efficient 4H-SiC X-ray detectors for the possible replacement of the silicon detectors in the fusion plasma Xray imaging systems (XIS).

Chapter-3 115 From the simulated spectrum, the spectral broadening at the individual energies of 241 Am is considered as 48 keV FWHM. The calculated Fano noise for Chapter-3 116 5.486 MeV α-particles in 4H-SiC is about 4.9keV FWHM (using Eqn. 3.12). The total electronic noise of the detection system is determined as 11 keV FWHM from the pulser spectrum shown in Fig. 3.36. Hence, the spectral broadening of ~46 keV FWHM may be caused by the charge trapping effects and the other noise factors mentioned in Eqn. 2.5. The presence of charge trapping effects in the SBD detector is seen by the low-energy tail in the spectrum shown in Fig. 3.36 [START_REF] Knoll | Radiation Detection and Measurement[END_REF], [START_REF] Lutz | Semiconductor Radiation Detectors: Device Physics[END_REF]. From the SRIM-2013 [115] simulation, the average electronic energy loss in the entrance window i.e. Ti (50 nm)/Au (150 nm) metallization of the SBD detector is found to be less than 110 keV for 5.486 MeV α-particles. However, in practice, the random interaction nature and different angles of incidence of the α-particles may result in a considerable energy straggling [START_REF] Knoll | Radiation Detection and Measurement[END_REF], [START_REF] Ruddy | Highresolution alpha-particle spectrometry using 4H silicon carbide semiconductor detectors[END_REF], which can further broaden the spectrum.

Alpha-particle spectral response of SBD detectors

Therefore, the resulting spectral broadening of 46 keV FWHM might be produced due to the charge trapping, energy straggling in the entrance window, and self-attenuation of the alpha-particle energy within the source. Note that, the SBD detector energy resolution (1%) is still not as good as the energy resolution (0.29%) reported by Chaudhuri et al. [START_REF] Chaudhuri | High resolution alpha particle detection using 4H-SiC epitaxial layers: fabrication, characterization, and noise analysis[END_REF]; the possible reasons for the spectral broadening are high micropipe density (<15cm -2 ) in the active region, thick entrance window, high dark current, and low Schottky barrier height of our detectors and also the quality of the 241 Am source, as compared to the Ref. [START_REF] Chaudhuri | High resolution alpha particle detection using 4H-SiC epitaxial layers: fabrication, characterization, and noise analysis[END_REF]. The changes in the CCE of the SBD detector with bias are shown in Fig. 3.38, along with the calculated charge contribution from the depletion and neutral regions of the detector. It is noticed that the CCE increases with detector bias voltage possibly due to increase in the carrier drift velocity inside the depletion region [START_REF] Lutz | Semiconductor Radiation Detectors: Device Physics[END_REF]. For the bias voltage of -60V and -100V, the CCE of the SBD detector is found to be ~83%, and ~90%, respectively. The following assumptions have been made for calculating the drift and diffusion components of the CCE [START_REF] Nava | Minimum ionizing and alpha particles detectors based on epitaxial semiconductor silicon carbide[END_REF], [START_REF] Chaudhuri | High resolution alpha particle detection using 4H-SiC epitaxial layers: fabrication, characterization, and noise analysis[END_REF], [START_REF] Chaudhuri | Schottky barrier detectors on 4H-SiC n-type epitaxial layer for alpha particles[END_REF]: The charge contribution from the holes is only considered. All the α-particle produced holes in the depletion region are collected in the top contact without charge trapping. The 5.486MeV α-particle electronic energy loss ) / ( dx dE in SiC is taken from the simulated Bragg ionization curve shown in Fig. 3.35 and the charge contribution from the depletion and neutral regions of the detector is determined as per the driftdiffusion model [START_REF] Nava | Minimum ionizing and alpha particles detectors based on epitaxial semiconductor silicon carbide[END_REF], [START_REF] Chaudhuri | High resolution alpha particle detection using 4H-SiC epitaxial layers: fabrication, characterization, and noise analysis[END_REF], [START_REF] Chaudhuri | Schottky barrier detectors on 4H-SiC n-type epitaxial layer for alpha particles[END_REF] Chapter-3
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where p E is the incident α-particle energy, dep d is the depletion region thickness, r x is the α-particle projected range, and P L is the hole diffusion length. From Fig. 3.38, it is observed that the diffusion component dominates the CCE up to -30V (low bias voltages) and above -30V, the CCE is mainly governed by the drift component due to the increase in the depletion region thickness. The drift and diffusion components of the CCE at -60V are found to be 51%, and 32%, respectively. The average hole diffusion length of ~16 µm in the SBD detectors is calculated using the drift-diffusion model Eqn. 3.14. Accordingly, the mean hole lifetime in the n-type 4H-SiC epilayer is estimated as 8.2×10 -7 s by considering the hole mobility of 120 cm 2 V -1 s -1 [START_REF] Kimoto | Fundamentals of Silicon Carbide Technology Growth, Characterization, Devices, and Applications[END_REF].

Note that, almost 100% intrinsic detection efficiency is achieved with the SBD detectors for 241 Am α-particles at all the investigated bias voltages of 0V to -100V.

From the results, it is noted that the SBD detector performance is not much affected by the defects in the 4H-SiC epilayers. The good energy resolution, and charge collection properties of the SBD detectors for alpha-particles indicate the crystalline quality of 4H-SiC epitaxial substrate for detector applications. Chapter-3 119

Alpha-particle spectral response of bulk detectors

The 241 Am α-particle spectrum is not acquired at zero bias with HPSI 4H-SiC bulk detectors as because the α-particle produced signals are probably lost in the bulk due to the absence of the electric field in the detector at 0V. The α-particle spectrum is acquired and analyzed at different bias voltages above the bias of -50V. The best 241 Am α-particle spectral response measured at -400V with the bulk detector is shown in Fig. 3.39. The 241 Am alpha spectral lines viz. 5.486 MeV, 5.443 MeV, and 5.388MeV are mixed and produced a broad spectrum with the energy resolution of 675 keV FWHM; this energy resolution is 12.3 times higher than the SBD detector energy resolution at -60V. From the simulated spectrum shown in Fig. 3.39, the spectral broadening at the individual energies of 241 Am is identified as ~673 keV FWHM. The total electronic noise of the system is found to be 35 keV FWHM from the pulser peak. As the top contact, i.e. Ti (50nm)/Au (150nm), is the same for both the SBD and bulk detectors, the energy straggling in the entrance window is assumed to be the same for both the detectors. For the worst case, the spectral broadening due to the energy straggling in the entrance window and the self-attenuation of the energy in the source are considered as 46 keV FWHM based on the previous Section 3.3.6.

Accordingly, the spread in the spectrum due to the Fano noise, electronic noise, and other noise factors is considered as ~58 keV FWHM. Hence, the FWHM-equivalent noise of ~670 keV may be produced by the charge trapping components as per the Eqn. 2.7. The possible reasons for the poor energy resolution and the high-energy tail noticed in Fig. 3.39 are discussed further.

Figure 3.40 shows the 241 Am α-particle spectra obtained with the bulk detector at different time intervals after the application of -400V bias voltage. It is noted that the peak position of the spectrum is shifted towards the lower channels with the elapsed time measured after the application of the bias -400 V, whereas the count rate is unchanged with time. Therefore, the decrease in the signal pulse height (i.e. charge collection) is observed with the elapsed time due to the polarization effect [START_REF] Bertuccio | x-γ ray spectroscopy with semi-insulating 4H-silicon carbide[END_REF], [START_REF] Owens | Compound Semiconductor Radiation Detectors[END_REF]. The initial and the steady-state CCEs of the bulk detectors as a function of detector bias are plotted in Fig. 3.42. It is shown that the CCE increases with the detector bias. However, the maximum achieved CCE0 with the bulk detector for αparticles is only 28% at -500V and the CCE∞ at -500V is less than 13%. The CCE∞ is nearly 2-3 times lower than the CCE0 in the investigated bias range of -50V to -500V.

From the Bragg ionization curve shown in Fig. 3.35, it is evident that maximum number electron-hole pairs are expected to produce at the position located ~17.5 µm below the top contact. From this location, the transit time of electrons and holes at the bias of -400V (11.27 kV/cm) is estimated as 3.1 ns, and 6 ns by considering the electron and hole mobility of 500 cm 2 V -1 s -1 and 50 cm 2 V -1 s -1 [START_REF] Kimoto | Fundamentals of Silicon Carbide Technology Growth, Characterization, Devices, and Applications[END_REF], so the electron transit time is almost 2 times higher than the holes. Note that, the amplifier shaping time (0.5 µs) is much longer than the transit time of the carriers; therefore both the electrons and holes might contribute to the bulk detector signal. The drift length of the electrons and holes in the bulk detector is calculated using the Hecht equation [START_REF] Knoll | Radiation Detection and Measurement[END_REF], [START_REF] Owens | Compound Semiconductor Radiation Detectors[END_REF] under the assumption of a uniform electric field and no de-trapping of carriers in the detector: where
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indicates the drift length of electrons and holes,  is the carrier mobility-lifetime product (mu-tau), and f E is the applied electric field. The fitting of the CCE vs. detector bias plot with the Hecht Eqn. 3.15 yields electron and hole (mu-tau)0 products of 6.7×10 -7 cm 2 V -1 , and 6×10 -8 cm 2 V -1 for the initial condition. Due to the polarization, the (mu-tau)∞ products are decreased to 3×10 -7 cm 2 V -1 , and 2×10 -8 cm 2 V -1 for the electrons and holes after reaching the steady-state. From this, the initial mean drift length of electrons and holes at -400V (11.27 kV/cm) is determined as 75.5 µm, and 6.8 µm and the steady-state mean drift length of electrons and holes is found to be 33.8 µm, and 2.3 µm in the bulk detector.

So, the mean drift length of the carriers decreases with time in the bulk detectors due to the polarization effect. The intrinsic detection efficiency of the bulk detector at -50V is found to be about 60% for 241 Am α-particles, thus part of the α-particle produced signals are lost at -50V. Nevertheless, almost 100% intrinsic detection efficiency is realized with the bulk detector above -100V. It is also found that the α-particle detection efficiency of the bulk detectors is not affected by the polarization phenomenon.

The charge trapping produced by the defects in the HPSI 4H-SiC may be responsible for the poor initial CCE0. The space charge produced by the trapped carriers in the defects may reduce the effective electric field inside the bulk detector with time [START_REF] Bertuccio | x-γ ray spectroscopy with semi-insulating 4H-silicon carbide[END_REF], [START_REF] Owens | Compound Semiconductor Radiation Detectors[END_REF]. Accordingly, the carrier drift length reduces with time. As a result, the CCE decreases from its initial value (CCE0) with time as noted from the Fig. 3.41. Accounting all these effects, it may be stated that the initial CCE0 is limited by the charge trapping and further reduction in the CCE with time is due to the charge trapping induced polarization. The charge trapping and polarization effects can considerably vary the signal height leading to poor detector energy resolution for αparticles, as observed from Fig. 3.39. Furthermore, the high-energy tail is noticed in the α-particle spectral response of the bulk detector shown in Fig. 3.39. Since the pole-zero adjustment is correctly selected in the measurements [START_REF] Knoll | Radiation Detection and Measurement[END_REF], the random summing of the signal pulses with varying heights because of the charge trapping and polarization may result the high-energy tail in the spectrum. Hence, the poor spectral response of the bulk detectors is due to the charge trapping and polarization effects resulted by the presence of defects in the HPSI 4H-SiC. Furthermore, it is noted from the literature [START_REF] Cunningham | Performance of bulk SiC radiation detectors[END_REF]- [START_REF] Ruddy | Development of radiation detectors based on semi-insulating silicon carbide[END_REF] that the charge collection is significantly reduced even in the Schottky barrier diode detectors on the thicker SI 4H-SiC substrates, which might be due to the charge trapping effects. The maximum CCE obtained with the 360 µm thick SI 4H-SiC SBD detectors reported by Ruddy et al. [START_REF] Ruddy | Development of radiation detectors based on semi-insulating silicon carbide[END_REF] is only 27%. Whereas, 60% CCE reported for the 100 µm thick SI 4H-SiC SBD detectors [START_REF] Cunningham | Performance of irradiated bulk SiC detectors[END_REF], [START_REF] Quinn | Comparison of bulk and epitaxial 4H-SiC detectors for radiation hard particle tracking[END_REF]. So, the considerable spectroscopic performance might be only possible with the thinner (<100 µm thick) SI 4H-SiC detectors [START_REF] Bertuccio | x-γ ray spectroscopy with semi-insulating 4H-silicon carbide[END_REF], [START_REF] Quinn | Comparison of bulk and epitaxial 4H-SiC detectors for radiation hard particle tracking[END_REF], [START_REF] Ruddy | Development of radiation detectors based on semi-insulating silicon carbide[END_REF]. Therefore, thinner HPSI 4H-SiC detectors (both SBD and bulk type) might be promising for alpha-particle detector applications and their performance needs to be further investigated.

The suitability of using 4H-SiC detectors for the fusion alpha-particle diagnostics is discussed: The energy resolution (12.3%) of the bulk detectors for αparticles is nearly in the reported range of the scintillation detectors. On the other Chapter-3 124 hand, the energy resolution (1%) of the 4H-SiC SBD detectors for α-particles is better than the reported energy resolution of the Faraday foil (15-50%) and scintillation (5-15%) detectors installed in the JET alpha-particle diagnostics [START_REF] Fisher | Approaches to confined alpha diagnostics on ITER[END_REF], [START_REF] Darrow | Initial results from the lost alpha diagnostics on Joint European Torus[END_REF]. Therefore, good spectroscopic performance is obtained with the epitaxial 4H-SiC SBD detectors for 241 Am α-particles, similar spectral response is also expected for 3.5 MeV alphaparticles. The projected range of 3.5 MeV α-particle in the SiC is about 9.67 µm, as observed from Fig. 3.35. Thus, the 10 µm thick depletion region might be enough for achieving 100% CCE with the SBD detector for 3.5 MeV α-particles. Moreover, Ruddy et al. [START_REF] Ruddy | Highresolution alpha-particle spectrometry using 4H silicon carbide semiconductor detectors[END_REF] attained good energy resolution (1.3%) at 3.18 MeV α-particle energy of 148 Gd with the epitaxial 4H-SiC detectors. So, it is considered that the SBD detectors used in the current work can provide good energy resolution and charge collection for 3.5 MeV α-particles even if they are operated at low reverse bias (possibly at -50V, 10.6 µm thick depletion region and low dark current of ~210 pA).

Therefore, the epitaxial 4H-SiC detectors can be suitable for detecting 3.5MeV alphaparticles with good energy resolution as compared to the bulk detectors.

Conclusions

The From Chapter-3, it is noted that the 4H-SiC SBD detectors might be suitable for detecting 3.5 MeV alpha-particles, as compared to the bulk detectors. Hence, the possible degradation in the alpha-particle response of the 4H-SiC SBD detectors is analyzed from the simulated changes in the electrical characteristics due to the irradiation. Finally, the possibility of employing 4H-SiC SBD detectors in the fusion alpha-particle diagnostics is discussed.
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Experiment

Neutron and gamma irradiation details

The neutron irradiations were carried out by using the Am-Be neutron source and the accelerator based D-T neutron generator (with a new neutron generator developed at IPR, Ahmedabad). 

Detector characterization after irradiation

The electrical characteristics of the 4H-SiC SBD detectors were measured after irradiation. Similarly, the X-ray ( 137 Cs, 133 Ba) and 241 Am alpha-particle spectral responses of the SBD detectors were acquired after the neutron irradiation, as described in the Section 3.2.4. Since the unpackaged 4H-SiC SBDs were only irradiated with the 60 Co-gamma rays, the gamma irradiation induced changes in the spectral response of the 4H-SiC detectors were not analyzed. Whereas, the neutron and gamma irradiation induced defects in the 4H-SiC SBDs were identified by the TSCAP measurements. Consequently, the effect of the neutron and gamma irradiation produced traps on the SBD characteristics was investigated.

Simulation Setup

The device simulations are carried out in the Silvaco ® TCAD simulator [START_REF]ATHENA Silvaco ®[END_REF], [START_REF]ATLAS Silvaco ®[END_REF]. The generated SBD structure is loaded into the Silvaco ® ATLAS device simulator [START_REF]ATLAS Silvaco ®[END_REF]. The 4H-SiC material parameters and the physical models are carefully chosen in the simulation, particularly a special attention is given to the Schottky contact models. The Schottky barrier height extracted from the measurement is chosen for the Schottky contact model [START_REF]ATLAS Silvaco ®[END_REF]. The reverse current density ) ( R J of the SBD due to the thermionic emission along with the Schottky barrier lowering ) ( B  , and the tunneling effects can be written as [28], [141] where * A is the Richardson's constant, T is the temperature, k is the Boltzmann's constant, T C is the tunneling coefficient, B  is the Schottky barrier height, and m E is the electric field located at the metal-semiconductor interface of the SBD. Note that, the Schottky barrier lowering is directly propositional to m E , while the tunneling current density is proportional to the 2 m E [START_REF] Baliga | Silicon Carbide Power Devices[END_REF]. Therefore, both the Schottky barrier lowering effect and tunneling current models [START_REF]ATLAS Silvaco ®[END_REF] are incorporated in the simulation to predict the reverse I-V characteristics of the SBD. Furthermore, anisotropic carrier mobility and impact ionization are selected for modeling the anisotropic physical properties of the 4H-SiC.

The traps identified in the non-irradiated 4H-SiC SBDs from the TSCAP measurements (refer Table 3.1) are taken in the physical model to investigate the effects of defects on the electrical properties of the virgin 4H-SiC SBDs. Traps are considered as acceptor-like defects. The electron capture cross section of the defects determined from the earlier measurements is taken in the physical model. While, the hole capture cross section of the traps is assumed. The change in the effective space charge of the SBD due to the traps is accounted in the model [START_REF]ATLAS Silvaco ®[END_REF] as per the Eqn.2.10. The trap assisted tunneling and the Poole-Frenkel barrier lowering effects are also accounted in the simulation [START_REF]ATLAS Silvaco ®[END_REF]. in the n-type epitaxial 4H-SiC, as similar to the reports of silicon [START_REF] Srour | Short-term annealing in 14-MeV neutronirradiated silicon[END_REF], [START_REF] Stein | Energy dependence of neutron damage in silicon[END_REF]. The concentration of the trap N635 is found to be ~2×10 13 cm -3 using the Eqn. 3.9.

The neutron irradiation induced defects in the 4H-SiC SBDs at the fluence of 10 11 n/cm 2 are summarized in Table 4.1. The trap N635 can be related to the mid-gap defect EH6/7 commonly observed in the DLTS spectra (at the peak maximum temperature of ~635 K) for n-type 4H-SiC epilayers [START_REF] Zhang | Electrically active defects in n-type 4H-silicon carbide grown in a vertical hot-wall reactor[END_REF], [START_REF] Danno | Midgap levels in both n-and ptype 4H-SiC epilayers investigated by deep level transient spectroscopy[END_REF], [START_REF] Klein | Lifetime-limiting defects in n -4H-SiC epilayers[END_REF]. Moreover, the EH6/7 trap is detected in the 1 MeV neutron irradiated 4H-SiC epilayers [START_REF] Nava | Radiation detection properties of 4H-SiC Schottky diodes irradiated up to 10 16 n/cm 2 by 1 MeV neutrons[END_REF], [START_REF] Hazdra | Point defects in 4H-SiC epilayers introduced by neutron irradiation[END_REF].

Note that, TSCAP technique work reasonably well when the defect concentration is quite large i.e.

D T N N 1 . 0  [106]
. So, it may be the case that the trap N635 is already present in the 4H-SiC epitaxial layer before neutron irradiation with a low concentration of < 10 13 cm -3 and its concentration might be increased (> 10 13 cm -3 ) by the neutron irradiation caused bulk damage. Probably due to this, the N635 trap is not identified in the TSCAP spectra obtained with the non-irradiated SBDs. From the Co-gamma irradiation. In addition to the traps P1 and P2, one new trap at ~420 K (G420, Ec-0.89 eV) is identified. On the other hand, the P1 and G420 are only detected in the gamma irradiated Ti/4H-SiC SBDs, as observed from the Fig. 4.9.

Hence, the P1 and G420 are the omnipresent defects in the gamma irradiated epitaxial 4H-SiC. The concentration of the traps P1, P2, and G420 in the gamma irradiated SBDs is determined (by using Eqn. 3.9) as (3.6-4)×10 14 cm -3 , (1.5-1.8)×10 14 cm -3 , and

(3.8-4)×10 13 cm -3 , respectively. Hence, the trap density for P1 and P2 is increased by an order of magnitude after gamma irradiation at the dose of 100 Mrad. Chapter-4 137

Gamma irradiation effects on electrical characteristics

In the pre-irradiation simulation model for Ni/4H-SiC SBDs, the traps such as P1 and P2 are included with the trap parameters given in Table 3.1 together with the hole capture cross section of 5×10 -15 cm 2 (P1), 2×10 -17 cm 2 (P2). 3.8×10 14 cm -3 from its pre-irradiation value of 5×10 14 cm -3 , because of the compensation of the positive space charge of the ionized donors by the acceptor-like defects introduced negative space charge [START_REF] Harris | Displacement damage effects on the forward bias characteristics of SiC Schottky barrier power diodes[END_REF], as per the Eqn. 2.10. This confirms that the gamma irradiation produced traps in the SBDs are acceptor-like defects and also validates the simulation model. Due to the considerable increase in the concentration of the acceptor-like defects at the dose of 100 Mrad (refer Table 4.2), the decrease in the effective doping concentration is obtained after gamma irradiation.

The effective doping concentration ) ( eff N is related to the electric field at the metal/semiconductor interface of the SBD ) ( m E by [28], [110] 
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Hence, the gamma irradiation induced decrease in the effective doping concentration is the reason for the reduction in the m E observed in Fig. 4.13, as per the Eqn. 4.2. The forward current density ) ( F J vs. forward voltage (VF) of the Ni/4H-SiC SBDs before and after gamma irradiation is shown in Fig. 4.17. The decrease in the forward current density is observed after the gamma irradiation. The forward voltage drop at 1 A/cm 2 is increased to 2.45 V from the pre-irradiation value of 2.05V at the gamma dose of 100 Mrad. The forward voltage drop ) ( F V of the SBD can be expressed as [START_REF] Baliga | Silicon Carbide Power Devices[END_REF], [START_REF] Sze | Physics of Semiconductor Devices[END_REF] 

F S B F F J R n T A J q nkT V           2 * ln (4.3)
where n is the diode ideality factor. No significant change in the Schottky barrier height of the Ni/4H-SiC SBDs is obtained from the JF-VF characteristics shown in Fig. 4.17 after gamma irradiation. Hence, the observed decrease in the forward voltage drop after gamma irradiation is due to the increase in the series resistance (because of the reduction in the effective doping concentration), as per the Eqn. 4.3.

Similar observations are also noted from the post-irradiation results of the Ti/4H-SiC SBDs shown in Fig. 4.18. But, the increase in the forward voltage drop at 1A/cm 2 after gamma irradiation (increased to 1.96 V from the pre-irradiation value of 1.9 V) is found to be less in Ti/4H-SiC SBDs, as compared to Ni/4H-SiC SBDs. So, the simulation studies are extended for predicting the electrical characteristics of the Ti/4H-SiC SBD detector at higher gamma dose levels and are given below.

Simulation results for higher gamma doses

The simulated 60 Co-gamma irradiation induced changes in the effective doping concentration of the Ti/4H-SiC SBD are shown in Fig. 4.19. The effective doping concentration (4.85×10 14 cm -3 ) is started to change from the dose of 60 Mrad from its initial value. After this dose, the effective doping concentration is found to decrease with the gamma dose. At the 60 Co-gamma dose of 67500 Mrad, the effective doping concentration is considerably reduced to 1.54×10 13 cm -3 . at -100V is noted as 1.3 nA/cm 2 , and 0.3 nA/cm 2 . Hence, the reverse current density is considerably decreased at higher gamma dose levels from the pre-irradiation value of 5.6 nA/cm 2 (at -100V). 

Spectral response of SBD detectors after neutron irradiation

The X-ray spectra obtained with Ti/4H-SiC SBD detectors at -100V after the From Section 2.2.1, it is noted that the energy resolution of the PIPS detector is degraded by about 3.8 times that of the pre-irradiation value even at the low neutron fluence of 3.6×10 10 n/cm 2 . Whereas, the 4H-SiC SBD detectors have shown the radiation tolerance up to the neutron fluence of 10 11 n/cm 2 , which is about 2.8 times higher than the fluence considered for the PIPS detectors. 

Possible changes in detector response at higher irradiation levels

From the Section 3.3, it is considered that the 4H-SiC SBD detectors are suitable for detecting 3.5 MeV alpha-particles as compared to the bulk detectors, based on the 241 Am alpha-particle spectroscopic performance. Furthermore, it is noted that the 4H-SiC SBD detectors may not be preferred for detecting high energy X-rays due to the thinner 4H-SiC epilayer. Earlier, in this Chapter, it is shown that the 4H-SiC SBD detectors have shown the radiation tolerance up to the neutron fluence of 10 11 n/cm 2 . From the simulation results, the possible changes in the alpha-particle response of the 4H-SiC SBD detectors are analyzed to predict the continuous operation of the SBD detectors in a thermonuclear fusion reactor-like environment.

From the simulation results, it is observed that the effective doping concentration of the SBD decreases after neutron fluence of 10 12 n/cm 2 (after the gamma dose of 60 Mrad). As a result, it is predicted that depletion region thickness at a particular bias voltage increases from the pre-irradiation value, as per the Eqn. 2.11.

If the detector is operated at -50V, it is expected that the SBD is completely depleted after the 14.1 MeV neutron fluence of 10 14 n/cm 2 . Hence, most probably, the 3.5 MeV alpha-particles are absorbed in the depletion region of the SBD detector at -50V even

Chapter-4 154 after heavy irradiation. It is also found that the leakage current density of the SBD decreases after irradiation; this is another beneficial effect of the 4H-SiC SBD detectors. As a result, the electronic noise produced by the detector dark current is reduced after irradiation. However, the concentration of the irradiation induced traps is expected to increase with the neutron fluence, leading to increased charge trapping within the depletion region and possible reduction in the CCE of the detectors at higher neutron fluences, as similar to the observations of Nava et al. [START_REF] Nava | Radiation detection properties of 4H-SiC Schottky diodes irradiated up to 10 16 n/cm 2 by 1 MeV neutrons[END_REF]. The neutron induced defects can also act as scattering centers and decrease the carrier mobility; consequently the carrier drift velocity is reduced. At higher neutron fluences, the charge collection properties of the 4H-SiC SBD detectors are affected due to the decrease in the carrier lifetime-mobility (mu-tau) product. So, considerable spectral broadening is anticipated at higher neutron fluences due to the increased charge trapping effects and the reduced carrier drift velocity. Therefore, the energy resolution of the 4H-SiC SBD detectors may be deteriorated due to the spectral broadening produced by the trapping effects at higher irradiation levels.

After the 14.1 MeV neutron fluence of 1.6×10 15 n/cm 2 (after gamma dose of 70000 Mrad), the 4H-SiC epilayer of the SBD has become intrinsic. Nava et al. [START_REF] Nava | Radiation detection properties of 4H-SiC Schottky diodes irradiated up to 10 16 n/cm 2 by 1 MeV neutrons[END_REF] reported reasonable CCE of 80% for neutron irradiated epitaxial 4H-SiC alphaparticle detector up to the fluence at which the epilayer behaves like the intrinsic material. After the epilayer reaches the intrinsic, considerable reduction in the CCE of the detector is observed with the neutron fluence by Nava et al. [START_REF] Nava | Radiation detection properties of 4H-SiC Schottky diodes irradiated up to 10 16 n/cm 2 by 1 MeV neutrons[END_REF]. Accordingly, the CCE and energy resolution of the SBD detectors may degrade considerably after the neutron fluence of 1.6×10 15 n/cm 2 . So, it is considered that the 4H-SiC SBD detectors provide reasonable energy resolution and CCE for 3.5 MeV alpha-particles until the condition at which the 4H-SiC epilayer becomes intrinsic, i.e. up to the neutron fluence of 1.6×10 15 n/cm 2 for our detectors.

The 14.1 MeV neutron equivalent fluence for 70000 Mrad 60 Co-gamma dose is calculated as ~3.6×10 15 cm 2 , which is higher than the 14.1 MeV neutron fluence (~1.6×10 15 n/cm 2 ) at which the epilayer of the 4H-SiC SBD behaves like the intrinsic material. Note that, the dose to fluence conversion factor [START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF] and the hardness factor [START_REF] Moll | Comparison of defects produced by fast neutrons and 60 Co-gamma in high-resistivity silicon detectors using deep-level transient spectroscopy[END_REF], [START_REF] Hönniger | Radiation damage in silicon -defect analysis and detector properties[END_REF] for silicon considered in the above calculation. In the ITER tokamak, the expected gamma dose received by the alpha-particle diagnostic system is considerably lower than the 14.1 MeV neutron fluence [4]- [6]. Accordingly, it is assumed that the 

Conclusions

The It is anticipated that the energy resolution and CCE of the SBD detectors may be degraded at higher irradiation levels due to the charge trapping effects (because of the increase in the trap concentration). It is considered that the 4H-SiC SBD detectors may provide reasonable energy resolution and CCE for 3.5 MeV alpha-particles up to the fluence at which the epilayer behaves like the intrinsic material (up to the 14.1MeV neutron fluence of 1.6×10 15 n/cm 2 ). Therefore, the epitaxial 4H-SiC SBD detectors used in this work may find application in the fusion alpha-particle diagnostics up to the neutron fluence of ~10 15 n/cm 2 .

The neutron and gamma irradiation effects on the HPSI 4H-SiC bulk detectors are discussed in Chapter-5. 5.2. The traps are attributed to the possible defects reported in the literature. The trap HN245 (Ev+0.58 eV) can be assigned to the electron irradiation induced carbon displacement produced defect UK2 [START_REF] Danno | Deep level transient spectroscopy on as-grown and electron-irradiated p-type 4H-SiC epilayers[END_REF] and the boronrelated acceptor type D-center [START_REF] Lebedev | Deep level centers in silicon carbide: a review[END_REF], [START_REF] Zhang | Electrically active defects in n-type 4H-silicon carbide grown in a vertical hot-wall reactor[END_REF], identified in the 4H-SiC epilayers. The HK1 [START_REF] Danno | Deep level transient spectroscopy on as-grown and electron-irradiated p-type 4H-SiC epilayers[END_REF] center may produce a hole trap at 270K (Ev+0.68 eV). The possible traps responsible for the broad peak (BP) observed in the range of 270-370K are EP3 [START_REF] Danno | Deep level transient spectroscopy on as-grown and electron-irradiated p-type 4H-SiC epilayers[END_REF],

HK0 [START_REF] Danno | Deep level transient spectroscopy on as-grown and electron-irradiated p-type 4H-SiC epilayers[END_REF], HK2 [START_REF] Danno | Deep level transient spectroscopy on as-grown and electron-irradiated p-type 4H-SiC epilayers[END_REF], SI-1 [START_REF] Janzén | Defects in SiC[END_REF], [START_REF] Son | Defects in high-purity semi-insulating SiC[END_REF], L9 [START_REF] Müller | Sublimation-grown semi-insulating SiC for high frequency devices[END_REF] centers. The electron trap Ec-0.64 eV (HN255) can be related the intrinsic Z1/2 [START_REF] Zhang | Electrically active defects in n-type 4H-silicon carbide grown in a vertical hot-wall reactor[END_REF], [START_REF] Danno | Midgap levels in both n-and ptype 4H-SiC epilayers investigated by deep level transient spectroscopy[END_REF], [START_REF] Klein | Lifetime-limiting defects in n -4H-SiC epilayers[END_REF], and EH2 [START_REF] Hemmingsson | Deep level defects in electronirradiated 4H SiC epitaxial layers[END_REF] defects, and the 1 MeV neutron irradiation produced defects SN3 [START_REF] Nava | Radiation detection properties of 4H-SiC Schottky diodes irradiated up to 10 16 n/cm 2 by 1 MeV neutrons[END_REF], and E304 [START_REF] Hazdra | Point defects in 4H-SiC epilayers introduced by neutron irradiation[END_REF] in the n-type 4H-SiC epilayers. The electron trap at 355K (EC-0.91 eV) may be generated by the 1MeV neutron induced traps SN5 [START_REF] Nava | Radiation detection properties of 4H-SiC Schottky diodes irradiated up to 10 16 n/cm 2 by 1 MeV neutrons[END_REF], E370 [START_REF] Hazdra | Point defects in 4H-SiC epilayers introduced by neutron irradiation[END_REF], the intrinsic RD1/2 [START_REF] Mitchel | Compensation mechanism in high purity semi-insulating 4H-SiC[END_REF], [START_REF] Dalibor | Deep defect centers in silicon carbide monitored with deep level transient spectroscopy[END_REF], [START_REF] Castaldini | Deep levels by proton and electron irradiation in 4H-SiC[END_REF] center, and the IL1 [START_REF] Pintilie | Deep levels in as-grown 4H-SiC epitaxial layers and their correlation with CVD Parameters[END_REF] trap. The deep electron trap HN405 (Ec-0.91 eV) can be assigned to the 1 MeV neutron irradiation generated E400 [START_REF] Hazdra | Point defects in 4H-SiC epilayers introduced by neutron irradiation[END_REF] defect, and the intrinsic acceptor-like trap RD3 [START_REF] Dalibor | Deep defect centers in silicon carbide monitored with deep level transient spectroscopy[END_REF]. Note that, all the 14.1 MeV neutron irradiation induced defects are also identified in the 4.5 MeV neutron irradiated HPSI 4H-SiC at the nearby energy levels, which reveals that the 14.1 MeV and 4.5 MeV neutrons may create nearly the same type of defects in the HPSI 4H-SiC; similar results observed for n-type epitaxial 4H-SiC. However, the type of defects produced in HPSI 4H-SiC should be investigated for higher neutron fluences to support this conclusion. BP Ev+(0.7-0.9) ~10 -16 EP3 [START_REF] Danno | Deep level transient spectroscopy on as-grown and electron-irradiated p-type 4H-SiC epilayers[END_REF], HK0 [START_REF] Danno | Deep level transient spectroscopy on as-grown and electron-irradiated p-type 4H-SiC epilayers[END_REF], HK2 [START_REF] Danno | Deep level transient spectroscopy on as-grown and electron-irradiated p-type 4H-SiC epilayers[END_REF], SI-1 [START_REF] Janzén | Defects in SiC[END_REF], [START_REF] Son | Defects in high-purity semi-insulating SiC[END_REF], L9 [START_REF] Müller | Sublimation-grown semi-insulating SiC for high frequency devices[END_REF] HN255 Ec-0.64 ~5×10 -16 Z1/2 [START_REF] Zhang | Electrically active defects in n-type 4H-silicon carbide grown in a vertical hot-wall reactor[END_REF], [START_REF] Danno | Midgap levels in both n-and ptype 4H-SiC epilayers investigated by deep level transient spectroscopy[END_REF], [START_REF] Klein | Lifetime-limiting defects in n -4H-SiC epilayers[END_REF], EH2 [START_REF] Hemmingsson | Deep level defects in electronirradiated 4H SiC epitaxial layers[END_REF], SN3 [START_REF] Nava | Radiation detection properties of 4H-SiC Schottky diodes irradiated up to 10 16 n/cm 2 by 1 MeV neutrons[END_REF], E304 [START_REF] Hazdra | Point defects in 4H-SiC epilayers introduced by neutron irradiation[END_REF] HN355 Ec-0.91 ~3×10 -16 SN5 [START_REF] Nava | Radiation detection properties of 4H-SiC Schottky diodes irradiated up to 10 16 n/cm 2 by 1 MeV neutrons[END_REF], E370 [START_REF] Hazdra | Point defects in 4H-SiC epilayers introduced by neutron irradiation[END_REF], RD1/2 [START_REF] Mitchel | Compensation mechanism in high purity semi-insulating 4H-SiC[END_REF], [START_REF] Dalibor | Deep defect centers in silicon carbide monitored with deep level transient spectroscopy[END_REF], [START_REF] Castaldini | Deep levels by proton and electron irradiation in 4H-SiC[END_REF] 

Traps in 60 Co-gamma irradiated HPSI 4H-SiC

Typical ZB-TSC spectrum obtained for 60 Co-gamma irradiated HPSI 4H-SiC PCs at the dose of 100 Mrad is shown in Fig. 5.12 and the ZB-TSC in the temperature range of 120-360 K is displayed in the inset. The peak-5 identified in the preirradiation spectrum of Fig. 5.7 is probably mixed with the peak-4 in the ZB-TSC spectrum. It is observed from Fig. 5.12 that the height of the TSC peaks 2, 3, 4, and 6

are almost trebled, and the peak-1 height is an order of magnitude higher, as compared to the pre-irradiation spectrum shown in Fig. 5.7. Moreover, the height of the strong peak-7 is increased by the two orders of magnitude. These results indicate that the concentration of the traps (detected before irradiation) is considerably increased after the gamma irradiation. Recall that, the calculated 14.1 MeV neutron equivalent fluence for 100 Mrad of 60 Co-gamma dose is ~5×10 12 cm -2 , this equivalent fluence is more than one order higher than the neutron fluence received by the HPSI 4H-SiC samples. Hence, the gamma irradiation induced displacement damage in the HPSI 4H-SiC at the dose of 100 Mrad is expected to be higher as compared to the neutron irradiated samples. As a result, the height of the TSC peaks is significantly increased at the gamma dose of 100 Mrad.

One new deep hole trap at ~480K (EG480, Ev+1.31 eV) is also detected in the gamma irradiated 4H-SiC HPSI (see Fig. 5.12) with the trap capture cross section of 10 -15 cm 2 , as given in Table 5. From this work, it is observed that the neutron and gamma irradiation produced defects in 4H-SiC are thermally stable at room temperature. From the literature [START_REF] Kimoto | Fundamentals of Silicon Carbide Technology Growth, Characterization, Devices, and Applications[END_REF], [START_REF] Iwamoto | High temperature annealing effects on deep-level defects in a high purity semi-insulating 4H-SiC substrate[END_REF], [START_REF] Storasta | Enhanced annealing of the Z1∕2 defect in 4H-SiC epilayers[END_REF]- [START_REF] Mannan | Deep levels in n-type 4H-silicon carbide epitaxial layers investigated by deep-level transient spectroscopy and isochronal annealing studies[END_REF], it is noted that the deep level defects in the 4H-SiC may require significantly higher annealing temperatures (>1200°C) for reducing their influence on the device properties. So, high temperature heat treatment is needed to reduce the charge trapping effects in the 4H-SiC detectors. However, the reliability of the metal contacts on 4H-SiC is critical at higher annealing temperatures. Therefore, the thermal evolution of the deep level defects at higher annealing temperatures (>1200°C) may be studied before the contact formations on the samples, i.e. at first the unprocessed samples were annealed and subsequently the contacts were formed on the annealed samples. 

Spectral response of bulk detectors after neutron irradiation

It may be noted that the spectral response measurements are not done for the Therefore, the quality of the HPSI 4H-SiC substrate needs to be improved for detector applications.

Conclusions

The neutron and gamma irradiation produced defects in the HPSI 4H-SiC are identified by the ZB-TSC and the high-temperature resistivity measurements. After The gamma irradiation induced changes in the electrical characteristics of the PIPS detectors are studied by the device simulations. The developed 60 Co-gamma radiation damage model has given a good agreement with the reported experimental data. The SCSI dose for the HR and LR PIPS detectors is found to be ~80 Mrad, and ~3400Mrad, respectively. The 14.1 MeV neutron and 60 Co-gamma irradiation effects (typical fusion environments) on the PIPS detectors are compared.

After the SCSI, the X-ray response of the detector is expected to degrade significantly with fluence due to movement of the active region to the backside of the detector. Therefore, the substrate resistivity must be carefully chosen to adapt well to the SCSI fluence range for continuous operation of the detector. Considering the SCSI fluence range, commercially available silicon detectors with resistivity of 300 Ω-cm may find use in the plasma X-ray imaging systems up to the fluence of ~10 14 n/cm 2 .

4H-SiC detectors

The Schottky barrier diodes (SBDs) and the bulk detectors are fabricated on From the X-ray spectral response, a promising energy resolution of ~3.5keV FWHM, ~90% CCE at -100V are obtained for epitaxial 4H-SiC SBD detectors; however the SBD detector energy resolution is still not as good as the PIPS detectors.

Moreover, the X-ray detection efficiency of the SBD detectors is much lower than the PIPS detectors for the energies 30-40 keV, because of the thinner 4H-SiC epilayer.

new hole trap at Ev+1.31 eV and significant increase in the trap concentrations (that determined before irradiation) are observed in the 60 Co-gamma irradiated HPSI 4H-SiC at the dose of 100 Mrad. Furthermore, the changes in the thermal activation energies (1.1-1.35 eV) are identified for the gamma irradiated HPSI 4H-SiC, this reveals that the substrate resistivity is increased due to the gamma irradiation induced defects. The dark current of the 4H-SiC photoconductors is not changed at the neutron fluence of 10 11 n/cm 2 ; on the other hand, the dark current is increased at the 60 ). Therefore, it is concluded that the epitaxial 4H-SiC SBD detectors used in this work possibly find application in the fusion alpha-particle diagnostics up to the neutron fluence of ~10 15 n/cm 2 , which is much higher than that for the commercial HR PIPS detectors.

Future scope of the work

 The detectors on the oxygen enriched Magnetic Czochralski (MCz) silicon are expected to be radiation hard as compared to the float zone (FZ) PIPS detectors [START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF], [START_REF] Li | Complete suppression of reverse annealing of neutron radiation damage during active gamma irradiation in MCZ Si detectors[END_REF]. Hence, investigating the irradiation effect on the MCz silicon detectors is one of the future interests.  Thinner (<100 µm) HPSI 4H-SiC detectors have shown better spectroscopic performance for alpha-particles as compared to thicker detectors [START_REF] Cunningham | Performance of bulk SiC radiation detectors[END_REF]- [START_REF] Ruddy | Development of radiation detectors based on semi-insulating silicon carbide[END_REF].

Hence, the performance of the thinner HPSI 4H-SiC detector needs to be further investigated for alpha-particles.

 Testing the neutron and gamma irradiation effects on the CVD diamond detectors (wide bangap of 5.5 eV, high electron and hole mobility of 1800cm 2 /Vs, and 1200 cm 2 /Vs, high displacement threshold energy of 43keV) [START_REF] Wodniak | CVD diamond detectors for fast alpha particles escaping from the tokamak D-T plasma[END_REF], [START_REF] Sussmann | CVD Diamond for Electronic Devices and Sensors[END_REF] is also the future scope of the work.
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 5115513514 Fig. 5.11: Resistivity vs. inverse temperature for the two set of the samples measured before and after 14.1 MeV neutron irradiation at the fluence of 10 11 n/cm 2 . 169 Fig. 5.12: Typical ZB-TSC spectrum observed for the 60 Co-gamma irradiated HPSI 4H-SiC at the dose of 100 Mrad and ZB-TSC for the temperature range 120-360K is shown in inset. 170 Fig. 5.13: Energy location of 4.5 MeV neutron, 14.1 MeV neutron, and 60 Co-gamma irradiation produced traps in the bandgap of the HPSI 4H-SiC shown along the defects identified before irradiation. 171 Fig. 5.14: Resistivity vs. temperature for the HPSI 4H-SiC measured before and after

Fig. 1 .

 1 Fig. 1.1: D-T fusion reaction.

Fig. 1 . 2 . 1 6

 121 Fig. 1.2. For illustration, PIN diode detector structure is given in Fig. 1.2. The X-rays interact with the detector and lose its full energy at the point of interaction as the

Fig. 1 .

 1 Fig. 1.2: X-ray interaction mechanism in the semiconductor detector (for illustration PIN diode detector structure is shown).

1 . 3 .

 13 The detector signals are converted into the voltage signals by the front-end current sensitive preamplifier. The voltage signals are further amplified by the low noise amplifier that is connected to the analog-to-digital converter (ADC) electronics for digitizing the signals. Finally, two-dimensional (2D) images of the X-ray emissivity are obtained by tomographic

Figure 1 .

 1 Figure 1.4 shows the electronics associated with the X-ray PHA spectrometer [10]. X-ray produced charge carriers in the Si (Li) detector are transformed into linear tail voltage pulses by the charge sensitive preamplifier. The preamplifier output signals are transmitted via two paths for analysis. In one path, preamplifier signals are further amplified and shaped into linear semi-Gaussian voltage pulses with the shaping time of 1µs and with the count rate of 20 kHz by using the shaping amplifier.

Fig. 1 . 4 :

 14 Fig. 1.4: Schematic of the electronics associated with the X-ray PHA spectrometer [10].

Fig. 1 . 5 :

 15 Fig. 1.5: Alpha-particle interaction mechanism in the semiconductor detector (PIN diode detector structure is shown for the illustration).

Fig. 1 . 6 :

 16 Fig. 1.6: Displacement damage caused by the fast neutrons in n-type silicon.

Fig. 1 . 7 :

 17 Fig. 1.7: Neutron irradiation induced crystal defects in n-type silicon.

Fig. 1 . 8 :

 18 Fig. 1.8: Major fundamental carrier transitions responsible for the changes in the detector characteristics caused by irradiation induced traps.

  needed for semiconductor radiation detectors. Detector grade epitaxial 4H-SiC substrates with low level of defects open the possibilities for the development of highresolution 4H-SiC based radiation detectors. Commercially available epitaxial 4H-SiC
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 441 Research gapsFrom the literature review on the radiation induced effects in the 4H-SiC detectors, the following research gaps have been found: As the reports are sparse in the literature, further studies are needed to get the exact information about the neutron and gamma induced traps in the epitaxial 4H-SiC detectors. No reports on the 14.1 MeV and 4.5 MeV neutron irradiation produced defects in the epitaxial 4H-SiC detectors.  The neutron and gamma irradiation induced changes in the epitaxial 4H-SiC detectors are not yet studied by the device simulations.



  requirement, the objectives of the research work have been formed. The main objective of the work is to investigate the reliability of the silicon and 4H-SiC radiation detectors for fusion reactor applications. The objectives of the research work include: Study the fusion produced neutron irradiation effects on the spectral response of the commercially available passivated implanted planar silicon (PIPS) detectors. Predict the survival of the silicon detectors in a thermonuclear fusion reactor-like environment. Fabrication of Schottky barrier diodes (SBDs) on the epitaxial 4H-SiC and bulk detectors on the HPSI 4H-SiC substrates.  Identification of electrically active defects in epitaxial and HPSI 4H-SiC detectors. Investigate the spectroscopic performance of the 4H-SiC SBD and bulk detectors. Identification of neutron and gamma irradiation induced defects in the epitaxial and HPSI 4H-SiC detectors.

Chapter- 4 :

 4 epitaxial and HPSI 4H-SiC detectors are important for the fusion diagnostic community. The energy resolution, CCE, and detection efficiency of the epitaxial 4H-SiC SBD detectors and the HPSI 4H-SiC bulk detectors are analyzed in the X-ray energy range of 30-40 keV. The 241 Am α-particle spectral responses of the epitaxial 4H-SiC SBD detectors and the HPSI 4H-SiC bulk detectors are studied. Detailed investigations on polarization in both the epitaxial and HPSI 4H-SiC detectors are performed. Furthermore, the spectral responses of the epitaxial and HPSI 4H-SiC detectors are compared. The suitability of using 4H-SiC detectors in plasma diagnostics is discussed based on the spectroscopic performance. Neutron and gamma irradiation effects on epitaxial 4H-SiC Schottky barrier diodes After neutron and gamma irradiation, the irradiation induced crystal defects introduce additional trap levels within the bandgap of the detector substrate which can further degrade the detector characteristics [32], [94]-[96]. Hence, studies on identification of neutron and gamma irradiation produced traps in the epitaxial 4H-SiC are important for identifying the physical origin of the irradiation induced changes in the detector properties. The 14.1 MeV and 4.5 MeV neutron irradiation induced defects in epitaxial 4H-SiC SBD detectors are identified. The 60 Co-gamma irradiation produced traps in epitaxial 4H-SiC SBDs are also determined. Therefore, the current work may provide some important information about neutron and gamma irradiation induced traps in the epitaxial 4H-SiC for predicting the irradiation induced changes in the detector characteristics. The neutron irradiation induced changes in the spectral response of the epitaxial 4H-SiC detectors are also examined. The simulation of the irradiation induced changes in the electrical characteristics of the epitaxial 4H-SiC SBDs are performed for higher neutron fluences and gamma doses, by incorporating the irradiation produced trap level parameters (identified from our experiments) in the commercial device simulator. The simulation model is validated by comparing with our experimental results.

  This chapter describes the experimental studies of D-T fusion produced neutron and scattered neutron irradiation effects on the spectral response of the commercially available passivated implanted planar silicon (PIPS) detectors (with 7.4kΩ-cm resistivity and 308 µm substrate thickness) and simulation studies of 14.1MeV neutron and gamma irradiation induced changes in the PIPS detector properties. The X-ray spectral response of the PIPS detectors is analyzed at room temperature in the energy range of 30-40 keV. The PIPS detectors are exposed to 14.1MeV neutrons and 4.5 MeV neutrons up to a fluence of 3.6×10 10 n/cm 2 to study the effect of the reactor core and scattered neutrons. The neutron irradiation induced changes in the X-ray spectral characteristics are analyzed. Comparative studies of the damage caused by 14.1 MeV neutrons and 4.5 MeV neutrons at the same neutron fluence are carried out. Furthermore, the neutron irradiation induced changes in the alpha-particle spectral response of the PIPS detectors are analyzed using 241 Am alphaparticle source. For investigating the performance of the PIPS detector for neutron fluences higher than those considered in the experiments, the simulation of 14.1 MeV neutron irradiation induced changes in the electrical characteristics of PIPS detectors are analyzed using the commercial device simulator. The proposed radiation damage model is validated by comparing with the experimental data of 14.1 MeV neutron irradiated PIPS detector for fluence up to 3.6×10 10 n/cm 2 . The possible changes in the irradiated detector characteristics for higher neutron fluence levels are predicted.
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 221 Fig. 2.1: Photograph and typical 2D-structure of the PIPS detector.

Fig. 2 . 2 :

 22 Fig. 2.2: Block diagram of the X-ray spectral response measurement system.

Fig. 2 . 3 :

 23 Fig. 2.3: Photograph of the X-ray spectral response measurement setup.

Fig. 2 . 4 :

 24 Fig. 2.4: Block diagram of the α-particle spectral response measurement system.

Fig. 2 . 5 :

 25 Fig. 2.5: Photograph of the alpha-particle spectral response measurement setup.

Figure 2 .

 2 Figure 2.7 shows the peak channel in the MCA as a function of X-ray energy obtained with the PIPS detectors. The PIPS detectors have shown a linear response (i.e. same CCE at different X-ray energies) in the X-ray energy range of 30-80 keV as noted from the peak channel vs. X-ray energy plot.

Fig. 2 .

 2 Fig. 2.6: X-ray absorption efficiency for PIPS detector with a 308 µm thick active region.

Fig. 2 . 7 :

 27 Fig. 2.7: Peak channel in MCA as a function of X-ray energy obtained with PIPS detectors.

  cc FWHM represents FWHM-ENE produced in the spectrum due to incomplete charge collection properties of the detector caused by the charge trapping (trapping noise component).

Fig. 2 . 8 :

 28 Fig. 2.8: Room temperature 133 Ba X-ray spectral response of PIPS-II detector before and after the 4.5 MeV neutron irradiation.

Fig. 2 .

 2 Fig. 2.10: 152 Eu X-ray spectra obtained with the PIPS-II detector after 4.5 MeV neutron irradiation.

Figs. 2 . 8 - 2 . 9 .

 2829 Figs.2.8-2.9. The closely located X-ray lines of152 Eu such as 40 keV and 45.4 keV are not resolved after this fluence (see Fig.2.10). The energy resolution is identified for 31 keV X-ray line of133 Ba as ~7.[START_REF] Passeri | Comprehensive modeling of bulk-damage effects in silicon radiation detectors[END_REF] keV FWHM, which is degraded by about 3 times that of the pre-irradiation value. Moreover, the X-ray spectral response of the PIPS-II detector is further deteriorated at the fluence (Φ4.5MeV) of 3.6×10 10 n/cm 2 , as observed from the Figs. 2.8-2.10. The changes in the energy resolution of the PIPS-II detector after 4.5 MeV neutron irradiation are tabulated in Table2.1 for different radioactive sources.

  Fig. 2.11: X-ray spectral characteristics of 133 Ba obtained with the 14.1 MeV neutron irradiated PIPS -I detector up to the fluence of 3.6×10 10 n/cm 2 .

Fig. 2 .

 2 Fig. 2.13: Room temperature 152 Eu X-ray spectral response of PIPS-I detector before and after 14.1 MeV neutron irradiation.

  2.14) for 14.1 MeV and 4.5 MeV neutron irradiated cases at the neutron fluence of 1.8×10 10 n/cm 2 are identified as ~7.79 keV, and ~7.47 keV, respectively. From the152 Eu spectra shown in Fig.2.15, the energy resolution for the 14.1 MeV and 4.5 MeV neutron irradiated detectors at the neutron fluence of 3.6×10 10 n/cm 2 is found to be ~9.67 keV and ~10.12 keV. Even at the same neutron fluences, the deterioration in the X-ray response of the detector irradiated with 14.1 MeV neutrons (PIPS-I) is found to be higher compared to PIPS-II. The reasons for the degradation in the X-ray spectral response of the irradiated PIPS detectors are investigated from the changes in the electrical characteristics and are discussed in the Sections 2.2.3-2.2.5.

Fig. 2 .

 2 Fig. 2.14: Changes in the 133 Ba X-ray spectral response of PIPS detector after irradiation with 14.1 MeV neutrons and 4.5 MeV neutrons at the fluence of 1.8×10 10 n/cm 2 .

Figure 2 .

 2 Fig.2.17. It is noted that the 241 Am alpha spectral lines of 5.486 MeV, 5.443 MeV, and 5.388 MeV are merged into a single spectrum, so that the alpha energy lines of 5.486MeV, 5.443 MeV, and 5.388 MeV are indistinguishable. The quoted energy resolution of un-irradiated PIPS detector is ~11.4 keV FWHM for 241 Am α-particles, as mentioned in the datasheet. In this work, initially, the 241 Am α-particle spectrum is measured in the 4.5 MeV neutron irradiated PIPS-II detector at the fluence of 1.8×10 10 n/cm 2 (i.e. initial case).

Fig. 2 .

 2 Fig. 2.16: Simulated Bragg ionization curve for 5.486 MeV alpha-particle in silicon.

Fig. 2 . 18 :

 218 Fig. 2.18: Changes in the leakage current of PIPS detector as a function of bias voltage before and after neutron irradiation.

Fig. 2 .

 2 Fig. 2.19: Typical (1/C 2 )-V characteristics of the PIPS-I detector before and after 14.1 MeV neutron irradiation.

  silicon detectors was detected by observing the change in the forward voltage required to put the detector into conduction[8]. To check the same, the changes in the forward voltage drop in the irradiated detector are investigated at the forward current of 1mA, from the forward I-V characteristics shown in Fig.2.20. The forward voltage drop across the pre-irradiated PIPS detector was calculated as 0.525 V. The forward voltage drop across the diode F V has two components[START_REF] Pepper | Neutron, electron and gammaray radiation responses of a fast P-I-N photodiode[END_REF] 

BV

  exceeds the value of J V , and B V begins to dominate F V[START_REF] Pepper | Neutron, electron and gammaray radiation responses of a fast P-I-N photodiode[END_REF]. As a result, increase in the forward voltage drop across the detector can be predicted for high neutron fluences.

Fig. 2 .

 2 Fig. 2.20: Typical forward I-V characteristics of the PIPS-I detector before and after the 14.1MeV neutron irradiation
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 2 irradiation induced traps located at Ec-0.42 eV, Ec-0.5 eV, and Ev+0.36 eV in the bandgap respectively, for LHC applications. The origin of these traps and their effects on detector performance are discussed next.After irradiating with the high energy neutrons, the detector properties are significantly changed due to cluster related intrinsic defects which are mostly composed of vacancies[START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF]. The divacancy (V2, Ec-0.42 eV) plays an important role in determining the irradiation induced changes in the leakage current and the effective doping concentration. The divacancy-oxygen (V2O, Ec-0.5 eV) is a deep acceptortype defect that is primarily responsible for the observed change in the effective doping concentration. Due to its position in the bandgap, V2O also contributes to the change in the leakage current. The donor-type trap (CiOi, Ev+0.36 eV) is also included, as because accounting both the acceptor-and donor-type defects together in the model, the compensation effect might occur, which fairly predicts the change in the effective doping concentration of the detector with neutron fluence. These models have been developed for 1 MeV equivalent neutrons[START_REF] Passeri | Comprehensive modeling of bulk-damage effects in silicon radiation detectors[END_REF]-[START_REF] Petasecca | Numerical simulation of radiation damage effects in p-type and n-type FZ silicon detectors[END_REF].



  represents the 14.1 MeV neutron fluence. The hardness factor value for 14.1 MeV neutrons is reported as 1.88[START_REF] Moll | Comparison of defects produced by fast neutrons and 60 Co-gamma in high-resistivity silicon detectors using deep-level transient spectroscopy[END_REF].

2 . 21 .

 221 The PIPS detector structure is generated by the Silvaco ® ATHENA process simulation[START_REF]ATHENA Silvaco ®[END_REF]. The simulated device structure consists of a single diode, 40 µm wide p + -implant having a depth of 50 nm, two 5 µm wide p +guard rings on either side of the junction at a distance of 15 µm to obtain uniform electric field at the junction. The substrate resistivity (ρ = 7.4 kΩ-cm, 4 kΩ-cm, and 0.3 kΩ-cm) and the substrate thickness (d = 308 µm and 100 µm) are varied in the simulations. The device structure also has oxide passivation and Al junction and ohmic contacts.

Fig. 2 .

 2 Fig. 2.21: Typical 2D-structure of the PIPS detector considered in the simulation.

Figure 2 .

 2 [START_REF] Bruzzi | Radiation damage in silicon detectors for high-energy physics experiments[END_REF] shows the comparison of the measured (1/C 2 )-V characteristics of the virgin detector with the 2D-simulation results. It is to be noted that the measured and simulated C-V characteristics of PIPS detectors use an operating frequency of 10 kHz. The reason for applying the low frequency is as follows: the C-V characteristics of the un-irradiated detectors exhibit no dependence on the measuring signal frequencies. But after heavy neutron irradiation, C-V characteristics strongly depend on the frequency of the measuring signal due to the domination of deep level traps[START_REF] Petterson | Charge collection and capacitancevoltage analysis in irradiated n-type magnetic czochralski silicon detectors[END_REF]. Hence at frequencies close to 1 MHz, irradiation induced deep level traps do not follow the applied AC signal. From the simulated and the experimental plots, the full depletion voltage of PIPS detector is found to be nearly -45 V. The numerical simulations are closely tracking the experimental results, as evident from Fig. 2.22. Similarly, simulated pre-irradiation leakage current density (JL)-reverse voltage (VR) characteristics are also validated with the measured data, as shown in Fig. 2.23.

Fig. 2 .

 2 Fig. 2.22: Comparison between 2D-simulation and experimental data of (1/C 2 )-V characteristics of pre-irradiated PIPS detectors.

Fig. 2 . 23 :

 223 Fig. 2.23: Simulated leakage current density (JL) of the PIPS detectors before irradiation compared with the measured data.
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 2 2.19), no considerable changes in the C-V characteristics are noted up to the fluence of 3.6×10 10 n/cm 2 from the simulations. Fig.2.24 shows the comparison between simulation and experimental data of 14.1 MeV neutron irradiation induced changes in the leakage current density Chapter-JL) for fluences of 1.8×10 10 n/cm 2 and 3.6×10 10 n/cm 2 , respectively. The proposed model closely tracks the experimental results for fluences up to 3.6×10 10 n/cm 2 . The model validation for higher neutron fluences is presented in the next Section.

Fig. 2 . 24 :

 224 Fig. 2.24: Simulated and measured 14.1 MeV neutron irradiation induced changes in the leakage current density (JL) of PIPS detectors.

  fluences using the proposed radiation damage model. The simulated (1/C 2 )-V characteristics of the 14.1 MeV neutron irradiated high resistivity (HR, ρ=7.4 kΩ-cm) PIPS detector are shown in Fig. 2.25 for neutron fluences higher than those considered in the experiments. The simulation studies are extended for higher fluence and a significant change in the effective doping concentration is observed starting at a fluence of 8×10 10 n/cm 2 for the HR PIPS detector. At Φ =10 11 n/cm 2 , the full depletion voltage and the effective doping concentration are identified as -40 V and 5.5×10 11 cm -3 , respectively, as observed from Fig. 2.25. The full depletion voltage and the effective doping concentration are found to decrease with the neutron fluence until space charge sign inversion (SCSI) fluence which occurred around 10 12 n/cm 2 . The SCSI fluence is defined as the fluence at which the n-type substrate is effectively inverted to the p-type substrate. After SCSI, the initial shallow phosphorous dopants present in the bulk of the silicon are mostly removed or fully compensated.

Fig. 2 .

 2 Fig. 2.25: Simulated (1/C 2 )-V characteristics of 14.1 MeV neutron irradiated HR PIPS detector for neutron fluences higher than those considered in the measurements.

Fig. 2 . 27 .

 227 Fig.2.27.It is noted from the Fig.2.25 that the full depletion voltage and the effective doping concentration are found to increase with the neutron fluence after the SCSI due to the continuous creation of acceptor-like states[START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF]. The calculated values of

Fig. 2 . 26 :

 226 Fig. 2.26: Simulated electric field of HR detector at -5V for different neutron fleunces.

Fig. 2 . 27 :

 227 Fig. 2.27: Typical structure of the PIPS detector after SCSI.

Fig. 2 .

 2 28 shows the changes in dep d (at zero bias) of the detector for different resistivity substrates up to the fluence of 2×10 14 n/cm 2 . An increase in dep d is observed until SCSI fluence (shown by the arrows in Fig. 2.28) due to decrease in the effective doping concentration. At a fluence of 5×10 11 n/cm 2 , the dep d is found to increase from 35 µm (pre-irradiation value) to 40 µm for the HR PIPS detector. The maximum value of dep d is noticed at the SCSI fluence of 10 12 n/cm 2 . After SCSI, the dep d decreases with fluence due to increase in the effective doping concentration. For the fluences of 10 13 n/cm 2 , and 10 14 n/cm 2 , the dep d at zero bias (for HR PIPS detector) is predicted as 18 µm, and 8 µm, respectively. Hence, the dep d is significantly reduced for higher neutron fluences (>3×10 12 n/cm 2 for the HR PIPS detector) from the pre-irradiation value.

  dep d on applied reverse bias is displayed in Fig.2.29 for 14.1 MeV neutron irradiated HR PIPS detector. An increase in the dep d is observed with applied detector bias, as illustrated by the Eqn. 2.11. Before neutron irradiation, the dep d of the HR detector is found to be about 108 µm for a detector bias of -5 V. In Fig. 2.29, the arrow line direction indicates the movement of the depletion region thickness from the pre-irradiation value. For the fluences of 8×10 11 n/cm 2 , and 10 14 n/cm 2 , the dep d at -5V is observed as ~142 µm, and ~19 µm, respectively. Hence a considerable reduction in the dep d

Fig. 2 .

 2 Fig. 2.28: Depletion region thickness (at 0V) as function of 14.1 MeV neutron fluence for different resistivity substrates. Arrow heads shows the corresponding SCSI fluences.

Fig. 2 . 29 :

 229 Fig. 2.29: Simulated changes in the depletion region thickness as a function of applied bias up to a 14.1 MeV neutron fluence of 10 14 n/cm 2 for HR PIPS detector.

Figure 2 .

 2 Figure 2.30 shows the comparison of simulated (LR detector) and measured changes in the dep d as a function of applied bias for a 14.1 MeV neutron fluence of 2×10 13 n/cm 2 , along with the pre-irradiation simulation data. The simulation results

Fig. 2 . 30 :

 230 Fig. 2.30: Comparison of simulated changes in depletion region thickness as a function of applied bias with experimental data [44] at 14.1 MeV neutron fluence of 2×10 13 n/cm 2 .

Fig. 2 . 31 :

 231 Fig. 2.31: Simulation of 14.1 MeV neutron induced changes in the leakage current density for different resistivity substrates. The simulated data for LR is compared with JET data [14].

Figure 2 .

 2 Figure 2.32 shows the changes in the leakage current density (JL) of the HR PIPS detector as a function of 14.1 MeV neutron fluence for different reverse bias voltages. It is noticed that the leakage current density increases with reverse bias

Fig. 2 . 2 . 3 . 4 . 2

 22342 Fig. 2.32: Simulated changes in the leakage current density of HR detector as a function of 14.1 MeV neutron fluence for different reverse bias voltages.

Fig. 2 .

 2 Fig. 2.33: Simulated Depletion region thickness as a function of neutron fluence for thin and thick PIPS detectors.

Fig. 2 . 34 :

 234 Fig. 2.34: Simulated changes in the leakage current density of the thin and thick PIPS detectors with neutron fluence.

  MeV and 1.33 MeV) interact with the silicon detectors, the displacement damage is caused by the Compton scattered electrons (about 1 MeV in energy)[START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF]. Hence, the detector properties are affected by the gamma irradiation produced defects. The deep-level defects primarily responsible for changes in the properties of the detector are considered in the 4-level radiation damage model and are given in the Table2.5. The deep-acceptor trap divacancy (V2, EC-0.42 eV) is considered in the model due to its position in the bandgap[START_REF] Hönniger | Radiation damage in silicon -defect analysis and detector properties[END_REF]. Idefect (EC-0.545 eV) is close to the middle of the bandgap attributed to the divacancyoxygen (V2O) complex, which is the main reason for the observed changes in the effective doping concentration and the leakage current[START_REF] Pintilie | Close to midgap trapping level in 60 Co gamma irradiated silicon detectors[END_REF]. From the simulations, it has been noticed that the I-defect predicts nearly 80% of gamma induced change in the effective doping concentration. Another deep-acceptor defect Γ (EV+0.66 eV) has the strong impact of the increase in the leakage current[START_REF] Pintilie | Results on defects induced by 60 Co gamma irradiation in standard and oxygen-enriched silicon[END_REF]. Accounting the deeptraps such as I-and Γ-level in the radiation damage model, more than 90% of gamma induced change in the effective doping concentration is predicted in the simulations.

2. 4 . 2

 42 Simulation setupFor studying the gamma irradiation effects, the 2D-structure of the PIPS detector shown in Fig.2.21 is considered in the Silvaco ® TCAD simulator. The resistivity of the detector substrate (ρ = 7.4 kΩ-cm, 5.4 kΩ-cm, and 300 Ω-cm) is varied in the simulations. The silicon material parameters and physical models are specified in the simulation model (refer Section 2.3.2). The change in effective space charge caused by the defects is accounted in the physical model as per the Eqn. 2.10.The donor removal mechanism given in the Eqn. 1.4 is considered based on the earlier work of Moll[START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF]. The 60 Co-gamma irradiation induced defect concentration ) ( TG N can be determined by[START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF] 

Fig. 2 .

 2 Fig. 2.35: Simulated and measured [131] 60 Co-gamma irradiation induced changes in the effective doping concentration and the full depletion voltage of the detectors.

Fig. 2 . 36 :Figure 2 .

 2362 Fig. 2.36: Comparison between 2D-simulation and experimental data [131] of changes in the leakage current per unit volume at full depletion voltage of the detectors.
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 222 Figure 2.39 shows the changes in the

Fig. 2 . 38 :

 238 Fig. 2.38: Simulated electric field distribution of HR PIPS detector at -5V for different 60 Cogamma doses.

Fig. 2 . 39 :

 239 Fig. 2.39: Simulated changes in the depletion region thickness of the HR detector with reverse bias for different 60 Co-gamma doses.

Fig. 2 .

 2 Fig. 2.40: Simulation of 60 Co-gamma irradiation induced changes in the leakage current density (at 0V) of the HR and LR detectors.

Fig. 2 . 41 :

 241 Fig. 2.41: Changes in the leakage current density of HR detector as a function of 60 Co-gamma dose for different reverse bias voltages.

The 14 . 1

 141 MeV neutron irradiation induced changes in the electrical characteristics of PIPS detectors are investigated up to the fluence of 2×10 14 n/cm 2 by incorporating the 4-level radiation damage model in the commercial device simulator.The proposed radiation damage model is validated by comparing with the experimental results for low and high neutron fluences. The effect of substrate resistivity and substrate thickness on the depletion region thickness and the leakage current of the detector is studied in detail. The SCSI fluences for the PIPS detector with HR (ρ = 7.4 kΩ-cm), and LR (ρ = 300 Ω-cm) substrates are obtained as ~1012 n/cm 2 , and ~1.5×10 14 n/cm 2 , respectively. Hence, the SCSI fluence can be moved to the higher neutron fluence (i.e. about two orders of magnitude as compared to the HR detector) by choosing the LR detector. Moreover, it has been shown that LR detectors are advantageous in terms of leakage current up to the neutron fluence of ~1014 n/cm 2 for the zero bias condition. There are no significant advantages on SCSI fluence range and leakage current at zero bias by choosing a thin detector with the same substrate resistivity.The60 Co-gamma irradiation effects on the PIPS detectors have been analyzed by incorporating 4-level radiation model up to the dose of 3500 Mrad. The proposed radiation damage model has been given a good agreement with the reported experimental results. The gamma irradiation induced changes in the depletion region thickness, and the leakage current are investigated for different resistivity substrates.

79 CHAPTER- 3 FABRICATION

 793 n/cm 2 in the future fusion reactors. Considering the radiation hardness limitations of the commercial silicon detectors, the 4H-SiC detectors are fabricated and characterized for the possible use in the fusion plasma diagnostics. The fabrication and characterization of the 4H-SiC detectors are discussed in Chapter-3. the fabrication and characterization (electrical characteristics, identification of defects, and spectral response) of 4H-SiC detectors. Schottky barrier diode (SBD) detectors are fabricated on n-type epitaxial 4H-SiC substrates. Bulk detectors (i.e. photoconductive detector) are fabricated on high-purity semi-insulating (HPSI) 4H-SiC substrates. The electrical characteristics of the 4H-SiC detectors are investigated at room temperature. Electrically active defects in the epitaxial 4H-SiC SBDs are identified by thermally stimulated current and capacitance (TSC and TSCAP) measurements. The traps in the HPSI 4H-SiC are characterized by zero-bias TSC (ZB-TSC) and high-temperature resistivity measurements. The X-ray detection properties of the epitaxial 4H-SiC SBD and HPSI 4H-SiC bulk detectors are investigated at room temperature in the energy range of 30-40 keV. The alpha-particle spectroscopic performance of the detectors is studied by using 241 Am α-particle source. The energy resolution, charge collection, and detection efficiency of the SBD and bulk detectors are analyzed. Furthermore, detailed investigations on polarization in both the SBD and bulk detectors are performed. Based on the spectroscopic performance, the suitability of using 4H-SiC detectors in the plasma diagnostics is discussed.

Fig. 3 . 1 :

 31 Fig. 3.1: Photograph of (a) epitaxial and (b) HPSI 4H-SiC wafers.
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 323 There are four different circular diameter patterns in the shadow mask: 2.2 mm, 1.5 mm, 1mm, and 0.5 mm. Two types of SBDs (Ni/4H-SiC SBDs and Ti/4H-SiC SBDs) were fabricated. For the fabrication of Ni/4H-SiC SBDs, the top Schottky contacts were Chapterformed by the sputtering of Ni (200 nm) through a shadow mask on the Si-face of the 4H-SiC, whereas the Ti (50nm)/Au (150nm) bi-layer was considered as a Schottky contact for the Ti/4H-SiC SBDs. In both the SBDs, the Ti (50nm)/Au (150nm) bilayer was sputtered on the entire C-face of the 4H-SiC for Ohmic contact. Since the as-deposited Ti can form Ohmic contact with the n + 4H-SiC substrate (>10 18 cm -3 )

Fig. 3 . 2 :

 32 Fig. 3.2: Shadow mask used for the fabrication of 4H-SiC detectors.

Figure 3 .Fig. 3 . 4 .

 334 Fig.3.4. There are 8 numbers of SBD detector packages (inside the red box) and 5 numbers of bulk detector packages. Each package contains 4 detectors: the two detectors have the active area of 3.8 mm 2 and the active area of the other two detectors is about 1.8 mm 2 . The photographic image and the 2D-structure of the epitaxial Ti/4H-SiC SBD detector, and the HPSI 4H-SiC bulk detector are shown in Figs. 3.5 and 3.6. During the dicing of the processed HPSI 4H-SiC samples, portion of the backside metal was peeled off in some regions of the diced chips. That is why those regions look different in the bulk HPSI 4H-SiC detectors (refer Fig. 3.4).

Fig. 3 . 3 :

 33 Fig. 3.3: (a) Diced 4H-SiC chip attached on TO-8 header and (b) packaged 4H-SiC detector.

Fig. 3 . 5 :Fig. 3 . 6 :

 3536 Fig. 3.5: Photograph and 2D-cross section of the fabricated epitaxial Ti/4H-SiC SBD detector with active areas of 3.8 mm 2 , and 1.8 mm 2 .

Fig. 3 . 7 :

 37 Fig. 3.7: Schematic view of the TSC measurement setup. Typical TSC spectrum is shown in the inset.

Fig. 3 . 8 :

 38 Fig. 3.8: Photograph of the TSC measurement setup.

Fig. 3 . 9 :

 39 Fig. 3.9: Schematic view of the TSCAP measurement setup. The typical TSCAP spectrum is shown in the inset.

Figure 3 .

 3 Figure 3.11 shows the reverse current density (JR) vs. reverse voltage (VR) of the Ti/4H-SiC SBD detectors and inset shows the forward current density (JF) vs.

  The JR-VR characteristics of the Ni/4H-SiC SBDs are shown in Fig.3.12 and the JF-VF characteristics are displayed in the inset. The calculated[START_REF] Sze | Physics of Semiconductor Devices[END_REF] Schottky barrier height from the JF-VF characteristics of the Ni/4H-SiC SBDs is about 1.21 eV.The reverse current density of the Ni/4H-SiC SBDs at -100V is ~3.3 nA/cm 2 , which is less than that of Ti/4H-SiC SBDs at the same voltage.

Fig. 3 . 11 :

 311 Fig. 3.11: Reverse current density (JR) vs. reverse voltage (VR) of the Ti/4H-SiC SBD detectors and inset shows the forward current density (JF) vs. forward voltage (VF).

Fig. 3 .

 3 Fig. 3.12: JR-VR characteristics of the Ni/4H-SiC SBDs and the JF-VF characteristics are shown in the inset.

Figure 3 .

 3 Figure 3.15 shows the current density (J)-V characteristics of the 4H-SiC bulk detectors and inset indicates the typical C-V characteristics. The bulk detectors exhibited nearly symmetrical J-V characteristics in the entire voltage range. At the bias voltages of ±100V, ±400V, and ±500V, the dark current density of the detectors is found to be ~10nA/cm 2 , ~28nA/cm 2 , and ~30nA/cm 2 , respectively. Hence, the dark current density of the bulk detectors is higher than the SBD detectors at -100V. A

Fig. 3 .

 3 Fig. 3.13: Typical (1/C 2 )-V characteristics of the 4H-SiC SBDs.

Fig. 3 .

 3 Fig. 3.15: Current density (J)-V characteristics of the HPSI 4H-SiC bulk detectors and the inset shows the typical C-V characteristics.

Figure 3 .

 3 Figure 3.16 shows the TSC spectrum obtained for the Ni/4H-SiC SBD (1.8mm 2 ) at the heating rate of 0.12 K/s. A single TSC peak (P1) at ~250 K is observed from the Fig. 3.16. The SBD leakage current is considerably increased after ~280 K, hence no TSC peaks are observed beyond this temperature. Some SBDs have not given any TSC peaks in the entire temperature range due to the excessive leakage currents. Therefore, TSC measurements conducted on the SBD are limited by the leakage current. The thermally stimulated current ) ( _ SBD TSC I measured in the SBD is

Fig. 3 .

 3 Fig. 3.16: TSC spectrum for Ni/4H-SiC SBD (1.8 mm 2 ) at the heating rate of 0.12 K/s.

Figure 3 .

 3 Figure 3.17 shows the TSC spectra obtained with the Ni/4H-SiC SBD (1.8mm 2 ) for different heating rates and the inset represents the Arrhenius plot of ) / ln( 4  m T vs. T / 1000for the peak P1. The magnitude and the peak maximum

of 1 .

 1 5×10 13 cm -3 is determined for the trap P1 by the Forbes-Sah method[START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF],[START_REF] Forbes | On the determination of deep level center energy and concentration by thermally stimulated conductivity measurements using reverse-biased p-n junctions[END_REF] 

Fig. 3 .

 3 Fig. 3.17: TSC spectra obtained with the Ni/4H-SiC SBD (1.8 mm 2 ) for different heating rates and Arrhenius plot of ) / ln( 4  m T vs. T / 1000 for the peak P1 shown in inset.

Fig. 3 .

 3 Fig. 3.18: TSCAP spectrum measured in the Ni/4H-SiC SBD (3.8 mm 2 ). The inset shows TSCAP for different heating rates.

Fig. 3 .

 3 Fig. 3.19: TSCAP spectrum for the Ti/4H-SiC SBD (3.8 mm 2 ) and the TSCAP for different heating rates is shown in inset.
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 3320 Fig. 3.20: The energy location of the traps in the bandgap of the epitaxial 4H-SiC.

Fig. 3 .

 3 Fig. 3.21: Typical ZB-TSC spectra observed in first set of HPSI samples for different heating rates of 0.08 K/s, 0.12 K/s, 0.16 K/s, and 0.2 K/s.

Figure 3

 3 Figure 3.22 shows the Arrhenius plots of ) / ln( 4  m T vs. T / 1000 for the traps 1-7 identified from Fig. 3.21. The trap activation energy is calculated from the slope of the Arrhenius plot by using the Eqn. 3.4 neglecting the second term [34], [88]. The traps labeled 1-7 in Fig. 3.21 have the activation energies viz. 0.22 eV (1), 0.3 eV (2), 0.36 eV (3), 0.45 eV (4), 0.53 eV (5), 0.83 eV (6), and 1.16 eV (7), respectively. The defect capture cross section is predicted by fitting the numerically simulated TSC spectrum of a trap with the corresponding measured TSC peak. The TSC spectrum of a trap is simulated based on the Eqn. 3.10 by considering

Fig. 3

 3 Fig. 3.22: Arrhenius plots of ) / ln( 4  m T versus T / 1000 for the peaks 1-7 observed in the first set of HPSI samples.

1- 7

 7 with the energies Ev+0.22 eV, Ev+0.3 eV, Ev+0.36 eV, Ev+0.45 eV, Ev+0.53 eV, Ev+0.83 eV, and Ev+1.16 eV are identified in the HPSI 4H-SiC from the Figs. 3.21 and 3.22.

Figure 3 .

 3 Figure 3.23 shows the ZB-TSC spectrum obtained with the second set of HPSI samples at 0.12 K/s, here the spectrum at 0.12 K/s is only given for the clear visibility of the TSC peaks. In this case, six hole traps peaked at ~ 98 K (1, Ev+0.22 eV), ~136K (2, Ev+0.3 eV), ~ 158 K (A, Ev+0.33 eV), ~ 186 K (C, Ev+0.4 eV), ~ 212 K(5, 

Fig. 3 .

 3 Fig. 3.23: Typical ZB-TSC spectrum for the second set of HPSI samples measured before irradiation at the heating rate of 0.12 K/s.

[ 83 ]

 83 , and ID center detected in the HPSI 4H-SiC by photo-EPR measurements [84], respectively. Except the three traps at Ev+0.22 eV, Ev+0.3 eV, Ev+0.53 eV, other deep traps are attributed to the intrinsic defects. The energy location of traps in the bandgap of the HPSI 4H-SiC is shown in Fig. 3.25.

Fig. 3 . 25 :

 325 Fig. 3.25: The energy location of the traps in the bandgap of the HPSI 4H-SiC.

E

  is the thermal activation energy. The thermal activation energy of the HPSI 4H-SiC is determined by substituting the calculated slope of the linear region in the resistivity vs. temperature plot into the Eqn. 3.11. From Fig.3.26, the activation energies for the first and second set of HPSI 4H-SiC samples are found to be 1.28 eV, and 1.02 eV, respectively.

Fig. 3 .

 3 Fig. 3.26: Resistivity vs. inverse temperature for two set of HPSI 4H-SiC samples.

Fig. 3 .

 3 Fig. 3.27: X-ray absorption efficiencies for SBD detectors (30 µm epilayer) and bulk detectors (355 µm substrate) in the range of 10-60 keV.

Fig. 3 . 28 :

 328 Fig. 3.28: Typical amplifier output signal for 152 Eu X-rays obtained with the Ti/4H-SiC SBD detector at different time intervals after the application of bias voltage -100V.

Fig. 3 .

 3 Fig. 3.29: 152 Eu X-ray spectrum obtained with the Ti/4H-SiC SBD detector at -100V shown along with the pulser peak.

Fig. 3 .

 3 Fig. 3.30: 137 Cs X-ray spectral response of the Ti/4H-SiC SBD detector measured at -100V shown along with the pulser spectrum.

Fig. 3 . 31 :

 331 Fig. 3.31: Typical amplifier output signal for 152 Eu X-ray response of the bulk detector measured at different time intervals after the application of -500V bias voltage.

Fig. 3 .

 3 Fig. 3.32: CCE of the bulk detectors as a function of elapsed time measured after the application of the bias voltage -500V.

152

  Fig. 3.33 with an energy resolution of 11.21 keV FWHM. To estimate the contribution from the nearby energies in the detector energy resolution, a spectrum is simulated for an ideal case. For simulating the spectrum shown in Fig. 3.33, ideal Gaussian spectrum is considered for the energies 40 keV, and 45.4 keV with the same spectral broadening of 10.4 keV FWHM, but different amplitudes are selected as per the emission probabilities [113] of these energies. Subsequently, the resultant spectrum is obtained with the energy resolution of 11.21 FWHM as shown in Fig.3.33. From the simulated spectrum, the spectral broadening at the individual 152 Eu X-ray energies is considered as 10.4 keV FWHM.

Fig. 3 .

 3 Fig. 3.33: 152 Eu X-ray spectrum obtained with the 4H-SiC bulk detector at -500V shown along with the pulser peak and simulated spectrum.

Fig. 3 .

 3 Fig. 3.34: 137 Cs X-ray spectral response of the 4H-SiC bulk detector measured at -500V and the pulser peak and simulated spectrum.

Figure 3 .

 3 Figure 3.35 shows the Bragg ionization curve for 5.486 MeV α-particle in SiC determined from SRIM-2013[115] simulation. The 241 Am alpha-particles interact with the SiC detector and generate excess charge carriers along its line of track through the columbic interaction[START_REF] Knoll | Radiation Detection and Measurement[END_REF], till the projected range of ~18.3 µm. Hence, almost all of the 241 Am α-particles are absorbed in the 4H-SiC detectors.The 241 Am α-particle spectral responses of the SBD detectors are investigated at different bias voltages including 0V. The best spectrum measured at -60V with the SBD detector is shown in Fig.3.36. It is noticed that the 241 Am α-particle energy lines[START_REF]Nuclear Data, Table of Radioactive Isotopes[END_REF] such as 5.486 MeV, 5.443 MeV, and 5.388 MeV are combined into a single spectrum, so that the alpha spectral lines of 5.486 MeV, 5.443 MeV, and 5.388 MeV are not resolved. The energy resolution of the SBD detector at -60V is found to be 55keV FWHM (1%) for 241 Am α-particles. The simulated spectrum (with 55 keV FWHM) shown in Fig. 3.36 is obtained by considering the same spectral broadening of 48 keV FWHM (ideal Gaussian) for the energies 5.486 MeV, 5.443 MeV, and 5.388 MeV but with different amplitudes (based on their emission probabilities).

Fig. 3 . 35 :

 335 Fig. 3.35: Simulated Bragg ionization curve for 5.486 MeV and 3.5 MeV α-particles in SiC.

Fig. 3 . 3 117Figure 3 .

 333 Fig. 3.36: 241 Am α-particle spectrum obtained with Ti/4H-SiC SBD detector at -60 V shown along with the pulser peak and simulated spectrum.

Fig. 3 .

 3 Fig. 3.37: 241 Am α-particle spectral response of the Ti/4H-SiC SBD detector measured at different time intervals after the application of the bias voltage.

Fig. 3 .

 3 Fig. 3.38: CCE of the Ti/4H-SiC SBD detector as a function of bias voltage is plotted along with the calculated drift and diffusion components of the CCE.

Fig. 3 .

 3 Fig. 3.39: 241 Am α-particle spectral response of the HPSI 4H-SiC bulk detector at -400 V shown along with the pulser peak and simulated spectrum.

Fig. 3 . 3 121

 33 Fig. 3.40: 241 Am α-particle spectra obtained with bulk detector at different time intervals after the application of the bias voltage -400 V.

Fig. 3 . 41 :

 341 Fig. 3.41: Changes in the CCE of the bulk detector with elapsed time for the different detector bias voltages.

Fig. 3 .

 3 Fig. 3.42: Initial and steady-state CCE of the bulk detector as a function of bias voltage.
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 3 SBD detectors are fabricated on the n-type epitaxial 4H-SiC substrates and the bulk detectors are fabricated on the HPSI 4H-SiC substrates. Electrically active defects in the epitaxial 4H-SiC SBD detectors and HPSI 4H-SiC bulk detectors have been identified. The TSCAP measurements on 4H-SiC SBDs indicate two deep electron traps at the energy levels Ec-0.63 eV (P1), and Ec-1.13 eV (P2) with concentrations in the range of 10 13 cm -3 . The ZB-TSC measurements conducted on the 4H-SiC PCs reveal nine hole traps at the energy levels Ev+0.22 eV, Ev+0.3 eV, Ev+0.33 eV, Ev+0.36 eV, Ev+0.4 eV, Ev+0.45 eV, Ev+0.53 eV, Ev+0.83 eV, and Ev+1.16 eV and two electron traps at Ec-0.35 eV, and Ec-0.44 eV in the HPSI 4H-SiC. High-temperature resistivity measurements yield thermal activation energy in the range of 1-1.3 eV for the HPSI 4H-SiC substrate. It is considered that the hole traps at Ev+0.83eV, and Ev+1.16 eV along with defects located near to the activation energies 1-1.3 eV are possibly responsible for the substrate compensation in the HPSI 4H-SiC. Therefore, the HPSI 4H-SiC substrate contains more number of defects as compared to the epitaxial 4H-SiC substrate.From the X-ray spectral response, a promising energy resolution of ~3.5 keV FWHM, ~90% CCE at -100V are obtained with the Ti/4H-SiC SBD detectors. The energy resolution of the Ti/4H-SiC SBD detectors is still not as good as the PIPS detectors might be due to low signal strength and incomplete charge collection in the SBD detectors. The collected signal charge is stable with time in the SBD detectors; hence polarization effects are not noticed. The intrinsic X-ray detection efficiency of the SBD detectors at 32 keV and 40 keV is found to be 0.42%, and 0.23%, respectively.The X-ray spectral characteristics obtained with the HPSI 4H-SiC bulk detectors reveal an energy resolution of ~11.2 keV FWHM. Due to the polarization effect, the CCE and X-ray detection efficiency decrease with time. The maximum CCE achieved with the bulk detectors for X-rays is not more than 30%. Moreover, the bulk detectors have the lower X-ray detection efficiency for the energies 32 keV and 40 keV as compared to the SBD detectors, which indicates significant portion of the X-ray produced signal is lost in the HPSI 4H-SiC. Hence, the SBD detectors have shown better spectroscopic performance for X-rays as compared to the HPSI 4H-SiC bulk detectors. Nevertheless, the X-ray detection efficiency of the SBD detectors is much lower than the PIPS detectors for the energies 30-40 keV, due to the thinner 4H-SiC epilayer. Therefore, the development of thicker (~300 µm) and low doped (<10 13 cm -3 ) epitaxial 4H-SiC substrates are required for making high efficient 4H-SiC X-ray detectors for the possible replacement of the silicon detectors in the fusion plasma X-ray imaging systems.The 241 Am alpha-particle spectral response of the Ti/4H-SiC SBD detectors reveals a good energy resolution of 55 keV FWHM (~1%) at -60V, and ~90% CCE at -100V. The polarization effects are not noticed from the alpha-particle spectral response of the SBD detectors. The good energy resolution and the CCE of the SBD detectors for alpha-particles indicate the crystalline quality of the epitaxial 4H-SiC for alpha-particle detector applications.A poor energy resolution of 675 keV FWHM at -400V and a maximum CCE of 28% at -500V are obtained for 241 Am alpha-particles with the HPSI 4H-SiC bulk detectors. The CCE of the bulk detectors for 241 Am α-particles is found to decrease Chapterwith time probably due to the reduction in the effective electric field caused by the polarization; the steady-state CCE is almost 2-3 times lower than its initial value. On the other hand, the intrinsic efficiency of the bulk detectors for 241 Am α-particles is not affected by the polarization. The poor spectral response of the bulk detector is attributed to the charge trapping and polarization effects caused by the defects in the HPSI 4H-SiC. Considering the spectroscopic performance, it is considered that the epitaxial 4H-SiC SBD detectors used in the current work are suitable for detecting 3.5MeV alpha-particles with good energy resolution, as compared to the bulk detectors. The changes in the electrical characteristics and spectral responses of the fabricated 4H-SiC SBDs upon exposure to the neutron and gamma irradiations are discussed in Chapter-4. This chapter describes the neutron and gamma irradiation effects on the epitaxial 4H-SiC Schottky barrier diodes (SBDs). The 4H-SiC SBD detectors are exposed to the 14.1 MeV neutrons and 4.5 MeV neutrons up to the fluence of 10 11 n/cm 2 to study the effect of reactor core neutrons and scattered neutrons. The defects in the neutron irradiated 4H-SiC SBDs are identified by TSCAP spectroscopy. The unpackaged 4H-SiC SBDs are irradiated with the 60 Co-gamma rays up to the dose of 100 Mrad. Due to the unavailability of the 4H-SiC SBD detectors for gamma irradiation, the gamma irradiation effect on the spectral response of the SBD detectors is not studied. The defects in the gamma irradiated SBDs are determined by the TSCAP measurements and the changes in the electrical properties are analyzed. The neutron irradiation effects on the X-ray and alpha-particle spectral responses of the SBD detectors are analyzed at the fluence of 10 11 n/cm 2 . The changes in the electrical characteristics of the epitaxial 4H-SiC SBDs are investigated for higher neutron fluences/gamma doses by incorporating the irradiation produced traps in the commercial device simulator. The simulation results are validated by comparing with our and reported experimental results. The dominant mechanisms responsible for the irradiation induced changes in the SBD electrical characteristics are also analyzed by using device simulations.

Figure 4 . 4 129Fig. 4 . 1 :

 4441 Fig. 4.1: Photograph of the accelerator based D-T 14.1 MeV neutron generator.

Figure 4 .

 4 3 shows the 2D-structure of the SBD considered in the simulations. For Ni/4H-SiC SBD, Ni is utilized for Schottky contact with a length of 40 µm and Ti is used for Ohmic contact. Whereas, Ti is considered as Schottky and Ohmic contacts for the simulated structure of Ti/4H-SiC SBD.

Fig. 4 . 3 :

 43 Fig. 4.3: 2D-device structure of the 4H-SiC SBD considered in the simulations.

1

 1 Finally, the neutron and gamma irradiation induced defects (i.e. radiation damage model) are included with their trap signatures and the changes in the electrical characteristics of the SBDs are investigated with neutron fluence/gamma dose at the temperature of 300 K. It is assumed that the trap concentration increases linearly with the neutron fluence/gamma dose. Neutron irradiation induced traps in 4H-SiC SBDs The TSCAP spectra measured in the neutron irradiated Ni/4H-SiC SBDs are shown in Figs. 4.4-4.5. The same traps viz. P1 and P2 (as observed in non-irradiated SBDs) are noticed in both the 14.1 MeV and 4.5 MeV neutron irradiated Ni/4H-SiC SBDs, with the similar trap concentrations. Hence, no new defect levels are detected in the neutron irradiated Ni/4H-SiC SBDs. Whereas, one new deep electron trap at ~635 K (N635, Ec-1.55 eV) is clearly identified in some of the 14.1 MeV and the 4.5MeV neutron irradiated Ti/4H-SiC SBDs, as noted from Figs. 4.6-4.7. This may suggest that the 14.1 MeV and the 4.5 MeV neutrons produce the same type of defects
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 444547 Fig. 4.4: TSCAP spectrum measured in the 4.5 MeV neutron irradiated Ni/4H-SiC SBD (1.8mm 2 ) at the fluence of 10 11 n/cm 2 .

Fig. 4 . 8 :

 48 Fig. 4.8: TSCAP spectrum for 60 Co-gamma irradiated Ni/4H-SiC SBD (1.8mm 2 ).

Fig. 4 . 9 :

 49 Fig. 4.9: TSCAP spectrum obtained with 60 Co-gamma irradiated Ti/4H-SiC SBD (3.8mm 2 ).

Table 4 . 2 :Fig. 4 . 10 :

 42410 Fig. 4.10: The energy location of the traps in the bandgap of the irradiated epitaxial 4H-SiC.

  For simulating gamma irradiation induced changes in the electrical characteristics of the Ni/4H-SiC SBDs, the trap G420 (with a hole capture cross section of 3×10 -17 cm 2 ) is incorporated in the physical model along with the traps P1 and P2. Similarly, the trap P1 is included in the pre-irradiation simulation model for Ti/4H-SiC SBDs (refer Section 3.3.2) and the traps P1 and G420 (see Section 4.3.2) are considered in the 60 Cogamma radiation damage model for Ti/4H-SiC SBDs. The measured and simulated 60 Co-gamma irradiation induced changes in the reverse leakage current density of the Ni/4H-SiC SBDs are shown in Fig. 4.11, along with the pre-irradiation data. It is noticed that the simulated reverse leakage current density almost replicates the measured characteristics. Moreover, the reverse current density of the Ni/4H-SiC SBDs is decreased after the gamma irradiation at the dose of 100 Mrad, in contrary to the irradiation effects observed for the leakage current of the PIPS detectors (refer Section 2.2.3).

Fig. 4 . 11 :

 411 Fig. 4.11: Measured and simulated reverse current density (JR) vs. bias voltage (VR) of Ni/4H-SiC SBDs before and after the 60 Co-gamma irradiation.

Fig. 4 . 14 :

 414 Fig. 4.14: Measured and simulated 60 Co-gamma irradiation induced changes in the JR-VR characteristics of the Ti/4H-SiC SBDs.

Figure 4 .

 4 Figure 4.15 shows the measured and simulated 60 Co-gamma irradiation induced changes in the (1/C 2 )-V characteristics of the Ni/4H-SiC SBDs. After the gamma irradiation, the effective doping concentration of the SBD is decreased to

Fig. 4 . 15 :

 415 Fig. 4.15: Measured and simulated (1/C 2 )-V characteristics of the Ni/4H-SiC SBDs before and after the 60 Co-gamma irradiation.

Fig. 4 .

 4 Fig. 4.16: Measured and simulated 60 Co-gamma irradiation induced changes in the (1/C 2 )-V characteristics of the Ti/4H-SiC SBDs.

Fig. 4 .

 4 Fig. 4.17: Measured and simulated forward current density (JF) vs. forward voltage (VF) of the Ni/4H-SiC SBDs before and after 60 Co-gamma irradiation.

Fig. 4 . 18 :

 418 Fig. 4.18: Measured and simulated 60 Co-gamma irradiation induced changes in the JF-VF characteristics of the Ti/4H-SiC SBDs.

Figure 4 .

 4 Figure 4.20 shows the capacitance per unit area (CA)-reverse voltage of the Ti/4H-SiC SBD at the gamma dose of ~70000 Mrad. Nearly flat CA-V characteristics are obtained after the gamma dose of 70000 Mrad, as shown in Fig. 4.20. The same behaviour is observed in the CA-V characteristics at different operating frequencies (1kHz to 5 MHz) above the dose of 70000 Mrad. So, it is unable to identify the change in the effective doping concentration from the C-V characteristics after this dose. In addition, the obtained SBD capacitance value at 70000 Mrad is nearly matched with the calculated geometrical capacitance [110] of a diode with the active region thickness of 30 µm. This indicates that the donor density in the 4H-SiC epilayer is significantly compensated by the gamma irradiation induced acceptor-like defects, thus the 4H-SiC epilayer behaves like an intrinsic material beyond the gamma dose of 70000 Mrad. The 60 Co-gamma irradiation induced changes in the JR-VR characteristics of the Ti/4H-SiC SBD are shown in Fig. 4.21. It is noticed that the leakage current density decreases with the gamma dose due to the reduction in the tunneling current component. For the doses of 6000 Mrad, and 70000 Mrad, the reverse current density

Fig. 4 .

 4 Fig. 4.19: Simulated 60 Co-gamma irradiation induced changes in the effective doping concentration of the Ti/4H-SiC SBD.

Fig. 4 . 20 :

 420 Fig. 4.20: Simulated capacitance per unit area (CA) vs. bias volatge for the Ti/4H-SiC SBD at the 60 Co-gamma dose of 70000 Mrad.

Fig. 4 .

 4 Fig. 4.21: Simulated 60 Co-gamma irradiation induced changes in the JR-VR characteristics of the Ti/4H-SiC SBD.

14. 1

 1 MeV neutron irradiation at the fluence of 10 11 n/cm 2 are shown in Figs. 4.22 and 4.23, along with the pre-irradiation spectra. Nearly the same X-ray spectral characteristics ( 137 Cs and 152 Eu spectra) are observed after 14.1 MeV neutron irradiation. Consequently, no considerable changes in the energy resolution, CCE, and detection efficiency of the Ti/4H-SiC SBD detectors are observed after the 14.1 MeV neutron irradiation. Moreover, the electronic noise of the detection system is not affected by the neutron irradiations. Therefore, the X-ray spectral responses of the Ti/4H-SiC SBD detectors are unchanged after the 14.1 MeV neutron irradiation at the fluence of 10 11 n/cm 2 ; similar results are observed in the 4.5 MeV neutron irradiated SBD detectors at the fluence of 10 11 n/cm 2 (not shown).

Fig. 4 .Fig. 4 . 4 . 3 . 6 4 150( 4 .Fig. 4 . 26 :

 4443644426 Fig. 4.22: 137 Cs X-ray spectral response of the Ti/4H-SiC SBD detector (measured at -100V) after the 14.1 MeV neutron irradiation at the fluence of 10 11 n/cm 2 .

Figure 4 .Fig. 4 .

 44 Figure 4.27 shows the simulated CA-V characteristics (for 30 µm epilayer) of the Ti/4H-SiC SBD detectors compared with the reported experimental data [97] at the 14.1 MeV neutron fluence of 1.6×10 15 n/cm 2 ; for the comparison, the neutron fluences are normalized to the 14.1 MeV neutron equivalent neutron fluences by considering the hardness factor of 14.1 MeV neutrons (1.88) for silicon[START_REF] Moll | Comparison of defects produced by fast neutrons and 60 Co-gamma in high-resistivity silicon detectors using deep-level transient spectroscopy[END_REF]. The capacitance is found to be nearly constant with the reverse bias voltage after the fluence of ~1.6×1015 n/cm 2 , as similar to the observations of Nava et al.[START_REF] Nava | Radiation detection properties of 4H-SiC Schottky diodes irradiated up to 10 16 n/cm 2 by 1 MeV neutrons[END_REF] and Sciortino et al.[START_REF] Sciortino | Effect of heavy proton and neutron irradiations on epitaxial 4H-SiC Schottky diodes[END_REF]. The similar CA-V characteristics are also observed in the gamma irradiated 4H-SiC SBDs after the dose of 70000 Mrad (see Fig.4.20). The obtained capacitance at 1.6×10 15 n/cm 2 is almost equal to the geometrical capacitance[START_REF] Sze | Physics of Semiconductor Devices[END_REF] of a diode with a substrate thickness of 30 µm. It is also noted that the C-V characteristics are almost flat in the range of operating frequencies (1 kHz to 5 MHz) above the fluence of 1.6×1015 n/cm 2 . This may reveal that the 4H-SiC epilayer

Figure 4 .Fig. 4 . 28 :

 4428 Figure 4.28 shows the simulated changes in the forward current density (JF) at 2V of the 4H-SiC SBD as a function of 14.1 MeV neutron fluence and compared withthe reported experimental data[START_REF] Nava | Radiation detection properties of 4H-SiC Schottky diodes irradiated up to 10 16 n/cm 2 by 1 MeV neutrons[END_REF]. For the comparison, the fluences are normalized to the 14.1 MeV neutron equivalent neutron fluence by taking the hardness factor value for silicon[START_REF] Moll | Comparison of defects produced by fast neutrons and 60 Co-gamma in high-resistivity silicon detectors using deep-level transient spectroscopy[END_REF]. It is observed that the forward current density decreases with the neutron fluence. For the fluences of 10 13 n/cm 2 and 10 14 n/cm 2 , the forward current density at 2V is found to be 0.02 A/cm 2 and 10 -9 A/cm 2 , so the forward current density is drastically decreased from the pre-irradiation value of 1.62 A/cm 2 after neutron irradiation. The decrease in the forward current density after irradiation is possibly due to the decrease effective doping concentration and the increase in the series resistance. The simulated forward current density has given a good agreement with the reported data in the literature up to the fluence of 2.7×1015 n/cm 2 as noted from the Fig. 4.28. Hence, the developed 14.1 MeV neutron radiation damage model for Ti/4H-SiC SBD detectors is validated (see Figs. 4.27-4.28) up to the neutron

Fig. 4 .

 4 Fig. 4.29: Simulated changes in the JR-VR characteristics of the Ti/4H-SiC SBD detectors for different 14.1 MeV neutron fluences.

Chapter- 4 155 14 . 1

 4141 MeV neutrons mainly create the radiation damage to the alpha-particle diagnostic detectors. It is worth remembering that the 4H-SiC SBD detectors may provide reasonable energy resolution and CCE for 3.5 MeV alpha-particles until the condition at which the 4H-SiC epilayer becomes intrinsic (up to the neutron fluence of 1.6×10 15 n/cm 2 ). Therefore, the epitaxial 4H-SiC SBD detectors used in the current work may find use in the fusion alpha-particle diagnostics up to the neutron fluence of ~1015 n/cm 2 .

  neutron and gamma irradiation induced defects in the epitaxial 4H-SiC SBDs are identified by TSCAP spectroscopy. No significant changes in the concentration of traps at Ec-0.63 eV (P1), and Ec-1.13 eV (P2) and one new deep electron trap N635 (Ec-1.55 eV) are identified in the neutron irradiated SBDs at the fluence of 10 11 n/cm 2 . Hence, there are no significant changes in the spectral response of the 4H-SiC SBD detectors up to the neutron fluence of 10 11 n/cm 2 .One new electron trap at Ec-0.89 eV (G420) is identified in the60 Co-gamma irradiated SBDs along with the traps P1, and P2. It is found that the concentration of the traps P1 and P2 is considerably increased (in the range of 10 14 cm -3 ) after the gamma irradiation at the dose of 100 Mrad.The effects of the neutron and gamma irradiation induced defects on the electrical characteristics of the 4H-SiC SBDs are studied by using device simulations.The simulation results are validated by comparing with our and the reported experimental data. The effects of the neutron produced traps on the electrical characteristics of SBDs are found to be minimal at the fluence of 10 11 n/cm 2 . On the other hand, the electrical characteristics are significantly changed after the60 Cogamma irradiation at the dose of 100 Mrad. The dominant mechanisms responsible for the changes in the electrical characteristics after gamma irradiation are also analyzed by the device simulations. The decrease in the effective doping concentration after gamma irradiation is due to the considerable increase in the concentration of acceptor-like defects. The gamma irradiation induced decrease in the leakage current density is mainly caused by the reduction in the tunneling current.Furthermore, the Ti/4H-SiC SBDs have shown better radiation tolerance for the60 Co-gamma rays at the dose of 100 Mrad as compared to the Ni/4H-SiC SBDs, because of the absence of trap P2 in the Ti/4H-SiC SBDs.The simulation studies are extended for higher neutron fluences/gamma doses by using the proposed radiation damage model. The effective doping concentration of the SBD decreases after the 14.1 MeV neutron fluence of 10 12 n/cm 2 (after the gamma dose of 60 Mrad). It is also observed the leakage current density decreases at higher irradiation levels. After the 14.1 MeV neutron fluence 1.6×10 15 n/cm 2 (after the gamma dose of 70000 Mrad), the epilayer of the 4H-SiC SBDs has become intrinsic in nature. Hence, the depletion capacitance of the SBD is constant with respect to the reverse bias voltage after the neutron fluence of 1.6×1015 n/cm 2 .

Fig. 5 . 3 :

 53 Fig. 5.3: ZB-TSC spectra measured in PC-3 in the first set of samples before and after 4.5MeV neutron irradiation at 0.12 K/s; arrow indicates neutron induced new defects.

Fig. 5 .

 5 Fig. 5.4: 4.5 MeV neutron irradiation induced changes in the ZB-TSC spectrum (at 0.12 K/s) for PC-1 in the second set of samples.

Fig. 5 . 5 : 5 . 2 . 2 5 165(Fig. 5 . 10 .

 555225510 Fig. 5.5: ZB-TSC spectrum (at 0.12 K/s) for PC-2 in the second set of samples measured before and after the 4.5 MeV neutron irradiation at the fluence of 10 11 n/cm 2 .

Fig. 5 . 7 :Fig. 5 . 9 :

 5759 Fig. 5.7: ZB-TSC spectrum (at 0.12 K/s) obtained for PC-1 in the first set of samples before and after 14.1MeV neutron irradiation at the fluence of 10 11 n/cm 2 .

Figure 5 .

 5 Figure 5.11 shows the resistivity vs. inverse temperature for the two set of the HPSI 4H-SiC samples measured before and after the 14.1 MeV neutron irradiation at the fluence of 10 11 n/cm 2 . It is identified that the thermal activation energies are unchanged for the first (~1.26 eV) and second (~1.04 eV) set of samples upon exposure to the 14.1 MeV neutrons at the fluence of 10 11 n/cm 2 , as similar the 4.5MeV neutron irradiated HPSI 4H-SiC. Furthermore, it is found that the activation energy range (1-1.3 eV) for HPSI 4H-SiC is not altered after the 14.1 MeV neutron irradiation. Hence, the substrate resistivity is unaffected by the 14.1 MeV neutron irradiation produced traps. The current results suggest that the 14.1 MeV neutron irradiation produced defects density is considerably lower than the concentration of the defects responsible for controlling the resistivity of the HPSI 4H-SiC at the fluence of 10 11 n/cm 2 .

Fig. 5 .

 5 Fig. 5.11: Resistivity vs. inverse temperature for the two set of the samples measured before and after 14.1 MeV neutron irradiation at the fluence of 10 11 n/cm 2 .

3 .

 3 The gamma induced deep hole trap HG480 can be assigned to the intrinsic HK3[START_REF] Danno | Deep level transient spectroscopy on as-grown and electron-irradiated p-type 4H-SiC epilayers[END_REF] defect observed in p-type epitaxial 4H-SiC and intrinsic donor-like SI-6[START_REF] Janzén | Defects in SiC[END_REF],[START_REF] Son | Defects in high-purity semi-insulating SiC[END_REF] center identified in the HPSI 4H-SiC. The energy location of the 4.5 MeV neutron, the 14.1 MeV neutron, and the60 Co-gamma irradiation produced traps in the bandgap of the HPSI 4H-SiC is shown in Fig.5.13, along the traps determined prior to the irradiation.

Fig. 5 .

 5 Fig. 5.12: Typical ZB-TSC spectrum observed for the 60 Co-gamma irradiated HPSI 4H-SiC at the dose of 100 Mrad and ZB-TSC in the temperature range 120-360 K is shown in inset.

Fig. 5 . 13 :

 513 Fig. 5.13: Energy location of 4.5 MeV neutron, 14.1 MeV neutron, and 60 Co-gamma irradiation produced traps in the bandgap of the HPSI 4H-SiC shown along the defects identified before irradiation.

Figure 5 .

 5 Figure 5.14 shows the resistivity vs. inverse temperature for the two set of the HPSI 4H-SiC samples measured before and after the 60 Co-gamma irradiation at the dose of 100 Mrad. The changes in the activation energies are noted for the gamma irradiated first (~1.35 eV) and second (~1.12 eV) set of samples. The activation energies (1.1-1.35 eV) for HPSI 4H-SiC are also found to be increased after the

Fig. 5 . 14 :

 514 Fig. 5.14: Resistivity vs. temperature for the HPSI 4H-SiC measured before and after the 60 Co-gamma irradiation at the dose of 100 Mrad.

5. 2 . 4

 24 Electrical characteristics after irradiationThe 14.1 MeV neutron and the60 Co-gamma irradiation induced changes in the J-V characteristics of the 4H-SiC PCs are shown in Fig.5.15. There are no significant changes in the dark current density of the PCs after the 14.1 MeV and 4.5 MeV neutron irradiations at the fluence of 10 11 n/cm 2 . Whereas, the dark current density (~42nA/cm 2 at ± 500V) is increased after gamma irradiation at the dose of 100 Mrad from the pre-irradiation value ~30 nA/cm 2 at ± 500V, may be due to the gamma irradiation produced trap levels. Furthermore, almost the same C-V characteristics (similar to the inset of the Fig.3.15) are observed with the PCs after the neutron and gamma irradiations.

Fig. 5 .

 5 Fig. 5.15: J-V characteristics of 4H-SiC PCs measured before and after 14.1 MeV neutron and 60 Co-gamma irradiations.

Fig. 5 .Fig. 5 .

 55 Figs.5.16 and 5.17. Furthermore, no significant changes in the 241 Am α-particle spectral responses of the bulk detectors are noticed from Fig.5.18 after the 14.1 MeV neutron irradiation at the fluence of 10 11 n/cm 2 . The same observations are also noted

4 .

 4 5MeV neutron irradiation at the fluence of 10 11 n/cm 2 , seven new traps (Ev+0.68eV, Ev+1.08 eV, Ev+1.22 eV, Ec-0.72 eV, Ec-0.9 eV, Ec-1.04 eV, and Ec-1.1 eV) are identified. Six new traps viz. Ev+0.58 eV, Ev+0.68 eV, Ev+(0.7-0.9) eV, Ec-0.64 eV, Ec-0.91 eV, and Ec-1.04 eV are determined in the 14.1 MeV neutron irradiated HPSI 4H-SiC at the fluence of 10 11 n/cm 2 . No considerable changes in the thermal activation energies (1-1.3 eV) are observed after both the neutron irradiations, so the HPSI 4H-SiC substrate resistivity is not affected by the neutron irradiation produced traps. Moreover, almost the same dark current density is obtained in the neutron irradiated 4H-SiC PCs at the fluence of 10 11 n/cm 2 .One deep hole trap at Ev+1.31 eV and considerable increase in the trap concentrations (that identified before irradiation) are observed in the60 Co-gamma irradiated HPSI 4H-SiC at the dose of 100 Mrad. Moreover, the changes in the thermal activation energies (1.1-1.35 eV) for HPSI 4H-SiC after gamma irradiation reveal that the substrate resistivity is increased due to the gamma irradiation produced defects. The dark current density of the 4H-SiC PCs is increased after the gamma irradiation at 100 Mrad.There are no significant changes in the X-ray and alpha-particle spectral response of the 4H-SiC bulk detectors up to the neutron fluence of 10 11 n/cm 2 . Hence, both the SBD and bulk detectors have shown the radiation tolerance up to the neutron fluence of 10 11 n/cm 2 , which demonstrate the radiation resistance property of 4H-SiC detectors over the PIPS detectors. However, the spectral responses of HPSI 4H-SiC bulk detectors are limited by the charge trapping and polarization effects even before irradiation. Therefore, the quality of the HPSI 4H-SiC substrate needs to be improved for detector applications.The summary of the results, conclusions of the work, and the future scope of the work are discussed in Chapter-6. significant advantages on the SCSI fluence range by choosing a thin detector (d=100µm) with the same substrate resistivity.

  the n-type epitaxial 4H-SiC and the high-purity semi-insulating (HPSI) 4H-SiC substrates. The thermally stimulated capacitance (TSCAP) measurements on the SBDs indicate two electron traps at Ec-0.63 eV (P1), and Ec-1.13 eV (P2) with trap concentrations in the range of 10 13 cm -3 . The zero-bias thermally stimulated current (ZB-TSC) measurements on the HPSI 4H-SiC reveal nine hole traps at Ev+0.22 eV, Ev+0.3 eV, Ev+0.33 eV, Ev+0.36eV, Ev+0.4 eV, Ev+0.45 eV, Ev+0.53 eV, Ev+0.83eV, and Ev+1.16 eV and two electron traps at Ec-0.35 eV, and Ec-0.44 eV. Hightemperature resistivity measurements yielded the thermal activation energies 1-1.3 eV for the HPSI 4H-SiC. It is suggested that in addition to the traps at Ev+0.83 eV, and Ev+1.16 eV, defects located near to the activation energies 1-1.3 eV are possibly responsible for controlling the resistivity of the HPSI 4H-SiC substrate.

  Cogamma dose of 100 Mrad. No significant changes in the X-ray and alpha-particle spectral responses of both the SBD and bulk detectors are noted up to the neutron fluence of 10 11 n/cm 2 . This demonstrates the effectiveness of the 4H-SiC detectors over the PIPS detectors in the challenging nuclear fusion environments. The irradiation induced changes in the electrical characteristics of the 4H-SiC SBD detectors are analyzed for higher neutron fluences/gamma doses by the device simulations. The effective doping concentration decreases after the 14.1 MeV neutron fluence of 10 12 n/cm 2 (> gamma dose 60 Mrad). It is also found that the SBD leakage current decreases at high irradiation levels, in contrary to the PIPS detectors. The epilayer of the 4H-SiC SBD has become intrinsic after the neutron fluence of 1.6×10 15 n/cm 2 (> gamma dose 70000 Mrad); so the CCE of the SBD detectors may be considerably reduced beyond this fluence. It is considered that the 4H-SiC SBD detectors provide reasonable energy resolution and CCE for 3.5 MeV alpha-particles up to the fluence at which the epilayer behaves like the intrinsic material (up to the 14.1 MeV neutron fluence of 1.6×10 15 n/cm 2

Chapter- 6 181

 6 Another future interest is the fabrication of p + -n diode detectors on the n-type epitaxial 4H-SiC substrates and the comparison of its spectral response with the SBD detectors. The future interest of the work also includes, identify of the reason for the appearance of the trap P2 (Ec-1.13 eV) in the Ni/4H-SiC SBDs, and determine the type of defects produced by the 14.1 MeV and 4.5 MeV neutrons at higher irradiation levels in HPSI 4H-SiC detectors.
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Table 1

 1 

	.1: Physical properties of silicon and 4H-SiC at room temperature [25]-[28].
	Property	Si	4H-SiC
	Bandgap (eV) *	1.12	3.26
	Electron affinity (eV)	4.05	3.1
	Breakdown electric field (V/cm) *	3×10 5	2.2×10 6
	Electron mobility µe (cm 2 /V s) *	1450	900
	Hole mobility µh (cm 2 /V s) *	450	120
	Intrinsic carrier concentration ni (cm -3 )	1.5×10 10	5×10 -9
	Electron saturation velocity Vsat (cm/s) *	1×10 7	2×10 7
	Relative dielectric constant εr	11.7	9.7
	Thermal conductivity τth (W/cm K)	1.5	4.9
	e/h pair energy εi (eV)	3.62	7.84
	Displacement threshold energy (eV)	13-20	22-35

* at moderate doping levels.

1.4.3.1 Research gaps

  SiC detectors by Bertuccio et al.[START_REF] Bertuccio | x-γ ray spectroscopy with semi-insulating 4H-silicon carbide[END_REF] and Rogalla et al.[START_REF] Rogalla | Particle detectors based on semi-insulating silicon carbide[END_REF].

	reported less than 12% CCE
	with the 310 µm thick SI 4H-SiC pad detectors for 90 Sr beta-particles. Cunningham et
	al. [90] investigated 241 Am α-particle spectral response of the Schottky barrier diode
	(SBD) detectors fabricated on the SI 4H-SiC. Cunningham et al. [91] observed 60%
	CCE for 241 Am α-particles with 100 µm thick SI 4H-SiC SBD detectors. Quinn et al.
	[92] and Ruddy et al. [93] compared the charge collection properties of the epitaxial
	and SI 4H-SiC detectors for α-particles, and found that the CCE is lower in the SI 4H-
	SiC detectors. The maximum CCE obtained with the 360 µm thick SI 4H-SiC SBD
	detectors by Ruddy et al. [93] is only 27%. Time dependent variations in the charge
	collection (i.e. polarization phenomenon) have been observed after the application of
	bias voltage in SI 4H-Based on the literature review on HPSI 4H-SiC detectors, the following
	research gaps have been identified:
	 Traps in the commercially available HPSI 4H-SiC are not yet studied by the
	TSC technique. Moreover, the irradiation induced defects can be clearly
	distinguished from the post-irradiation results if the traps in the non-irradiated
	HPSI 4H-SiC are known.
	 The energy resolution, CCE, and X-ray detection efficiency of the thicker
	(>300 µm) HPSI 4H-SiC detectors for X-rays are not yet reported.

  Hence, the PIPS detectors have shown the reasonable X-ray detection efficiencies in the energy range of 30-40 keV. The determined X-ray detection efficiencies for different X-ray energies prior to irradiation are summarized in Table2.3.The X-ray spectra obtained with the PIPS detectors are significantly changed after the neutron irradiation, as observed from the Figs. 2.8-2.13. The 133 Ba X-ray energy lines such as 31 keV and 35 keV are merged after irradiation with 4.5 MeV neutrons at the fluence of 1.5×10 9 n/cm 2 and the FWHM is increased to be ~3.19 keV.Similarly, the137 Cs X-ray energies 32 keV and 36.4 keV are not clearly resolved at the 4.5 MeV neutron fluence of 1.5×10 9 n/cm 2 , as noticed from Fig.2.9. For the same case, X-ray peak energies 40 keV, and 45.4 keV of 152 Eu (Fig.2.10) are still identified. So, the energy resolution of the PIPS detector is slightly affected at the 4.5MeV neutron fluence (Φ4.5MeV) of 1.5×10 9 n/cm 2 .

indicating the good charge collection properties of the PIPS detector. The intrinsic detection efficiency of the PIPS detector at the X-ray energies of 31 keV, 32 keV, and 40 keV is identified as ~9.2%, ~8.7%, and ~4.8%, respectively; these values are almost matched with the calculated X-ray absorption efficiencies shown in Fig.

2

.6. This reveals that the most of the absorbed X-rays in the detector active region contributed to the detector signal.

Table 2 .

 2 1: Changes in the energy resolution of PIPS-II detector after 4.5 MeV neutron irradiation.

	Source Energy		Energy resolution (FWHM in keV)	
		(keV)	Φ=0	Φ4.5MeV=1.5×10 9 n/cm 2 Φ4.5MeV=1.8×10 10 n/cm 2	Φ4.5MeV=3.6×10 10 n/cm 2
	133 Ba	31	2.59±0.3	3.19±0.2	7.47±0.2	9.44±0.2
	137 Cs	32	2.49±0.2	3.1±0.2	7±0.3	9.71±0.4
	152 Eu	40	2.62±0.1	3.14±0.2	7.48±0.1	9.67±0.3
		Like the previous case, severely degraded X-ray spectral responses and much
	deteriorated energy resolutions are obtained for PIPS-I detector after 14.1 MeV
	neutron irradiation at the fluence of 1.8×10 10 n/cm 2 (see Figs. 2.11-2.13). At the
	14.1MeV neutron fluence of 3.6×10 10 n/cm		

2 

, the X-ray spectra and the energy resolution are too poor as compared to the pre-irradiation spectra. A considerable increase in low energy and background counts are observed from the

137 

Cs and 152 Eu X-ray spectral responses of 14.1 MeV neutron irradiated PIPS-I detector, as shown in Figs. 2.12 and 2.13. The degraded energy resolution of the 14.1 MeV neutron irradiated PIPS-I detector for different X-ray energies is also given in Table

2

.2. The

Table 2

 2 

.3. It is noted that the X-ray detection efficiency of the detector is significantly reduced after 14.1 MeV neutron irradiation. Overall, the PIPS detectors have shown poor X-ray spectral response even at low neutron fluences.

Table 2 .

 2 2: Energy resolution of PIPS-I detector before and after 14.1 MeV neutron irradiation.

	Source X-ray energy		Energy resolution (FWHM in keV)
		(keV)	Φ = 0	Φ14.1MeV=1.8×10 10 n/cm 2	Φ14.1MeV =3.6×10 10 n/cm 2
	133 Ba	31	2.66±0.1	7.79±0.2	9.91±0.3
	137 Cs	32	2.59±0.3	7.82±0.4	10.31±0.4
	152 Eu	40	2.7±0.2	7.98±0.3	10.12±0.3

Table 2 .

 2 3: Changes in the X-ray detection efficiency of the PIPS detector after neutron irradiation.

	Neutron fluence	Intrinsic X-ray detection efficiency (%)
		31 keV	32 keV	40 keV
	pre-irradiation (Φ = 0)	9.2±0.1	8.7±0.15	4.8±0.1
	Φ4.5MeV=1.5×10 9 n/cm 2	8.76±0.05	8.28±0.1	4.57±0.1
	Φ4.5MeV=1.8×10 10 n/cm 2	4.6±0.1	4.35±0.1	2.4±0.1
	Φ14.1MeV=1.8×10 10 n/cm 2	4.3±0.1	4.02±0.05	2.22±0.1
	Φ4.5MeV=3.6×10 10 n/cm 2	3.56±0.05	3.34±0.1	1.86±0.1
	Φ14.1MeV =3.6×10 10 n/cm 2	3.3±0.1	3.12±0.1	1.7±0.1

The 14.1 MeV neutron and the 4.5 MeV neutron irradiation induced changes in the 133 Ba and 152 Eu X-ray spectral response of the PIPS detector are compared at the same neutron fluence and are shown in Figs. 2.14 and 2.15. The energy resolution obtained from the

  .[START_REF] Lutz | Semiconductor Radiation Detectors: Device Physics[END_REF] that the detector leakage current increases with neutron fluence, as predicted by the

	Eqn. 1.3.
	The leakage current (at -40 V) is increased from 0.39 nA (pre-irradiation value) to
	5.66 nA after 4.5 MeV neutron irradiation at the fluence of 1.5×10 9 n/cm 2 , therefore
	the X-ray spectral response of the PIPS-II detector is noticeably degraded, as
	observed from Figs. 2.8-2.10. At the neutron fluence (Φ4.5MeV) of 1.8×10 10 n/cm 2 , the
	detector leakage current is increased to be 45 nA at -40V. Consequently, severe
	degradation in the X-ray spectral characteristics is observed from the Figs. 2.8-2.10 at
	1.8×10 10 n/cm

2 

as compared to the fluence of 1.5×10

9 

n/cm 2 . Furthermore, the degradation in the energy resolution of the PIPS detector for 241 Am α-particles is noticed from Fig.

2

.17, due to the increase in the leakage current (84 nA at -40V) at the fluence (Φ4.5MeV) of 3.6×10 10 n/cm 2 . In 14.1 MeV neutron irradiated case, for the fluence of 3.6×10 10 n/cm 2 , the change in the leakage current (133 nA at -40V) is ~300 times higher than that of the pre-irradiation value (0.44 nA at -40V), thus resulting in poor energy resolution of the detectors, as observed from the Figs. 2.11-2.13. The current related damage rate (αC) of 2±0.6×10 -16 A/cm is calculated from postirradiation I-V characteristics shown in Fig.

2

.8 (at -50V) using Eqn. 1.3; this αC is quite comparable with the earlier reported data 9.5±0.5×10 -17 A/cm by Moll

[START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF] 

for the similar FZ silicon detector.

The increase in the leakage current (at -40V) for 14.1 MeV neutron irradiated detector (74 nA) is 1.64 times higher than the 4.5 MeV neutron irradiated detector (45nA) for the same neutron fluence of 1.8×10 10 n/cm 2 , hence the X-ray spectral response of the 14.1 MeV neutron irradiated PIPS-I detector is noticeably degraded even at the same neutron fluence, as noted from Fig.

2

.14. The same observation is also noticed at the fluence 3.6×10 10 n/cm 2 (refer Figs. 2.15 and 2.18). The reason for

Table 2 .

 2 4: Neutron radiation damage model for n-type silicon detector [47]-[52].

	Et (eV)	Defect	σn (cm 2 )	σp (cm 2 )	η (cm -1 )
	EC-0.17	VOi (-/0)	1×10 -14	1.4×10 -14	0.34
	EC-0.42	V2 (-/0)	1×10 -16	8×10 -15	26
	EC-0.50	V2O (-/0)	1×10 -16	1×10 -15	0.1
	EV+0.36	CiOi (+/0)	1×10 -15	1×10 -16	1

Table 2 .

 2 5:60 Co-gamma radiation damage model for PIPS detectors[START_REF] Moll | Radiation damage in silicon particle detectors -microscopic defects and macroscopic properties[END_REF],[START_REF] Hönniger | Radiation damage in silicon -defect analysis and detector properties[END_REF]-[START_REF] Fretwurst | Bulk damage effects in standard and oxygenenriched silicon detectors induced by 60 Co-gamma radiation[END_REF].

	Et (eV)	Defect	σn (cm 2 )	σp (cm 2 )	η (×10 3 rad -1 cm -3 )	η (cm -1 )
	Ec-0.42	V2	2×10 -15	2×10 -14	16	0.17
	Ec-0.545	I	1.7×10 -15	9×10 -14	2	0.02
	Ev+0.66	Γ	5×10 -15	2×10 -15	21	0.22
	Ev+0.36	CiOi	2×10 -15	2×10 -16	460	4.8

Table 3 .

 3 

1: Traps in the 4H-SiC SBDs identified from TSCAP measurements.

Table 3 .

 3 2: Traps identified in the HPSI 4H-SiC from ZB-TSC measurements.

	Label	Tm (K)	ET (eV)	σ (cm 2 )	Possible defects
	1	~98	Ev+0.22	~3×10 -16	Al [54], L-center [54]
	2	130-140	Ev+0.3	~1×10 -16	B [54], Ga [54], UK1 [60]
	3	170-176	Ev+0.36	~2×10 -17	DI defect [79], HS1 [55], HH1 [143]
	4	190-195	Ev+0.45	~4×10 -17	HS2 [60]
	5	~212	Ev+0.53	~3×10 -16	i-center [54], D-center [54], [55]
	6	316-326	Ev+0.83	~4×10 -16	SI-1 [79], [80], HK2 [60], L9 [85]
	7	420-426	Ev+1.16	~2×10 -15	EP4 [60], SI-8 [79], [80], X4 [83], ID center [84]
	A	~158	Ev+0.33	~2×10 -17	DI defect [79], HS1 [55], HH1 [143]
	B	~178	Ec-0.35	~1×10 -17	P3 [53], ID4 [53]
	C	~186	Ev+0.4	~5×10 -17	HS2 [60]
	D	~196	Ec-0.44	~1×10 -16	

EH1

[START_REF] Mitchel | Compensation mechanism in high purity semi-insulating 4H-SiC[END_REF]

,

[START_REF] Hemmingsson | Deep level defects in electronirradiated 4H SiC epitaxial layers[END_REF]

, ID8

[START_REF] Dalibor | Deep defect centers in silicon carbide monitored with deep level transient spectroscopy[END_REF] 

Table 4 .

 4 1, it is noted that the neutron irradiation produced trap concentrations are significantly (one order of magnitude) lower than the effective doping concentration of the SBDs.

Table 4 . 1 :

 41 Traps identified in the neutron irradiated 4H-SiC SBDs from TSCAP measurements.

	Label T1/2 (K)	ET (eV)	NT (×10 13 cm -3 )	σn (cm -2 )	Possible defects
	P1	~250	Ec-0.63	(1-1.5)	~5×10 -16	Z1/2 [55], [57], [58]
	P2	~525	Ec-1.13	(1.2-1.5)	~2×10 -18	EH5 [61], [143], IL2 [56]
	N635	~635	Ec-1.55	~2	~3×10 -17	EH6/7 [55], [57], [58]

2 Gamma irradiation induced traps in 4H-SiC SBDs Figure

  4.8 shows the TSCAP spectrum obtained with Ni/4H-SiC SBD after 60

Table 5 .

 5 2: Traps in 14.1 MeV neutron irradiated HPSI 4H-SiC identified by ZB-TSC.

	Label	ET (eV)	σ (cm 2 )	Possible defects
	HN245	Ev+0.58	~10 -16	UK2 [60], D-center [54], [55]
	HN270	Ev+0.68	~10 -16	HK1 [60]

Table 5 .

 5 3: A new trap identified in the60 Co-gamma irradiated HPSI 4H-SiC by ZB-TSC.

	Label	ET (eV)	σ (cm 2 )	Possible defects
	HG480	Ev+1.31	~10 -15	HK3 [60], SI-6 [79], [80]
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The voltage dependence of different components of the reverse leakage current density of the non-irradiated Ni/4H-SiC SBDs obtained through simulations is plotted in Fig. 4.12. It is noted that the reverse current density without considering the barrier lowering and tunneling is nearly negligible; this current is possibly generated by the thermionic emission and the thermal generation of carriers in the depletion region [START_REF] Baliga | Silicon Carbide Power Devices[END_REF], [START_REF] Sze | Physics of Semiconductor Devices[END_REF], [START_REF] Schoen | Design considerations and experimental analysis of high-voltage SiC Schottky barrier rectifiers[END_REF]. Even after including the barrier lowering effect, the reverse current density is underestimated by two orders of magnitude. The reverse current density with barrier lowering and tunneling taken into account closely tracks the experimental data, as can be seen from Fig. 4.12. Hence, the tunneling current is the dominant reverse current conduction mechanism in Ni/4H-SiC SBDs. due to the electric field crowding at the Ni/4H-SiC interface [START_REF] Baliga | Silicon Carbide Power Devices[END_REF]. Therefore, the reverse current density of the 4H-SiC SBDs is mainly governed by the tunneling of electrons from the metal to the semiconductor due to the high electric field at the metal/4H-SiC interface [START_REF] Baliga | Silicon Carbide Power Devices[END_REF], [START_REF] Schoen | Design considerations and experimental analysis of high-voltage SiC Schottky barrier rectifiers[END_REF], as can be inferred from Fig. 4.12.

Chapter-4 Hence, the effects of neutron irradiation produced traps on the electrical characteristics of the 4H-SiC SBDs are found to be minimal.

CHAPTER-5 RADIATION EFFECTS ON HPSI 4H-SiC BULK DETECTORS

This chapter describes the neutron and gamma irradiation effects on the HPSI 

Experiment

The 4H-SiC bulk detectors characterized in Chapter-3 were irradiated with the D-T neutron generator produced 14.1 MeV neutrons and the Am-Be source produced 4.5 MeV neutrons up to a fluence of 10 11 n/cm 2 . Due to the unavailability of the HPSI 4H-SiC bulk detectors for gamma irradiation, the unpackaged 4H-SiC photoconductors (PCs) were only irradiated with 60 Co-gamma rays up to a dose of 100 Mrad. The ZB-TSC and high-temperature resistivity measurements were performed on the irradiated 4H-SiC PCs, as described in the Section 3.2. The electrical characteristics of the PCs were measured after the irradiation. The 137 Cs and 152 Eu X-ray spectra were acquired with the neutron irradiated bulk detectors, as discussed in the Section 3.2.4. The 241 Am alpha-particle response of the neutron irradiated bulk detectors was also measured (refer Section 3.2.4).
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Results and Discussion

Traps in 4.5 MeV neutron irradiated HPSI 4H-SiC

The post-irradiation (Φ4.5MeV=10 11 The defects identified in the 4.5 MeV neutron irradiated HPSI 4H-SiC are summarized in Table 5.1. The trap at ~270K (N1, Ev+0.68) may be caused by the HK1 center [START_REF] Danno | Deep level transient spectroscopy on as-grown and electron-irradiated p-type 4H-SiC epilayers[END_REF] observed in the p-type 4H-SiC epilayer. The hole trap detected at ~410 K (N2, Ev+1.08) may be generated by the intrinsic donor-like SI-7 defect [START_REF] Janzén | Defects in SiC[END_REF], [START_REF] Son | Defects in high-purity semi-insulating SiC[END_REF] determined in the HPSI 4H-SiC. The trap Ev+1.22 (N3) may be produced by the X5 defect [START_REF] Iwamoto | High temperature annealing effects on deep-level defects in a high purity semi-insulating 4H-SiC substrate[END_REF] observed in the HPSI 4H-SiC, and the intrinsic HK3 center [START_REF] Danno | Deep level transient spectroscopy on as-grown and electron-irradiated p-type 4H-SiC epilayers[END_REF] identified in the p-type 4H-SiC epilayers. The 1 MeV neutron irradiation produced SN3 [START_REF] Nava | Radiation detection properties of 4H-SiC Schottky diodes irradiated up to 10 16 n/cm 2 by 1 MeV neutrons[END_REF], E282 [START_REF] Hazdra | Point defects in 4H-SiC epilayers introduced by neutron irradiation[END_REF] traps, the intrinsic acceptor-like defect Z1/2 [START_REF] Zhang | Electrically active defects in n-type 4H-silicon carbide grown in a vertical hot-wall reactor[END_REF], [START_REF] Danno | Midgap levels in both n-and ptype 4H-SiC epilayers investigated by deep level transient spectroscopy[END_REF], [START_REF] Klein | Lifetime-limiting defects in n -4H-SiC epilayers[END_REF], and the electron irradiation induced intrinsic EH4 center [START_REF] Hemmingsson | Deep level defects in electronirradiated 4H SiC epitaxial layers[END_REF], detected in the n-type epitaxial 4H-SiC, may produce the negative peak at ~305 K (N4, Ec-0.72 eV). The electron trap Ec-1.04 eV (N5) can be related to the 1MeV neutron irradiation induced defect E400 [START_REF] Hazdra | Point defects in 4H-SiC epilayers introduced by neutron irradiation[END_REF], and the radiation produced intrinsic acceptor-like RD3 center [START_REF] Dalibor | Deep defect centers in silicon carbide monitored with deep level transient spectroscopy[END_REF],

observed in n-type 4H-SiC epilayers. The deep electron trap observed at ~ 436 K (N6, Ec-1.1 eV) can be assigned to the 1 MeV neutron irradiation generated SN6 [START_REF] Nava | Radiation detection properties of 4H-SiC Schottky diodes irradiated up to 10 16 n/cm 2 by 1 MeV neutrons[END_REF],

E481 [START_REF] Hazdra | Point defects in 4H-SiC epilayers introduced by neutron irradiation[END_REF] traps, the electron irradiation produced intrinsic EH5 center [START_REF] Hemmingsson | Deep level defects in electronirradiated 4H SiC epitaxial layers[END_REF], and the intrinsic IL2 center [START_REF] Pintilie | Deep levels in as-grown 4H-SiC epitaxial layers and their correlation with CVD Parameters[END_REF], determined in the n-type 4H-SiC epilayers. The electron trap at ~340 K (N7, Ec-0.9 eV) can be attributed to the 1 MeV neutron irradiation produced SN5 [START_REF] Nava | Radiation detection properties of 4H-SiC Schottky diodes irradiated up to 10 16 n/cm 2 by 1 MeV neutrons[END_REF], E370 [START_REF] Hazdra | Point defects in 4H-SiC epilayers introduced by neutron irradiation[END_REF] defects, the intrinsic RD1/2 [START_REF] Mitchel | Compensation mechanism in high purity semi-insulating 4H-SiC[END_REF], [START_REF] Dalibor | Deep defect centers in silicon carbide monitored with deep level transient spectroscopy[END_REF], [START_REF] Castaldini | Deep levels by proton and electron irradiation in 4H-SiC[END_REF], and IL1 [START_REF] Pintilie | Deep levels in as-grown 4H-SiC epitaxial layers and their correlation with CVD Parameters[END_REF] centers, observed in the n-type 4H-SiC epilayers. All the 4.5 MeV neutron irradiation induced defects are assigned to the intrinsic defects, which specify that the 4.5 MeV neutron irradiation produces intrinsic crystal defects in the HPSI 4H-SiC.

Chapter-5 163 SN6 [START_REF] Nava | Radiation detection properties of 4H-SiC Schottky diodes irradiated up to 10 16 n/cm 2 by 1 MeV neutrons[END_REF], E481 [START_REF] Hazdra | Point defects in 4H-SiC epilayers introduced by neutron irradiation[END_REF], EH5 [START_REF] Hemmingsson | Deep level defects in electronirradiated 4H SiC epitaxial layers[END_REF], IL2 [START_REF] Pintilie | Deep levels in as-grown 4H-SiC epitaxial layers and their correlation with CVD Parameters[END_REF] N7 ~340 Ec-0.9 ~8×10 -16 SN5 [START_REF] Nava | Radiation detection properties of 4H-SiC Schottky diodes irradiated up to 10 16 n/cm 2 by 1 MeV neutrons[END_REF], E370 [START_REF] Hazdra | Point defects in 4H-SiC epilayers introduced by neutron irradiation[END_REF], RD1/2 [START_REF] Mitchel | Compensation mechanism in high purity semi-insulating 4H-SiC[END_REF], [START_REF] Dalibor | Deep defect centers in silicon carbide monitored with deep level transient spectroscopy[END_REF], [START_REF] Castaldini | Deep levels by proton and electron irradiation in 4H-SiC[END_REF],

IL1 [START_REF] Pintilie | Deep levels in as-grown 4H-SiC epitaxial layers and their correlation with CVD Parameters[END_REF] The changes in the HPSI 4H-SiC substrate resistivity with temperature It may be the case that the defects are already present in the pre-irradiated 4H-SiC with low concentrations and their concentration might be increased by the neutron irradiation caused bulk damage. Nevertheless, the density of the 4.5 MeV neutron irradiation induced traps may not be enough for changing the resistivity of the HPSI 4H-SiC substrate at the fluence of 10 11 n/cm 2 . From the results, it is concluded that the concentrations of the 4.5 MeV neutron irradiation induced traps are significantly lower than the defects responsible for the carrier compensation in the HPSI 4H-SiC.

CHAPTER-6 SUMMARY AND CONCLUSIONS

In this work, the reliability of the passivated implanted planar silicon (PIPS)

and the 4H-SiC detectors is investigated for the nuclear fusion reactor applications and is summarized below.

PIPS detectors

The commercially available PIPS detectors (ρ = 7.4 kΩ-cm, d = 308 µm) are irradiated with 14.1 MeV neutrons and 4.5 MeV neutrons up to the fluence of 3.6×10 10 n/cm 2 to study the effects of reactor core neutrons and scattered neutrons. determined as ~10 12 n/cm 2 , and ~1.5×10 14 n/cm 2 , respectively. There are no Hence, the SBD detectors may not be suitable for detecting high energy X-rays with good detection efficiency.

The 241 Am α-particle spectral responses of the SBD detectors reveal good energy resolution of 55 keV FWHM (~1%), and ~90% CCE at -100V. The polarization effects are not observed in the SBD detectors. Based on the spectroscopic performance, it is considered the SBD detectors are suitable for detecting 3.5 MeV alpha-particles with good energy resolution, as compared to the bulk detectors.

The poor energy resolutions of ~11.2 keV FWHM for 152 Eu X-rays and 675keV FWHM for 241 Am α-particles are obtained with the HPSI 4H-SiC bulk detectors. Due to the polarization phenomenon, the CCE and X-ray detection efficiency of the bulk detectors decrease with time. The X-ray detection efficiency of the bulk detectors is lower than the SBD detectors, even though the bulk detectors have the good X-ray absorption efficiency in the energy range of 30-40 keV. The maximum CCE attained for X-rays is not more than 30%. Hence, the spectral response of the bulk detectors is affected by charge trapping and polarization effects caused by the defects. 
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