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[bookmark: _Toc42193509]Introduction
[bookmark: _Toc42193510]1.1 Brief History of Nuclear Energy Use in the United States
	The United States Atomic Energy Commission (AEC) was developed in 1946, shortly after the end of the second world war and the atomic bombings of Hiroshima and Nagasaki. The purpose of the AEC was to encourage and control research on peacetime applications of atomic technology and sciences [1]. However, only two years later in 1948 partly as a response to the ramping-up Cold War, President Truman and congress made it clear to AEC directors that the true priority of the commission was to develop and build up an arsenal of new atomic weapons, including hydrogen bombs [2]. In the AEC’s 1949 spending, over 65% of the budget (> $423 million) was designated for developing and producing plutonium and weapons, while 0.3% of the budget ($1.8 million) was designated to a power reactor development program [3].  It was not until 1954, two years after developing and testing the first hydrogen bombs, that construction on the first commercial nuclear power reactor, the Shippingport plant, began [2,4]. 
	The Shippingport plant was developed largely for political purposes, so that the US would not lose face as the world’s scientific powerhouse and would be the first nation to develop a commercial nuclear power plant, as, at the time, Russia, Canada, and Britain were all interested in atomic energy and close to building commercial plants. Because of this, Shippingport was designed to maximize build speed. The pressurized light-water reactor used was originally developed for a nuclear-powered aircraft carrier and required 93% enriched uranium and was capable of 60 MWe power output. At the time, the power output and efficiency from the Shippingport plant was impractical and disappointing compared to coal plants. However, the appeal of efficient nuclear power was still a powerful motivator, so the U.S. government began to invest more into atomic energy and offered subsidies for utility companies to develop next generation nuclear power plants. The next commercial nuclear plants built were boiling water reactors (BWR), where the reactor core boils demineralized water, driving a steam turbine to generate electricity. Many of these were developed by General Electric as way to make nuclear power plants as cost effective as possible by limiting and standardizing design complexity [1,2,4].
[image: ]	Since the first commercial nuclear power plants, interest and investments in nuclear power has generally increased, and there has been several nuclear power reactor designs and concepts over time. Reactor designs are sorted by generation, ranging from Gen 1 early prototype reactors, like in the Shippingport facility, to Gen IV conceptual reactor designs anticipated for future power needs [5], shown in figure 1-1. Presently, with greater instances of climate change induced natural disasters caused by increasing atmospheric greenhouse gases largely from fossil-fuel use, there is renewed interest in more efficient and safe nuclear power plants that utilize fusion and Gen IV fission reactors [6,7]. However, the greater capabilities and safety from next generation power plants require improved technologies. 
[bookmark: _Toc43730264]Figure 1‑1 Timeline of nuclear power plant designs, starting with Gen I prototype reactors to Gen IV future reactors.

	The development of fusion and Gen IV fission reactors are, in-part, material limited, as the structural materials required to build the reactors must be extremely high-performance in terms of radiation tolerance, thermal properties, and mechanical properties for a sustained time [8,9]. Energic neutrons produced from fission and fusion reactions cause atom displacements from lattice sites, generating point defects and displacement cascades. Accumulated radiation damage leads to radiation embrittlement, creep, volumetric swelling, and other changes in mechanical properties that shorten the functional lifetime of the irradiated material. Fully understating and modeling how materials perform long-term in extreme radiation environments at elevated temperatures and doses is necessary for future nuclear power [8].
  
[bookmark: _Toc42193511]1.2 Generation IV+ Fission Reactors: Overview
		 
	In 2000, 10 countries formed the Generation IV International Forum (GIF) for the purpose of designing and developing new commercial nuclear reactors before 2030. GIF evaluated over 100 potential designs before settling on six general reactor concepts as having the highest potential in achieving the safe, clean, and proliferation-resistant objectives set by the forum. The six reactor concepts considered for Gen-IV are: sodium cooled fast reactors (SFR), gas cooled fast reactors (GFR), lead cooled fast reactors (LFR), supercritical-water-cooled-reactors (SCWR), super high temperature reactors (VHTR), and molten-salt-fueled reactors (MSR) [10]. 
	Reactors are considered ‘fast’ if fission chain reactions are sustained by energetic (> 0.5 MeV) neutrons [11]. These reactors are designed to be more efficient than current light water reactors as both primary isotopes of Uranium (U-238 and U-235) and Plutonium (Pu-239) may be used as a fissile source, potentially limiting nuclear proliferation and allowing for nuclear waste from water-cooled reactors to be used a fuel. Gen-IV fast reactor designs are sorted by coolant, all these coolants must be weak neutron moderators to allow for energetic neutron interactions. Liquid metal cooled designs, such as SFR, LFR, and MSR are appealing due to their high thermal conductivity, improved inherent safety, as the reactors do not have to be pressurized, and greater efficiency, as reactors may be ran at higher temperatures compared to LWRs due the high vaporization temperatures of liquid metal coolants.  SFRs are the most developed of the all the Gen-IV reactor designs and have already been built and operated in Russia, Japan, and France. Issues with sodium-cooled reactors are largely associated with the reactiveness of sodium to air and water, making coolant leaks significantly more dangerous than water leaks in LWRs. Issues with LFRs are associated with the high density and melting temperature of the lead coolant, making systems heavy and difficult to engineer as to mitigate risks of lead solidifying, which can damage pumps and other equipment. MSRs are also cooled via liquid metal, primarily molten fluoride salt. However, MSRs are characterized based on fuel source used; fissile materials dissolved directly into the coolant and which can be designed to use thermal or fast neutrons. The appeal of liquid fuel is that fission products may be removed and replaced with fissile materials in situ while running, allowing for over 50% greater of fuel burn up to be achieved. Additionally, passive safety features can be added easily to MSRs, most notably frozen salt plugs, or freeze plugs, keeping fuel and coolant in the reactor vessel. These plugs must be constantly and actively cooled to be kept solid, so that in the event of a power outage or overheating due to run-away reactions, power cooling the plugs is shut off, melting them, and allowing the molten salt to flow to spaced-out emergency dump tanks immediately stopping any nuclear activity [10,12,13] Figure 1-2 shows the [image: ]schematic of a basic MSR design [13].
[bookmark: _Toc43730265]Figure 1‑2 MSR schematic including freeze plug and emergency dump tanks, as published in ref. [13].



	GFR is a general term for a fast reactor that uses gas, such as CO2 and He, as a coolant. There is no risk of sudden coolant phase change induced explosions in GFRs. Additionally, VHTRs designs are typically conceptualized also using a gas coolant. VHTR reactions use thermal neutrons where graphite, configured in either prismatic blocks or as pebbles, in the core act as a neutron moderator. As the name implies, these reactors are designed to operate at temperatures near 1000°C, meaning that enthalpy from heated coolant can be used to generate hydrogen via thermo-chemical processes. The high operating temperature however, also puts significant thermal stress on reactor structural materials [10,13,14].
	SCWRs, figure 1-3, are a more thermally efficient version current water reactors. These reactors are designed to operate at very high pressures (> 22.1 MPa) so that coolant water can be heated past its boiling point without boiling. SCWR core designs utilize either thermal or fast neutrons and are more efficient, approaching 44% efficiency, than boiling and light water reactors (up to 36% efficiency) because of their higher operating temperatures and simpler design; only one coolant pump is required to feed cooled coolant back to the reactor. However, the more compact design of SCWR also means smaller coolant buffers, so operating temperatures may become too high for reactor structural materials to withstand, leading to meltdown. Further, the higher operating temperature and pressure of SCWR leads to greater engineering challenges for vessel materials [10,13,15].










[image: ][bookmark: _Toc43730266]Figure 1‑3 Schematic of VHTR as published in ref. [13].

[bookmark: _Toc42193512]1.3 Fusion Reactors: Overview
	In contrast with fission, where energy is released when the nucleus of unstable atoms decay into smaller atoms, energy from fusion occurs when two light atomic nuclei join to form a larger nucleus. The only known self-sustaining, natural fusion occurs in the heart of stars. However, on earth even replicating the conditions on the sun at a smaller scale would not yield sufficient energy for practical fusion power output; this requires much greater temperatures. In order to fuse, atoms must overcome Coulombic repulsion to allow for nuclear strong forces to take over to join the atoms. In fusion reactors, this is done by both exciting via heat, so that atoms travel faster, and by maximizing the density of fusion fuel. The temperatures required to induce fusion at a rate fast enough to generate a practical energy yield is approximately 150 million K, around 10 times greater than the interior of the sun. While achievable, there are no materials capable to withstand these conditions, but because the high temperatures strip electrons off atoms producing charged plasma consisting of free electrons and positively charged ions, methods besides physical barriers may be used for containment.
	Because of the extreme conditions required for these reactions, just experimenting with fusion requires massive, expensive, and technologically advanced facilities. Presently, there are no operational, power-producing fusion reactors. However, motivation to develop fusion power is huge because: 
(1) Fusion fuel sources (most likely deuterium and tritium) are practically unlimited and do not require mining as they can be harvested from sea water or be bred from either fission or fusion reactors. 
(2)  Fusion reactors do not produce greenhouse gases.
(3)  No long-lived radioactive nuclear waste is produced from fusion reactors, and the waste that is produced is minimal compared to fission reactors. 
(4) There is greater inherent safety in running fusion reactors compared to fission reactors. If fusion plasma containment is compromised, the plasma will diffuse, cooling the plasma and halting fusion. 
	There are two established fusion plasma confinement methods currently functioning in fusion test reactors: magnetic and inertial confinement. Magnetic confinement employs a magnetic field to confine the fusion plasma away from container walls. Earliest attempts at fusion starting in the late fifties all utilized magnetic confinement. These reactor designs were characterized based on the path of the plasma from the magnetic field: either circular or helical.  The most developed and well know fusion reactor design is the tokamak, where plasma is torus shaped via magnetic confinement [16], as shown in figure 1-4. The largest fusion reactor design currently being built, ITER, expected to be finished by 2025, is a Tokamak design [17]. 
	Inertial confinement fusion (ICF) reactors, shown in figure 1-5, were first conceptualized in the 1970’s and built in the 1980’s. These reactors use high energy and flux lasers to compress and heat a small, ~10 mg, deuterium-tritium fuel pellet to induce an explosion on the outer layer of the pellet, forcing the interior of the pellet inward compressing and heating to induce fusion. The largest fusion cross-section reaction occurs through equation 1-1. This reaction requires temperatures greater than 10 million °C to overcome columbic repulsion between fusing nuclei.  
Eq (1‑1)
[image: ][image: ]ICF studies are largely limited to the National Ignition Facility (NIF) at Lawrence Livermore National Laboratory. The goal of the ICF reactor is to achieve ignition, where energy from fused alpha particles is deposited back to the plasma, increasing the temperature and reaction rate, resulting with an energy output much greater than the energy input and loss due to cooling through x-ray radiation and electron conduction [18].   [bookmark: _Toc43730267]Figure 1‑4 Schematic of tokamak reactor.
[bookmark: _Toc43730268]Figure 1‑5 NIF schematic of inertially confined fusion process. 192 laser beams are directed in a dime sized, gold cylinder, heating the fuel pellet.


[bookmark: _Toc42193513]1.4 Silicon Carbide Overview
	Structural materials for future fusion and fission reactors must be mechanically, thermally, and chemically resistant to the extreme radiation environments over a prolonged time. The international standard for quantifying and predicting damage induced by ions, electrons, and neutrons is the Norgett, Robinson, and Torrens (NRT), displacements per atom (dpa) formulation. The NRT model is an adaption of the Kinchin-Pease (KP) model, where damage is calculated as the deposited energy (Td) divided by two times the displacement energy (Ed, i.e., the minimum incident energy required for an atom in a material to be displaced a sufficient distance to form a stable defect). The NRT model accounts for the fact that around 20% of the displaced atom sites tends to be refilled by another atom, because of this, the NRT model adds a 0.8 prefactor to the KP equations. The number of atomic displacements (Nd) as a function of deposited energy (Td)  predicted by the NRT equations is shown in equations 1-2. NRT dpa is then obtained by normalizing the number of defects in a volume with the average volume per atom [19,20]. 
                                                                   Eq (1-2)
Figure 1-7 shows the thermal and displacement damage dose operating requirements of structural materials in current fission reactors and anticipated fission and fusion reactors. Additionally, a plot showing the estimated operating temperatures for structural materials with damage levels ranging from 10 to 50 dpa is shown in figure 1-8. 
	The focus of these studies are on single crystal silicon carbide (SC SiC), with the understanding that fundamental research on irradiation effects on SC SiC will, to an extent, translate not only to  SiCf/SiC (SiC fibers in a SiC matrix) composites for nuclear, structural applications but also to the development of irradiation-effects models for other covalently bonded ceramics. Further, SiC is a promising candidate base-material for electrical devices in harsh environment applications, such as for flow and temperature sensors for MSRs and other nuclear reactors [21], Schottky diodes for electronics on inner solar system probes [22], and power processing units for solar electric propulsion systems [23]. SiC is also currently used as a cladding layer in tristructural-isotropic (TRISCO) fuel particles [24] and some point defects within the SiC bandgap are potential qubits for quantum computing [25]. Therefore, understanding how SiC responds to [image: ]irradiation is of significant interest for several scientific applications. Figure 1‑6 Dose and temperature requirements for structural materials for fission and fusion reactors [8].

[image: ]	Figure 1‑7 Estimated operating temperatures for nuclear structural material with 10 to 50 dpa damage levels [8].




For applications involving extreme environments, the primary appeal of SiC is that it is mechanically and chemically stable and radiation resistant at elevated temperatures. SiC is a wide bandgap semiconductor with a large thermal conductivity. It is primarily covalently bonded with a decomposition temperature exceeding 2700 K [26]. The ionic character of the C-Si bond is ~8% and has sp3 hybridization [27].
[bookmark: _Toc420995900][bookmark: _Toc422997487]	SiC may form into more than 150 polytypes, the most common polymorphs being 3C, 4H, and 6H where the number denotes the number of repeating layers (stacking sequence) in the close-packed structures, and the letter symbols (C or H) denote the crystallographic systems (either cubic or hexagonal). Each layer in the stacking sequence consists of a closed-packed plane of Si atoms and a close-packed plane of C atoms nested together. SiC unit cells are shown in figure 1-8 [28]. All polytypes are built based on tetrahedra SiC4 and corner-sharing CSi4 [27]. 3C-SiC is the primary polytype considered for structural nuclear applications, i.e., as the crystal structure of matrix for SiCf/SiC composites and as the cladding for TRISCO fuel, while 6H- and 4H-SiC are more adept to electronics applications due to their larger bandgaps (~3.0 and 3.2 eV, respectively compared to 2.2 eV of 3C-SiC) [29]. However, because there have been negligible differences in SiC polytype (3C, 4H, and 6H) response to irradiation displacement damage, predictive model development for irradiated behavior on a single polytype can be applied to the others [30].  
[image: ][bookmark: _Toc43730271]Figure 1‑8 Unit cells of 3C-, 4H-, and 6H-SiC.

[bookmark: _Toc42193514]1.5 Transmutation Reactions, Dopants, and Their Effects in SiC
	Plasma facing materials (PFMs) in fusion reactors are directly exposed to the plasma in the reactor. These materials are exposed to a wide energy range of ions and neutrons, extreme heat, and high electromagnetic flux that work to erode the surface of PFMs [31,32]. Despite these extreme conditions, it is generally considered that fusion reactor first wall components need to be functional for a minimum of five years [33]. A higher apportion of fusion neutrons are significantly higher energy (Emax = 14.1 MeV, eq 1-1) when compared to fission neutrons (E = 0.1-2 MeV). The higher energy neutrons better facilitate the production of solid and gaseous transmutation products. Plasma facing SiC components may produce helium at rates up to 130 appm/dpa while the helium production rate per dpa in SiC for a typical fission neutron spectrum is reported to be approximately 2.5 appm/dpa [34].  The lowest threshold energy for (n, α) reactions in carbon is ~6 MeV and ~3 MeV in silicon. In functional, SiC-based fusion materials, a significant production of helium content is made through the (n, n3α) reaction with carbon (~8 MeV threshold energy) [35,36]. Accumulation of excess gaseous product in irradiated materials can lead to significant alterations in mechanical properties. Due to the high He diffusivity and low solubility in SiC, He atoms tends to agglomerate and form cavities or bubbles at elevated temperatures (0.5Tm) causing volume swelling and embrittlement [31,37–40].  Figures 1-9 below illustrate the He and H production rates as a function of depth from plasma face for magnetically and inertially confined fusion reactor [31]. 
	Energetic neutrons also invoke solid transmutation products in SiC. The most concerning of which is the 26Al isotope, produced via either of the two processes described in equations 1-2 and 1-3. 
28Si(n, d) → 27Al(n, 2n)→ 26Al                                                                                Eq (1-2)
28Si(n, n’d) → 27Al(n, 2n)→ 26Al                                                                             Eq (1-3)
[image: ]This isotope is long-lived with a half-life of 726,000 years and radiologically hazardous [39]. Additionally, solid transmutation products may act as n- or p-type dopants in SiC, altering electrical properties in the material. Metallic transmutation products can also lead to changes in chemical properties in SiC, facilitating corrosion and oxidization [38]. Table 1-1 below compares the primary transmutation products produced in SiC from fast neutrons created in magnetically and inertially confined fusion systems and the High Flux Isotope Fission Reactor (HFIR).  [bookmark: _Toc43730272]Figure 1‑9 Gaseous transmutation production (appm/full power year) and damage rates verses depth from plasma for (a) magnetic fusion energy reactor and (b) inertial fusion energy reactor [29].



[bookmark: _Toc42193617]Table 1‑1 Concentration in appm of solid transmutation products produced in SiC for fluences of 1023 n/cm2 from magnetic and inertial fusion energy reactors (MFE and IFE) and the High Flux Isotope Fission Reactors (HFIR), along with the minimum threshold neutron energy for formation. Data from ref. [29].
	

	MFE fusion reactions
	IFE fusion
reactions
	HFIR fission reactions
	Threshold neutron energy for formation (MeV) [31]

	% Neutrons with E > 0.1 MeV
	75.5%
	71.9%
	24.3%
	

	Be
	851
	482
	4.5
	6.2

	Mg
	2232
	1189
	8.7
	2.7

	Al
	16.4
	19.6
	0.1
	4.0



	
	While transmutation reactions induce unwanted impurities into a material, SiC is often intentionally doped to alter its electrical or optical properties. SiC is an appealing semiconductor material for high-power electrical and micromechanical devices for harsh environment applications, as SiC-based devices can operate at much higher temperatures than traditional semiconductor-based electronics. Processing techniques, particularly selective doping, are necessary for developing functional SiC devices. In SiC, both the silicon and carbon atoms have four valance electrons, so doping with n-type, donor dopants (atoms with more than four valance electrons) or p-type, acceptor dopants (atoms with less than four valance electrons) improves the conductivity of the doped region as electrical current can more easily flow, allowing for the creation of n+p and p+n junctions which then can be used to fabricate devices. 
	Generally, selective area doping of SiC must be done via ion implantation due to limitations in diffusion coefficients of SiC dopants making other doping methods, such as vapor deposition, impractical in already formed substrates [41]. Ion implantation utilizes low energy ion beams to implant precise concentrations of dopants into target materials. Implantation in SiC is often done at elevated temperatures (770 to 1273 K) in order to avoid complete amorphization, as it is challenging to anneal fully amorphous SiC back to a pristine, single crystal of the desired polytype. After implantation, dopant atoms sit largely in interstitial lattice sites, so added electrons or holes do not readily alter material conductivity. Therefore, to make ion implanted doped SiC functional, post-implantation heating up to 2000 K is required to electrically activate the dopants, i.e., move the implanted ions to substitutional lattice sites. Post implantation heating also acts to anneal defects produced by ballistic collisions during implantation [42]. Limitations in commercial SiC electrical devices are largely due to the high temperatures required to create functional dopants, also prolonged thermal annealing leads to SiC surface degradation caused by the sublimation of Si surface atoms [43]. Because of this, athermal, laser activation on dopants has also been studied. Ahmed et al. achieved activation of RT implanted N and Al dopants using a pulsed excimer laser [44]. However, there are shallow depth limitations of laser induced electrical activation techniques. The most common SiC donor dopants are nitrogen and phosphorus, while common acceptor dopants are aluminum, boron, and gallium. Carrier ionization energy, atomic size, and solubility are the primary factors in dopant choice. 



[bookmark: _Toc42193515]Literature Review
[bookmark: _Toc42193516]2.1 Ions used as a Surrogate for Neutron Irradiations
	The core structural components in Gen IV sodium fast reactors must be able to withstand damage doses up to 200 dpa at temperatures up to 400°C. Fusion structural components must be able to withstand an estimated 200 dpa at temperatures up to 1000°C [8,45,46]. So, in order to develop and characterize materials for safer, cost-effective, and more powerful nuclear reactors, fully understanding how materials respond to high radiation doses at elevated temperatures is necessary. Neutron irradiation studies are performed by placing samples in test reactors, such as HFIR, for irradiation followed by sample characterization.  However, it is experimentally difficult to analyze radiation effects at very high doses as current test reactors are limited to damage rates below 20 dpa/year, making high dose experiments impractical and high dose-rate studies impossible [45,47]. Because of this, ion irradiation produced with particle accelerators is often used in-lieu of neutrons for high dose experiments. Ions can be produced and controlled significantly easier than neutrons, and ion damage rates are up to 104 times greater than test reactor neutrons. Additionally, in ion accelerator experiments, temperature, dose, and flux are more controlled, characterization can often be performed in situ, and because most ion-solid interactions do not result in activated samples, unlike in neutron-solid interactions, post-irradiation characterization is more feasible and cost effective [45,47,48]. Ion irradiation can also be used to study and simulate damage produced by primary knock-on atoms (PKAs). PKAs are energetic atoms displaced by fission and fusion neutrons that produce atomic collisions [48].	
	While significantly more practical then reactor experiments, ions are not a perfect surrogate for neutrons for several reasons: 
(1) Ions have charge which interact with the electrons of a target material making the collision cross sections of ions greater than that of neutrons. Ions lose energy through both electronic and nuclear energy loss, and the damage profile from an energetic ion is non-uniform as the energy loss processes of the ion changes throughout the ion path. Neutrons, however, are electronically neutral and do not interact with the electrons in a target material, resulting in uniform damage profiles that span over long (≈ mm’s) distances [45]. 
(2) Because ions are produced as a beam via particle accelerators, the energy of the ions produced is constant. This is directly in contrast with neutrons produced by reactors, the energy of which varies over multiple orders of magnitude, resulting in a more complex damage profile. 
(3) Ion irradiation can achieve the same doses in hours as neutron irradiation in years. The effects of extreme difference in dose rates between ions and neutrons is not entirely understood [45,48]. The effects of dose rate on radiation-induced segregation (RIS) and void growth in metallic alloys may, in-part, be resolved with the invariance theory by Mansur. The theory states that RIS and void growth from accelerator irradiation would match RIS and void growth from reactor irradiation, if the accelerator irradiation was performed at a corresponding elevated temperature [49]. However, this effect only holds for early stages of radiation-induced degradation and there is still much uncertainty about dose rate effects in compositionally complex and covalently bonded materials, and only limited experiments have been performed on these processes [50,51].
	There are several issues related to simulating neutron damage with ions that must be considered before making predictions on how a material may behave over long-term exposure in extreme nuclear environments. However, ion irradiation experiments allow for the study of high-dose and dose-rate effects on microstructure evolution and facilitate the ability to isolate and study distinct irradiation processes, making ion irradiation experiments a necessary component for nuclear materials characterization and fundamental irradiation effects studies.
[bookmark: _Toc42193517]2.2 Ion Energy Deposition
[image: ][image: ]	Energetic ions lose their energy in a target material through two primary processes, nuclear and electronic, that are quantified as the average energy loss of a particle per unit pathlength of the ion [39].[bookmark: _Toc43730273]Figure 2‑1 SRIM predicted electronic and nuclear energy loss for 2 MeV Au and 21 MeV Si ions in SiC.
[bookmark: _Toc43730274]Figure 2‑2 Energy loss mechanisms as a function of gold ion energy in SiC.

[bookmark: _Toc42193518]2.2.1 Nuclear Energy Loss
	Nuclear energy loss (Sn) is the transfer of kinetic energy via elastic scattering collisions to atomic nuclei when an energetic ion traverses through a target. The absorption of nuclear energy by a target atom can result in the permanent displacement of the atom and formation of a vacancy only if the transferred energy is above the displacement threshold energy, Ed, of the lattice atom. Target atoms that are displaced by an incident ion are called primary knock-on atoms (PKAs). The transfer of kinetic energy from the PKAs to other atoms can generate further atomic displacements, which in turn can create additional displacements, resulting in a cascade of collisions (or collision cascade) that creates a local concentration of lattice vacancies and interstitials. If the transferred energy is below the Ed of the target atom, then the atom will only be temporarily displaced, and the energy from these interactions is largely dispersed by lattice vibrations (i.e., phonons). 
	Modeling elastic collision reactions is done using classical physics where relationships between ion energy, columbic forces, incident angle, target density, and mass ratio of ion and target nuclei are used to determine energy transferred in a scattering event. The kinetic energy transfer (T) resulting from an elastic collision is described by the relationship in equation 2-1. 
Eq (2‑1)
Here, E0 is the projectile energy, m1 is the projectile mass, m2 is the target nucleus mass, and θ* is the scattering angle [48]. The Stopping and Range of Ions in Matter (SRIM) code [53] is one of the most widely used applications for determining both nuclear and electronic energy loss values for ions. For elastic ion-target interactions, SRIM utilizes the universal Ziegler, Biersack, and Littmark scattering potential (ZBL potential) [54] to calculate the resulting elastic energy transfer from binary nuclear collisions and the scattering angle from the incident particle to a PKA [53]. 
	The SRIM code has the option of predicting damage profiles with two different methods: (1) modified Kinchin-Pease (quick TRIM) and (2) detailed calculation with full cascade damage (full-cascade TRIM). Both methods are based on a binary collision approximation and utilize a Monte Carlo approach to account for energy transferred to electrons and stochasticity in the transfer of energy from incident ions to PKAs. Furthermore, both methods utilize the same SRIM predicted electronic stopping powers (Se) and ZBL scattering potential for incident ions in the target material. Consequently, both methods yield statistically identical ion range profiles and PKA energy spectra [53]. The primary difference between quick and full-cascade TRIM is how PKA energy dissipation is calculated. Under quick TRIM simulations, the energy loss to electrons, damage energy (Tdam), and the number of atomic displacements (ν) for a given PKA is calculated based on the semi-empirical Norgett, Robinson, and Torrens (NRT) model [20] given by equation 2-2. 
 						        Eq (2-2) 
On the other hand, full-cascade TRIM simulations utilize SRIM Se values and ZBL scattering potentials for the target atoms within the material, and Monte Carlo approach to follow the electronic and nuclear energy transfers for each PKA and all additional atomic recoils until their energy is less than the Ed value for the atoms in the target. Thus, in full-cascade TRIM, the total average number of displaced atoms, ν, is found by tabulating the vacancies and replacement events over each ion’s trajectory and averaging over all incident ions in the simulation. While quick TRIM is not recommended by the code authors for calculating displacement events in materials, it does have a marginal validity for monoatomic materials; however, as noted in a recent review [55], full-cascade TRIM provides a more accurate description of the displacement process for all materials. 
	Nuclear energy loss is the primary energy loss mechanism for PKAs and ions at their end of range (EOR). Nuclear energy loss is also generally more damaging to target materials and associated with typical radiation damage, such as void swelling and radiation embrittlement. 	
[bookmark: _Toc42193519]2.2.2 Electronic Energy Loss
	Electronic energy loss (Se) is the inelastic transfer of energy from incident ions to target electrons (i.e., ionization) creating hot electrons that initiate a cascade of electron-electron energy transfer processes. Eventually (<100 fs) most of this energy is transferred to the atomic lattice via electron-phonon coupling, resulting in a highly localized thermal spike [56]. This inelastic thermal spike can result in local phase transitions via melt-quench/recrystallization processes, local defect annealing, and enhanced defect and atomic diffusion. The intensity of the thermal spike is greater in ceramic materials compared to most metals, as the electron mean-free path is smaller and electron-phonon coupling is stronger in ceramics. Se is the dominant energy loss mechanism for intermediate and higher energy ions. Figure 2-2 illustrates the stopping power for gold ions in SiC as a function on ion energy. At low energies, nuclear energy loss is the dominant energy deposition mechanism; while at higher energies, electronic energy loss is the more prevalent energy deposition mechanism. However, it should be noted that some of the nuclear energy loss to PKAs is transferred to electrons by the PKAs and secondary recoils, so a clear separation of energy partitioning to electrons and displacement production cannot be determined solely by the Se and Sn values of the incident ions.
	Isolated electronic energy loss effects can be studied using swift heavy ions (SHI), which are defined as ions with energy to mass ratios generally greater than 1 MeV/amu and have largely negligible nuclear energy loss effects. These ions can be used to alter the microstructure of some materials via localized melting, quenching, and amorphous recrystallization along the ion path, resulting in the formation of ion tracks which are long, straight, and can be engineered to precise lengths for different ions and target materials [57–61]. 
	Electronic energy loss models require greater complexity than two body, elastic Sn models as dynamic charge and energy effects alter Se behavior. SRIM code calculates Se by extrapolating fits of experimentally derived Se values. [53]. 
	While all ion-solid interactions involve some degree of both nuclear and electronic energy loss, the two energy loss pathways have historically often been simplified as entirely separate processes, resulting in knowledge gaps on the effects of energy transfer mechanisms for intermediate energy ions where the coupling of energy loss dissipation processes can exhibit significant effects. This is discussed further in section 3.1. 


[bookmark: _Toc42193520]Review of Irradiation Effects in SiC Previous Studies 
[bookmark: _Toc42193521]3.1 SE Annealing During SiC Irradiation
	During ion irradiation of SiC, it is established that Se acts to anneal both damage induced by Sn along the ion trajectory, as well as pre-existing defects. This was first revealed in very energetic swift heavy ion (SHI) irradiations. These types of irradiations are associated with the production of ion tracks in ceramic materials, formed from localized melting and quenching around the ion path. However, in SiC there are no known irradiation conditions that cause ion track formation, which was historically attributed to the high thermal conductivity ( ~350 W/m-K) from the short electron-lattice mean free path in the material, allowing for thermal energy from Se to rapidly dissipate radially, with little effect on the lattice [62–64]. But in the early 2000’s, experiments with SHI irradiation of pre-damaged SiC verified that Se from high energy irradiations facilitate local annealing along the ion path in the material. Benyagoub et al. [65] reported that irradiation of 6H-SiC, pre-damaged to ~30% disorder, with 827 MeV Pb ions resulted in almost full annealing at room temperature, as well as significant, but not complete, recrystallization of fully amorphous SiC. Their results are shown in figure 3-1. Annealing effects by SHI irradiations on pre-damaged SiC are presently well established and have also been observed with 167 MeV Xe ions at both 500°C [66] and RT [67], 870 MeV Pb ions at  RT [68,69], and 910 MeV Xe ions at RT [70]. Table 3-1 summarizes the material, pre-damaged conditions, and annealing results for several SHI induced recovery studies. These studies found that Se-induced annealing, while extremely effective for partially amorphized or small regions of amorphization, is not as effective for large regions of completely amorphized material, indicating that Se annealing is dependent on the presence of a crystalline scaffold.
[bookmark: _Toc420995908][bookmark: _Toc422997495][image: ]
[bookmark: _Toc43730275]Figure 3‑1 Si lattice damage profiles for SiC  pre-damaged 700 keV I ions then annealed with 827 MeV Pb ions (Se ~33 keV/nm) . Fluence units are in ions/cm2 [63].













[bookmark: _Toc42193618][bookmark: _Hlk43729478]Table 3‑1 Summary of experiments using SHIs to anneal pre-existing damage in SiC. The Se values for the SHI range from 20-33 keV/nm.
	[bookmark: _Hlk43729463]Study
	SHI species and energy
	Tirr
	Pre-damaged state
	Annealing Overview
	Material
	Characterization

	[66]
	167 MeV Xe
	500°C
	Amorphized from surface to 230 nm
	Amorphous region shrunk
	Polycrystalline SiC
	Raman, TEM

	[67]
	167 MeV Xe
	RT
	Partially amorphous region at 10 keV He damage peak
	Damage recovery on partially amorphous region boundaries
	4H-SiC
	TEM

	
	
	
	Amorphized surface layer from 220 keV Ti irradiaton
	No detected recovery
	
	

	[68]
	870 MeV Pb
	RT
	Fully amorphous surface layer to 50 nm
	Amorphous region shrunk
	3C-SiC
	RBS/C

	
	
	
	Partially amorphous layer, max disorder fraction ~0.95
	Damaged region shrunk, max disorder fraction ~0.60
	
	

	[69]
	870 MeV Pb
	RT
	Fully amorphous surface layer
	Recrystallization at amorphous region boundaries
	3C-SiC
	RBS/C, TEM

	
	
	
	Partially amorphous, onset amorphization at damage peak
	Recrystallization along entire damage area
	
	

	[70]
	910 MeV Xe
	RT
	Max disorder fraction ~0.60 at damage peak
	Annealing of disorder, max disorder fraction ~0.12
	6H-SiC
	RBS/C

	[71]
	50 MeV I
	RT
	Near fully amorphous at damage peak, max disorder fraction ~0.92
	Recrystallization at amorphous region boundaries
	6H-SiC
	RBS/C



[image: ]	Later studies on interactions between coupled Se and Sn in single SHI irradiations found that there is a competing relationship between the energy loss processes. A report by Audren et al. [70] found that nanostructured 3C-SiC and SC 6H-SiC irradiated with 910 MeV Xe ions at room temperature would not amorphize even at dpa doses far exceeding the total amorphization threshold in SiC for lower Se irradiations, as shown in figure 3-2. Sorieul et al. [72] studied this further, using UV-visible optical and micro-Raman spectroscopy to analyze the formation of point defects resulting from SHI irradiations (106 MeV Pb, 332 MeV Ti, and 2.7 GeV U ions). They reported that isolated point defect concentration increases with dose, where the highest tested fluence was 2х1012 cm2, ultimately altering optical and electrical properties [72].    [bookmark: _Toc43730276]Figure 3‑2 Plots indicating little detectable damage from irradiations (a) XRD results of nanostructured SiC irradiated with 95 MeV Xe ions, (b) RBS/C results of SC 6H-SiC irradiated with 910 MeV Xe ions [68].


	While anticipated, Se annealing effects from lower or intermediate energy (E ~ tens of MeV) ion irradiations were not fully established until relatively recently. Zhang et al. [73] reported a ‘surprisingly low’ threshold in Se at ~1.4 keV/nm for annealing processes on pre-existing defects in SiC. For reference, this corresponds to Si PKAs or ions with energies above 750 keV and C PKAs or ions with energies above 850 keV. Thus, under most intermediate ion irradiation conditions, Se effects are present. However, as with SHI annealing, Se-induced recovery from intermediate energy ions is more effective for lower initial damage states. The higher disordered materials likely have more thermally stable, complex defects, such as clusters or amorphous microdomains, compared to less disordered material. This effect is shown in figure 3-3 where the recovery induced by a range of ions is compared for two different pre-damaged states (fractional disorder of [image: ]0.72 and 0.36) [73].  [bookmark: _Toc43730277]Figure 3‑3 Annealing comparison for two initial relative disorder fractions (a) 0.36 and (b) 0.72 [71].

	The low Se threshold for annealing effects in SiC leads to questions on the effects of competing Se and Sn processes at intermediate ion energies, where both energy loss processes are spatially and temporally coupled along the ion trajectories, on defect production and damage evolution in SiC. Zhang et al. [30] performed and reported on an experiment where 4H-SiC was irradiated with 4.5 MeV C, 6.5 MeV O, 21 MeV Si, and 21 MeV Ni ions. The damage profiles resulting from the irradiations were compared at varying target depths in order to determine the dependence of disordering processes on Se/Sn ratios. The resulting RBS/C profiles indicated that C, O, and Ni ion irradiations all generated noticeable damage to the first 1.5 μm of the pristine SiC, while the SiC spectra after the 21 MeV Si irradiation indicated no detectable damage. Given the high ratio of Se/Sn for the C and O ions (388 and 336 at 650 nm) that is comparable to the Se/Sn ratio value to 21 MeV Si (416 at 650 nm), it was expected that defect buildup at the surface region after irradiation from the C and O ions would also be insignificant. This discrepancy is attributed to differences in the thermal spike temperatures caused by the Se deposition from the ions, as the Se from the Si irradiation was at least twice the Se values from the C and O irradiations. Xue et al. [61] furthered the study of  the effects of coupled Se and Sn by irradiating 3C-SiC with 1.5 and 5.0 MeV Si ions at incident angles of 7° and 60°, respectively, off the normal surface. As these ions penetrate the SiC samples, both the Se/Sn ratio and the overall energies of the ions decrease, so by analyzing defect accumulation at varying depths, generalized effects of coupled Se and Sn processes could be determined. Through measuring the fractional disorder as a function of displacement dose at different depths, a linear relationship between amorphization doses and Se/Sn ratio was determined, as shown in figure 3-4.
[image: ][bookmark: _Toc43730278]Figure 3‑4 Linear dependence of critical amorphization does (determined at disorder level 0.97) on the ratio of ionization to dpa rate [59].



[bookmark: _Toc42193522]3.2 Temperature Effects
[image: ]	Under irradiation, SiC disorder rate decreases with irradiation temperature due to increasing dynamic recovery. Several irradiation-induced amorphization models for ceramics predict kinetic effects by adjusting parameters that have to do with the recovery rate of defects as a function of temperature [74]. However, in specific materials thermal annealing of irradiation damage is not strictly linear, but occurs in stages that depend on defect type, concentration, and initial disorder fraction. Recovery stage 1 is associated with the onset of self-interstitial atom migration and recombination. Stage II describes the migration of small interstitial clusters, and stage III is associated with the vacancy migration and annihilation with interstitial clusters [48]. Weber et al. [75] reported the activation energy for recovery stages of the Si lattice in SiC after 2 MeV Au irradiations as: stage I is 0.3 ± 0.15 eV for 150-300 K temperature range, stage II is 1.3 ± 0.25 eV for 450-550 K temperature range, and stage III is 1.5 ± 0.3 eV for 570-720 K temperature range. Figure 3-5 shows the isochronal recovery of disorder in the Si and C lattices after the 2 MeV Au irradiation. Complete thermal annealing from damage caused by heavier ions requires higher temperatures. This is attributed to the greater thermal stability of defects produced from larger ions, defect clusters and amorphous regions [76].  [bookmark: _Toc43730279]Figure 3‑5 Annealing stages for SiC irradiated at 170 K [73].

	Dynamic thermal annealing also has a strong effect on disordering processes and has been observed in SiC irradiated at 170 and 300 K with 1 MeV Ar+ ions [77], 170 and 300 K with 2 MeV Au2+ ions [76], 180 and 300 K with 550 keV C+ ions [78], 150 and 190 K with 550 keV Si+ ions [75]. Figure 3-6 shows how the disordering curve for 6H-SiC irradiated with 550 keV C ions reaches a fully amorphous state at a lower dose for lower temperatures. This same study reports that at temperatures close to or greater than 0.2Tm, during the 550 keV C irradiation, dynamic annealing becomes large enough that total amorphization cannot be reached. This is referred to as a critical temperature for amorphization [78]. Similar critical temperatures for amorphization in SiC have been reported for 360 keV Ar2+ irradiations [79], 230 keV Ga+  irradiations [80], 560 keV Si+ irradiations [81], and 1.50 MeV Xe+ irradiations [82], summarized in figure 3-7.
[bookmark: _Toc420995911][bookmark: _Toc422997498][image: ]
[bookmark: _Toc43730280]Figure 3‑6 Disordering as a function of irradiation temperature [76].


[image: ][bookmark: _Toc43730281]Figure 3‑7 Critical temperature of amorphization dependence on incident ion E/M ratio [76-80].

1. [bookmark: _Toc42193523]
Methodology
0. [bookmark: _Toc42193524]SiC Materials 
	Single crystal, n-type, <0001>-oriented 4H-SiC wafers used in the preliminary studies were epi-polished and manufactured by Cree, Inc. All samples were cut using a diamond scribe to avoid lattice strain. Sample areas for implantation, irradiation, and any characterization were less than 12x12mm2 and cut from bulk wafers. 
	Smart-cut SC-SiC thin film samples will be used for future studies. Smart-cutting is a technique used to form very thin, high quality, single crystal films that are bonded to a substrate [83]. Smart-cut SiC/SiO2 materials are made through a four-step process, schematics of which is shown in figure 4-1:
(1) Hydrogen is implanted into SiO2 coated SC-SiC substrate at a defined depth forming a weakened layer.
(2) The SiO2/SiC is bonded onto a bulk support.
 (3) The SiC is split along the weakened layer. This is done via thermal treatments causing microcavities from the implanted hydrogen to grow and form cracks.
(4) Polishing and surface treatment is done on the SiC surface. 
	Utilizing thin films allows for the isolated analysis of the beginning range of energetic ions in SiC, where ionization effects are greater, without interference from displacements migrating from disordering processes more prevalent at ion end of range. 









[image: ][bookmark: _Toc43730282]Figure 4‑1 Smart-cut process to generate SiC thin films.


[bookmark: _Toc42193525]4.2 Ion Irradiation
	This work relies heavily on ion implantation, irradiation, and characterization in order to study ionization and displacement energy transfer mechanism effects on dopant and defect formation, migration, and activation. Rutherford backscattering spectroscopy in channeling geometry (RBS/C) is used in situ to characterize disorder and dopant concentration over a depth range in single crystals. RBS/C spectra are compared with Stopping and Range of Ions in Matter (SRIM) code (v. 2013) predictions. Ex situ characterization may be done with cross sectional transmission electron microscopy (TEM) analysis to determine long range disorder and dopant profiles as a function of depth.
[bookmark: _Toc42193526]4.2.1 Stopping and Range of Ions in Matter (SRIM) Simulations
	The Stopping and Range in Matter (SRIM) code (v2013) is used for simulating damage in a target material to calculate depth profiles of displaced atoms and electronic and nuclear energy loss for each ion type and energy tested. SRIM is based on Monte Carlo simulations, where the binary collision approximation is used to calculate impact parameters of incident and resulting recoil ions.
As recommended by Weber et al. [55], full cascade simulations with the SRIM were performed with displacement energies of 20 eV for C and 35 eV for Si with a target density set to 3.21 g/cm2 to determine the statistical depth profiles of displacement damage [84]. Quick TRIM simulations were used to calculate depth profiles of electronic and nuclear energy loss of the incident ions to obtain better statistics on the stochastic nuclear energy loss. Pysrim [85] is a python library created to automate SRIM calculations and analysis. This program was used to determine and plot the radial details of full cascade collision events along the ion ranges. 
[bookmark: _Toc42193527]4.2.2 Ion Beam Lab
	All ion implantations, irradiations, and ion beam analysis in the current and anticipated work was performed at the University of Tennessee, Knoxville in the Ion Beam Materials Laboratory (IBML) [86]. The IBML facilities, shown in figure 4-2, are made up of two ion sources, an injection and switching magnet, an electrostatic accelerator, three high energy beam lines, and four end stations. The two sources are: (1) the Alphatross, which generates helium ions via radio frequency charge exchange between the helium-gas ion source and Rb vapor and (2) the source of negative ions by cesium sputtering, or SNICS, that generates negative ions by cesium ion sputtering of a cathode. Both sources produce negative ions that are extracted and directed with the injector magnet into the 3.0 MV Pelletron accelerator, manufactured by the National Electrostatics Corporation (NEC). The negative ions are accelerated by the positive potential (up to 3 MV) at the center of the accelerator, where a charge exchange chamber, filled with nitrogen ‘stripping’ gas, strips electrons off the negative ions, creating positive ions of varying valance states. The positive potential then accelerates the positive ions to higher energies out of the accelerator towards the switching magnet, which directs the ions, of a chosen single charge state, to any of the end stations. The accelerator can produce 1 to 25 MeV energy ions with masses ranging from 1 to 197 amu. The end station chambers all operate at pressures below 1x10-7 torr and have different capabilities. Chamber 3-1 is connected to a closed loop, He-cooling system, allowing the chamber to reach temperatures as low as 30 K, so irradiations and characterization can be carried out at cryogenic temperatures. Chamber 3-2 has elastic recoil detection analysis (ERDA) capabilities. Chamber 5 is equipped with the most sophisticated manipulator of the IBML chambers, having three axes of rotation and translation which is optimal for channeling Rutherford backscattering spectroscopy characterization. Chamber 6 has both movable and fixed Si-detectors, allowing for varied back scattered ion detection configurations. Both chambers 3-2 and 5 have liquid N2 connections for active temperature control and heating elements that allow controlled irradiation temperatures ranging from 150 K to 1000 K. 
[image: ]
[bookmark: _Toc43730283]Figure 4‑2 IBML a) schematics and b) photo from beamline 6 side of laboratory.
	Ion beam flux is predetermined and held constant throughout irradiations and implantations.  The beam flux, , is found based on equation 4-1 below with a 3×3 mm2 beam spot size.
                                                                                                                   Eq (4-1)
Where I is the beam current as measured with a faraday cup, A is the beam area, q is the charge state of the ions, and e is the charge of an electron. During irradiations and implantations, ion beams are defocused and wobbled slightly to ensure uniform damage.
[bookmark: _Toc42193528]4.3 Ion Beam Analysis
Ion beam analysis allows for detailed, in situ, and non-destructive characterization on irradiated and implanted samples. Rutherford backscattering spectroscopy is a common technique used for elemental and surface characterization, and, if done in channeling geometry, depth dependence of near-surface disordering can be determined. Ion beam induced luminescence is a more unique characterization technique where real-time luminescence in irradiated materials can be quantified.
[bookmark: _Toc42193529]4.3.1 Rutherford backscattering spectrometry (RBS)
	RBS characterization is done by detecting ions that have been backscattered after colliding with surface and near-surface target atoms. The ratio of backscattered energy of ions to its incident energy, or the kinematic (K) factor, can be described with equation 4-2 [87].
                                                     Eq (4-2)
Where M is the mass of the target ion, m is the mass of the backscattered ion, and θ is the scattering angle. A plot of K-factor for different incident ions masses is shown in figure 4-3. Ions used for RBS are typically light; RBS at the IBML is almost exclusively done with He+ ions with 2, 3, 3.5, and 4 MeV energies. The number and energy of backscattered He+ ions correlates to the elemental composition of the target material as a function of depth. The basics of the ion-target interactions used for RBS analysis is shown in figure 4-4. 





[image: ][bookmark: _Toc43730284]Figure 4‑3 K-factor as a function of target mass at θ=155°. Note the greater slope at lower mass targets, indicating better mass resolution.

[image: ][bookmark: _Toc43730285]Figure 4‑4 Schematic of basic RBS process.




	Backscattered He+ energy and counts are measured with a Si-detector set at a known angle from the target (25° in chamber 5-1 [86]). The RBS spectra are plotted as the counts, which is a measure of the rate of backscattered ions at a given angle, as a function of energy or channel number, where each edge or peak corresponds to an element. Heavier target elements have higher backscattering cross-sections, because of this, RBS is especially effective at the detection of heavy elements with sensitivities on the order of a few parts per million. The depth capabilities of RBS vary based on target material density and incident ion energy [88]. In SiC, 3.5 MeV RBS has a depth resolution of around 1.5 μm and 2.0 MeV RBS has a depth resolution around 0.7 μm.
[bookmark: _Toc42193530]4.3.2 Channeling RBS (RBS/C)
	Outside of elemental analysis and thin film thickness measurements, RBS may also be used to determine the degree of crystallinity in single crystals through channeling RBS, or RBS/C. Channeling occurs when rows of atoms in the target material lattice are aligned with the incident beam. Backscattered yield from a single crystal targets in channeling orientation is greatly diminished compared to yield not in channeling, or in a random orientation. This is because the atomic rows in the target along the axis of the incident beam behave as hallways for the ions, limiting the probability of elastic collision. In high quality single crystals, the channeling yield is lower than 5% of the random yield [88]. A plot of 4H-SiC RBS/C spectra comparing a pristine crystal in channeling and random orientation is shown in figure 4-5. 
	Defects, such as interstitials and dislocations cause blockages and interruptions to atomic rows, limiting channeling effects. In a RBS channeling spectra, defects can then increase the yield of backscattered ions. Therefore, by comparing the RBS results from a pristine crystal in channeling geometry to a damaged crystal in channeling geometry, lattice disorder can be quantified. RBS can also be used to detect trace amounts of dopants and impurities, and RBS/C can be employed to characterize if dopants are on interstitial sites or on lattice sites, as a dopant in a vacancy site will not diminish channeling effects to the same extent as a dopant sitting in an interstitial site, as illustrated in figure 4-6.
[image: ][image: ][bookmark: _Toc43730286]Figure 4‑5 Schematic of defect effects on incident RBS beam in a channeling orientated crystal: (a) dechanneling due to substitutional defect, (b) channeling in a pristine region, and (c) backscattering due to a displacement or interstitial defect.
[bookmark: _Toc43730287]Figure 4‑6 RBS spectra for pristine 4H-SiC in random and channeling orientations.

[bookmark: _Toc42193531]4.3.3 Ion Beam Induced Luminescence (IBIL)
	Luminescence in materials, particularly semiconductors, crystals, and oxides, can be induced via photons of varying wavelengths, electrons, and ions. By measuring and quantifying induced luminescence, detailed measurements on material composition and defect concentration, type, and effects on a material lattice may be determined. Ion beam induced luminescence (IBIL) is a unique luminescence characterization technique where real-time luminescence in ion irradiated materials can be analyzed. The advantage of IBIL over more conventional luminescence characterization tools, such as photo- or electro-luminescence, is that ions simultaneously produce both defects and sufficient electron-hole pairs for analysis, and the ratio of defects to electron-hole production can be tuned by adjusting ion species, energy, and flux, allowing for a wide breadth of damaging processes to be studied separately and in situ [89]. 
[image: ]	A schematic of the IBIL setup used in the IBML is shown in figure 4-7. Ion-induced luminescence from a sample is collected through a sapphire window to a 1 mm silica optical fiber leading to an imaging spectrometer [90]. The end chamber with IBIL capabilities can reach temperatures ranging from 15 – 1000 K, so cryogenic analysis and studies on defect recovery from thermal annealing can be performed. [bookmark: _Toc43730288]Figure 4‑7 Schematic of IBIL set up in IBML [88].

[bookmark: _Toc42193532]4.4 Transmission Electron Microscopy (TEM)
	Transmission electron microscopy (TEM) is a standard microscopy technique which utilizes a high energy electron beam that is transmitted through a thin (< ~100 nm) sample to image and characterize microstructure. The Joint Institute for Advanced Materials (JIAM) at UTK has a microscopy laboratory with a Zeiss Libra 2000 HT FE MC TEM. The resolution limit for TEM, generally, is ~1 nm.
	A TEM consists of an electron source, several magnetic lenses, and a charged-coupled device (CCD) camera imaging device arranged in a column all held under high vacuum. A coherent electron beam is formed at the source and is accelerated with a 200 kV applied voltage. The beam is focused and aligned with magnetic lenses before reaching the sample. As some of the electrons penetrate and interact with the sample, the transmitted electrons are measured and form an image.  
[bookmark: _Toc42193533]4.4.1 Sample Preparation, Focused Ion Beam (FIB)
A focused ion beam (FIB) is a common method to create TEM samples of a material cross-section. JIAM facilities has a Zeiss Dual Beam FIB/SEM instrument. Cross section, lamella-shaped samples are milled out of a bulk material using a Ga ion beam at voltages ranging from 1 to 30 keV. The Ga ion beam and an electron beam are also used to polish newly milled surfaces. Pt atoms can also be sputtered onto the sample surfaces to protect areas of interest from damage from the Ga beam and weld cut-lamella onto a probe in order to lift it out of the bulk. While creating cross section TEM lamella, the Ga beam can be blocked at any time and an electron beam can be used for scanning electron microscopy (SEM).
[bookmark: _Toc42193534]4.4.2 Electron Energy Loss Spectroscopy (EELS)
Sample thickness and elemental composition can be measured with electron energy loss spectroscopy (EELS) by detecting electrons that have been scattered, both elastically and inelastically, by a sample then separated by kinetic energy with a magnetic prism. The low-loss region of an EELS spectrum is due to inelastic scattering from outer shell electron. This region can be used to measure regional thickness. The zero-loss peak is caused by elastic scattering, and the high-loss region is caused by inner-shell ionization processes that can be used for compositional characterization, as the electrons produced by many inner-shell ionization processes are distinct for different elements [91]. 



[bookmark: _Toc42193535]Preliminary Results
[bookmark: _Toc42193536]5.1 Effects of Recoil Spectra and Coupled Inelastic and Elastic Energy Dissipation on Defect Survival in 3C-SiC

	The spatial coupling of inelastic and ballistic energy deposition was examined by comparing damage accumulation resulting from 5 MeV Si ions, performed and analyzed previously by Xue et al. [61] with damage accumulation from 10 MeV Au ions in 3C-SiC. Irradiations were done at 300 K and disorder was characterized with RBS/C. Stronger coupling between inelastic and elastic processes is associated with decreasing defect survival and greater sensitivity of irradiation-induced defect concentrations to changes in inelastic deposition intensities. It was found that the Si ions exhibited stronger spatial coupling than the Au ions, attributed to the more energetic recoil spectra of the Au ions.
[bookmark: _Toc42193537]5.1.1 SRIM and IM3D Simulations
SRIM 2008 code [53] was used to determine the depth profiles of local numbers of displacements and energy deposition for the 5 MeV Si ion irradiation. However, because the electronic energy loss values for Au ions in SiC are known to be overestimated by SRIM 2008 [92], the IM3D code [93] was used to predict the depth profiles of displacements and energy deposition for the 10 MeV Au ion irradiation. IM3D is a Monte Carlo code used for simulating ion transport and material defect production. It was developed largely for simulating damage accumulation in nanostructures—where only a portion of incident ion energy is deposited into the material, as the size of the elastic collision cascade from a single ion may consistently extend past the small structure. For this study, IM3D utilized new, experimentally derived electronic energy loss values for Au ions in SiC [55], that more accurately predicts the Au implantation profiles. The predicted damage profiles for irradiation conditions in this study along with RBS/C derived disorder as a function of depth for the 5 MeV Si irradiation and 10 MeV Au irradiation are shown in figures 5-1 and 5-2.

[image: ]
[bookmark: _Toc43730289]Figure 5‑1 (a) SRIM predicted depth profiles of local displacement production per ion for 5 MeV Si ions in SiC. (b) Experimentally derived relative disorder derived and reported by Xue et al. [59].



[bookmark: _Toc43730290]Figure 5‑2 Comparison of IM3D and SRIM predicted local displacements production per ions for 10 MeV Au ions in SiC and experimentally derived Si disorder induced with a fluence of 7×1013 cm-2.




[bookmark: _Toc42193538]5.1.2 Recoil Spectra
	Total ionization energy is a measure of the inelastic energy transfer to target electrons by the incident ion and resulting secondary recoils. It is similar to electronic energy loss, which is only the inelastic energy transferred by incident ions and not the following recoils. Damage energy is then a measure of the energy available to produce atomic displacements or lost to phonons (i.e., energy not lost to ionization). Figure 5-3 shows the partitioning of incident ion energy per unit depth to total ionization energy and damage energy under the 10 MeV Au and 5 MeV Si ion irradiations. 
	The ionization energy for both the Au and Si irradiations are similar in magnitude. Additionally, under both irradiation conditions, the ionization energy is much larger than the damage energy. The only significant difference between the irradiation energy deposition processes between the two ions is the damage energy; as the damage energy for the 5 MeV Si ions is far less than the 10 MeV Au damage energy, the average values of which are shown in table 5-1. The lower damage energy deposition from the 5 MeV Si ions results in a softer primary recoil spectrum compared to the 10 MeV Au ions. The differences in damage energy, and therefore ionization to damage energy ratios, provides a measure of the spatial and temporal coupling effects of the energy loss processes on defect survival and disorder accumulation. [bookmark: _Toc43730291]Figure 5‑3 The partitioning of incident ion energy per unit depth to total ionization energy and to the damage energy for (a) 5 MeV Si ions and (b) 10 MeV Au ions.


	Pysrim was used to determine the radial distribution of displacement collisions along the 700 to 800 nm pathlength for both ions, figure 5-4. This data was determined from full-cascade collision files created by SRIM 2008 code for 10,000 incident ions per irradiation condition. The greater radial distribution of vacancies from the 10 MeV Au ions is due to its relatively harder primary recoil spectrum. Pysrim was also used to determine the primary recoil spectra for the two irradiations based on the same full-cascade collision files. The primary recoil spectra can then be converted to the weighted primary recoil spectra, figure 5-5, which is the fraction of damage energy produced by all primary recoils with energies less than a given primary recoil energy. Figure 5-5 gives the weighted recoil spectrum in SiC for 5 MeV Si and 10 MeV Au ions and compares it to the weighted recoil spectrum for neutrons produced in the High Flux Isotope Reactor (HFIR) [94]. The weighted primary recoil spectra indicate that the harder primary recoil spectrum from the Au ions is more similar to the recoil spectrum for fast neutrons in SiC, compared to Si self-ions. Self-ions have historically been used to simulate neutron irradiation damage, as self-ions are thought to both simulate PKAs and not introduce chemical entropy into the target material. However, using Si-self ions to achieve high doses requires at least 20 times greater ion fluence than Au ions for equivalent damage depths, leading to high Si interstitial concentrations that are highly mobile in SiC and can significantly affect microstructure evolution. Au interstitials, however, are inert and immobile in SiC, and therefore better candidates for simulating damage from fast neutrons. 
[image: ][bookmark: _Toc43730292]Figure 5‑4 Weighted primary recoil spectra for 5 MeV Si ions, 10 MeV Au ions, and HFIR neutrons, calculated by Guo et al. [84].

[image: ][bookmark: _Toc43730293]Figure 5‑5 Radial distribution of displacement collisions by full-cascade SRIM simulations along a section of pathlength from 700 to 800 nm predicted for (a) 5 MeV Si ions and (b) 10 MeV Au ions.




[bookmark: _Toc42193539]5.1.3 Disorder Comparison: 5 MeV Si and 10 MeV Au Ion Irradiations
[image: ]	A comparison of the relative disorder accumulation at the damage peak as a function of dose (dpa) for the 5 MeV Si and 10 MeV Au ion irradiations is shown in figure 5-6. The Au ions are more efficient than the Si ions in disordering SiC, and a fully amorphous state is achieved at a dose of roughly 0.4 dpa under 10 MeV Au irradiation, while full amorphization requires a dose of 0.7 dpa under the 5 MeV Si irradiation. Similar differences in disorder accumulation behavior has been reported in 6H-SiC irradiated at 170 to 190 K by 0.55 MeV Si ions and 2.0 MeV Au ions [95]; however, at 150 K, the disorder accumulation behavior as a function of dose for Si and Au ions is nearly identical [96], indicating that damage accumulation behavior under Si ion irradiation is more sensitive to thermal annealing behavior. Additionally, the dose for full amorphization at the damage peak in 3C-SiC under 10 MeV Au ion irradiation is nearly the same as that for 6H-SiC under 2 MeV Au ion irradiation at 300 K, suggesting that the high density of ionization energy from 10 MeV Au ions at the damage peak likely has minimal effect on defect survival.[bookmark: _Toc43730294]Figure 5‑6 Relative disorder on Si sublattice at the damge peak as a function of damage dose in 3C-SiC irradiated with 5 MeV Si ions and 10 MeV Au ions.

	The dependencies of relative disorder on local damage dose (dpa) at shallower depths, < 1 μm, are shown in figure 5-7. The ionization energies from the two irradiation conditions are comparable in magnitude over the first several hundred nanometers of depth. However, the decrease in disordering rate is more pronounced near the surface (400 to 200 nm) under the 5 MeV Si irradiation than under the 10 MeV Au irradiation. Ionization effects are generally more significant near the SiC surface, where ionization energy deposition is maximized and damage energy is minimized for both irradiation conditions. The ratio of ionization to damage energy deposition then decreases from the surface to the damage peak. The total ionization energy, damage energy, and ratio of ionization energy to damage energy at multiple depths is summarized in Table 5-1.


[bookmark: _Toc42193619]Table 5‑1 SRIM (5 MeV Si) and IM3D (10 MeV Au) predicted total ionization, damage energy deposition, and total ionization to energy deposition ratios at different depths.
	
	5 MeV Si at 60°
	10 MeV Au at 60°

	Depth (nm)
	Ionization Energy (keV/nm)
	Damage Energy (keV/nm)
	Ratio
	Ionization Energy (keV/nm)
	Damage Energy (keV/nm)
	Ratio

	200
	7.1
	0.04
	177.5
	10.2
	1.05
	9.7

	300
	6.6
	0.04
	165.0
	10.0
	1.22
	8.2

	400
	5.9
	0.05
	118.0
	9.6
	1.42
	6.8

	500
	5.1
	0.07
	72.9
	9.0
	1.70
	5.3

	600
	4.2
	0.10
	42.0
	8.1
	1.89
	4.3

	700
	3.2
	0.14
	22.9
	6.9
	1.96
	3.5

	800
	2.4
	0.19
	12.6
	5.3
	1.82
	2.9

	900
	1.7
	0.22
	7.7
	3.7
	1.43
	2.6









[image: ][bookmark: _Toc43730295]Figure 5‑7 Relative disorder fraction on the Si sublattice in 3C-SiC as a function of damage dose (dpa) at different depths: (a) 5 MeV Si ions in Si SiC (adapted from Ref [50]); and (b) 10 MeV Au ions.

	Previous studies at room temperature, where thermal annealing processes are negligible in SiC, demonstrated that the inverse dose for amorphization, 1/D, is linearly dependent on the ratio of the ionization-induced recovery cross section, σi, to the elastic damage cross section, σd, and is given by the general expression: 

                                                         Eq 5-1

where Do is the amorphization dose at 0 K, where flux effects are negligible, and Eirr is the activation energy for the ionization-induced recovery. Equation 5-1 can be applied to the dose to achieve a specific amorphous state or level of disorder in SiC. At constant temperature (300 K for this study), the exp term is a constant, C, and the inverse dose to achieve a specific disorder is proportional to σi/ σd with a slope C/D0. The ratio σi/ σd is directly proportional to the ratio of ionization energy to damage energy at a given depth, as summarized in table 5-1. The doses to achieve disorder levels of 0.15 and 0.20 under 5 MeV Si ions and disorder levels of 0.20 and 0.40 under 10 MeV Au irradiation are determined from the curve fits in figure 5-7. The inverse doses to achieve these specific levels of disorder are linearly dependent on the ratio of ionization energy to damage energy, shown in figure 5-8.
	The dose required to achieve 0.2 disorder levels at 0 K (y-axis intercept) is larger for the 5 MeV Si ions than for the 10 MeV Au ions, again confirming that ionization effects are more effective at in-cascade annealing along the ion trajectory for the Si ions. For the Si ions, the results in figure 5-8(a) imply that above an ionization energy to damage energy ratio of 390, it may not be possible to achieve disorder levels above 0.15 to 0.20, suggesting disorder saturation levels where ionization-induced annealing processes are in equilibrium with damage production from elastic collision processes. For Au ions, figure 5-8(b), there is little difference in the ionization energy to damage energy ratio to suppress disorder levels between 0.20 and 0.40, and a ratio of 20 may suppress achieving disorder levels above 0.50. These results are consistent with the observed full suppression of damage accumulation in 4H-SiC under 21 MeV Si ion irradiation (ionization energy to damage energy ratio exceeding 940) and the predicted full suppression of all damage accumulation at an ionization to damage energy ratio of 33 in 6H-SiC irradiated with 25 MeV Au ions [30].
[image: ]
[bookmark: _Toc43730296]Figure 5‑8 Linear dependence of inverse dose to achieve a specific level of disorder on the ratio of ionization energy to damage energy in SiC at 300 K; (a) disorder level of 0.15 and 0.2 under 5 MeV Si irradiation and (b) disorder levels of 0.2 and 0.4 under 10 MeV Au irradiation. 


	Overall, there is greater coupling between inelastic and elastic process for previously tested Si ions, so irradiation-induced defect concentrations from the Si ions are more sensitive to changes in ionization energy compared to the Au ions, where the more energetic recoil spectra leads to weaker spatial coupling between energy deposition processes. Therefore, the resulting damage at similar damage doses (in dpa) is greater from the Au ions compared to the Si ions, and Au ions have a harder recoil spectrum, more comparable to neutrons.  Further, SRIM and IM3D based models of radial distributions of collision cascades, recoil spectra, energy partitioning, and displacements as a function of depths were determined. The IM3D code better predicts the Au displacement concentrations as a function of depth due to its utilization of better, experimentally derived, electronic energy loss values for Au in SiC ions.
[bookmark: _Toc42193540]5.2 Coupled Effects of Electronic and Nuclear Energy Deposition on Damage Accumulation in Ion Irradiated SiC

	In this work, coupling between electronic and nuclear energy dissipation in ion-irradiated, SC, n-type, <0001> oriented 4H-SiC was investigated with 10, 15, 18, and 21 MeV Si ions; 20 and 23 MeV Ti ions; and 21 MeV Ni ions at 300 K, and irradiation damage accumulation was characterized using RBS/C. Table 5-2 below summarizes the ion energies used and the SRIM predicted Se, Sn, and ion ranges. It was found that the damage production rate from Sn decreases with increasing Se. A dynamic threshold, figure 5-14, (Se,th) in Se was determined for each ion species, which defines two regions: i) Se > Se,th, where electronic energy dissipation fully suppresses damage production caused by Sn along incident ion paths, and ii) Se < Se,th, where simultaneous damage recovery due to Se competes with damage production processes. It was determined that the Se,th increases sub linearly with incident ion atomic number.





[bookmark: _Toc42193620]Table 5‑2 SRIM predicted surface values of  Se, Sn, and ion range values for various ions on 4H-SiC.
	Ion
	Irradiation Energy (MeV)
	Se (keV/nm)
	Sn (keV/nm)
	Se/Sn
	Ion Range (nm)

	Si
	10
	4.71
	0.020
	244
	3138

	
	15
	4.97
	0.015
	360
	4161

	
	18
	5.03
	0.012
	424
	4758

	
	21
	5.04
	0.010
	483
	5350

	Ti
	20
	6.96
	0.040
	175
	4444

	
	23
	7.23
	0.036
	202
	4867

	Ni
	21
	8.12
	0.069
	118
	5426


[bookmark: _Toc42193541]5.2.1 Lower Energy Si Irradiation Disordering
[image: ]	The disordering on SC 4H-SiC, determined with RBS/C, after 10, 15, and 18 MeV Si irradiations can be found in figure 5-9. The general trend from these irradiations show that at the same fluence, Si-lattice disorder decreases with increasing ion energy, confirming that Se competes with disordering processes from Sn, as the Se values for these irradiations increase with overall ion energy.[bookmark: _Toc43730297]Figure 5‑9 Disorder on Si-sublattices as a function of depths for (a) 10 MeV Si, (b) 15 MeV Si, and (c) 18 MeV Si irradiations.

	Damage accumulation from the 10 MeV irradiation, figure 5-9(a), demonstrates that overall disorder has a positive correlation with fluence. However, this relationship between dose and lattice disorder breaks down in 15 MeV Si irradiation, shown in figure 5-10(a). During this irradiation, accumulated damage saturates at fluences greater than 5×1015 cm-2, indicating that an equilibrium between damage production by ballistic collisions and annealing effects induced by ionization. Damage equilibriums that have little dependence on fluence were also observed during the 20 MeV Ti, 21 MeV Ni, and 21 MeV Si irradiations. A comparison of the disorder accumulation on the Si lattice 400 nm in depth as a function of fluence for the 10 and 15 MeV Si irradiation, along with 5 MeV Si data from previous studies on 3C-SiC [61], are shown in figure 5-10(b). As Si ion irradiation energy increases, the disorder devolves from a linear-type relationship to disorder saturation. 
[image: ][bookmark: _Toc43730298]Figure 5‑10 Si-lattice disorder as a functions of either fluence (a) or dose (b). (a) 15 MeV Si irradiation shows constant disorder with fluences ranging from 5x to 20x1015 cm-2. (b) Comparison of disorder accumulation for 5, 10, and 15 MeV Si irradiations.

	The 18 MeV Si disorder as a function of depth is shown in figure 5-9(c). There is negligible to no detectable Si-lattice disorder from the surface to 160 nm depth.  This depth is considered the critical depth (D*) crossover, as at deeper depths damage starts to linearly accumulate. D* was determined by the zero-disorder intercept of a linear fit to the 2×1015 cm-2 profile at depths greater than 550 nm. At D*, the Se is 5.02 keV/nm, the Se/Sn ratio is 407, and the average ion energy is 17.9 MeV.
[bookmark: _Toc42193542]5.2.2 Higher Energy Si, Ti, and Ni Disordering
	The disordering on SC 4H-SiC after 21 MeV Si, 20 and 23 MeV Ti, and 21 MeV Ni irradiations can be found in figure 5-11. The number of potential collision cascade sources in a material increases with fluence, generally increasing the total amount of disorder in a target material. However, these higher energy irradiation conditions, and the 15 MeV Si irradiation, all exhibit disorder accumulation with limited or no dependence on fluence. During these irradiations, competing disordering and annealing processes are in equilibrium with increasing ion fluence. Annealing processes from incident-ion Se in ceramics can be modeled as a cylindrical thermal spike; the radial size and intensity of which increases with increasing Se. Under the tested conditions, annealing is largely limited to within the radial dimensions of the thermal spike where there is sufficient energy to facilitate point defect mobility. For pre-existing defects, ionization-induced annealing takes place in SiC at values greater than 1.4 keV/nm [73], and for ionization-induced annealing of defects produced along the ion trajectory, 1.0 keV/nm [61]. Therefore, equilibrium conditions between annealing and disordering [image: ]processes should occur when most displacements are within the thermal spike. [bookmark: _Toc43730299]Figure 5‑11 Si-sublattice disorder as a function of depth for (a) 21 MeV Si, (b) 20 MeV Ti, (c) 23 MeV Ti, and (d) 21 MeV Ni irradiations.

	Disorder saturation may only occur over a range of fluences: at low fluences, annealing is the dominant process, and at higher fluences, there is an increasing probability of energetic recoils and collision cascades that extend radially beyond the influence of the thermal spike along the ion trajectory. Further, at sufficiently high doses, interstitial defects from deeper regions within the target may migrate towards the surface (i.e., down the defect concentration gradient), at room temperature. The Pysrim predicted radial distributions of displacements are compared to the radial temperature profiles from the inelastic thermal spike model for 18 MeV Si and 20 MeV Ti, as shown in figure 5-12.
	As with the 18 MeV Si irradiation, total damage suppression was detected after the 21 MeV Si irradiation. The D* determined after the 21 MeV Si irradiation is 487 nm, corresponding to a Se value of 5.03, an Se/Sn ratio of 439, and an average ion energy value of 19.2 MeV. There is a slight discrepancy in Se,th and average ion energy values at D* between the 18 and 21 MeV Si. Additionally, previous work using 21 MeV Si irradiation on 4H-SiC at 1×1015 cm-2 and flux of 1.7×1011 cm-2s-1, resulted in no measurable disorder to a depth of 1000 nm [30], while this study measured ~2-3% disorder at 1000 nm. Variations may be due, in part, to the migration of interstitial defects, which are mobile at room temperature, towards the surface. Stochastic defect generation differences between identical irradiation conditions should also be considered. Recoil collision cascade size and direction along the incident ion trajectories are calculated using the Monte Carlo Binary collision approximation within SRIM, which results in stochastic variation for a limited number of ions (10,000 in the present study). Because of this, D* and Se,th have a degree of uncertainty.
[image: ][bookmark: _Toc43730300]Figure 5‑12 Radial distribution of displacements and radial temperature profile from inelastic thermal spike model for (a) 18 MeV Si and (b) 20 MeV Ti.

[bookmark: _Toc42193543]5.2.3 Electronic energy loss and disordering processes
	RBS/C measured disorder as a function of Se is summarized in figure 5-13(a) for the higher energy irradiations. At comparable Se values for the 20 MeV Ti, 23 MeV Ti, and 21 MeV Ni irradiations the resulting disorder from the Ti ion irradiations are greater than the Ni irradiation, despite the fact that the Se/Sn ratios for the Ti ions are higher than Ni ions. This could be a kinematic effect due to mass ratios or a more efficient role of ionization-induced annealing of prior-produced defects by the Ni ions which have larger Se values.
	 The corresponding slopes of the Si disorder curves versus Se plots are shown in figure 5-13(b). There is less than 10% difference in slope values between irradiations with the same ions, implying that there is an intrinsic relationship between incident ion Z values and disordering rates as a function of Se. There is a clear linear correlation between incident ion atomic number and how sensitive the resulting disorder is to changes in Se. So, damage accumulation in SiC from lighter incident ions is more sensitive to changes in Se values than that of heavier incident ions. This may be due to the relative size of the recoil collision cascades along the ion trajectory compared to the ionization-induced thermal spike.


[image: ]
[bookmark: _Toc43730301]Figure 5‑13 (a) Si disorder as a function of Se (data from 1x1015 cm-2 irradiations). (b) Rate of disorder as a function of incident ion Z values (slopes from (a)).
[bookmark: _Toc42193544]5.2.4 Se Thresholds
	Se,th for the tested ions is shown in figure 5-14, while table 5-3 includes the Se,th, Eth, and dose at the threshold for 1×1015 cm-2 fluences. Data points for Si incident ions was found via the method described in section 5.2.2. For the remaining tested ion species, Ni and Ti, Se,th was estimated by extrapolating the linear dependence of Si disorder on electronic energy loss to zero disorder.  Zhang et al. [30] also performed irradiations with 21 MeV Ni on 4H-SiC at a fluence of 1×1015 cm-2. In that study, the RBS/C spectrum indicated damage production was fully suppressed from the surface to some depth. As an addition to this study, the RBS/C spectrum has been analyzed and yields and Se,th value of 7.12 keV/nm, as shown in figure 5-6. 
	The Se,th for total damage suppression increases with incident ion atomic number (Z). Incident ion Z and Sn values increase with decreasing ion energy. The number and radial extend of defects produced along the incident ion trajectory due to recoils produced by Sn increases with incident ion Z values. Because of this, an increase in inelastic thermal spike intensity and radial size (i.e., higher Se) should be required to suppress or decrease damage accumulation. For incident ion Z values greater than Ni, higher energies are required to achieve the necessary high Se values to suppress damage production. Such high energies are beyond IBML accelerator capabilities but could be investigated at other facilities. Electronic energy loss thresholds for any damage annealing of pre-existing defects at room temperature is 1.4 keV/nm [73]. This value may correlate as the Se,th value for complete damage suppression from sufficiently low-Z [image: ]incident ions, such as lithium or beryllium.  	[bookmark: _Toc43730302]Figure 5‑14 Electronic energy loss thresholds above which full damage suppression occurs, black data points from previous studies and red from this study.


[bookmark: _Toc42193621][bookmark: _Hlk42192422]Table 5‑3 Se,th, Eth, and dose (dpa) for a fluence of 1×1015 cm-2 at threshold values for all irradiations. (*) represent data obtained by ref [28].
	Ion
	Irradiation Energy (MeV)
	Threshold Se (keV/nm)
	Energy at Threshold (MeV)
	Dose at Threshold (dpa)

	C
	4.5*
	1.86
	3.25
	0.005

	O
	6.5*
	2.61
	5.50
	0.006

	Si
	18
	5.02
	17.9
	0.010

	
	21
	5.03
	19.2
	0.010

	Ti
	20
	7.14
	22.2
	0.028

	
	23
	7.38
	25.5
	0.026

	Ni
	21
	8.34
	22.3
	0.048

	
	21*
	7.12
	15.8
	0.076


5.3 Energic Ion Induced Ionization Effects on Dopant Activation in 4H-SiC
CONCLUSIONS AND RECOMMENDATIONS
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