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Abstract

This research has discovered the following new information:
a) The threshold fluence for amorphization of single crystal α-Al2O3 [alpha alumina] samples irradiated with 175 keV Zr+ [Zr+] ions at room temperature is 1.5×1016 Zr/cm2 which is a much lower fluence than the previously thought.
b)  A buried amorphous layer sandwiched between two highly-damaged crystalline regions was observed in samples irradiated with 175 keV Zr+ [Zr+] to a fluence of 1.5×1016 [1.5E16] Zr+/cm2 [Zr+/cm2] and higher at room temperature. The amorphous region contains short range order similar to γ-Al2O3 [gamma alumina]; it is deficient in oxygen containing Zr-rich nano-clusters.
c) Ion-beam induced epitaxial recrystallization occurred at room temperature due to oxygen irradiation of the amorphous phase. It is the first observation at low temperature.
d) Irradiation of Zr-implanted α-Al2O3 [alpha alumina] samples with oxygen decreased the F-type centers concentrations.
e) Post irradiation thermal annealing of Zr-implanted α-Al2O3 [alpha alumina] samples induced amorphous to γ-Al2O3 [gamma alumina] transformation at the interface between amorphous and damaged regions.
Preface
The threshold fluence for amorphization of sapphire due to ion irradiation with zirconium shows an anomaly compared to other ions with atomic weights similar to zirconium. Comparing zirconium (Z=40, M=91), to niobium (Z=41, M=93) an amorphous structure is produced by irradiation to threshold fluences of ɸ ≈1.5×1016 Zr+/cm2 and >5×1016 Nb+/cm2, for Zr and Nb, respectively (irradiation at room temperature). In other words, Al2O3 is more than twice as susceptible to irradiation-induced amorphization by Zr compared to irradiation with ions of other elements with masses similar to Zr. In case of α-Al2O3 irradiated with Zr+ ions, energy deposited by nuclear processes (elastic collisions) is not totally responsible for producing the amorphous structure. A chemical effect may be responsible for the “Zr anomaly”. This study describes α-Al2O3 microstructures produced by Zr+ ions irradiation. For this purpose five selected highlighted results are presented on the effect of Zr irradiation as well as Zr plus O irradiation on microstructure of single crystal α-Al2O3.  
First, the threshold fluence for amorphization of 175 keV Zr ions for amorphization of α-Al2O3 is investigated using transmission electron microscopy (TEM), and Rutherford backscattering techniques. Then displacement damage dose in units of dpa as well as Zr concentration in unit of atomic % is discussed for the interface between amorphous region and two surrounding highly damaged crystalline Al2O3. This study is relies on results of scanning transmission electron microscopy (STEM) and TEM examination of  α-Al2O3 samples irradiated with 175 keV to fluences of 1.5×1016 Zr+/cm2, 2×1016 Zr+/cm2, and 4×1016 Zr+/cm2. Electron energy loss spectroscopy (EELS) measurement is used to obtain important information for the sample irradiated with 175 keV Zr+ to a fluence of 4×1016 Zr+/cm2. 
Post implantation process study is one of the most important studies to understand the effect of impurities on microstructure of host materials. In this study microstructure of α-Al2O3 samples irradiated with 175 keV to fluences of   1.5×1016 Zr+/cm2 and 2×1016 Zr+/cm2 followed by irradiation of 48 and 55 keV oxygen to different fluences are investigated. Although there have been many thermal annealing studies of materials irradiated with different ions, there are few reports of post irradiation with another ion implanted sample. This work is the first report of ion beam-induced epitaxial recrystallization (IBIER) in Al2O3 at room temperature. The result of nano-beam electron diffraction (NBED) patterns obtained from different regions of α-Al2O3 sample irradiated to a fluence of 1.5×1016 Zr+/cm2 plus 55 keV O+ ions to a fluence of 2.3×1016 O+/cm2,  indicate the presence of a phase that is not α-Al2O3. Indexing the individual reflections reveals that two phases of α-Al2O3 and γ-Al2O3 are present. They are arranged with a special crystallographic relationship. 
The effect of Zr fluences and the effect of post implantation oxygen ions into pre-Zr-implanted samples were also investigated by photoluminescence (PL) and optical absorption (OA). The presence of both F and F+ centers were confirmed by PL and OA measurements. The OA spectra showed that the concentration of F and F+-centers increases with increasing of Zr fluences. OA results showed that post irradiation of oxygen into pre-Zr-implanted samples reduces the concentration of both F-type centers. The reducing of the concentration of these color centers is ascribed to IBIER.
Over the last forty years, the kinetics of phase transformations in alumina and the effects of impurities have been studied. Most of these kinetics studies have used techniques such as X-ray diffraction (XRD), differential thermal analysis (DTA) thermogravimetric analysis (TGA), and time resolved reflectivity (TRR). These techniques are not able to differentiate the nucleation and growth stages of the transformation. Most researchers have used alumina powders mixed with selected impurities and report a variety of activation energies. In the majority of these studies, only the kinetics of γ→α transformation has been studied. A few studies discuss the effect of doping on the kinetics of transition from amorphous to crystalline aluminum oxides, using non powder alumina. Amorphizing single crystal sapphire samples by ion irradiation at low temperatures or with certain ions at room temperature are among the techniques that can be used as techniques to investigate the growth stage in absence of a nucleation stage. Another technique is to prepare a thin film of amorphous alumina on a sapphire substrate using electron-beam evaporation of alumina containing the appropriate dopants or co-evaporation of the high purity metal with a second e-beam gun.  The technique used in the current work is based on irradiation of α-Al2O3 with Zr+ ions at room temperature. This technique provides a thin amorphized film sandwiched between two crystalline regions. The sample can be annealed in order to study of phase transformation in the absence of a nucleation stage. The amorphous region forms a new phase (γ) by solid-phase epitaxial growth from an underlying planar crystalline substrate during annealing. In this study three different post-irradiation annealing temperatures 800, 900, and 1000 ᵒC and different residence times were used. Under ion irradiation condition, the energetic particles travel through the material, and store the significant amount of energy in a subsurface region in form of stress. The stored stresses which act as a thermodynamic driving force tends to be relaxed during irradiation or during thermal annealing process. The related difficulties associated with kinetics study are discussed due to this fact that in the presence of irradiation, thermodynamical concepts cannot be directly applied for the materials. Transmission electron microscopy (TEM), electron energy loss spectroscopy (EELS), and Rutherford backscattering spectrometry with ion channeling (RBS-C) are the major characterization methods employed in this part of the study. 
Another phase of this work is the study of annealing after dual irradiation.  Samples were irradiated with Zr+ ions to a fluence of 2×1016 Zr+/cm2 followed by  48 keV O+ ions to a fluence of 3×1016 O+/cm2 and annealed at 800, 900, and 1000 ᵒC. The TEM bright-field (BF) images and RBS-C results reveal interesting details about the microstructure of defected α-Al2O3. Stopping and range of ions in matters (SRIM-2013) is used throughout this research to calculate many features of Zr and O ions transport in α-Al2O3.
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161Figure 76 TEM cross-sectional bright-field (BF) images obtained from "high-dose" samples of α-Al2O3 irradiated with: (a) 175 keV Zr+ ions to a fluence of 1.5×1016 Zr+/cm2 and (b) 175 keV Zr+ ions to a fluence of 1.5×1016 Zr+/cm2 plus 55 keV O+ ions to a fluence of 2.3×1016 O+/cm2. Also shown are SRIM calculated profiles for the Zr displacement damage dose (in units of dpa) as a function of target sample depth and the implanted Zr concentration versus depth. Comparing the two TEM-BF images, it is apparent that the buried amorphous region in the α-Al2O3 substrate is recrystallized during the subsequent oxygen implantation.


163Figure 77 (a) Nano-beam electron diffraction (NBED) patterns obtained from different regions of a "high-dose"  α-Al2O3 sample irradiated with 175 keV Zr+ ions to a fluence of 1.5×1016 Zr+/cm2 plus 55 keV O+ ions to a fluence of 2.3×1016 O+/cm2; (b) cross-sectional TEM-BF image from the same sample. The NBED pattern from the deeper damaged region is consistent with an α-Al2O3 phase (B= <11
0>). The arrows in the uppermost NBED pattern, in (a) obtained from the near-surface damaged and recrystallized regions, indicate the presence of a phase that is not α-Al2O3.


165Figure 78 The same NBED pattern as the uppermost pattern in Fig. 77a, with indexing of some of the principal reflections (displayed using reverse contrast). Indexing the individual reflections reveals that two phases of Al2O3 are responsible for this diffraction pattern. In particular both    α-Al2O3 and γ-Al2O3 are present and they are arranged with a special crystallographic relationship. The incident beam direction is [11
  for α-phase Al2O3 and [1
 for γ-phase Al2O3. The red and black indices correspond α-Al2O3 and γ-Al2O3, respectively.


167Figure 79 SRIM calculated range and displacement damage dose (in units of dpa) dpa versus target depth. For Al2O3 irradiated with 175 keV Zr+ ions to a fluence of 1.5×1016 Zr+/cm2, followed by irradiation with 55 keV O+ ions to a fluence of  and 2.3×1016 O+/cm2. For the oxygen SRIM calculation, densities of 3.98 and 3.1 g/cm3 were used for the highly-damaged and amorphous regions of the Al2O3, respectively.


169Figure 80 (a) SRIM calculated nuclear and electronic energy loss for Al2O3 irradiated with 55 keV O+ ions, after the formation of buried amorphous layer due to prior "high dose" irradiation with Zr+ ions; (b) TEM cross-section BF image obtained from  "high dose" sample irradiated with 175 keV Zr+ ions to a fluence of 1.5×1016 Zr+/cm2; (c)  TEM cross-section BF image obtained from a "high dose" sample irradiated with 175 keV Zr+ ions to a fluence of 1.5×1016 Zr+/cm2 plus 55 keV O+ ions to a fluence of 2.3×1016 O+/cm2. The model for the SRIM calculation in (a) assumes that the Al2O3 substrate contains a buried amorphous layer with a lower density (3.1 g/cm3) compared to the density of pristine α-Al2O3 (3.98 g/cm3).


174Figure 81 Optical absorption spectra with the absorption from a virgin crystal subtracted


175Figure 82 Photoluminescence of   Zr and Zr + O irradiated sapphire


180Figure 83 The bright-field image for the sample irradiated with175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 plus 48 keV O+ ions to a fluence of 3×1016 O/cm2


181Figure 84 RBS-C spectra using 2 MeV He+ obtained from α-Al2O3 sample irradiated with 175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 plus 48 keV O+ ions to a fluence of 3×1016 O/cm2. The RBS-chamber had IBM geometry with detector scattering angle of +170◦ with a detector resolution of about 15 keV.  Arrows labeled “Zr”, “Al”, “O” indicate the surface elastic scattering energies for Zr, Al, and O atoms respectively.


182Figure 85 A closer view of Al-sublattice in the RBS-C spectra using 2 MeV He+ obtained from α-Al2O3 samples irradiated with 175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 plus 48 keV O+ ions to a fluence of 3×1016 O/cm2. The RBS-chamber had IBM geometry with detector scattering angle of +170◦ with a detector resolution of about 15 keV.  Arrow labeled “Al” indicates the surface elastic scattering energy for Al atom.


184Figure 86 (a) cross-sectional TEM-BF image obtained from the as-irradiated α-Al2O3 sample irradiated with 2×1016 Zr+/cm2 and 3×1016  (b) SAED pattern obtained from the sample (c) High resolution transmission electron transmission microscopy (HRTEM) image obtained from the subsurface, amorphous and deeper damaged regions and (d) NBED patterns obtained from different regions.


186Figure 87 The bright-field image for the sample irradiated with175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 plus 48 keV O+ ions to a fluence of 3×1016 O/cm2 and annealed at 800 ᵒC for 30 minutes.


187Figure 88 RBS-C spectra using 2 MeV He+ obtained from α-Al2O3 samples irradiated with 175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 plus 48 keV O+ ions to a fluence of 3×1016 O/cm2 and annealed at 800 ᵒC for 30 minutes. The RBS-chamber had IBM geometry with detector scattering angle of -165◦ with a detector resolution of about 15 keV.  Arrows labeled “Zr”, “Al”, “O” indicate the surface elastic scattering energies for Zr, Al, and O atoms respectively.


188Figure 89 A closer view of Al-sublattice in the RBS-C spectra using 2 MeV He+ obtained from α-Al2O3 samples irradiated with 175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 plus 48 keV O+ ions to a fluence of 3×1016 O/cm2 and annealed at 800 ᵒC for 30 minutes. The RBS-chamber had IBM geometry with detector scattering angle of -165◦ with a detector resolution of about 15 keV.  Arrow labeled “Al” indicates the surface elastic scattering energy for Al atom.


190Figure 90 The bright-field image for the sample irradiated with175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 plus 48 keV O+ ions to a fluence of 3×1016 O/cm2 and annealed at 800 ᵒC for 30 minutes.


191Figure 91 (a) Cross-sectional TEM-BF image obtained from α-Al2O3 sample irradiated with 175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 plus 48 keV O+ ions to a fluence of 3×1016 O/cm2 and annealed at 900 ᵒC for 60 minutes. (b) HRTEM image and (c) NBED patterns obtained from the affected regions.


192Figure 92 The bright-field image for the sample irradiated with175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 plus 48 keV O+ ions to a fluence of 3×1016 O/cm2 and annealed at 1000 ᵒC for 30 minutes.


193Figure 93 RBS-C spectra using 2 MeV He+ obtained from α-Al2O3 samples irradiated with 175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 plus 48 keV O+ ions to a fluence of 3×1016 O/cm2 and annealed at 1000 ᵒC for 30 minutes. The RBS-chamber had IBM geometry with detector scattering angle of -165◦ with a detector resolution of about 15 keV.  Arrows labeled “Zr”, “Al”, “O” indicate the surface elastic scattering energies for Zr, Al, and O atoms respectively.


194Figure 94 A closer view of Al-sublattice in the RBS-C spectra using 2 MeV He+ obtained from α-Al2O3 samples irradiated with 175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 plus 48 keV O+ ions to a fluence of 3×1016 O/cm2 and annealed at 1000 ᵒC for 30 minutes. The RBS-chamber had IBM geometry with detector scattering angle of -165◦ with a detector resolution of about 15 keV.  Arrow labeled “Al” indicates the surface elastic scattering energy for Al atom.


195Figure 95 The TEM bright-field image for the samples irradiated with175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 plus 48 keV O+ ions to a fluence of 3×1016 O/cm2 before and after annealing at different temperatures and times


197Figure 96 BF-TEM, HRTEM, and NBED patterns showing the effect of O irradiation and annealing on Zr-irradiated sample
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Chapter 1
Introduction and General Information
In this chapter, general information about applications and importance of alumina followed by a description of its crystal structures are presented. Important metastable alumina polymorphs as well as the methods to produce these alumina polymorphs are also discussed. At the end of this chapter, statement of the problem and background of the study are described. 
There are many different forms of aluminum oxide (Al2O3) or alumina. In this dissertation alumina refers generally to aluminum oxide. Sapphire means single crystal of α-Al2O3 and corundum means single crystal alumina that occurs naturally in the form of sapphire. Alumina also has a number of metastable polymorphs beside the thermodynamically stable α-phase.  Among them γ, χ, δ, θ, κ, λ phases are well known. The beta phase of alumina also exists, although not in pure alumina but with the incorporation of sodium ions in the lattice. Polycrystalline alumina is aluminum oxide that is composed of many crystallites of varying size and orientation.
1.1 Single crystal of α-alumina (sapphire)

Sapphire has a great chemical stability and high electrical resistivity with a limited solubility of impurities. The high optical transmission range of sapphire makes it a useful material for optical purposes. Due to its extreme hardness, chemical inertness, high melting point and wide bandgap, sapphire has been used in different applications from mechanical to medical and electronics devices.  Undoped sapphire also plays an important role in semiconductor technology as the substrate for epitaxial growth of Si and the other semiconductor materials. 

Over the last few years, there has been a great interest in use of additives to sapphire in order to improve its surface–related properties. By using ion irradiation (or implantation) techniques, a variety of metal ions have been implanted in sapphire to alter its physical, chemical, electrical, optical, and mechanical properties 1[]
. Sapphire is also of significant interest from fundamental studies and theoretical point of view. Many computational studies have been reported for sapphire to relate theoretical models to its structural and transport properties 2[]
. 

1.2 Applications of alumina 
The most important application of alumina is in the field of ceramics. Alumina is an important insulating material due to its dielectric and excellent thermal shock properties. Due to its unique mechanical properties, alumina ceramics can be used for abrasive and cutting tools. It is also widely used in the electronics industry.

Alumina is widely used in very high frequencies (UHF), as interconnection, resistances, capacitors, hybrid circuits, multi-layer interconnection circuits, materials for type II condensers, and hyper frequency resonators (mobile phones). Alumina is also used for making extrusion and sanding nozzles and for parts of machinery (particularly in the mining industry) where wear resistant qualities are critical. It is also used for making iceskate blades and some friction parts such as wear-resistant seals in piston engines. Due to its shock-resisting quality alumina can be used as armor plating for protection of tanks and helicopters as well as for bullet-proof jackets and in aeronautics for protection of hydraulic parts. Some of the applications of alumina are described briefly below:
1.2.1 Use in Jewelry Industry  
As early as 3,000 years ago, humans began to use natural sapphire and rubies as gems having the value of diamond. At the beginning of twentieth century, synthetic corundum (sapphire) was introduced for use as jewel. Techniques for deposition of impurities into sapphire produced colored sapphire (ruby, star sapphire, etc.). Trace amounts of impurities such as iron, titanium, chromium, copper or magnesium can give corundum blue, yellow, pink, purple, orange or greenish color. Chromium impurities in corundum yield the red gemstone called ruby. The common techniques to change the color of sapphire crystals are irradiation, ion implantation, and thermal and thermochemical treatments. Using one or a combination of these techniques precious jewels can be made.  

1.2.2 Use in Engineering
 
Sapphire is suitable for friction pads and scratch resistant windows due to its hardness (Moh 9), reasonable cost, stable quality, and wear resistance. For “ruby–steel” pad the coefficient friction (COF) is 0.25 at a pressure on the order of 3.7 GPa. Sapphire is also used as watch glasses by all well-known manufacturers of high-quality watches. These watches are scratch resistance 3[]
.
A glass sandwich of sapphire sheet, armored glass and transparent plastic with a total thickness of about 30 mm is used for the windows of military helicopters and special purpose vehicles. The sapphire sheet can absorb the greater part of the kinetic energy of bullets and the rest of bullet energy can be absorbed in the layer of glass and plastic. A similar result but a heavier window can be achieved in the absence of the sapphire sheet by using a 100 mm armored glass.

When two solid surfaces are in sliding, rubbing, or rolling contact one or both of the solids can remove material from one or both. This process is called wear. Among the oxides sapphire has the highest hardness and it is considered as a heat and wear resistant ceramic. These properties made sapphire as a one of the best cutting tools, bearings, seals, and other sliding/rolling application 4[]
. Experimental data has shown that sapphire nozzles in sand blaster and water-jet cutting tools serve up to 30 times longer than steel nozzles 3[]
. Sapphire cutters produce high quality surface finishes in applications for catting metals, alloys and nonmetallic materials. Extremely sharp and abrasive crystal particles of α-Al2O3 are widely used in blast finishing and surface preparation due to their hardness, cost and longevity. In the opinion of Dobrovinskaya and coauthors, CD disks fabricated of sapphire will be substitutes for polycarbonate CDs in the near future due to ability of sapphire CDs for long-term data storage. They have also mentioned the application of sapphire as chemical wares, capillaries, and fibers to reinforce metallic and ceramic composites 3[]
. 

Sapphire is used in the semiconductor industry as a non-conducting substrates for epitaxial deposition of thin films such as GaN for use in the manufacture of bright blue and green LED's. Thin sapphire wafers are also used in integrated circuit (IC) industries as an insulating substrate. For example silicon on sapphire or "SOS" chips have applications in high-power radio-frequency (RF) such as cellphones, radio and satellite communication systems. The reason for choosing sapphire as wafer is that sapphire is a good electrical insulator while it can conduct the significant heat generated in all operating ICs. 

In ceramic-metal joining technology such as the moly-manganese process, sapphire can be coupled with different metals to develop seals for use in thermionic converters which are capable of long life at temperatures in excess of 1500°C 5[]
 .
1.2.3 Use in Optics
 
Sapphire transmits about 80-90% of wavelengths in the range 0.2-2.2 microns in the UV-visible, and ~ 5.5 microns in the IR (Fig.1) and is often used as window materials where the temperature is very low or high or resistance against scratch is required. 
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Figure 1 Optical transmission spectrum of a 3 mm thick sapphire crystal of thickness 3 mm 6[]
. 
It has application in various devices that work on the ground, under water, and in outer space. Sapphire is used in different sizes with diameters from several millimeters to several hundreds of millimeters in a wide range of pressures and temperatures from cryogenic to high temperatures. Sapphire is also used for the scanner windows of cash registers that read bar codes.

Another application of high quality sapphire is in optical components such as lenses, prisms, reflecting mirrors for laser beam control due to its high refractive index. Sapphire optical fibers are especially attractive for fabricating thermal sensors for the harsh high-temperature harsh temperature environment, where quartz and the other optical glasses cannot preserve their optical properties or service abilities. Sapphire domes are used for making the heads of IR-radiation guided missiles. Sapphire can also be used as shells for sodium high-pressure lamps, focusing cones, X-ray interferometers and monochromators 3[]
. 
1.2.4 Use in Medicine
Based on medical-biological studies, sapphire is not toxic for humans and does not cause changes in the functions of the central nervous system, liver, kidneys, protein and fat metabolism, and general reactivity. In contrast to metals, electrically neutral sapphire is not carried by electrochemical reactions into lymph nodes and other parts of the body, does not cause immunodepressions or other changes in the immune system, and does not lead to demineralization of adjacent bone tissue. This biocompatibility of sapphire along with unique inertness, including electrolytic passiveness, corrosion resistance, and hardness characteristic of sapphire, define the main fields of application in medicine: implants, surgery, and medical instrument. In surgical and dental applications sapphire can be used as implants and in endoscopic inspection tools sapphire is often used as a window material. Because sapphire is a non-thrombogenic material (it does not cause blood clots) high sharpness ultra-fine cutting blades can be made by sapphire.  Despite the above-mentioned application of sapphire implants, some analysis has shown osteogenic activity in vivo. 

1.3 Structure and properties 

Sapphire is the single crystal form of corundum, also known as alpha-alumina (α-Al2O3) or single crystal Al2O3. Because sapphire is the purest form of aluminum oxide with no porosity or grain boundaries, it is theoretically the densest form of aluminum oxides (3.99 gr/cm3) 7[]
.

Sapphire belongs to the R[image: image6.png]


c space group with lattice parameters a = 0.4789 nm and c = 1.2991 nm. It consists of a close-packed oxygen sublattice arranged in an approximately hexagonal array with the Al3+ ions placed on octahedral coordination. Two third of the octahedral sites are occupied by Al3+ cations and one-third of the octahedral sites are structural vacancies. The presence of the vacant sites make sapphire a non-perfect close-packed crystal, but these sites provide the overall electrical neutrality for the crystal with the maximum separation of like charges and a minimum separation of unlike charges 8[]
. 

In sapphire the oxygen layers are in an ABABAB stacking sequence, where the O atoms are bonded to four Al atoms in a distorted sp3 arrangement, and the Al atoms are bonded to six nearest neighbor oxygen atoms 9[]
 (Figs.2 and 3). The deviation from a perfect close-packed crystal is noted by a rhombohedral angle of 55″17′ in sapphire compare with 53″47′ in a perfect rhombohedral unit cell. The Al ions are bonded to six nearest neighbor oxygen, but three Al ions have a bond length of 0.1858 nm and the other three Al ions have a bond length of 0.1971 nm instead of six equal distances arranged on the vertices of an octahedron in a perfect rhombohedral unit cell 10[]
 . Sapphire possesses a mixture of covalent and ionic bonding. The iconicity percent of sapphire based on the Pauling electronegativity scale is 63%. The sharing of covalent bonds (~20% ) is a probable cause of the excellent mechanical properties of sapphire 3[]
.
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Figure 2 Arrangement of aluminum and oxygen in a three dimension ball-and-stick model from visualization for electronic and structural analysis (VESTA), red and grey balls represent oxygen and aluminum atoms respectively
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Figure 3 Distribution of aluminum ions and holes on the simple hexagonal lattice 

The smallest rhombohedral cell which correctly describes the positions of the cations is shown along with the corresponding hexagonal cell vectors  (after Kronberg, 8[]
)
1.4 Metastable alumina polymorphs

In addition to the importance of alumina for its applications and fundamental studies, alumina is also important from the point of view that it has many metastable polymorphs such as κ-, γ-, δ-, θ-Al2O3 besides the thermodynamically stable α-Al2O3. Among the several metastable polymorphs of alumina (transition alumina phases), γ- alumina is important due to its application in industry as catalyst, adsorbents, coatings, and soft abrasives. The metastable phases are generally divided into two structural categories depending on the O anion arrangement: face centered cubic (fcc) and hexagonal close packed (hcp). Metastable phases of γ, η (cubic), δ (either tetragonal or orthorhombic), and θ (monoclinic) with ABCABC stacking sequence have the fcc structure while metastable phase of κ (orthorhombic), χ (hexagonal) and thermodynamically stable phase of α (trigonal) with ABAB stacking sequence have the hcp structure 7[]
.

Table 1 summarizes the processing routes to produce different metastable Al2O3 phases. All these phases can be observed at room temperature but the sequence of transformation is not reversible. It can be observed from Table 1, that gibbsite is the only aluminum hydroxide that produces χ-alumina crystals by thermal dehydroxilation 11[]
.  κ-Al2O3 can form from heating χ-Al2O3 at about 700 °C or by thermal dehydroxilation of tohite at 700-800 °C 7[]
. The κ-Al2O3 phase can be also produced from amorphized sapphire by megatron sputtering and from thermal chemical vapor deposition (CVD) 12[]
. In all most cases κ-Al2O3 can be converted into α-alumina by further heating. It is expected that χ- and κ-Al2O3 crystals would have very similar structures 11[]
. 
Table 1 Common processing routes for producing different Al2O3 polymorphs and the sequences of phase transformations toward α-Al2O3 with  approximate hcp and  fcc packing of oxygen for the metastable Al2O3 structures 
 ADDIN EN.CITE 
[7, 12, 13]
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Table 1 show that γ-Al2O3 can be produced by several different routes: (a) dehydroxilation of monohydroxide boehmite in air, at 300 °C, (b) from amorphous alumina anodic films, (c) from melt (d) from cathodic arc, (e) from amorphous by plasma enhanced CVD, and (f) from amorphous alumina produced by ion implantation. According to Zywitzki et al. and Schneider et al. 
 ADDIN EN.CITE 
[14-17]
, γ-Al2O3 can be formed by heating κ-Al2O3 produced by magnetron sputtering. Cao et al. reported the formation of γ-Al2O3 directly from pulsed-laser irradiated sapphire. They believe the γ-Al2O3 was formed because laser irradiation is a rapid heating and cooling process in which thin surface layer is heated and melted and evaporated during a 41-ns pulse duration 18[]
. Also δ-Al2O3 is produced only from γ-Al2O3; indicating that the transformation is pseudomorphic either from boehmite or from amorphous and melt. The metastable phase of θ-Al2O3 may be produced by three routes: (a) from δ- Al2O3; (b) from η- Al2O3; (c) from γ- Al2O3. Metastable phase of η- Al2O3 may be produced from bayerite. The presence of  δ- Al2O3 in the transformation sequence of γ- Al2O3 to θ-Al2O3 has been speculated  from studies of Zhou 19[]
 and Gan 20[]
. Based on NMR and IR data, Pecharroman has suggested that the δ- Al2O3 detected in the transformation sequence of γ- Al2O3 to θ-Al2O3 actually is not a single δ- Al2O3 phase but a heterogeneous mixture of well crystallized γ- Al2O3 and θ-Al2O3 metastable phases 21[]
.
Santos et al. have reported that η- Al2O3 can be produced from gelatinous boehmite. No information exists on pseudomorphism from these crystals 11[]
. A brief summary on the structures and properties of common alumina polymorphs is presented in Table 2 
 ADDIN EN.CITE 
[7, 22, 23]
.
Table 2 Structure and properties of alumina polymorphs
	Phase
	Structure

(arrangement of oxygen)
	Space group
	Density
[g/cm3]
	Cations/unit cell
	Lattice parameter [Å]

	α
	hcp
	R-[image: image54.png]


c
hR10
	3.99
	10
30
	5.128

a = 4.789

c = 12.991

	γ
	fcc
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m
	3.65-3.67
	64/3
	7.9

	δ
	fcc
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m2
	3.60-3.65
	64
	a=7.9

b=15.8

c=11.85

	θ
	fcc
	C2/m
	3.60-3.65
	8
	a=11.85
b=2.793

c=5.586

	κ
	hcp
	Pna21
	3.98
	8
	a=4.834

b=8.310

c=8.93


.

Although the exact structures and properties of some metastable aluminas are still not well understood, the transition aluminas have found significant attention for use in industry. For instance κ-Al2O3 has application in wear resistance coatings on cement carbide cutting tools. The metastable phase, δ- Al2O3, is used in bioactive bone cement composites as an alternative to α- Al2O3 due to a greater osteoblastic activity for in-vivo bone formation. Ultra-high purity polycrystalline α- Al2O3 can be produced from θ-Al2O3. All the transition phases are widely used in heterogeneous catalysis, metal production, adsorbents, etc. 24[]
. The γ- Al2O3 phase is a very fine-grained material making it very difficult to impossible to sinter into a dense body. Therefore γ- Al2O3 powder has a very high specific surface area ≈ 100 m2/g compare with the α-Al2O3 with the surface area of ≈ 5 m2/g. 
1.4.1 γ- Al2O3
The structure of γ-alumina has been described as a defect spinel (Fd[image: image60.png]


m) with the formula Al21+1/3□2+2/3O32, where □ denotes a vacancy. The 32 oxygen anions are distributed over the fcc packing, while 64/3 Al ions and vacancies are distributed over octahedral (16d) and tetrahedral (8a) positions of the ideal spinel structure 25[]
. The deviations from an ideal spinel arise from the assumption that the 2+2/3 aluminum vacancies are randomly distributed over the tetrahedral or octahedral sites. Different researchers have reported different percentage of aluminum ion occupancy in the octahedral and tetrahedral positions. Shirasuka et al. and John et al. respectively have reported that the aluminum ions occupancy of the two 16-fold octahedral sites are 62.5% and 65% and they assumed the remaining aluminum ions are distributed equally over the eightfold and the 48-fold tetrahedral sites 26[, 27]
. These percentages are reported to be 63% and 70% respectively in the work of Shelberg et al. and Lee et al. 28[, 29]
. A similar disagreement can be found in case of the aluminum vacancy distribution. The studies show that the aluminum vacancies are situated entirely in octahedral positions 
 ADDIN EN.CITE 
[30-32]
. 
A study by Jayaram 33[]
 concluded that these aluminum vacant sites are entirely in tetrahedral positions. Lippens et al. believe whether the vacant sites will occur in octahedral or in tetrahedral positions, the greatest disorder is to be expected for the atoms in tetrahedral positions  34[]
. Most of density functional theory (DFT) studies along with experimental works indicate the aluminum vacancies to reside at both tetrahedral and octahedral sites 
 ADDIN EN.CITE 
[35-38]
.

1.5 Solid phase epitaxial growth (SPEG) 
Epitaxy refers to the process of growing a crystal as an overlayer on another crystalline substrate. The orientation of the growing crystal is determined by the underlying crystal. For instance, for epitaxial growth of copper on the surface of silver, copper lies with the (111) face in registry with the (111) face of the substrate and the <110> direction of the copper is parallel to the <110> direction of the silver underlying crystal; (111) <110>cu║ (111) <110>Ag. If the deposited compound grows with a random orientation with respect to the underlying crystal, this is called non-epitaxial growth. Although parallel epitaxial orientation is the most observed case of deposition, epitaxy does not require parallelism of low-index crystallographic direction. The deposition of silver on the surface of GaAs at temperatures lower than 200 ᵒC is an example of non-parallel epitaxial growth with the orientation of (011) <111> Ag ║ (00[image: image62.png]


) <[image: image64.png]


10> GaAs 39[]
.

Epitaxial films may be grown from gaseous, liquid or solid precursors. The substrate act as a seed for growing the film, and temperature determine the epitaxial orientation. In homoepitaxy the growth films are made up of the same material as the underlying crystal, whereas in hetroepitaxy the films are of a material different from the substrate. The driving force for epitaxial growth in homoepitaxy is mainly due to lattice misfit and for hetroepitaxy is due to different in chemistry. In the vapor and liquid phase epitaxy, growth occurs at the vapor-solid and liquid-solid interface respectively. Solid phase epitaxial growth (SPEG) is a layer-by-layer process that occurs at the crystal-amorphous interface. In solid phase epitaxy a thin amorphous layer is first recrystallized on the crystalline substrate then the post annealing process convert the thin film into a crystalline layer. 
Deposition of Si on doped Si single crystal is among many studies to investigate SPEG in semiconductor compounds 40[]
.  In these studies, usually a thin layer of amorphous region is produced using ion irradiation. Annealing of this layer, results in the recrystallization of the amorphous phase by SPEG. Doping of oxides with optically activated dopants also is used to study SPEG, leading to synthesize the materials proper for optical device technology. There are a few studies that focused on the SPEG of insulators. For example Sklad et al. studied the phase transformation of amorphous alumina to γ-alumina to α-alumina by annealing of amorphized sapphire formed by irradiation of Al and O at liquid nitrogen 13[]
. SPEG has also been reported for amorphous alumina films on sapphire substrates at temperatures as low as 400( C. Zhou et al. 41[]
 observed SPEG in films prepared by implantation of In at 77 K followed by 1.5 MeV Si irradiation at 400( C. They observed the same transformation path as in thermal annealing, e.g., A→γ→α. The results appeared to be insensitive to the presence of indium in the amorphous layer.


Yu et al. 
 ADDIN EN.CITE 
[42, 43]
 observed SPEG in alumina films prepared by electron beam deposition on sapphire  (0001) surfaces during subsequent ion irradiation at temperatures in the range 400 to 600( C. Beams of oxygen (180 keV) and argon (360 keV) were chosen such that the projected ranges were beyond the amorphous/substrate interface. The amorphous layer first transformed to (-phase followed by a (→( epitaxial transformation. The quality of the films was much lower than those thermally regrown. These investigators also attributed the observed IBIER effects to energy deposited in nuclear processes (elastic collisions). They also reported that the presence of iron dopants inhibits the process.
1.6 Crystal growth kinetics

There are two major models describing the epitaxial thin-film growth in crystals: layer-by-layer and island. These models are two regimes of the Terrace Step Kink (TSK) model that apply for different conditions based on temperature, flux and step density. The layer-by-layer regime applies at low temperature, high flux and low step density. The island regime applies for the atoms that have stronger bounds with each other than with underlying or neighboring atoms. The kinetics of growth is determined by counting broken and formed bounds. Figure 4 shows the atomic processes during crystal growth. The surface consists of terraces and steps which themselves contain kinks. Molecules that attach the kinks make more bonds to neighboring molecules compared to the molecules that attach to traces or step edges. The molecules that leave the amorphous region can easily stick and are more likely to do so, on the kinks. The concentration of kinks and roughening steps play an important role in kinetics of growth. 
Molecules are constantly attaching and detaching to the steps due to thermally activation. The strength of bounds between molecules and their neighboring determine if molecules detach from the crystal or adhere to it. Therefore temperature is a dominant parameter in growth since the strength of bonding is a function of temperature rather than the flux. In contrast, the diffusion flux to the surface is proportional to the concentration and decomposition of molecules in amorphous phase. Presence of impurities in the amorphous phase, play an important role on the diffusion flux and consequently on the kinetics of the growth. Since in most crystals, the bonds are anisotropic and the energy barrier seen by the molecules are different, the edges are usually fuzzy 44[, 45]
. 
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Figure 4 The atomic processes during crystal growth, Solute molecules enter kinks either directly from solution or after adsorbing and diffusing across terraces.

1.7 Methods to produce metastable Al2O3 and amorphous alumina

1.7.1 Vapor deposition techniques  
One important method for synthesis of α-Al2O3 and alumina polymorphs in industry is thermal chemical vapor deposition (CVD). Higher deposition temperatures increase the chance of phase transformation as well as producing cracks and poor adhesion. To avoid this problem, bombarding of energetic ions which are available in plasma based physical and chemical vapor deposition techniques can be used. Besides the ion energy and the growth temperature the phase formation is also influenced by the presence of “seeds” in the substrates. Oxygen pressure has also been reported as a controlling factor for synthesis of alumina polymorphs 46[]
. Figure 5 summarizes selected reported data on the growth temperatures of different Al2O3 polymorphs using various vapor deposition techniques 12[]
.  
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Fig. 2-3 Synthesis methods and growth temperatures for alumina polymorphs




Figure 5 Selected literature data on the growth temperatures of different Al2O3 polymorphs using various vapor deposition techniques  12[]

1.7.2 Alumina melt  
The structure of alumina melt is not been well understood. Based on work by Ansell et al. 47[]
, Al2O3 undergoes a structural rearrangement on melting, with a change of the aluminum cation coordination from octahedral, in α-Al2O3, to predominantly tetrahedral in the Al2O3 melt. Waseda et al. 48[]
 has reported octahedrally coordinated aluminum as the fundamental cluster configuration in the melt. Although Al2O3 is not a glass former, quenching of alumina melt at high cooling rates of more than 105 K/s can formed amorphous alumina as a thin film. Amorphous alumina consequently can crystallize to form γ-Al2O3 or the other transition alumina phases, all containing tetrahedrally coordinated aluminum. Based on work by Lee et al., a thin film of amorphous alumina contains 95% four- and five-coordinated species, while six-coordinated species comprise 5% 49[]
. Therefore the average coordination number of Al2O3 melts was suggested to be 4.5 50[]
. Annealing the thin film amorphous alumina at 800 ᵒC cause the five-coordinated species convert to four- and six-coordinated species through a mechanism involves the formation of edge-sharing tetrahedrons and octahedrons, indicating the onset of crystallization of Al2O3 51[]
.  

1.7.3 Amorphous anodic Al2O3 films
 
Amorphous aluminum oxide can be made by anodic oxidation. An Al substrate can be oxidized with boiling water to form a hydrous oxide, and then to anodize in a neutral borate solution at high temperature. The hydrous oxide is pseudoboehmite (PB), an oxyhydroxide containing excess water with approximate composition AlOOH.H2O. During anodization, amorphous alumina grows under the PB layer by anion transport to the metal interface 52[]
.  Another way to form amorphous Al2O3 films is anodization of aluminum in acid solution. Nonporous amorphous Al2O3 films are formed in solutions that do not dissolve Al2O3, whereas porous Al2O3 films are developed in acid solutions, where partial solubility is possible. Amorphous Al2O3 films commonly have been assumed to contain a mixture of tetragonally and octahedrally coordinated aluminum. Dense Al2O3 films contain 80% of aluminum cations in octahedral sites and 20% in tetrahedral sites. The aluminum cations in the porous Al2O3 films predominantly have tetrahedral or even lower coordination 7[]
 .
1.7.4 Thermal oxidation of aluminum
 
Aluminum oxide is produced almost instantaneously by aluminum or its alloys in the presence of any environment containing oxygen. This aluminum oxide consists of amorphous alumina and prevents additional oxidation of aluminum and its alloys at low temperatures. At elevated temperatures, the common route of phase transformations in alumina film grown on aluminum surface by thermal oxidation as:

Amorphous film→ γ→ δ → θ → α-Al2O3

Jeurgens et al. found that there is a critical thickness for amorphous alumina. When the thickness of this layer exceeds the critical value, it starts to transform to the crystalline forms 53[]
. The critical thickness depends on temperature and the crystallographic orientation of the aluminum substrate. In the temperature range of 20-600 °C, the specific values of the critical thickness are close to 0.5, 2.5, and 5 nm for the (111), (100), and (110) crystallographic faces of aluminum, respectively 53[]
. After reaching the critical thickness, the thin layer of amorphous alumina transform to metastable γ-alumina. In range of 950-1250 °C, γ-alumina transforms into the thermodynamically stable α-alumina via intermediate phases of δ-, and θ-alumina.

1.7.5 Other precursors for metastable aluminas and the sequence of  transformation  
The most common Al2O3 precursors for metastable aluminas are aluminum trihydroxide (Al (OH) 3), monohydroxide (AlOOH), gibbsite (γ-Al (OH3)), boehmite (γ-AlOOH), and tohdite (5Al2O3.H2O. Table 1 and 2 summarize the thermal processing routes to form different metastable Al2O3 structures as well as the sequence of the transformations 7[]
.
1.8 Ion Implantation 

The transistor era started in 1947 when Brattain and Bardeen at Bell Labs showed that doping of some atoms which accept electrons could amplify signals of a Ge crystal. Since then doping of materials in a controlled way has been challenged 54[]
. The use of particle accelerator was a solution for this problem. Particle accelerators are usually very precise for controlling fluence. Impurity depth and concentration can be controlled independently using particle accelerators. The ability to produce complex as well as retrograde profiles in a short time is another advantage. The parameters of the ion beam such as flux, energy, species and charge state and direction (and divergence) are all easily can be quantified and controlled. 

Particle accelerators (ion beam accelerators) also provide a unique technique for researchers to study the structure of materials under nonequilibrium condition. It has been recognized for years that ion beam radiation might make changes in material to improve some properties of interest, mostly because of the damage processes. Mechanical, electrical, optical, magnetic, and superconducting properties all are affected by the presence of the foreign ions and the damages produced by them. Mimicking damages in nuclear reactor components and other systems is another use of these studies. 
Among the ion beam applications, ion irradiation and ion implantation is an attractive technique to change the properties of a wide range of materials. The atomic species to be implanted in the target material are first ionized and then accelerated to energies of 25-200 KeV. The incident ions penetrate the surface of the material and form an ion enriched layer 55[]
. Beside the injection of impurity or alloying, ions, other structural changes may result from ion beam bombardment of the surface such as stretching bond, breaking bond, surface adatoms, sputtering of atoms from the surface, formation of surface and bulk defects (vacancies, dislocations, interstitials), amorphizing the bombarded zone, developing damaged layers for thickness greater than mean projectile range, and finally inducing changes in optical, electrical, magnetic, mechanical properties 56[]
. The depth of penetration is a function of the atomic numbers and masses of both the ions and target atoms and the rate of energy transfer. For example Fig.6 shows the result of irradiation of Al2O3 with different ions each, with energy of 175 keV. The ion range decreases with increasing the atomic mass of ion species. The irradiation and implantation of ions into target materials can lead to the production of amorphous or metastable polymorphs. The mobile ions during implantation may form new precipitates with the target atoms. The precipitation produces high density of point defects which develop compressive stresses. The generation of compressive stress on the surface results in mechanical properties changes. Ion irradiation process has been carried out on metals, ceramics and polymers 55[]
.                                           
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Figure 6 Effect of atomic mass of ions on the range. Calculated with full damage cascade SRIM-2013. For the calculation the species energy and the angle of the incident ion considered to be 175 keV and 7ᵒ respectively.
The energy of an accelerated ion colliding with a material is dissipated by two fundamental mechanisms: inelastic (electronic) and elastic (nuclear) collision. The nuclear energy loss that dominates at low energies (typically below 10 keV/amu) is caused by the scattering of the projectile by the screened nuclear potential of the target atoms. The electronic loss causes excitation or ionization of atoms in the target. Each collision leads to a slowing down of the moving projectile and also a deflection of the trajectory that gives rise to the term of scattering. The rate of energy transfer for each process is a function of the mass and charge of the incoming ions, the target material and the incident energy. The nuclear collision displaces lattice ions and can result in damage cascades. Both stopping powers increase with increasing energy until they reach a maximum value, and thereafter decrease 54[]
. The best known simulation program SRIM (Stopping and Range of Ions in Matter), has been developed to calculate the motion of ions in a medium, by simulating the collisions with nuclei in the medium 57[]
. 

Figure 7 shows the distribution of the electronic and nuclear stopping power of zirconium into sapphire as a function of Zr ion energy. Fig. 7 shows that the ballistic (nuclear) energy loss dominates at energies lower than about 1 MeV and it is this process that is primarily responsible for the lattice damage. At higher ion energy the electronic energy loss dominates.
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Figure 7 The variation of the electronic and nuclear stopping power of zirconium into sapphire as a function of Zr ion energy (calculated by SRIM-2013)

1.9 Ion implantation-induced amorphization

Ion implantation-induced amorphization has been observed during irradiation at temperatures sufficiently far below the crystallization temperature of the amorphous phase. Covalently bonded systems are particularly conducive to amorphization (even pure elements Si and Ge). In contrast, there has been no observation of amorphization under irradiation for pure metal and alloys that form solid solutions, even at irradiation temperatures below 10 K. In ionic crystals the position of the implanted ion in the lattice, the lattice disorder and the presence of impurities determine the chemical state of the implant. In covalent compounds the formation and rupture of bonds is an additional factor. In general the important factors that affect amorphization during ion irradiation are temperature, ion mass, ion energy, dose rate, and the properties of the target material 58[]
. Chemical effect (changes in the chemical structure and composition of the targets induced by the irradiation) is another important factor that affects ion irradiation- induced amorphization. Among these factors the ion energy (accelerating voltage) in general is not of major importance for amorphization 59[]
.

Upon entering the target lattice, the incident ions will at first suffer few atomic collisions due to their high velocity out will lose energy slowly by ionizing the host atoms. As the ion energy is reduced, the probability of nuclear collisions increases. Hence, after traveling some distance without causing atomic displacement, they undergo a catastrophic loss in energy due to nuclear collisions with the target lattice atoms. This results in the formation of a large number of interstitial atoms or ions and vacant lattice sites. As a result the crystal is most heavily damaged at a depth near Rp where Rp is the projected range of the incident ions. 

There are two models to explain how a material can be amorphized: direct impact and defect accumulation. The direct impact model mostly applies for ions and targets of relatively high atomic number and for ion beam energies usually employ in ion implantation. In this model the energy lost by the ion is concentrated in a “thermal spike” which can lead to amorphization along a single ion cascade by the melting of a small region followed by rapid cooling similar to liquid quenching. The defect accumulation model mostly applies for relatively light atoms and moderate energies. In this model, the ions make the material amorphous due to an accumulation of defects produced by independent atomic displacements rather than a collective, thermal process 
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[60, 61]
. During ion irradiation the ions displace atoms from lattice sites and create vacancy-interstitial pairs and other associated defects.
1.10 Statement of the problem and background of the study 
Among alumina’s many polymorphs, α-alumina and γ-alumina have important applications in different areas. For example the thermodynamically stable α- phase is widely used in protective coatings and wear-resistant, due to its chemical inertness, good mechanical properties, and thermal stability and γ-alumina is used in catalysts for automotive emission control, adsorbents, and soft abrasives applications due to its high surface area. In high-temperature applications, a problem with the use of the γ-phase is its transform into the α-phase at >800 °C. Therefore, formation and control of the different phases of alumina is of great interest. This has led to the experimental research on doping of alumina to increase its thermal stability. 
1.10.1 Importance of microstructure study of α- Al2O3 during ion irradiation and kinetics study of alumina transformation

  
Due to high surface area and desired mechanical, chemical, and thermal properties as well as low cost, γ-Al2O3 is one of the most important material used as a support in the metal catalyst industry. Gamma alumina facilitates the formation of extremely small metal particles with a high proportion of the atoms at the surface and has a remarkable thermal stability. This support allows the incorporation of beneficial additives, usually known as promoters. In some catalyst applications, such as automotive emission control, the molecular length scale of open internal surfaces of porous gamma alumina, provide active sites for the heterogeneous catalysts. Therefore gamma alumina due to its distinctive properties is one of the most promising advanced materials for metal catalyst industry. 

Because the catalyst activity is closely related to the structure of the support and its stability, structural transformations during the operation at elevated temperatures is a key factor. In high-temperature applications, a limitation to the use of γ-phase is that it transforms into the α-phase at a temperature above 800 °C. Therefore, control the formation of, and transformations between, the different phases of alumina is of great interest. This has led to the experimental research on doping of alumina to increase its thermal stability.

 
There are many studies of the effect of dopants on alumina phase transformation and related areas 
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[1, 10, 24, 29, 62-125]
. Some of these studies showed that doping of different atoms and oxides has a great influence on the retarding or accelerating of structural transformation. Ragan 126[]
 summarized many of these studies (shown in Table 4). A similar effect for the addition of metallic oxides also has been investigated. The study of oxide additives has shown that among B2O3, SiO2, ZrO2, Li2O, LiF, V2O5, CuO, Cu2O, TiO2+ MnO/ Mn2O3, TiO2+ CuO/ Cu2O, and ZnF2, zirconium oxide (ZrO2) strongly retards the γ→α transformation whereas B2O3 and SiO2 have less effect. Reports on implantation of many cations into α-Al2O3 indicate that irradiation of Zr results in an amorphous region at much lower fluence than many other species. Therefore, the recrystallized gamma alumina from the amorphous region has a lower concentration of the doped material compare with the other atoms. These studies suggest that Zr may be a good candidate for thermal stabilization of γ –alumina. In spite of this fact that doping has been found to inhibit this phase transformation, there is not an atomistic understanding of the mechanism 127[]
. This study is directed to shed light on the microstructure of α-Al2O3 during Zr and Zr plus O irradiation as well as effect of thermal annealing.  
Table 3 Summary of studies about the effect of dopants in alumina phase transformation
	Cation
	Cationic Radius [nm]
	Kinetics
γ → α
	Characterization method
	Researcher

	B3+
	0.027
	retarded
	DTA,XRD
	L.A Xue et al.

	Si4+
	0.04
	retarded
	DTA,XRD
	L.A Xue et al.

	V5+
	0.054
	accelerated
	DTA,XRD
	L.A Xue et al.

D. Tsai et al.

	Co3+
	0.0545
	accelerated
	DTA
	M. Ozawa et al.

	Ti4+
	0.0605
	accelerated
	DTA,XRD
	D. Tsai et al.

	Cr3+
	0.0615
	retarded
	XRD
	G.C.Bye

	Cr3+
	0.0615
	retarded
	TRR
	N. Yu

	Cr3+
	0.0615
	accelerated
	DTA
	M. Ozawa et al.

	Cr3+
	0.0615
	accelerated
	TGA,XRD
	M. W. Brumm

	Ga3+
	0.062
	accelerated
	DTA, XRD
	P.Burtin

	Mn3+
	0.0645
	accelerated
	DTA
	M. Ozawa et al.

	Fe3+
	0.0645
	accelerated
	XRD
	A.D. Polli et al.

G. C. Bye


Table 3 continue
	Cation
	Cationic Radius [nm]
	Kinetics
γ → α
	Characterization method
	Researcher

	Fe3+
	0.0645
	accelerated
	DTA
	M. Ozawa et al.

	Fe3+
	0.0645
	accelerated
	DTA,XRD
	D. Tsai et al.

	Fe3+
	0.0645
	accelerated
	RBS,TEM
	C.W. White et al.

	Fe3+
	0.0645
	accelerated
	TRR
	N. Yu et al.

	Ni2+
	0.069
	accelerated
	DTA
	M. Ozawa et al.

	Mg2+
	0.072
	accelerated
	XRD
	M. Pijolat et al.

	Mg2+
	0.072
	accelerated
	DTA, XRD
	P. Burtin et al.

	Mg2+
	0.072
	retarded
	DTA,XRD
	D. Tsai et al.

P. Bown et al.

	Zr4+
	0.072
	retarded
	XRD
	M. Pijolat et al.

P. Burtin et al.

	Zr4+
	0.072
	retarded
	DTA, XRD
	L.A. Xue et al.

	Zr4+
	0.072
	accelerated
	DTA, XRD
	D. Tsai et al.

	Cu2+
	0.073
	accelerated
	DTA
	M. Ozawa et al.

	Cu2+
	0.073
	accelerated
	DTA,XRD
	L. A. Xue et al.


Table 3 continue
	Cation
	Cationic Radius [nm]
	Kinetics
γ → α
	Characterization method
	Researcher

	Zn2+
	0.074
	accelerated
	DTA,XRD
	L. A. Xue et al.

	In3+
	0.08
	accelerated
	DTA, XRD
	P. Burtin et al.

	Ce4+
	0.087
	retarded
	DTA,XRD
	M. Ozawa et al.


	Y3+
	0.09
	retarded
	DTA, XRD
	D. Tsai et al.

P. Bown et al.

	Y3+
	0.09
	retarded
	XRD
	B. A. Pint et al.

	Th4+
	0.094
	retarded
	DTA, XRD
	P. Burtin et al.

	Ca2+
	0.10
	retarded
	DSC,XRD
	A. Douy

	Ca2+
	0.10
	retarded
	DTA, XRD
	D. Tsai et al.

P. Burtin et al.

	La3+
	0.1032
	retarded
	DTA, XRD
	P. Burtin et al.

M. Ozawa et al.

H. Schaper et al

	La3+
	0.1032
	retarded
	NPD
	C. K. Loong et al.

	Sr2+
	0.118
	retarded
	DSC,XRD
	A. Douy

	Ba2+
	0.135
	retarded
	DSC,XRD
	A. Douy


1.10.2 Effects of dopants in α- Al2O3 on kinetics of alumina transformation  
Many studies investigated the effect of dopants on the kinetics of phase transformations in alumina. Most researchers have employed alumina’s powder and used characterization techniques such as X-ray diffraction (XRD) and differential thermal analysis (DTA). Almost all previous researches have focused on the γ to α transformation and very few papers have been published on the formation of γ-alumina from amorphous alumina. These studies did not distinguish the nucleation stage and the subsequent growth kinetics. Some of the studies have considered the impurities or trace particles in α-alumina to act as seeds to nucleate the epitaxial growth of the new phase. There is no explanation to clarify why some of these impurities accelerate and some decelerate the transformation. Table 4 contains results for four independent kinetic studies of Zr effects on the γ→α-alumina transformation.  All studies used a similar characterization method to measure the rate of phase transformation. The study by Xue et al. reported that the Zr retarded the rate whereas Tsai et al. reported that Zr accelerate the phase transformation. Different activation energies have been reported for effect of particular dopants on the phase transformations. The effect of Zr on the γ→α-alumina transformation studied by Pijolate et al and Burtin et al. also reports that Zr retards the rate of the transformation. In almost all the studies, the nature of short range order (SRO) in amorphous alumina has not been studied. 
Among the kinetics studies of alumina's transformation there are two different types of work that haven't used alumina's powder.  One group studied a thin film of amorphous alumina on a single crystal sapphire substrate. This group used a soluble salt of the dopant mixed with the alumina powder. After drying, pressing and sintering using electron beam evaporator technique, they evaporated impregnated alumina powder on the sapphire substrate. Time resolved reflectivity (TRR) was used as the main technique to analyze the kinetic study 128[]
. Another group of researchers used single crystal alumina and used ion beam irradiation at liquid nitrogen temperature to produce a layer of amorphous region then by annealing the sample they have produced gamma and alpha alumina. RBS and TEM were used as their measurement techniques 129[]
. These former studies used a technique in which growth stage can be investigated in the absence of nucleation stage. The technique consists of recrystallization of amorphous region to a new phase (γ-alumina) on a preexisting substrate of α-alumina by solid-phase epitaxial growth. In this method the single crystal of sapphire substrate acts as a nucleation site therefore the measured rate of transformation is directly related to the growth kinetics.  

The type of additives, concentration of additives, nature of the gaseous atmosphere, and crystallographic orientation of the underlying substrate that have important influences on the kinetics of the phase transformation investigated in the former studies. Table 5 summarizes the result of different literatures for activation energy chosen from the former studies. In none of the above mentioned studies effect of residual stress has discussed.
Table 4 Summary of growth kinetics studies results
	Doped ion
	Activation energy [eV]
	Related phase transformation
	Rate of transformation
	Measurement technique
	Work of

	Er (6 ppm), 

Y (24, 72 ppm)
	5.2±0.1
	γ → α
	decrease
	TRR
	Ragan et al. 130[]


	Er (6 ppm), 

Y (12,24,200 ppm)
	4.1±0.1
	A → γ
	increase
	TRR
	Ragan et al. 130[]


	Er (32 ppm)
	4.1±0.1
	A → γ
	decrease
	TRR
	Ragan et al. 130[]


	Cr (2.8 at. %)
	5.1±0.2
	γ → α
	decrease
	RBS, TRR
	Yu et al. 131[]
 

	Fe (2.2 at. %)
	5.2±0.2
	γ → α
	increase
	 TRR
	Yu et al. 131[]


	Fe (4.5 at. %)
	4.9±0.2
	γ → α
	increase
	RBS
	Yu et al. 131[]


	undoped
	5.2±0.1
	γ → α
	-
	RBS, TRR
	Yu et al. 131[]


	Fe
	3.6
	γ → α
	increase
	RBS, TEM
	White et al. 132[]


	Stoichiometric implant
	3.6
	γ → α
	
	RBS, TEM
	White et al. 132[]


	Stoichiometric implant
	1.6
	A → γ
	
	In situ TEM, TEM
	Sklad et al. 13[]


	Stoichiometric implant
	7.8
	γ → α
	
	In situ TEM, TEM
	Sklad et al. 13[]


	Fe
	0.23 (IBIER)
	A → γ
	decrease
	RBS
	Yu et al 43[]


	Fe
	5.0

 (SPER)
	A → γ
	decrease
	RBS
	Yu et al. 43[]


	Stoichiometric implant
	3.57
	A → γ
	-
	TRR
	McCallum et al. 133[]


	Stoichiometric implant
	5.2±0.3
	γ → α
	-
	TRR
	McCallum et al. 133[]


	undoped
	4.5
	A → γ
	-
	TRR
	Simpson et al. 134[]


	undoped
	5.2
	γ → α
	-
	TRR
	Simpson et al. 134[]


	In
	0.7 , 1.28


	A→α
	decrease
	RBS, RHEED, SEM
	Sood and Gao 135[, 136]



Residual stresses are commonly generated during the deposition process of thin films. The residual stresses generated during ion irradiation-synthesized thin film processes and processes such as sputtering and e-beam evaporation can affect the properties, performance and long-term reliability of thin films. Some common effects of residual stresses are film cracking, delamination from the substrate, stress-induced voiding and undesired modifications of physical properties 137[]
. The fundamental origins of the residual stresses are critical to kinetics study. The residual stress on the thin films can be on the order of few GPa. An ion irradiation produces compressive stresses in the thin film. Ion irradiation-induced phase transformation can produce tensile stresses due to densification of a film constrained by the substrate. Suggested sources of the stress generation include dopant incorporation, grain growth during annealing, and coalescence. The grain boundaries in the film can contribute to densification as sinks for excess vacancies, or by eliminating excess boundary volume as a result of grain growth. Grain boundaries can also play a role in the relaxation of stresses by plastic flow, either as obstacles to dislocations or as sources and sinks in diffusional flow. The high magnitude of stresses depends on the synthesis parameters mainly ion species and their energies that can be expressed simply as ion flux, or as the average energy deposited per atom 138[]
. Based on this fact, calculated activation energies differ depends on the thin film synthesis parameters.

1.10.3 Objective of this Study  
The microstructure of α-Al2O3 irradiated with 175 keV Zr+ ions plus 55 or 48 keV O+ ions to different fluences is investigated. The effect of different mechanisms in phase transformation such as irradiation induced-stress relaxation and irradiation induced-phase transformation on kinetics of phase transformation during thermal annealing is discussed. Highlighted results are presented which help understand the microstructure of α-Al2O3 produced during Zr irradiation and by post implantation processes. 
During the phase transformation study, the concentration of additives, nature of the gaseous atmosphere, and crystallographic orientation of the underlying substrate remained fixed. In this work the irradiated samples are studied only at room temperature. Recrystallization of the amorphous layer is studied and compared during thermal annealing and oxygen irradiation on the samples previously implanted with Zr. TEM studies showed that irradiation of single crystal α-Al2O3 with 175 keV Zr+ ions produces an amorphous layer sandwiched between two highly damaged layers at fluences 2×1016 Zr/cm2 139[]
. This fluence for amorphization of sapphire is very much lower than that reported for other ions with atomic weights similar to zirconium.  In this study the exact threshold fluence for amorphization of single crystal α-Al2O3 during 175 keV Zr+ ions is determined. Single crystal   α-Al2O3 samples are irradiated with from 2×1015 Zr/cm2 to 4×1016 Zr/cm2, and the defect structures of the samples are analyzed using TEM and RBS-C. High angle annular dark-field (HAADF) and bright-field (BF) images along with Z-contrast images obtained from aberration-corrected STEM and TEM are presented to reveal microstructure of different regions. The studies show that the amorphous material during irradiation of α-Al2O3 with different ions contained short-range-order (SRO) and the details of the SRO depend upon the implanted species 
 ADDIN EN.CITE 
[140, 141]
 . For example the Al-O first near-neighbor distance in amorphous stoichiometric-implanted is γ-Al2O3, whereas in the amorphous Fe-implanted sample it is α-Al2O3 89[]
 . In this study the SRO and the details of the SRO in Zr implanted α-Al2O3 are discussed. 
The effect of post implantation oxygen ions into pre-Zr-implanted samples were also investigated in this study using characterization techniques such as STEM, TEM, RBS, photoluminescence (PL) and optical absorption (OA). This study for the first time reports that during post irradiation with oxygen ions of pre-Zr-implanted sample, ion beam-induced epitaxial recrystallization (IBIER) occur in Al2O3 at room temperature. Nano-beam electron diffraction (NBED) patterns indicate the presence of a γ phase in the recrystallized region.
Chapter 2
Literature Review
2.1 Ion-beam induced amorphization in sapphire
Important factors that affect a material to be amorphized during ion irradiation are sample temperature, ion mass, ion energy, fluence, and the target material. Different studies show that thermodynamic stability, topology of the atomic scale structure, physical properties and the ease of glass formation play an important role on susceptibility of a material to amorphization 142[]
. 


During ion irradiation the ions displace atoms from lattice sites and create vacancy-interstitial pairs and other associated defects. By further ion bombardment an equilibrium defect concentration can be reached and recombination of defects cans occur with the same rate as their production. In other cases amorphization is the result of damages during ion bombarding especially at low temperatures 60[]
. Defects in crystals can be recovered by recrystallization at higher temperature, resulting in a strong dependency of amorphization on temperature. Studies have shown that some amorphizable crystals amorphize only at low or cryogenic temperatures. Usually amorphization does not occur above a threshold value of temperature. Similar to the threshold temperature there is a critical radiation fluence representing a critical accumulated displacement damage dose in units of dpa, above which amorphization occurs below the critical temperature 143[]
. For instance, Weber found SiC can be amorphized with different ions at room temperature at about 0.5 dpa 144[]
, however  SiC undergoes dislocation climb-driven void swelling with doses of >100 dpa at 1000 K but it remains crystalline 143[]
. Inui works showed that a dose of 1MeV electrons make silicon carbide amorphous at 77 K 
 ADDIN EN.CITE 
[145-148]
.

Ionic materials such as alkali halides or oxides with the rocksalt or fluorite structures are impossible or nearly impossible to amorphize by ion irradiation. In covalently bonded materials, a dose of 0.1 to 1 dpa make them amorphous, whereas other material with a medium range of iconicity such as Al2O3, ZrO2, and MgO require damage greater than 50 dpa to be amorphized 
 ADDIN EN.CITE 
[143, 149]
. Based on Specht’s work, amorphization of sapphire at room temperature requires ion fluences producing damage levels on the order of 100 dpa 60[]
. Fig. 8 shows the χ Al as a function of displacement damage dose (in units of dpa) for different ions. Among these ions Zr amorphizes sapphire at much lower dpa than the others. A value of unity for χ=1 indicates random scattering or “amorphous” matter. 
Many of the ion irradiation studies in sapphire are summarized in Table 6. There are other studies on the effect of implantation of various ions on polycrystalline/single crystal alumina. Table 6 summarizes the studies of ions only with the energy of less than or equal to 400 keV on single crystalline α-Al2O3. 
Another important factor for radiation-induced amorphization is the chemistry between irradiated ions and host material. Chemical reaction of the implanted ion with the host atoms is known as “chemical effect”. Zinkle proposed that thermal diffusion may be enhance by a chemical effect whereas it is negligible at the absence of a chemical reaction. Enhanced diffusion can propagate amorphization from end-range through the mid-range. As a result of chemical effect the relatively low concentrations of implanted species which come to rest in the midrange with no diffusion may lead to amorphization by inhibiting damage recovery mechanisms 60[]
. White noted that having a preference for a specific oxidation state may lead to stabilization of the amorphous phase in the host materials, but at this stage this has not been proven categorically 150[]
. Hunt et al and Werner et al stated that a  chemical effect can occur if the Gibbs free energy of the reaction of the ion and the host material is negative 
 ADDIN EN.CITE 
[151, 152]
.
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Figure 8 Minimum yield for Al-sublattice (χAl) as a function of displacement damage dose (in units of dpa) for different ions calculated based on information on 
 ADDIN EN.CITE 
[153-155]

Table 5 Summary of ion irradiation studies in sapphire 
	Ion
	Ion energy [keV]
	Fluence [ion/cm2]
	Temp.
[ᵒC]
	Amorphization
	Characterization technique
	Reference

	Fe
	100
	4×1016
	-200
	N
	TEM, XRD,CEMS
	156[]


	Fe
	160
	7×1016
	25
	N
	RBS, TEM, CEMS
	156[]


	Fe
	160
	2×1017
	25
	N
	RBS, TEM
	
 ADDIN EN.CITE 
[10, 157-159]


	Fe
	400
	1×1017
	240
	N
	TEM,XRD,VSM
	160[, 161]


	Fe
	160
	4×1016
	45
	N
	RBS, TEM
	162[]


	Br
	150
	3×1016
	25
	Y
	SEM.OM
	
 ADDIN EN.CITE 
[163, 164]


	Br
	175
	4×1016
	25
	Y
	RBS, TEM
	165[]


	Mn
	150
	4×1016
	25
	N
	RBS, TEM
	162[]


	Zr
	150
	2-4×1016
	25
	Y
	RBS, TEM
	
 ADDIN EN.CITE 
[139, 166-168]


	W
	250
	1.5×1016
	25
	N
	RBS, TEM
	
 ADDIN EN.CITE 
[162, 165]


	W
	160
	1×1016
	25
	Y
	RBS, AS
	169[]


	Cu
	130
	4×1016
	25
	N
	RBS, TEM
	
 ADDIN EN.CITE 
[162, 165]


	Ni
	160
	4×1016
	45
	N
	TEM, XPS, GXRD
	170[]


	Xe
	900
	Flux=10-20×1016 /cm2/s
	-183-25
	Y
	TEM
	171[]


	Kr
	600
	Flux=10-20×1016 /cm2/s
	-136
	Y
	TEM
	171[]


	Al/O
	90/55
	4×1016/6×1016
	LN
	Y
	RBS,TEM
	129[]


	Al
	90
	4×1016
	25
	N
	RBS,TEM
	162[]


	Ti
	150
	3×1016
	25
	N
	RBS,EPR, MH
	168[]


	Ti
	150
	5×1016
	25
	Y
	RBS, TEM, PL
	172[]


	Ti
	150
	1-5×1016
	25
	N
	RBS, TEM, PL
	172[]


	Ti
	100,150
	0.1-5×1016
	25
	N
	RBS, TEM, OA, PL
	173[]


	Ti
	100,150
	5×1016
	25
	Y
	RBS, TEM, OA, PL
	173[]


	Cr
	280
	4×1016
	25
	N
	RBS
	168[]


	Cr
	280
	4×1016
	-196
	Y
	RBS, TEM
	167[]


	Cr
	280
	4×1017
	    25,367
	N
	RBS,EPR, MH
	168[]


	Cr
	300
	1-10×1016
	25
	N
	RBS, TEM
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[153, 154]


	Cr
	150
	1-10×1016
	25
	N
	RBS, OA
	174[]


	Cr
	150
	2.9×1017
	25
	Y
	RBS, OA
	174[]


	Nb
	220
	4×1016
	25
	N
	RBS
	10[]


	Ga
	135
	4×1016
	25
	N
	RBS, TEM
	162[]


	Mo
	130
	2×1016
	25
	N
	RBS, TEM
	162[]


	Zn
	165
	4×1016
	25
	Y
	RBS, TEM
	174[]



Table 5 continue
	Zr
	155
	4×1016
	25
	Y
	RBS, TEM
	140[]


	Zr
	175
	7.5×1015
	25
	N
	RBS, TEM
	141[]


	Zr
	175
	1.5×1016
	25
	Y
	RBS, TEM
	141[]


	Zr
	175
	2×1016
	25
	Y
	RBS, TEM
	141[]


	Fe
	160
	7×1016
	-185
	Y
	RBS,TEM
	175[]


	Fe
	160
	1×1017
	-185
	Y
	RBS, TEM
	175[]


	Fe
	380
	1×1017
	25
	
	
	176[]


	Fe
	160
	1×1017
	25
	N
	RBS, TEM, OA, PL
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[177, 178]


	Fe
	160
	4×1017
	25
	Y
	RBS, TEM, OA, PL
	
 ADDIN EN.CITE 
[177, 178]


	Fe
	85
	4×1016
	25
	N
	CEMS
	176[]


	Fe
	85
	1×1017
	25
	N
	CEMS
	176[]


	Fe
	160
	2×1017
	25
	Y
	RBS, TEM, OA, PL
	178[]


	Co
	100, 150
	0.1-5×1016
	25
	N
	RBS, TEM, OA, PL
	173[]


	Co
	100, 150
	2×1017
	25
	Y
	RBS, TEM, OA, PL
	173[]


	Cu
	160
	2×1016
	25
	N
	RBS, TEM, OA
	179[]


	Cu
	130
	4×1016
	25
	N
	RBS, TEM
	162[]


	Ag
	1500
	2-20×1016
	-200
	N
	RBS, TEM, OA
	179[]


	Pt
	30
	1-2×1016
	25
	N
	RBS
	180[]


	In
	160
	4×1016
	25
	N
	RBS, TEM
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[162, 174]


	Pb
	50
	4.08×1015
	25
	Y
	RBS, OA
	174[]


	Fe
	160
	4×1016
	LN
	Y
	RBS, TEM
	85[]


	Sn
	180
	4×1016
	77
	Y
	RBS
	181[]


	Sn
	180
	1-10×1016
	25
	Y
	RBS,TEM
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[182, 183]


	Sn
	180
	1×1015
	25
	N
	RBS, TEM
	
 ADDIN EN.CITE 
[182, 183]


	Nb
	150
	1-5×1016
	25
	N
	RBS, XPS
	184[]


	Nb
	150
	5-10×1016
	25
	Y
	RBS, XPS
	184[]


	C
	150
	1-10×1016
	25
	N
	RBS,TEM, EELS
	185[]


	C
	150
	1-10×1016
	1000
	N
	RBS,TEM, EELS
	185[]


	C
	150
	1×1017
	25
	Y
	RBS,TEM, EELS
	185[]


	N
	150
	1-10×1016
	25, 1000
	N
	RBS,TEM, EELS
	185[]


	Mn
	150
	4×1016
	25
	N
	RBS, TEM
	162[]


	W
	250
	1.5×1016
	25
	N
	RBS, TEM
	162[]


	Ge
	50-150
	3-8×1015
	25
	N
	RBS, TEM
	186[]


	Hg
	100
	0.1-1×1015
	25
	N
	RBS
	187[]


	Hg
	100
	>1×1015
	25
	Y
	RBS
	187[]


	Pt
	100
	0.1-1×1016
	25
	N
	RBS
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[169, 187]


	Pt
	100
	>1×1016
	25
	Y
	RBS
	187[]




Further evidence for the complex nature of the interactions among the implanted species, irradiation-produced defects and the host material is found in the studies using Conversion Electron Energy Mössbauer Spectroscopy (CEMS) on sapphire irradiated with iron 
 ADDIN EN.CITE 
[159, 188]
. Although iron in the incident beam carried a single charge, Fe+, samples implanted at 300 K contained iron as Fe2+, Fe0 (metallic) and Fe4+. Moreover, multiple distinctly different local environments for each Fe2+ and Fe4+ could be identified. Charge compensation was provided by the formation of complexes with oxygen vacancies. The same valence states are found for samples irradiated at 77 K but the ratios between each state were different from those implanted at room temperature. 

Irradiation of sapphire with 180 keV tin ions to a fluence of 4×1016 Sn/cm2 also produced an amorphous (disordered) phase at room temperature. The transmission electron microscope (TEM) studies indicated the presence of two amorphous “phases” and the CEMS measurements detected tin in two states, Sn2+ and Sn4+ 94[]
.



Burnett and Page attempted to correlate the formation of the amorphous state in several ceramics with a critical deposited energy value with limited success 149[]
. They also proposed a relationship between the energy density for amorphization and the bonding characteristics, i.e. the degree of ionicity or covalency. A critical deposited energy density for Al2O3 was proposed to be between 3.4 and 6.8 keV per atom.


It should be noted that the concentration of implanted ions with the high fluences generally for required amorphization of ceramics that have a high degree of ionic bonding represent a major deviation from stoichiometry for the host material. Fluences of ~1017 ions/cm2 produce peak concentrations of 0.2 to 0.4 implanted impurities for each cation. There is a major excess positive charge in the crystal unless there is a precipitation in the metallic state of one type of cation.


Short-range order in the amorphous phase of sapphire produced by ion irradiation has been detected by Extended Energy Loss Fine Structure Spectroscopy (EXELFS). Sklad, Angelini and Sevely determined the partial radial distribution functions for samples implanted at 77 K with iron or with aluminum followed by oxygen 189[]
. The first near-neighbor distance for the iron-irradiated sample suggests a structure of (-Al2O3, whereas, that for the sample implanted with Al followed by oxygen is (-Al2O3.


Formation of γ-Al2O3 from (-Al2O3 can be produced by processes other than ion irradiation. Cao et al. reported the formation of γ-Al2O3 directly from pulsed-laser irradiated sapphire. They proposed that the γ-Al2O3 was formed because laser irradiation is a rapid heating and cooling process in which thin surface layer is heated and melted and evaporated during a 41-ns pulse duration 18[]
.
2.2 Single crystalline (-Al2O3 irradiation with Zr
 
Irradiation of zirconium in sapphire is of special interest since previous studies indicated that irradiation of zirconium into single crystalline (-Al2O3 produced an amorphous region, whereas, some ions of similar mass and energy, e.g., Nb, produced only highly disordered crystalline regions 
 ADDIN EN.CITE 
[129, 167]
. The results for irradiation of different ion species in sapphire has been summarized in reference 132[]
. The authors compared different studies to show that type of ion species as well as the temperature of the substrate during ion irradiation has a significant effect on damage retained as a result of irradiation. White et al. suggested a "chemical effect" to justify why in some cases the critical dose required for amorphization is lower compare with another ion with a similar mass. For an example of such a chemical effect, they compare the specimens irradiated with Zr+ ions to a fluence of 2×1016 Zr/cm2 to that implanted with Nb and Mo (elements of similar mass) to a fluence of 5×1016 at room temperature. In the case of zirconium ions, a buried amorphous layer was detected but the irradiation of Nb and Mo did not produce amorphous layers 132[]
. Recent studies have shown that the threshold fluence for sapphire amorphization with zirconium even is lower than that reported by White et al. The threshold fluence for amorphization of sapphire with 175 keV Zr+ ions was reported to be between 7.5×1015 and 1.5×1016 Zr/cm2 141[]
. The irradiation energy for threshold for amorphization by Zr appears to have little, if any, effect in the limited range of 150 to 300 keV studied 
 ADDIN EN.CITE 
[94, 132, 159, 162, 167]
.   

Other studies have also suggested that “chemical effects” may play a role in defining the implanted structure of sapphire. Alves et al. propose that Pt and Hg show different defect behaviors during the irradiation in sapphire with similar fluences although both species have very close masses 187[]
. Farlow et al. measured the fraction of implanted ions that substituted for Al on the Al-sublattice using Rutherford backscattering spectroscopy with ion channeling (RBS-C). The RBS-C for irradiation of Cr, Ti, Fe, W, Ga, Mn, Ni, Cu, Nb or Mo did not show any simple relationship between atomic size, valence or electronegativity of the implanted species and lattice position. However, they found no detectable substitution of Zr for Al 162[]
.


An alternation explanation for the irradiation-induced amorphization with  Zr has been proposed based on the equilibrium chemical thermodynamics observation that the free energies of formation of Al2O3 and ZrO2 are nearly the same at high temperatures, perhaps permitting the Zr ions to preferentially react with the oxygen ions 152[]
. Since any reaction, either among the injected ions and defects or zirconium with oxygen, occurs under highly nonequilibrium irradiation conditions, further studies are necessary to clarify the reason(s) for the observed behavior. 

2.3 Effect of post ion irradiation on a pre-ion-implanted α-Al2O3
There have been many studies of annealing as a post-irradiation process for ion irradiated α-Al2O3. A few studies investigated the post ion irradiation on a pre-implanted sapphire sample. McHargue et al. studied the effect of oxygen irradiation on a pre-Fe-implanted α-Al2O3. Another study by Sina et al. discusses the optical absorption properties of oxygen irradiation on a pre-Zr-implanted sapphire. The optical absorption and RBS results from this study showed that oxygen irradiation reduces the number of color centers. In the current work, TEM results show that oxygen irradiation recrystallizes the amorphous region adjacent to the deeper damaged region due to ion beam-induced epitaxial recrystallization (IBIER).  So far there have been no reports of oxygen bubble formation.

According to the published phase diagrams, ZrO2 is not soluble in Al2O3 at any temperature bellow 1600 ◦C but to a very little amount at above that temperature (Fig.9). Ternary phases have not been reported for the Al-O-Zr system and there is no evidence that monoclinic α-ZrO2 dissolves in Al2O3. According to work of Alper et al., the solubility of ZrO2 in Al2O3 is 0.83 mol% at 1600 ◦C 190[]
 . Jerebtsov found that the solubility of ZrO2 in Al2O3 is even smaller than reported by Alper at al. (0.008 mol% ZrO2) 191[]
. Therefore we do not expect any solid solution, (AlxZr(1-x))2O3 formation during oxygen implantation, but precipitation of compound(s) as second precipitate(s) is possible.  
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Figure 9 Phase  diagram of ZrO2-Al2O3 192[]

Since ion irradiation is a process far from equilibrium, possible effects of ion irradiation of oxygen on the Zr-implanted Al2O3 include: (a) compound formation and precipitation due to reactions during the cascade produced by the energetic oxygen ions; (b) interactions of the injected oxygen with Zr and/or displaced Al ions in the cascades to stabilize the disorder created by the “thermal spike”; (c) enhanced recovery of the disorder caused by the Zr-implantation.

The proposed study will investigate the structure(s) produced during irradiation and after annealing in order to further our understanding of the proposed “chemical effects. 

2.4 Effect of annealing

Figure 10 illustrates the wide variety of defects introduced in a crystalline target during ion irradiation. Whereas, many of the defects are eliminated by dynamic annealing process during bombardment, many are trapped to leave the sample in a thermodynamic metastable state. Upon annealing, thermal activated processes (e.g. diffusion and phase changes) drive the system toward the equilibrium state. Regions rendered amorphous by irradiation, recrystallize at elevated temperatures. 

Bull and Page suggested a quantitative model that indicates the activation energy for annealing of the amorphous material during irradiation (dynamic annealing) is very much lower than might be expected for post-implantation thermal annealing of the same material 193[]
. There have been many studies on post-implantation annealing recovery of disorder, implanted species distribution, and phase formation. Two cases pertain to this proposed study: 

1) Annealing of damaged but crystalline structures 

2) Recrystallization and epitaxial regrowth of implanted amorphous Al2O3
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Figure 10 Schematic illustration of the evolution during ion irradiation of a solid target processes. The grey shaded processes correspond to long term effects. After Zhang and Whitlow 194[]

2.4.1 Annealing of α-Al2O3 irradiated with iron followed by oxygen  

McHargue et al. irradiated c-cut sapphire single crystals with 160 keV Fe+ ions to a fluence of 4×1016 Fe/cm2, followed by 54 keV O+ ions to a fluence of 6×1016 O/cm2. The samples were annealed for one hour at 500, 800 and 1200 ◦C in an oxidizing or a reducing (Ar-4% H2) atmosphere. The residual damage (disorder) was determined by RBC-C spectroscopy. All samples retained about 90% of the disorder after 1 hour at 500 ◦C in both annealing atmospheres. The retained disorder (20-25%) was similar for the conditions annealed in the oxidizing atmosphere at 800 ◦C but significantly more (~53%) for the sample irradiated with iron only. The sample irradiated only with iron also retained more disorder after annealing at 1200 ◦C in both atmospheres (Figure 11). Hence, the irradiation of iron plus oxygen accelerated the recovery process(s) at temperatures above 500 ᵒC in both annealing atmospheres 195[]
. Implanted specious may migrate toward the surface during recrystallization but under certain conditions, the implant can be trapped at defects or create a second phase. Mouritz et al studied annealing of low melting point metals implanted into sapphire in an argon atmosphere. They found the retained concentration of these metals such as Zn, In, and Pb is independent of both implanted fluence and phase diagram consideration 174[]
.

2.4.2 Annealing of pre-amorphized Al2O3 produced by ion-beam irradiation
White et al summarized the studies on annealing samples in an inert (Ar) atmosphere that have an amorphous surface layer produced by irradiation with aluminum ions followed by oxygen ions at 77 K 129[]
. The amorphous layer first transforms to      γ-Al2O3 containing subgrains. Further annealing grows the subgrains of γ-Al2O3 and the α-Al2O3 sub-region epitaxially grows into the γ-phase and eventually converts the entire surface to a single crystal of α-Al2O3 coherent to the subsurface. Sklad et al found the same sequence during annealing samples irradiated with iron at 77 K. They followed the redistribution and precipitation of the implantation in both reducing and oxidizing atmospheres 196[]
. White et al reported that the presence of Fe in the amorphous region increases the kinetics of crystallization significantly but does not change the nature of the crystallization behavior 129[]
. 
[image: image72.emf]
Figure 11 Annealing effect in Fe-implanted sapphire a) annealing in air b) annealing in      Ar-4% H2 atmosphere 195[]
 

Romana et al.,  produced an amorphous surface layer on c-axis α-Al2O3 irradiated with 180 keV Sn+ ions to a fluence of 4×1014 Sn/cm2 at room temperature. During annealing in a reducing atmosphere, the recrystallization occurred in the same manner (amorphous→γ-Al2O3→α-Al2O3) as described above at temperature above 1233 K. In this case, precipitates of SnAl2O3 formed at 1233 K. Thermal annealing at 1373 K resulted in the loss of 97% of the implanted Sn.  The start of recrystallization of the amorphous region was delayed to 1373 K in the oxidizing atmosphere. In this case, the surface layer consisted of SnO2 coherent with γ-Al2O3. The SnO2 precipitates appear to stabilize the γ structure 94[]
. 
Annealing of a Sn implanted sample into sapphire has been also reported by Xiang et al. Tetragonal Sn nanoparticles of ∼15 nm diameter in Al2O3 produced by direct Sn irradiation at room temperature oxidized after thermal annealing at 1000◦C in oxygen. The irradiation-induced amorphous region, recrystallized and the Sn nanoparticles turned into SnO2 nanoparticles with an average diameter of ∼30 nm 197[]
. 

Marques et al studied amorphization of a c-cut Al2O3 sample by irradiation with 150 keV Ti+ ions to a fluence of 5×1016 Ti/cm2.  Annealing in oxidizing environment led to complete recovery of the amorphous region and segregation of Ti (in form of Ti3O5) to the surface. In the reducing atmosphere the competition between Al and Ti favors the formation of titanium oxide to lower the energy. In the amorphous region, a Ti rich layer and a depletion of Al were detected 172[]
. 


Although the disorder as determined from RBS-C measurements reaches the random value and the TEM examinations detect no coherently scattering regions in the amorphous layer, the extended loss fine structure (EXELFS) indicates short-range order (SRO) to be present 159[]
. This SRO is similar to crystalline α-Al2O3 in Fe-implanted amorphous layers but similar to crystalline γ-Al2O3 in stoichiometrically (Al+O) irradiated samples.  This SRO appears to influence the kinetics of the recrystallization but not the path.
2.4.3 Annealing of zirconium implanted sapphire
 
There are only a few studies about the effect of annealing in zirconium implanted in sapphire. The thermal annealing behavior of irradiation with 150 keV with Zr+ ions to a fluence of 2×1016 Zr/cm2 in α-Al2O3 has been investigated by Naramoto et al. Annealing in an oxidizing atmosphere to temperatures as high as 1600 ᵒC showed that there is little if any redistribution in depth of Zr 168[]
. 
2.5 Doping effects on the kinetics of solid-phase epitaxial growth of amorphous →γ → α-alumina

There are few studies that discuss the effect of doping on the kinetics of the transition from amorphous to crystalline aluminum oxides, using non powder alumina. Amorphizing single crystal sapphire samples by ion irradiation at low temperatures or using proper fluences of ions at room temperature are techniques that can be used to investigate growth stage in absence of nucleation stage. Another technique used for this purpose is deposeting a thin film of amorphous alumina on a sapphire substrate using electron-beam evaporation of alumina containing the appropriate dopants or co-evaporation of the high purity metal with a second e-beam gun. 

Ragan et al. used deposition of a thin amorphous alumina film technique to prepare the amorphous thin film. The effect of Cr (0.1 at %), Y (0.2, 1, 2 at %), and Er (0.1, 1, 2 at %) deposited into the film with a substrate of c-axis sapphire at different temperatures were studied.  Time resolved reflectivity measurements were used to quantify the growth kinetics during phase transformation. The activation energies for amorphous-to-γ and for γ-to-α transformation were calculated to be 4.1 and 5.2 eV respectively for the doped and undoped samples. Ragan found that Er retards the amorphous-to-γ transformation relative to undoped alumina whereas yttrium and chromium accelerate it. Yttrium and chromium ions decrease the γ-to-α transformation velocity in proportion to their concentration. Concentrations of Er as low as ~6 ppm retard the γ-to-α transformation and concentrations of 32 ppm essentially stop the α phase transformation 130[]
.
Yu et al. studied the effects of Fe (2.2 and 4.5 ct. %) and Cr (2.8 ct. %) on the kinetics of solid-phase epitaxial growth of amorphous alumina. They made a 200- 265 nm thick amorphous alumina deposited on c-axis single crystal α- Al2O3 using electron-beam evaporation. TRR and RBS were employed to study the kinetics of the epitaxial growth at 800–1050 °C in flowing oxygen gas. During the thermal annealing, the amorphous alumina transformed to gamma then to alpha alumina. Yu et al. found that the activation energy of γ-to-α is 5.0±0.2 eV, independent of the presence of dopants. The Arrhenius plot of the growth rate of γ-to-α transformation showed that Fe enhances while Cr slows the growth rate relative to the undoped case 131[]
. 
Clarke studied the epitaxial regrowth of an amorphous thin film containing iron or chromium on a pure sapphire single crystal. He deposited a thin film of amorphous alumina on (0001) sapphire substrates, by electron-beam evaporation from doped, sintered alumina target. Iron (2.2 and 4.5 atomic %) or chromium atoms (2.8 atomic %) were uniformly doped into the films during deposition. Clarke studied the kinetics of the amorphous-to-γ and γ-to-α transformation for different orientations of the underlying sapphire substrate by thermal annealing the samples at 1000 °C for 1, 2.5 and 5 h. In situ time-resolved reflectivity (TRR) techniques and Rutherford backscattering spectrometry with ion channeling (RBS-C) techniques were used to analyze the samples. The activation energies for amorphous-to-γ and for γ-to-α alumina were found to be 4.6 and 5.2 eV respectively, independent of the presence of dopants and underlying orientation. The different rates on the different substrate orientations were attributed to the differences in step mobility. Clarke found that Fe enhances while Cr slows the growth rate relative to the undoped case 128[]
.

White et al. produced a thin layer of amorphous alumina by irradiated Al and O with the same stoichiometric ratio of Al2O3 at liquid nitrogen temperature. They annealed the samples in Ar ambient to recrystallize the amorphous film (~160 nm thick) to γ phase followed by the transformation of the γ to the α-phase. They studied the kinetics of phase transformation at 800-1000 ᵒC by RBS and TEM measurement. They observed that a few minutes annealing of the samples at 800 ᵒC transformed the entire amorphous phase to γ-alumina phase. Thermal annealing at 800 ᵒC required approximately 100 hours to transform about 80 nm of γ into the α-phase. Annealing the samples with about 160 nm thick amorphous region at 1600 ᵒC, require a few minute to transform to α phase. White et al. measured the activation energy of the γ-to-α transformation about 3.6 eV 129[, 132]
. 

A similar experiment using iron ion-irradiation at liquid nitrogen temperature has used to investigate the effects of impurities on the nature and kinetics of the recrystallization of the amorphous Al2O3  129[, 132]
. White et al. produced an amorphous layer ~ 150 nm thick by irradiation with 160 keV Fe+ ions to a fluence of 4×1016 Fe/cm2 at liquid nitrogen temperature. Thermal annealing at 800-1200 ᵒC in flowing Ar was carried out. It found out that the addition of Fe to the amorphous film accelerate the rate of γ-to-α transformation (Fig.12). 

Sklad et al. produced a thin layer of amorphous alumina (≈ 170 nm) by irradiation with 90 keV Al+ ions to a fluence of  2×1016 Al/cm2 and 55 keV O+ ions to a fluence of 3×1016 O/cm2 into single crystal α-alumina at -185 ᵒC. The kinetics of phase transformation was studied after post-irradiation annealing in the temperature range from 700 to 800 ᵒC by in situ transmission electron microscopy (TEM) and conventional TEM. Sklad et al. reported activation energies of ≈ 1.6 and 7.8 eV for the low and high temperature regions respectively for the amorphous-to-γ transformation 13[]
. 
Another study by McCallum et al. investigated the effect of annealing environment on the on the kinetics of phase transformation. McCallum et al. produced a thin layer of amorphous alumina using irradiation with160 keV Fe+ ions to a fluence of 4×1016 Fe/cm2 at liquid nitrogen temperature. The samples then were thermally annealed at temperatures of 900, 960 and 1100 ᵒC in an oxidizing environment (flowing O2) or in a reducing environment (flowing 96% Ar, 4% H2). The samples were analyzed by RBS-C and TEM to study of dependence of regrowth of the amorphous alumina on the annealing atmosphere. The results of annealing in oxidizing atmosphere showed that at the first stage of annealing the amorphous layer first transforms to γ-Al2O3, and then epitaxial growth of α-Al2O3 follows where the Fe redistributes relatively uniformly into the γ-phase.  
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Figure 12 Schematic representation of behavior observed during annealing of an amorphous film


At the second stage of annealing process in flowing O2 the Fe appears to be present as substitutional (Al1-xFex)2O3 or in the form of small particles of diamond cubic Fe3O4 containing Al distributed in the α-Al2O3. During annealing in flowing 96% Ar, 4% H2, the Fe preferentially segregated in the γ-phase because it is largely insoluble in the recrystallized α-Al2O3 layer. By continuing the annealing process, the Fe was moved to the surface in front of the α-Al2O3 /γ- Al2O3 interface 85[]
. 
Sood and Cao irradiated a-axis Al2O3 (<1‾210> orientation) single crystal with 100 keV In+ ions to fluences of 0.8×1016 In/cm2 (low dose) and 6×1016 In/cm2 (high dose) at 77 K. The samples then underwent to an isothermal annealing in flowing high purity Ar gas atmosphere at 600, 700, 800, and 1000 ᵒC for 10 minutes to 24 hours. They characterized the samples with RBS-C, reflection high energy electron diffraction (RHEED) and scanning electron microscopy (SEM) 135[, 136]
. 
In low dose regime, the amorphous phase undergoes to epitaxial growth from amorphous/crystalline interface towards the surface. They found out that regrowth velocity is decelerated as the concentration of indium increases. The activation energy of 0.7 and 1.28 were reported for initial faster growth and further anneal times respectively. The study showed that the amorphous phase transforms directly to α-Al2O3 without any evidence to an intermediary γ-phase 135[]
. 
In the high dose regime, all indium atoms migrated to the surface within 10 minutes and form islands of In2O3. The longer anneal time up to 24 hours had no effect in indium atoms redistribution. Although annealing was performed in flowing high purity Ar gas ambient, the source of oxygen to produce indium oxide is not clear 136[]
. 
2.6 Phase transformation under irradiation 

Irradiation induced-phase transformation involves changes in crystal structure such as polymorphic phase transformations and amorphization. The irradiation generally enhances the defect concentration resulting in an increase of crystal entropy. The irradiation-induced amorphization is a result of damage accumulation leading to microstructure evolution and changes of material properties. An irradiation induced-phase transformation involves radiation-enhanced diffusion processes resulting in acceleration of the phase transformation kinetics. Therefore under irradiation condition, creating phases might be possible and easier to obtain, compare with a thermal condition 198[]
. For example when the energetic particles travel through the material, the significant amount of deposited energy can be stored in a subsurface region by the stresses which acts as a thermodynamic driving force when tends to relax the stresses 199[]
. 
In the absence of irradiation, the Gibbs free energy change between two phases determines phase transformation. In the presence of irradiation, thermodynamical concepts cannot be directly applied for the materials. The irradiation process is a non-equilibrium process from thermodynamics point of view. The energy of irradiation should be added to the difference in free energy between the phases without irradiation to analyze the effect of irradiation on phase stability. In many cases this energy is stored as a biaxial compressive stress. Energetic ions implanted into the affected area expand the material near the surface and this leads to biaxial compressive stresses. Also during irradiation-induced amorphization or phase transformation, stress can arise from incompatibilities between the film and the substrate due to differences in thermal expansion, phase transformations with volume changes, densification of the film, and epitaxial effects. For instance, irradiation of α-Al2O3 with energetic ions causes an increase in volume due to introduction of a number of defects such as vacancies and interstitial atoms. Because the volume expansion of the damaged layer is restricted by the very thicker-undamaged substrate, it yields a lateral compressive stress. Irradiation of α-Al2O3 with 300 keV nickel ions using different fluences showed that  irradiation induced surface lateral compressive stress in room temperature is three to nine times less than that obtain by low temperature irradiation 200[]
. 
Figure 13 illustrates the stresses and strains associated with the affected region (film) and the related bending. Fig 13a shows the volume expanded film free of the substrate. Fig. 13 shows a compressive stress in film and a tensile stress in the substrate when the film is bonded rigidly to the substrate. The final state is when both the film and substrate deform to make a concave curvature so that they again fit together perfectly.

Another type of stress under irradiation condition is epitaxial stresses. For example during ion beam irradiation induced epitaxial recrystallization in α-Al2O3, a thin crystalline layer of γ-Al2O3 forms form perfectly coherent boundaries with the substrate. The recrystallized γ-Al2O3 film and α-Al2O3 substrate must be match up at the interface by elastically strained for the two lattices. Figure 14 shows misfit dislocations due to difference in the lattice constants of an epitaxial recrystallized region (film) and its substrate. There is strain and stress in the film, because it must be squeezed in order to fit with the substrate. The simplest way of obtaining some stress relief is plastic deformation, i.e. producing and moving some dislocations. If the stress in a perfectly epitaxial thin film excess some critical value dislocations and stacking faults and possibly even new crystallites with different orientations might be formed in the growing film. 
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Figure 13 A schematic diagram showing a film under residual compressive stress
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Figure 14 Schematic diagram of the semi-coherent interface between two different phases of alumina 

When a new crystalline phase grows, conditions are expected to be nonequilibrium due to defects such as excess vacancy concentration in the new phase. There are various possible sites to develop stress such as free surface, film/substrate interface, voids, and grain boundaries. Usually developing stress due to vacancy annihilation is associated with volume changes in the film. 

Almost all ion-irradiated surfaces are in a state of stress. The majority of these stresses are a result of the accumulating defects that are built under ion irradiation (intrinsic stress). Irradiation induced- heat also develops thermal stress. The thermal stress is a result of thermal expansion coefficients differences between the irradiated region and the substrate. In hard and high- melting point materials such as alumina, thermal stress is negligible compared with intrinsic stresses. However thermal stress is significant during thermal annealing post irradiation. 
The intrinsic stresses formed under irradiation and the internal stresses formed in cold worked material are similar. In both cases, the stresses develop from the strain due to various lattice defects formation. However, the density of defects present in a irradiated material can be two orders of magnitude higher than that produced by cold-work treatment 199[]
. 

Most of the energies introduced by energetic ions during ion irradiation stored by stress tend to be released by a phenomenon that is known as recovery (stress relaxation).  These stored energies in form of stress can be released by stress relaxation such as vacancy, interstitial, and dislocation movement or by recrystallization of the strained regions into new strain-free grains. Therefore stress relaxation acts as a thermodynamic driving force. Mechanism of strained region relaxation during ion irradiation and the role of interaction of ions are still poorly understood.
2.7 Ion beam induced recrystallization in (-Al2O3 
In addition to the thermodynamically stable (-phase (corundum structure), Al2O3 has several metastable forms which depend upon the preparation technique. Among them is the (-phase (cubic). Amorphous Al2O3 can be transformed into the (-phase at elevated temperatures. Then this metastable form transforms to the (-phase upon annealing in the temperature range of about 650 to 1000( C 7[]
.
White et al.[2] studied amorphous layers in Al2O3 produced by ion-irradiation at 77 K , during thermal annealing in the temperature range of 850 to 1050( C. The transformation followed the path of A→γ →α, with γ epitaxially-oriented with respect to the α-substrate. Yu et al. 131[]
 and Clarke [6]found the same sequence to be followed during thermal annealing at 1050 (C of amorphous films produced by electron beam deposition. In all of these studies, impurities were found to have significant effects on the rate of the (→ ( transformation (e. g., Fe enhances whereas Cr retards the growth rate). To summarize, thermal annealing can induce epitaxial recrystallization of amorphous Al2O3 (an A→C transformation). Similarly, ion beam irradiation can be used to induce epitaxial recrystallization of amorphous solids. In this paper, we will refer to this phenomenon as ion beam induced epitaxial recrystallization (IBIER). For instance, in Si, IBIER occurs with the formation of 
high quality single crystal silicon at temperatures as low as 250( C 
 ADDIN EN.CITE 
[201-203]
.  In Si, recrystallization is attributed to the deposited nuclear energy. 


IBIER has also been reported for amorphous alumina films on sapphire substrates at temperatures as low as 400( C. Zhou et al. 41[]
 observed IBIER in films prepared by implantation of In at 77 K followed by 1.5 MeV Si irradiation at 400( C. They observed the same transformation path as in thermal annealing, e.g., A→γ→α. The results appeared to be insensitive to the presence of indium in the amorphous layer.

Yu et al. 
 ADDIN EN.CITE 
[42, 43]
 observed IBIER in alumina films prepared by electron beam deposition on sapphire  (0001) surfaces during subsequent ion irradiation at temperatures in the range 400 to 600( C. Beams of oxygen (180 keV) and argon (360 keV) were chosen such that the projected ranges were beyond the amorphous/substrate interface. The amorphous layer first transformed to (-phase followed by a (→( epitaxial transformation. The quality of the films was much lower than those thermally regrown. These investigators also attributed the observed IBIER effects to energy deposited in nuclear processes (elastic collisions). They also reported that the presence of iron dopants inhibits the process.

Chapter 3
Materials and methods
3.1 Ion irradiation condition
The irradiations were performed at the Instituto Tecnológico e Nuclear (ITN) facility in Portugal using a 210 kV ion implanter (Fig.15). The 210kV ion implanter has a chamber allowing the implantation of an area of 20×20 cm2. It is possible to carry on implantation samples in the temperatures range of 77 K up to 1273 K, in a controlled way. The connection of the implanter to the RBS chamber of the van the Graaff Accelerator, allows in situ analysis. 
Samples were irradiated at room temperature with the incidence ions ~7° off [0001] axis to avoid channeling effects. The sapphire samples were irradiated with 175 keV Zr+ ions to fluence of 2×1015- 4×1016 Zr/cm2. Some of the irradiated α-Al2O3 samples with 175 keV Zr then were irradiated with 55 or 48 keV oxygen ions to fluences 1.1×1016- 3×1016. The zirconium and oxygen ions fluxes were the order of 1.25 (A/cm2 to avoid significant heating of the sample. Table 7 shows the summary of samples irradiation conditions for both species Zr and O. The value in black and red are corresponding to Zr and O respectively. Figure 16 shows the beam control information for irradiation of one of the samples.
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Figure 15 The 210 kV Ion implanter has a chamber allowing the implantation of an area of 20x20 cm2. It is possible to carry on implantation samples in the temperatures range of 77 K up to 1273 K, in a controlled way. The connection of the implanter to the RBS chamber of the van the Graaff Accelerator, allows in situ analysis.

3.1.1 Sample preparation for irradiation

High-purity and strain free α-Al2O3 single crystals discs 1 inch diameter and 0.04 inch thick with the c-axis normal to the surface and with an optical polish (Crystal Systems, Inc., Salem, MA) were annealed for 120 h at 1400 ᵒC in air to remove any residual polishing damage or surface contamination.
Table 6 shows the summary of samples irradiation conditions.
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Figure 16 beam control panel for the irradiation of samples
Table 6 Summary of samples irradiation conditions

	Ion Energy [keV]
	Ion Fluence
[Zr+/cm2], [O+/cm2]
	Zr/O Concentration (at%) at Range
[Zr/cm3], [O/cm3]
	Ion Flux
[Zr +/cm2.S] [O+/cm2.S] 
 
	Ion Range [nm]
	Zr/O dpa
Peak [nm]
	Elapsed time [hr]
	Temperature
[K]

	175

	2×1015

	0.4
	1×1012

	57
	5
	0.55

	300

	175
55
	7.5×1015
1.1×1016
	~1.5%
~1.5%

	1×1012
1×1012

	57
86

	~20

~5
	2.08
3.05
	300

	175
55
	1.5×1016
2.3×1016
	~3%
~3%

	1×1012
1×1012

	57
86
	~40

~10
	4.16
6.38
	300

	175
48
	2×1016
3×1016
	4%
5.5%

	1×1012
1×1012

	57
74
	53.6

~17
	5.55
8.3
	300

	175
	4×1016

	7.9
	1×1012

	57
	105
	11.11
	300


3.2 Rutherford backscattering spectrometry (RBS)

One of the most significant challenge regarding thin film materials is measurement of structure and properties. Rutherford backscattering spectroscopy (RBS) is a unique non distractive analysis method for this purpose. RBS is able to determine some critical parameters of thin films such as the thickness, composition of material and impurities at the surface. RBS can also provide useful information regarding in-depth profiling in detection limit and depth resolution of ~ 1 and ~10 nm respectively. RBS does not provide any chemical bonding information which must be obtained from some other thin film analysis techniques.

3.2.1 Basic concept of Rutherford backscattering spectroscopy
RBS is based on the electrostatic repulsion between high energy incident ions and target nuclei. The specimen is usually bombarded with monoenergetic beam of 4He+ ions (typically 2 MeV) and the elastically backscattered ions are detected by the detector-analysis system which measures the energies of the particles (Fig. 17). During the collision, energy is transferred from the incident particle to the target specimen atoms; the change in energy of the scattered particle depends on the masses of incoming and target atoms. Using kinematic factor (k), which is the ratio of the particle energy before and after the collision, and definition of k, the film elements can be identified. 
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Figure 17 Schematic representation of the experimental setup for Rutherford backscattering analysis.

Equation (1) expresses the dependency of k on the masses of the incident particle (M1) and target atom (M2), and the scattering angle (θ).
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                                     (1)
The probability of scattering event can also be expressed as a function of scattering cross section which is proportional to the Z1Z2 when a particle with charge Z1 approaches the target atom with charge Z2.
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where E is the incident ion energy, Ω is the detector solid angle, and dσ is the effective differential cross section for the scattering of a particle (Equation 2). 
As the helium ions traverse the solid, they lose energy due to interaction with electrons in the target and usually do not scatter at the surface. After collision the He+ ions lose further energy on their way out to the detector. Figure 18 shows schematic of energy loss for an ion scatters from depth t. The rate of energy loss or stopping power (dE/dx) is a critical component in backscattering experiments as it determines the depth profile in a given experiment. To avoid complications to calculate energy loss, it is convenient to assume that total energy loss is linearly proportional to depth t.
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Figure 18 Components of energy loss for an ion beam that scatters from depth t. First, incident beam loses energy through interaction with electrons ΔEin. Then energy lost occurs due to scattering Ec. Finally outgoing beam loses energy for interaction with electrons ΔEout (adapted from 204[]
).

3.2.2 Samples characterization using Rutherford backscattering spectroscopy 

For characterization of the disorder on the Al-sublattice, distribution of implanted species and verification of presence (or absence) of an amorphous phase, all specimens were analyzed by Rutherford backscattering spectroscopy with ion channeling (RBS-C) using 2.0 MeV He+ at scattering angles of 170ᵒ, -165ᵒ, and -140ᵒ in the standard IBM geometry (Fig. 19). The RBS experimental beam line of the 2.5 MV Van de Graaff accelerator in the Ion Beam Laboratory (ITN) (Fig. 20), 3MV tandem accelerator at the Ion Beam Materials Laboratory (IBML) on the University of Tennessee, Knoxville (UTK) (Fig. 21), and the 3.6 MeV NEC Pelletron in ion beams laboratory at IBM Almaden Research Center were used to characterization of the samples. 
For the results of RBS-C carried out in IBM Almaden Research Center, the channel number converted to energy using calibration samples with 100nm of Cr on SiO2 (quartz) and 100nm of Au on graphite. Similar measurements were carried out in ITN, using calibration samples with V, Nb and Ta thin film (over SiO2) and with Au and Ni thin film over Si in IBML-UTK. The film thickness was below the energy resolution of all the experimental set-up.
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Figure 19 Geometry of the chamber with three detectors at different angles
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Figure 20 A 2.5 MV Van de Graaff accelerator with three experimental beam lines, with all the relevant ion beam techniques available: RBS, PIXE, NRA, Channeling, ERDA and NRB with (p, g).

3.3 Transmission electron microscopy (TEM)

The basic principle of a transmission electron microscope (TEM) is the same as a light microscope but uses electrons instead of light and electromagnetic lenses instead of glass lenses. Using electron source in a microscope makes it possible to get a resolution a thousand times greater than with a light microscope. Electrons have characteristic wavelengths of less than an angstrom, and come close to seeing atomic detail. For example, wavelength of electrons produce in a 50 kV and 200 kV TEM is 0.05 and    0.025 Å respectively compared with the wavelength of Cu Kα used in X-ray diffraction of 0.154 Å. 
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Figure 21 The Ion Beam Materials Laboratory (IBML) at the University of Tennessee, Knoxville (UTK)

Among the electron microscopy techniques, scanning transmission electron microscopy (STEM) has become a very popular and widespread technique during the last two decades. It can be used for the characterization of nanostructures, providing a range of different imaging modes with the ability to provide information on elemental composition and electronic structure at the ultimate sensitivity, that of a single atom. In scanning transmission electron microscopy, a focused beam of electrons (∼1– 10˚A) is moved in a television-style raster pattern across the specimen 205[]
. Various data can be acquired in synchronization with the raster scan such as emitted x-rays, secondary electrons, or backscattered electrons. Using scanning transmission electron microscopy chemical mapping in a specimen can be obtained by electron energy loss spectroscopy (EELS) and energy-dispersive X-ray (EDX) analysis. Z-contrast imaging also allows for some degree of quantitative elemental mapping through the strong atomic number dependence of the signal 206[]
.
3.3.1 Sample Preparation for TEM
Since in TEM the electrons must penetrate the specimen, and penetration depth of the electrons is small but specimen should also represent the bulk material in both structure and composition, the sample has to be very thin. The thickness of samples is typically less than 100 nm depending on the average atomic number of the material. A thickness on the order of 20 to 30 nm is recommended for a high resolution Image. 

A common technique used to thin the multilayer materials such as materials that undergo ion irradiation is sandwich technique. Figure 22 illustrates the sandwich technique of a multilayer sample prepared by multyprep system polisher or tripod thinning. The cross-sectional preparation of such materials enables the researchers to observe the implantation depth and the density of the ions or particles 207[]
.  Figure 23 shows a thined Zr-irradiated sapphire sample under optical microscope that was made by sandwich technique using multyprep system thinning. 
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Figure 22 Diagram of a multilayer sample prepared using the sandwich technique for tripod thinning 
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Figure 23 A thined Zr-irradiated sapphire sample under optical microscope that was made by sandwich technique using tripod thinning
A mechanical polishing technique, using diamond lapping films was employed for thinning the samples to about 10 micron (μ) (Figure 24). Then the ion milling polishing technique that consists of abrading the sample using ionic bombardment was applied to thin the sample for the final step. Figure 25 shows the ion milling process for one of the Zr-irradiated sapphire samples using Gatan precision ion polishing system (PIPS) model 691 at the Joint Institute for Advanced Materials (JIAM) at UTK. Usually if the ion milling process takes longer than 1 hour in the PIPS, the sample was not dimpled thin enough. The PIPS that uses a higher flux and lower angles is designed for short-term milling.
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Figure 24 Mechanical polishing process for one of the Zr-irradiated sapphire samples using Allied multyprep system polisher at the joint institute for advanced materials (JIAM) at UTK
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Figure 25 Ion milling process for one of the Zr-irradiated sapphire samples using Gatan model 691 at the Joint Institute for Advanced Materials (JIAM) at UTK.
3.3.2 Samples characterization using STEM/TEM

The specimen that was irradiated with 175 keV Zr+ ions to a fluence of 4×1016 Zr/cm2 was prepared by mechanical polishing followed by ion milling. Electron-energy loss spectroscopy (EELS) and Z-contrast and high angle annular dark field (HAADF) images were obtained in an aberration-corrected scanning transmission electron microscope (STEM), VG 501 STEM fitted with a Nion Mark II Cs corrector and a Gatan Enfina EEL spectrometer. The analysis was done at the scanning transmission electron microscopy (STEM) group (Materials Science & Technology Division Oak Ridge National Laboratory) (Fig. 26). 

The other samples were analyzed using TEM at the Institute of Scientific and Industrial Research, Osaka University, Japan, using a JEOL JEM-3000F TEM operated at 300 kV. Cross sectional TEM specimens were also prepared by mechanical polishing followed by ion milling. Bright field (BF) and high resolution images, nano-beam electron diffraction (NBED) pattern, selected area electron pattern (SAED) were obtained. 
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Figure 26 Working on the samples with scanning transmission electron microscope (STEM) at the scanning transmission electron microscopy (STEM) group (Materials Science & Technology Division Oak Ridge National Laboratory)

3.4 Electron energy loss spectroscopy (EELS)
When high energetic electrons in a scanning transmission electron microscope pass through a thin specimen, they interact with atoms of the solid. This interaction basically is change in kinetic energy of electrons due to inelastically scattering and energy transfer to the atoms. The amount of this electron energy loss is specific to the elements present at the specimen, their coordination, bonding, optical and electronic properties. Using an electro–magnetic prism, the electron beam can be bended based on their velocities resulting on an electron energy–loss spectrum.  Figure 27 is a typical spectrum for EELS with the different features indicated. Inelastic interactions include phonon excitations, inter- and intra-band transitions, plasmon excitations, inner shell ionizations, and Bremsstrahlung radiation. The inner-shell ionizations are particularly useful for detecting the elemental components of a material. The energy resolution of EELS obtained from a modern scanning transmission electron microscope is typically 1 eV but can approach 0.1 eV if an electron-beam monochromator is used. To obtain the chemical content of a sample, the shape of specific ionization edge (electron near edge structure) for the element is analyzed. 
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Figure 27 A typical EELS spectrum with the different parts indicated 

3.5 Optical measurements
Studies of defects in ion irradiated insulators by optical absorption or luminescence techniques focus on defects and imperfections which extend over the range of projectile. During an ion irradiation material process, variety of defects forms. Among them are simple point defects, interstitial and vacancies. These defects give rise to optical absorption bands. Specific ultraviolet absorption and luminescence bands are associated with F-type centers (oxygen vacancies with or without trapped electrons). Comparing the optical density for un-irradiated and irradiated samples in different spectral regions, it gives information about F-type centers concentration at the defected region. The damaged region is so thin that one may follow coloration to very high optical absorption coefficients. 
3.5.1 Ultraviolet and visible (UV-Vis) absorption spectroscopy
Ultraviolet and visible (UV-Vis) absorption spectroscopy is the measurement of the intensity of a beam of light after it passes through a sample compared with the initial intensity. These measurements can be at a single wavelength or over an extended spectral range. The UV-Vis spectral range is approximately 190 to 900 nm. Obtaining short-wavelength <175 nm requires a simple UV-Vis spectrometers with nitrogen gas. Working below 175 nm requires a vacuum spectrometer and a suitable UV light source. Ultraviolet and visible photons are energetic enough to promote electrons to higher energy states in molecules and materials. Therefore, UV-Vis spectroscopy is useful to the exploration of the electronic properties of materials such as semiconductors and insulators. The classic example is the F-type centers in which one or more electron(s) are trapped at an anion vacancy site. Substitutional impurities, especially transition metal ions can also provide absorption centers in crystals. For instance transition metal impurities such as Cr+3 are responsible for the colors of many gem-stones, such as ruby. Optical absorption spectroscopy requires a broadband excitation source, such as a tungsten-halogen lamp 208[]
.
3.5.2 Photoluminescence
 
When a semiconductor or a semi-insulator is illuminated by a light with photon energy greater than the band-gap energy (Eg) of the material, electrons in the valence band are excited to the conduction band. When electron and electron-hole recombines, it emits a photon. The emitted light has a wavelength characteristic of the occupied energy levels. This information can be used for investigating the electronic structure and impurity concentrations, identifying defect complexes, and measuring the band gap of materials.  Photoluminescence (PL) spectroscopy is also a powerful technique for providing an excellent picture of overall crystal quality and purity. PL has a very good resolution for identifying F-type centers compared with OA. There are also more elaborate techniques, such as photoluminescence excitation (PLE), time-resolved PL, and resonant Raman scattering, but these techniques are more useful for basic scientific investigations than for routine crystal characterization 208[]
 . 

Optical absorption spectra were obtained using a double beam Varian Cary 5000 spectrophotometer in the 190–800 nm wavelength range at room temperature. The photoluminescence was measured for irradiation at 255 nm by a Varian Cary Eclipse 6000 spectrophotometer at room temperature.
3.6 Thermal annealing 

Post irradiation thermal annealing was used to induce recrystallization of the amorphized region of samples that were irradiated with Zr. To study of post irradiation thermal annealing, the irradiated samples were cut to a few pieces then were annealed at different temperatures and times. The first annealing temperature and residence time was chosen to be 800 ᵒC and 30 minute based on previous studies to induce partial recrystallization of amorphous region to gamma. The temperature and the time for the samples were designed as shown in Table 8and 9 to observe the phase changes in order to study of the effect of annealing and oxygen irradiation α-alumina. All anneals were performed using a clean 4″ tube furnace in high purity Ar atmosphere. To avoid any possible contamination during the annealing process, the samples were placed at a pre-fired alumina crucible, and then the crucible was placed in to 2″-one-ended clean alumina tube. These were put at the tube furnace. After placing the samples in the furnace, entire tube purged by Ar gas first by wide opening a flow for several minutes then to a rate of 4 lit/min for the entire annealing process. Both ramp and cooling rates were 3.3 ᵒC/min.  

Table 7 Thermal annealing conditions for Zr irradiated samples
	Sample number
	Zr fluence [Zr/cm2]

(175 keV Zr+)
	Post anneal conditions

	31
	2×1016
	-

	318
	2×1016
	800°C / 30 min.

	5119
	2×1016
	900°C / 60 min.

	51K
	2×1016
	900°C / 120 min.

	31K
	2×1016
	1000°C / 30 min.


Table 8 Thermal annealing conditions for Zr plus O irradiated samples
	Sample number
	Zr fluence [Zr/cm2]

(175 keV Zr+)
	O fluence [O/cm2]

(48 keV O+)
	Post anneal conditions

	32
	2×1016
	3×1016
	-

	328
	2×1016
	3×1016
	800°C / 30 min.

	5229
	2×1016
	3×1016
	900°C / 60 min.

	52K
	2×1016
	3×1016
	900°C / 120 min.

	32KZ
	2×1016
	3×1016
	1000°C / 30 min.


3.7 Arrhenius equation

Experimental study of recrystallization have shown that during an annealing process, by decreasing the temperature at which recrystallization occurs, the time of anneal increases. This follows the fact that recrystallization is a thermally activated process that can be characterized by the Arrhenius expression:

V= V0 exp (-Ea/kT)                                                              (3)

where Ea is activation energy; k is Boltzmann constant; T is temperature, and V0 is the pre-exponential frequency factor. The Arrhenius equation has been widely accepted and successfully applied to numerous reactions involving solids such as kinetic study of solid-phase epitaxy. 

The Equation (3) can be written equivalently as:

ln V= ln V0-Ea/k(1/T)                                                               (4)

From the plot of ln V versus 1/T, the value of the y-intercept and slope can be calculated equal to ln V0 and –E0/k 209[]
. 

3.8 Cross-cut technique
One method to determine the kinetics of the annealing process is the cross-cut method.  In the cross cut method, activation energy is assumed to be single and constant. A set of identical samples are annealed at several temperatures for different times. The samples should contain the same initial concentration of defects, n0. In a single activated process with constant activation energy, rate of defect concentration can be described by the following equation:

dn/dt =-F(n).K0 exp (-Ea/kT)                                              (5)

where n is the fractional concentration of the defect; F(n) is any continuous function of n; K0 is a pre-exponential constant; Ea is activation energy; T is temperature and k is the Boltzmann factor. The Equation (3) can be rewritten as: 

-ʃdn/F(n) =K0t.exp (-Ea/kT)                                                (6)

Suppose that Fig. 28 is the isothermal annealing curves for these samples. The dashed line n1 and n2 represent a constant defect concentration over the isothermal annealing curves at different times. For each of these dashed lines the left-hand side of Equation (6) is a constant, therefor:

t.exp (-Ea/kT) = constant=C                                                    (7)
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Figure 28 Cross-cut procedure from isothermal annealing curves to determine the activation energy
The activation energy can be determined by the following equation if two times, t1 and t2 reach a constant value of n1 at temperatures T1 and T2:

ln t1/t2 =Ea/k (1/T1-1/T2)        (8)

Using Equation (7) the times can be related to the temperature by:

ln (ti) = ln C+ Ea/kTi           (9)

Equation (9) expresses a linear equation of the logarithm of ti in 1/Ti with the slope of Ea/k. If the constant C calculated from two cuts taken at points n1 and n2 is the same, the assumption that a single process with constant activation energy is operative can be checked 209[]
. 
3.10 SRIM calculations

SRIM is a collection of software packages which calculate many features of the transport of ions in matter such as: energy loss of ions in matter, range and straggling distributions. The basic of SRIM is the theory of the stopping of ions in matter with modified major parameters such as shell corrections, mean ionization potentials, the effective charge of ions and the Fermi velocity of solids. SRIM has also the capability to calculate displacements per atom (dpa) which is an important radiation damage exposure unit. Most researchers in the field of ion beams, use dpa as an indicator to evaluate the radiation damage associated with their irradiations.
In this study SRIM-2013 is used to calculate range, Zr distribution, vacancies, deposited energy and displacement per atom (dpa). Energies of displacement (Ed) of 20 eV and 50 eV were used for Al and O respectively in the calculations 210[]
. The SRIM-based calculations are based on densities of single crystal sapphire and amorphized alumina of 3.98 and 3.10 gr/cm3 7[, 211]
.  

3.9.1 The SRIM calculated results 
Figure 29 shows SRIM calculated range and displacement damage dose (in units of dpa) dpa versus target depth for Al2O3 irradiated with 175 keV Zr+ ions to a fluence of 7.5×1015 Zr+/cm2, followed by irradiation with 55 keV O+ ions to a fluence of  and 1.1×1015 O+/cm2. 
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Figure 29 SRIM calculated range and displacement damage dose (in units of dpa) dpa versus target depth for Al2O3 irradiated with 175 keV Zr+ ions to a fluence of 7.5×1015 Zr+/cm2, followed by irradiation with 55 keV O+ ions to a fluence of  and 1.1×1015 O+/cm2. 
Figure 30 shows similar calculations for Al2O3 irradiated with 175 keV Zr+ ions to a fluence of 1.5×1016 Zr+/cm2, followed by irradiation with 55 keV O+ ions to a fluence of  and 2.3×1015 O+/cm2. 
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Figure 30 SRIM calculated range and displacement damage dose (in units of dpa) dpa versus target depth for Al2O3 irradiated with 175 keV Zr+ ions to a fluence of 1.5×1016 Zr+/cm2, followed by irradiation with 55 keV O+ ions to a fluence of  and 2.3×1016 O+/cm2.
Figure 31 and 32 show SRIM calculated range and displacement damage dose (in units of dpa) dpa versus target depth for Al2O3 irradiated with 175 keV Zr+ ions to a fluence of 2×1016 Zr+/cm2 and 4×1016 Zr+/cm2 respectively.
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Figure 31 Range and concentration profile of 175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 during implantation into sapphire
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Figure 32 Range and concentration profile of 175 keV Zr+ ions to a fluence of 4×1016 Zr/cm2 during implantation into sapphire

Figure 33 shows the distribution of energy loss during the penetration of energetic Zr (175 keV) over the depth of penetration till the ions come to rest. This energy loss has been separated to the nuclear and electronic energy loss.  The ballistically energy loss in the amorphous phase is more dominant compared with the electronic collisions. In general, in the low energy regime the electronic energy loss that involves in excitations and ionization is small compared with the energy spent in nuclear elastic collisions. Usually electronic collisions do not change the ion trajectory, and their energy spend is not sufficient for lattice disordering. On the other hand, nuclear collisions can have significant role in angular deflection of the trajectory of the ions; also they are responsible for the lattice disorder. 
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Figure 33 Nuclear and electronic energy loss for 175 keV Zr+ ions into sapphire
Figure 34 shows SRIM calculated nuclear and electronic energy loss for Al2O3 irradiated with 55 keV O+ ions, after the formation of buried amorphous layer due to prior irradiation with Zr+ ions to a fluence of 1.5×1016 Zr+/cm2 .
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Figure 34 SRIM calculated nuclear and electronic energy loss for Al2O3 irradiated with 55 keV O+ ions, after the formation of buried amorphous layer due to prior "high dose" irradiation with Zr+ ions
Chapter 4
Results and discussion
4.1 The effect of zirconium irradiation on the structure of sapphire and threshold fluence for amorphization

Figure 35 shows RBC-C spectra obtained from a sample of α-Al2O3 irradiated with 175 keV Zr ions to a fluence of 2 × 1015 Zr/cm2 at room temperature. The RBS-C shows that this fluence is not sufficient to amorphize the sample. The Zr profile in Fig. 35 is magnified ten times.  

Figure 36 shows the RBS-C spectra for the sample irradiated to a fluence of 7.5 × 1015 Zr/cm2 at room temperature. The aligned spectrum for this sample exhibits a minimum yield (χm) for Al of ~0.5. 
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Figure 35 RBS-C spectra obtained from α-Al2O3 sample irradiated with2×1015 Zr+/cm2. This is “low- dose” sample in the sense that the Zr displacement damage dose is less than the threshold dose for amorphization. Arrows labeled “Zr”, “Al”, and “O”, indicate the surface elastic scattering energies for Zr, Al, and O atoms respectively. Scattering angle of 165 ᵒ was used for this measurement.
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Figure 36 RBS-C spectra obtained from α-Al2O3 sample irradiated with2×1015 Zr+/cm2. This is “low- dose” sample in the sense that the Zr displacement damage dose is less than the threshold dose for amorphization. Arrows labeled “Zr”, “Al”, and “O”, indicate the surface elastic scattering energies for Zr, Al, and O atoms respectively. Scattering angle of 165 ᵒ was used for this measurement.
Figure 37 shows bright-field (BF) images obtained from cross-sectional TEM of the same sample. The Selected area electron diffraction (SAED) pattern confirms that this dose is “low- dose” in the sense that the Zr displacement damage dose is less than the threshold dose for amorphization. There is a highly damaged but crystalline region extending to more than 100 nm from the surface. 
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Figure 37 (a) TEM cross section image and (b) Selected area electron diffraction (SAED) patterns obtained from α-Al2O3 sample irradiated with 7.5×1015 Zr+/cm2. This is “low- dose” sample in the sense that the Zr displacement damage dose is less than the threshold dose for amorphization.

Figure 38 shows the RBS-C spectra for the samples irradiated to a fluence of 1.5×1016 Zr/cm2. The aligned spectra overlap the random spectra, suggesting the presence of a random scattering surface indicating an “amorphous” surface for the sample. Figure 39 shows bright-field (BF) images obtained from cross-sectional TEM samples of the same sample at room temperature. There is an amorphous region ~50 nm thick sandwiched between two highly damaged, crystalline regions. The near-surface and deeper highly damaged regions are about 23 and 75 nm thick respectively. Fig. 39 shows that the total defected regions of this sample including the amorphous region and two damaged regions is about 155 nm that is farther than the depth predicted by SRIM. This can be attributed to the damage produced by Al and O atoms recoil.   
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Figure 38 RBS-C spectra obtained from α-Al2O3 sample irradiated with 1.5×1016 Zr+/cm2. This is “high dose” sample in the sense that the Zr displacement damage dose is in excess of the threshold dose for amorphization. Arrows labeled “Zr”, “Al”, and “O”, indicate the surface elastic scattering energies for Zr, Al, and O atoms respectively. Scattering angle of 165 ᵒ was used for this measurement.
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Figure 39 TEM cross section image obtained from α-Al2O3 sample irradiated with 1.5×1016 Zr+/cm2. This is “high dose” sample in the sense that the Zr displacement damage dose is in excess of the threshold dose for amorphization.

Figure 40 shows the RBS-C spectra for the samples irradiated with Zr to a fluence of 2×1016 Zr/cm2. The aligned spectra overlap the random spectra, suggesting the presence of a random scattering surface indicating an “amorphous” surface for the sample. 
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Figure 40 RBS-C spectra obtained from α-Al2O3 sample irradiated with 2×1016 Zr+/cm2. This is “high dose” sample in the sense that the Zr displacement damage dose is in excess of the threshold dose for amorphization. Arrows labeled “Zr”, “Al”, and “O”, indicate the surface elastic scattering energies for Zr, Al, and O atoms respectively. Scattering angle of 170 ᵒ was used for this measurement.
Figure 41 shows bright-field (BF) images obtained from cross-sectional TEM samples of the same sample at room temperature. There is an amorphous region ~62 nm thick sandwiched between two highly damaged, crystalline regions. The near-surface and deeper highly damaged regions are about 23 and 72 nm thick respectively. Comparing Figs. 39 and 41, it is apparent that the widths of two highly damaged regions remain almost the same but the width of amorphous region increases about 12 nm for the sample irradiated to a fluence of 2×1016 Zr/cm2.
[image: image106.png]B s o b g
7o =T
& 23 nm

o]

~62 nm

~72 nm





Figure 41 TEM cross section image obtained from α-Al2O3 sample irradiated with 2×1016 Zr+/cm2. This is “high dose” sample in the sense that the Zr displacement damage dose is in excess of the threshold dose for amorphization.
Figure 42 shows the RBS-C spectra for the samples irradiated with Zr to a fluence of 4×1016 Zr/cm2. The aligned and random spectra of the implanted region overlap in the energy range of 1.05– 1.1 MeV suggesting a buried ‘‘amorphous’’ region. The Zr spectra in Fig. 42 also exhibit no channeling, indicating random distribution of the implanted Zr ions. 
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Figure 42 RBS-C spectra obtained from α-Al2O3 sample irradiated with 2×1016 Zr+/cm2. This is “high dose” sample in the sense that the Zr displacement damage dose is in excess of the threshold dose for amorphization. Arrows labeled “Zr”, “Al”, and “O”, indicate the surface elastic scattering energies for Zr, Al, and O atoms respectively.
Figure 43a,b are high angle annular dark field (HAADF) and bright-field images respectively obtained from cross-sectional aberration-corrected STEM sample of α-Al2O3 irradiated to a fluence of 4×1016 Zr/cm2 at room temperature. 
Embedded nanoparticles or clusters are present in the amorphous region. The Zr-rich clusters are distributed through a range of about 30–80 nm below the surface. The Z-contrast image shows a near-surface damaged layer about 30 nm thick, a subsurface region exhibiting ‘‘random’’ de-channeling ~50 nm thick, and a deeper damaged, crystalline zone ~70 nm thick. 

Figure 44 shows HAADF image from the middle of the amorphous region. Nearly spherical Zr nano-clusters can be observed in this region. The average size of these nano-clusters is about 8 nm.
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Figure 43 High angle annular dark field cross section image of a-Al2O3 implanted with Zr ions
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Figure 44 High angle annular dark field (HAADF) cross section image of α-Al2O3 irradiated with Zr ions from amorphous region shows nearly spherical Zr-rich clusters

Figure 45a, b shows a cross-sectional HAADF and BF images of the microstructure in α-Al2O3 irradiated to a fluence of 4×1016 Zr/cm2. In addition, Fig.45c, d, and e show bright field images obtained from various regions of the ion irradiated microstructure along with their corresponding images for Fourier transform (Fig 45f,g, and h) . Fig. 45 indicates that the subsurface region has lack of crystallinity, whereas the near surface and the deeper damaged layer have remained crystalline. 
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Figure 45 (a) High angle annular dark field, (b) bright field, (c–e) bright field, and (f–h) fast Fourier transform (FFT) from the three regions of zirconium implanted-sapphire.
Figure 46 shows the EELS Al-L2,3 edge spectra for three different regions: (a) bulk, (b) sub-surface and deeper damaged, and (c) amorphous. Because the EELS Al-L2, 3 edge spectra for the subsurface and deeper damaged regions were identical, Fig. 46 shows the spectrum for the deeper damaged region as a representative for both. The bulk, subsurface damaged and deeper damaged have similar spectrum but the counts for the bulk region are higher because the sample is thicker there. Qualitatively, the sample shows two major regions: bulk-like α-Al2O3 and the amorphous regions. Figure 46 shows that the α-Al2O3 edge for the amorphous region is rounder and shifted to a lower energy. The Al-L2, 3-edge of Al2O3 spectrum from amorphous region has a different shape with two peaks compared with the Al2O3 L-edge spectrum from bulk and subsurface and deeper damaged regions of one peak near 80 eV.


 Brydson 212[]
 proposed that multiple scattering (MS) theory combined with EELS measurements from a reference material might be used as a fingerprint. Figure 47 adapted from 212[]
 shows that the results of MS calculations for the Al L2, 3-energy loss near-edge structure (ELNES) of tetrahedral AlO4 and octahedral AlO6 may be used as a fingerprint of the local coordination. First principle calculations of band structures have shown that the L-edge for tetrahedrally coordinated Al has the first peak shifted to lower energy with respect to the peak near 80 eV for octahedrally coordinated Al (Figure 48). The first peak in Fig. 46c is less pronounced than the second, indicating that it is a γ-Al2O3-like edge. In α-Al2O3, Al is in octahedral coordination, while in γ-Al2O3 some Al are octahedrally coordinated and some are tetrahedrally coordinated to oxygen. 
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Figure 46 EELS Al-L spectra from (a) bulk region, (b) near surface damaged and deeper damaged regions, and (c) amorphous region
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Figure 47 The results of MS calculations for the Al L2, 3-ELNES of: (a) tetrahedral AlO4 with Al–O distances equal to 0.17 nm and (b) octahedral AlO6 with Al–O distances equal to 0.19 nm 212[]
.


Metallic Al shifts the spectrum toward a lower energy and rounds the edge. When the compound becomes more metallic a shift to lower energy can be seen. Based on Figure 46 and 48 there is no evidence of aluminum in metallic form. 
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Figure 48 Al L2, 3-EELS spectra for different regions of the α-Al2O3 sample irradiated with 175 keV Zr+ ions to a fluence of 4×1016 Zr/cm2: the α-Al2O3 edge is rounder and shifted to a lower energy like (purple spectrum). 

Figures 49 a and b show EELS oxygen-K edge obtained from sample of α-Al2O3 irradiated to a fluence of 4 × 1016 Zr/cm2. Comparison between O–K edge spectra from bulk-like and amorphous regions shows there is some oxygen deficiency in the amorphous region. The bulk-like region shows an O–K with three features, which are seen in α-Al2O3. 
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Figure 49 Electron energy loss spectroscopy (EELS) oxygen-K edge obtained from sample of α-Al2O3 irradiated with 175 keV Zr ions to a fluence of 4 × 1016 Zr/cm2 at room temperature. (a) spectrum from subsurface and deeper damaged regions (b) spectrum from the amorphous region  


The amorphous region does not have those features, which is consistent with γ-Al2O3. However, if there weren’t any oxygen deficiency the first peak (1) should be as high as in the bulk-like region. Instead the ratio of peak 1 to peak 2 is lower; the edge is more washed out indicating an oxygen deficiency. These results are interpreted as showing that the amorphous region exhibits short-range order similar to that of γ-Al2O3 with oxygen deficiency. In spite of this fact that there is no evidence for oxygen bubbles or aluminum precipitates, it is not clear where the oxygen atoms that were originally in the now oxygen-deficient amorphous region are. 
The results of present work shows that the threshold fluence for sapphire amorphization with zirconium even is lower than that found by White et al. The threshold fluence for amorphization of sapphire is reported to be between 7.5×1015 and 1.5×1016 Zr+/cm2 (175 keV). Carter and Grant studied the effect of ion irradiation induced amorphization in different solids. They showed that with increasing ion fluence, accumulation and overlap of individual amorphous zone led to formation of an amorphous layer 213[]
. However the results of this work show that ion fluence and dpa alone are not responsible for amorphization. 


Figure 50 shows TEM cross-section images and SAED patterns obtained from α-Al2O3 samples irradiated with 7.5×1015 Zr+/cm2. Also shown are SRIM calculated profiles for the Zr displacement damage dose (in units of dpa) as a function of target sample depth and the implanted Zr concentration versus depth. The specimen irradiated with Zr ions to a fluence of 7.5×1015 Zr/cm2 contained only a damaged crystalline implanted zone. The displacement damage dose reached a value of ~20 dpa over the range of ~25 to ~65 nm from the surface but the Zr content  ranged from 0.2 to 1.3% in this region.
Figure 51 indicates a TEM-BF cross section image and SAED patterns obtained from α-Al2O3 samples irradiated with 1.5×1016 Zr+/cm2. Along with the TEM-BF image also shown is SRIM calculated profiles for the Zr displacement damage dose (in units of dpa) as a function of target sample depth and the implanted Zr concentration versus depth. The specimen irradiated with Zr ions to a fluence of 1.5×1016 Zr/cm2 contained an amorphous region sandwiched by subsurface and deeper damage regions. The amorphous/deeper damage interfaces lie at ~20 dpa and ~2.5% Zr.

[image: image115]
Figure 50 TEM cross section image and SAED patterns obtained from α-Al2O3 samples irradiated with 7.5×1015 Zr+/cm2. These are “low- dose” samples in the sense that the Zr displacement damage dose is less than the threshold dose for amorphization. Also shown are SRIM calculated profiles for the Zr displacement damage dose (in units of dpa) as a function of target sample depth and the implanted Zr concentration versus depth. 
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Figure 51 TEM bright-field (BF) image obtained from cross-sectional samples of α-Al2O3 irradiated with 1.5×1016 Zr+/cm2. Also shown are SRIM calculated profiles for the Zr displacement damage dose (in units of dpa) as a function of target sample depth and the implanted Zr concentration versus depth.

Figure 52 shows a TEM cross section image and SAED patterns obtained from α-Al2O3 samples irradiated with 2×1016 Zr+/cm2. Also shown are SRIM calculated profiles for the Zr displacement damage dose (in units of dpa) as a function of target sample depth and the implanted Zr concentration versus depth. The specimen irradiated with Zr ions to a fluence of 2×1015 Zr/cm2 contained an amorphous region sandwiched by subsurface and deeper damage regions. The width of this amorphous region is  62 nm that is about 12 nm more than of the amorphous region related to the sample irradiated with Zr ions to a fluence of 1.5×1015 Zr/cm2.  The amorphous/deeper damage interfaces lie at ~8.5 dpa and ~1% Zr.
Figure 53 indicates a Z-contrast image obtained from α-Al2O3 samples irradiated with 4×1016 Zr+/cm2. Also shown are SRIM calculated profiles for the Zr displacement damage dose (in units of dpa) as a function of target sample depth and the implanted Zr concentration versus depth. The specimen irradiated with Zr ions to a fluence of 4×1015 Zr/cm2 contained an amorphous region sandwiched by subsurface and deeper damage regions. The amorphous/deeper damage interfaces lie at ~40 dpa and ~4.5% Zr.
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Figure 52 TEM bright-field (BF) image obtained from cross-sectional samples of α-Al2O3 irradiated with 2×1016 Zr+/cm2. Also shown are SRIM calculated profiles for the Zr displacement damage dose (in units of dpa) as a function of target sample depth and the implanted Zr concentration versus depth.



[image: image118]
Figure 53 TEM bright-field (BF) image obtained from cross-sectional samples of α-Al2O3 irradiated with 4×1016 Zr+/cm2. Also shown are SRIM calculated profiles for the Zr displacement damage dose (in units of dpa) as a function of target sample depth and the implanted Zr concentration versus depth. 


Table 8 summarizes information revealed by TEM about the amorphous region along with calculated SRIM-2013 results for subsurface crystalline damaged/amorphous and amorphous/deeper crystalline damaged interfaces. Table 8 shows that by increasing fluence, the subsurface width increases and it is consistent with increasing the Zr% and dpa at crystalline/amorphous interface. For the deeper amorphous/crystalline interface the Zr content and dpa do not show a pattern, but dpa/Zr% could be a good parameter to predict about that interface. The ratio of dpa/Zr% is less than 9. 

Table 8 shows that by increasing the fluence, the subsurface width increases and it is consistent with increasing the Zr% and dpa at crystalline/amorphous interface. For the deeper amorphous/crystalline interface the Zr content and dpa do not show a logical pattern, but dpa/Zr% for all the investigated samples show a value in rang of 8-8.5.

Table 9 Summary information obtained from STEM/TEM and calculated SRIM results regarding the interface between highly damaged and amorphous regions for all the studied samples.

	Fluence

[ion/cm2]
	*Max

dpa
	*Max

Zr%
	Subsurface

width

[nm]
	Amorphous

width
	Zr% at

subsurface

C/A

interface
	Zr% at

deeper

A/C

interface
	dpa at subsurface

C/A

interface
	dpa at deeper

A/C interface
	dpa/Zr%

at C/A
	dpa/Zr%

at A/C

	7.5×1015
	19.7
	1.5
	-
	-
	0.2 ○
	1.4 ●
	17 ○○
	18 ●●
	85
	12.8

	1.5×1016
	39
	3
	23
	50
	0.2
	2.5
	38
	20
	190
	8.3

	2×1016
	52
	4
	23
	62
	0.4
	1.2
	46
	10
	92
	8.3

	4×1016
	105
	7.9
	30
	50
	2
	3.5
	98
	29
	57
	8.3


*Depth at max dpa and max Zr% are 40 and 58 nm respectively for all the samples. 

○Zr% at 25 nm, ○○dpa at 25 nm, ● Zr% at 50 nm, ●● dpa at 50 nm
4.2 A study of the amorphous → γ → α transformation in Zr-irradiated α-alumina
Figure 54 shows a bright-field TEM image obtained from the as-irradiated α-Al2O3 sample irradiated with 2×1015 Zr+/cm2 at room temperature. The image shows a buried amorphous region, sandwiched by two highly damaged regions. The widths of these regions are about 23, 62, and 72 nm for the near-surface damaged, amorphous, and the deeper damaged regions respectively.
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Figure 54 The bright-field image for the sample irradiated with 2×1015 Zr+/cm2

The RBS-C aligned and random spectra for the same sample are shown in Figure 55. Figure 56 shows a closer view of the Al-sublattice of the same spectra. The overlapped random and aligned spectra at the Al-sublattice can be attributed to amorphization of crystalline sample by Zr irradiation. The high yield from 1080 to 1110 keV is attributed to the deeper damage region.
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Figure 55 RBS-C spectra using 2 MeV He+ obtained from α-Al2O3 samples irradiated with 175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2. The RBS-chamber had IBM geometry with detector scattering angle of +170◦ with a detector resolution of about 15 keV.Arrows labeled “Zr”, “Al”; “O” indicate the surface elastic scattering energies for Zr, Al, and O atoms respectively. Scattering angle of 170 ᵒ was used for this measurement.
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Figure 56 A closer view of Al-sublattice in the RBS-C spectra using 2 MeV He+ obtained from α-Al2O3 samples irradiated with 175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 ions. The RBS-chamber had IBM geometry with detector scattering angle of +170◦ with a detector resolution of about 15 keV.  Arrow labeled “Al” indicates the surface elastic scattering energy for Al atom. Scattering angle of 170 ᵒ was used for this measurement.
Figure 57 shows the same bright-field TEM image demonstrated in Fig. 54, along with high resolution transmission electron transmission microscopy (HRTEM) image obtained from the subsurface region and NBED pattern obtained from different regions. The HRTEM image obtained from the crystalline sub-surface region reveals the presence of an α-Al2O3 phase sandwiched with two γ-Al2O3 phases. The NBED pattern obtained from this region confirms the presence of both α-Al2O3 and γ-Al2O3 phases. The NBED pattern obtained from the deeper damaged region is consistent with α-Al2O3 phase ([image: image123.png]beam direction (B)
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0>). The NBED pattern from the middle region shows evidence diffuse rings, indicative of an amorphous Al2O3 region. 
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Figure 57 (a) cross-sectional TEM-BF image obtained from the as-irradiated α-Al2O3 sample irradiated with 2×1015 Zr+/cm2 (b) High resolution transmission electron transmission microscopy (HRTEM) image obtained from the subsurface region and (c) NBED patterns obtained from different regions. 
Figure 58 shows a bright-field TEM image obtained from α-Al2O3 sample irradiated with 2×1015 Zr+/cm2 at room temperature followed by thermal annealing at 800 ᵒC for 30 minutes. The thermal annealing of this sample at 800 ᵒC for 30 minutes results solid phase epitaxial growth of the subsurface amorphous layer. The regrowth appears to have initiated at the interface between the surface damaged and amorphous regions and has grown into the amorphous region. The thickness of the recrystallized layer with its substrate is about 35 nm. 
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Figure 58 The bright-field image for the irradiated sample with 2×1016 Zr/cm2 and annealed at 800 ᵒC for 30 minutes
Figure 59 shows the RBS-C aligned and random spectra for the same sample (2×1015 Zr+/cm2 after thermal annealing at 800 ᵒC for 30 minutes). Figure 60 shows a closer view of the Al-sublattice of the same spectra shown in Fig.50. The overlapped random and aligned spectra at the Al-sublattice can be attributed to amorphized region present in the sample. 
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Figure 59 RBS-C spectra using 2 MeV He+ obtained from α-Al2O3 samples irradiated with 175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 and annealed at 800 ᵒC for 30 minutes. The RBS-chamber had IBM geometry with detector scattering angle of +140◦ with a detector resolution of about 15 keV.  Arrows labeled “Zr”, “Al”, “O” indicates the surface elastic scattering energies for Zr, Al, and O atoms respectively. Scattering angle of 165 ᵒ was used for this measurement
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Figure 60 A closer view of Al-sublattice in the RBS-C spectra using 2 MeV He+ obtained from α-Al2O3 samples irradiated with 175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 ions and annealed at 800 ᵒC for 30 minutes. The RBS-chamber had IBM geometry with detector scattering angle of +140◦ with a detector resolution of about 15 keV.  Arrow labeled “Al” indicates the surface elastic scattering energy for Al atom. Scattering angle of 165 ᵒ was used for this measurement.
Figure 61 shows a bright-field TEM image obtained from the irradiated α-Al2O3 sample irradiated with 2×1015 Zr+/cm2 at room temperature followed by thermal annealing at 900 ᵒC for 60 minutes. Comparing the as-irradiated α-Al2O3 sample, the α-Al2O3 sample irradiated with 2×1015 Zr+/cm2 and annealed at 800 ᵒC for 30 minutes, and the α-Al2O3 sample annealed at 900 ᵒC for 60 minutes, it is apparent that the amorphous region recrystallizes to produce a thicker layer on the surface damaged region. The thickness of the recrystallized layer is about 35 nm compared with the as-irradiated sample. Figure 61 also shows a solid phase growth underlying the deeper damaged region. The depth of this thin recrystallized layer is about 10 nm.
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Figure 61 The bright-field image for the irradiated sample with 2×1016 Zr/cm2 and annealed at 900 ᵒC for 60 minutes
Figure 62 shows the cross-sectional TEM-BF image obtained from the irradiated sample with 2×1016 Zr/cm2 and annealed at 900 ᵒC for 60 minutes along with the NBED patterns corresponding to different regions presence at the sample. The NBED patterns from the sub-surface and recrystallized region adjacent to the deeper damaged regions are consistent with the γ-Al2O3 phase. The NBED patterns obtained from the deeper damaged region (bottommost Fig.62 b) is consistent with α-Al2O3 phase ([image: image132.png]beam direction (B)
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0>). The NBED pattern from the middle region shows evidence diffuse rings, indicative of an amorphous Al2O3 region. 
Figure 63a shows the same cross-sectional TEM-BF image shown in Fig. 62, along with HRTEM images obtained from sub-surface and recrystallized region adjacent to the deeper damaged region (Fig 63b). Fig. 63c that is a 30ᵒ-rotated HRTEM images shown in Fig.63b, indicates the presence of disorders in the form of twins in the recrystallized regions. 
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Figure 62 (a) Cross-sectional TEM-BF image obtained from the irradiated sample with 2×1016 Zr/cm2 and annealed at 900 ᵒC for 60 minutes. (b) NBED patterns obtained from different regions
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Figure 63 (a) Cross-sectional TEM-BF Image obtained from the irradiated sample with 2×1016 Zr/cm2 and annealed at 900 ᵒC for 60 minutes. (b) HRTEM images  obtained from sub-surface and deeper damaged regions (c) HRTEM images  obtained from sub-surface and deeper damaged regions after30ᵒ rotaition.
Figure 64 shows the RBS-C spectra for the α-Al2O3 samples irradiated with 175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 and annealed at 900 ᵒC for 60 minutes. Figure 65 shows the Al-sublattice in the same spectra. The overlapped region of random and aligned spectra in Fig. 64 and 65 indicate the presence of the amorphous region. 
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Figure 64 RBS-C spectra using 2 MeV He+ obtained from α-Al2O3 samples irradiated with 175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 and annealed at 900 ᵒC for 60 minutes. The RBS-chamber had IBM geometry with detector scattering angle of +140◦ with a detector resolution of about 15 keV.  Arrows labeled “Zr”, “Al”, “O” indicates the surface elastic scattering energies for Zr, Al, and O atoms respectively. Scattering angle of 165 ᵒ was used for this measurement.
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Figure 65 A closer view of Al-sublattice in the RBS-C spectra using 2 MeV He+ obtained from α-Al2O3 samples irradiated with 175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 ions and annealed at 900 ᵒC for 60 minutes. The RBS-chamber had IBM geometry with detector scattering angle of +140◦ with a detector resolution of about 15 keV.  Arrow labeled “Al” indicates the surface elastic scattering energy for Al atom. Scattering angle of 165 ᵒ was used for this measurement.
Figure 66 shows a bright-field TEM image obtained from the irradiated α-Al2O3 sample irradiated with 2×1015 Zr+/cm2 at room temperature followed by thermal annealing at 1000 ᵒC for 30 minutes.
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Figure 66 The bright-field image for the irradiated sample with 2×1016 Zr/cm2 and annealed at 1000 ᵒC for 30 minutes
Figure 67 is identical to Fig. 66 but indicates some more details. The white spots indicate lower density regions that pin recrystallization process. The interface between sub-surface recrystallized region and the amorphous region is not a smooth line. The average thickness of the sub-surface recrystallized, amorphous region and deeper recrystallized and damaged regions are 40, 30, 25, and 63 nm respectively. Fig. 67 shows also some spots inside the amorphous region, shown by small white arrows, corresponding to recrystallized micro regions not growing at the interfaces between amorphous and damaged crystalline regions. There is no more information about these micro regions.
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Figure 67 The bright-field image for the irradiated sample with 2×1016 Zr/cm2 and annealed at 1000 ᵒC for 30 minutes
Figure 68, 69 show the RBS-C spectra for the same sample (2×1016 Zr+/cm2 and annealed at 1000 ᵒC for 30 minutes). Figure 69 is a closer view for the Al-sublattice of Fig. 68. The RBS spectra confirm the presence of an amorphous region during annealing of the sample at 1000 ᵒC for 30 minutes. 
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Figure 68 RBS-C spectra using 2 MeV He+ obtained from α-Al2O3 samples irradiated with 175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 and annealed at 1000 ᵒC for 30 minutes. The RBS-chamber had IBM geometry with detector scattering angle of +140◦ with a detector resolution of about 15 keV.  Arrows labeled “Zr”, “Al”, “O” indicate the surface elastic scattering energies for Zr, Al, and O atoms respectively.
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Figure 69  A closer view of Al-sublattice in the RBS-C spectra using 2 MeV He+ obtained from α-Al2O3 samples irradiated with 175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 ions and annealed at 1000 ᵒC for 30 minutes. The RBS-chamber had IBM geometry with detector scattering angle of +140◦ with a detector resolution of about 15 keV.  Arrow labeled “Al” indicates the surface elastic scattering energy for Al atom.
Figure 70 shows a composite of the TEM bright-field images for as-irradiated           α-Al2O3 sample (Fig.54)) and the same sample annealed at 800 ᵒC for 30 minutes (Fig.58), 900 ᵒC for 60 minutes (Fig.61) and 1000 ᵒC for 30 minutes (Fig.66). Fig. 70 shows that the interface between the amorphous and deeper damaged regions that has defected α-Al2O3 crystalline structure act as a substrate for epitaxially growth of γ-Al2O3 at 900 ᵒC and higher, however the similar growth starts at lower temperature from the surface damaged region. Fig. 70 also shows that γ-Al2O3 recrystallization from deeper damaged region is significant at higher temperatures.
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Figure 70 The bright-field images of the irradiated samples with 2×1016 Zr+/cm2 shows the effect of thermal annealing at different temperatures and times. (Left) as-irradiated sample, (Middle) after annealing at 800 ᵒC for 30 minutes, and (Right) after annealing at 900 ᵒC for 60 minutes
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In this study, we observed three effects: (1) formation of an α-Al2O3 phase that is sandwiched by two γ-Al2O3 phases at the surface damaged region for as-irradiated sample, (2) recrystallization of γ-Al2O3 phases at both amorphous/crystalline interfaces during thermal annealing and (3) significant recrystallization at lower temperature at the   surface crystalline/amorphous interface and remarkable recrystallization at higher temperature at the   deeper amorphous /crystalline interface.  
Figure 71 is a summary of the effects of fluence on solid changes during irradiation of α-Al2O3 with Zr ions. The bright-field images obtained from the irradiated sample to fluence of 7.5×1015 Zr+/cm2 (Fig. 71a) shows formation of a defected region that has α-Al2O3 phase structure. Fig.71b shows the bright-field images obtained from the irradiated sample to fluence of 1.5×1016 Zr+/cm2 indicating that increasing the fluence can result in damage accumulation. The accumulation of damages appears in form of an amorphous region. There are residual stresses in the interfaces between the crystalline and amorphous regions as well as between the damaged region and the substrate. By increasing the fluence to 2×1016 Zr+/cm2, the width of amorphous region increases slightly and the sample undergoes to a stress relaxation in subsurface damaged region. This stress relaxation appear as volume expansion by phase transformation from highly stressed α-Al2O3 phase to γ-Al2O3 phase (Fig. 71 d). Figure 71e shows Z-contrast image obtained from the irradiated sample to a fluence of 4×1016 Zr+/cm2. The spherical bright spots in amorphous region are Zr-rich clusters. The formation of this cluster is attributed to compound formation as a subsequence of irradiation with a higher fluence.  Figure 72 is a schematic representation of the changes to a solid caused by increasing ion fluence 214[]
.
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Figure 71 Effect of fluence on solid changes during irradiation of α-Al2O3 with Zr ions. The bright-field images obtained from the irradiated sample to fluences of  a) 7.5×1015 Zr+/cm2 b) 1.5×1016 Zr+/cm2 c) 2×1016 Zr+/cm2d) The high resolution TEM image obtaind from the irradiated sample toa  fluence of 1.5×1016 Zr+/cm2 obtained from subsurface region e) Z-contrast image obtaind from the irradiated sample to a fluence of 4×1016 Zr+/cm2
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Figure 72 A schematic representation of the changes to a solid caused by increasing ion fluence.
The HRTEM images obtained from the subsurface region of as-irradiated sample and the annealed sample at 900 C for 60 minutes (Fig. 57 and 63) show that the α-Al2O3 phase sandwiched by two γ-Al2O3 phases transforms to γ-Al2O3 phase. In absence of irradiation the phase transformation of α-Al2O3 to γ-Al2O3 phase during a thermal annealing is not thermodynamically favorable. But when the energetic particles travel through the material, the significant amount of deposited energy can be stored in a subsurface region in different forms such as stresses which acts as a thermodynamic driving force when tends to relaxation 199[]
. In the presence of irradiation, the energy of irradiation should be added to the difference in free energy between the phases outside irradiation to analyze the effect of irradiation on phase stability. Therefore thermodynamical concepts cannot be directly applied for the materials. 
Essentially if there is a single process of amorphous to γ-Al2O3 transformation in substrate or in subsurface crystalline, a kinetics study could be proposed based on cross-cut or Arrhenius method. However the results showed that very complicated processes such as a stress-related phase transformation govern the amorphous→γ→α transformation. The difference in activation energy resulting in different studies may originate from the nature of the thin film. The thin film synthesized with ion irradiation at cryogenic temperatures produces a thin layer of amorphous region on top of a highly damaged region. A thin film produced by ion irradiation at room temperature produces an amorphous region sandwiched by two highly damaged regions. A thin film produced using CVD or other similar techniques are associated an amorphous layer lying loosely on top of a crystalline substrate. The surface energies of the amorphous layer in all these   cases are completely different. 
Figure 73 shows a plot of effect of free energy for a hypothetical system indicating that under irradiation condition free energies of phases could be different from the free energy during a thermal condition. Most of the energies introduced by energetic ions during ion irradiation stored by stress tend to be released by a phenomenon that is known as recovery (stress relaxation).  These stored energies in form of stress can be released by stress relaxation such as vacancy, interstitial, and dislocation movement or by recrystallization of the strained regions into new strain-free grains. Therefore stress relaxation acts as a thermodynamic driving force.

Also at higher fluences of ion the concentration of point defects increases due to Frenkel pairs recombination and defect clusters collapse into dislocation loops, which have much lower energies. 
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Figure 73 Plot of effect of free energy for a hypothetical system. Irradiation condition alters phases free energies
4.3 Ion–beam induced epitaxially recrystallization (IBIER) in α-Al2O3, due to oxygen irradiation effect on Zr-implanted α-Al2O3

Figure 74a shows a bright-field (BF) image and a selected area electron diffraction (SAED) pattern obtained from a cross-sectional TEM samples of α-Al2O3 irradiated with 175 keV Zr+ ions to a fluence of 7.5×1015 Zr/cm2. Also shown is SRIM calculated profiles for the Zr displacement damage dose (in units of dpa) as a function of target sample depth and the implanted Zr concentration versus depth. Figure 74b shows TEM-BF and SAED as well as SRIM calculated profiles for α-Al2O3 irradiated with 175 keV Zr+ ions to a fluence of 7.5×1015 Zr/cm2 plus 55 keV O+ ions to a fluence of 1.1×1016 O/cm2  at room temperature. These results reveal a damaged but crystalline surface region extending to about 150 nm from the surface.   Fig. 74b shows that subsequent oxygen implantation has no major effect on the extent of damage for this fluence of zirconium. 
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Figure 74 TEM cross section images and SAED patterns obtained from α-Al2O3  samples irradiated with: (a) 175 keV Zr+ ions to a fluence of 7.5×1015 Zr+/cm2 and (b) 175 keV Zr+ ions to a fluence of 7.5×1015 Zr+/cm2 plus 55 keV O+ to a fluence of 1.1×1016 O+/cm2. These are “low- dose” samples in the sense that the Zr displacement damage dose is less than the threshold dose for amorphization. Also shown are SRIM calculated profiles for the Zr displacement damage dose (in units of dpa) as a function of target sample depth and the implanted Zr concentration versus depth. The label “surface” indicates the α-Al2O3 sample surface and the arrows indicate the direction of the incident ions.


Figure 75a, shows RBS-C spectra obtained from α-Al2O3 irradiated with 175 keV Zr+ ions to a fluence of 1.5×1016 Zr/cm2. Figure 75b shows the RBS-C for the same sample subsequently irradiated with 55 keV O+ to a fluence of 2.3×1016 O/cm2.  For reference, aligned RBS-C spectra are shown in both Figs. 75a, b from unirradiated (virgin) single crystal α-Al2O3 samples. For the irradiated samples, the aligned spectra overlap the random spectra, suggesting the presence of a random scattering surface layer. The oxygen irradiation produced a slight broadening of the aligned spectra. 
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Figure 75 RBS-C spectra obtained from α-Al2O3  samples irradiated with: (a) 175 keV Zr+ ions to a fluence of 7.5×1015 Zr/cm2 and (b) 175 keV Zr+ ions to a fluence of 7.5×1015 Zr+/cm2 plus 55 keV O+ to a fluence of 1.1×1016 O/cm2. For reference, aligned RBS-C spectra are shown in both and from unirradiated (virgin) single crystal α-Al2O3 samples. These are “high dose” samples in the sense that the Zr displacement damage dose is in excess of the threshold dose for amorphization.  Arrows labeled “Zr”, “Al”, “O” indicate the surface elastic scattering energies for Zr, Al, and O atoms respectively.

Figure 76a shows a TEM cross-sectional bright-field (BF) image obtained from a "high-dose" sample of α-Al2O3 irradiated with 175 keV Zr+ ions to a fluence of 1.5×1016 Zr+/cm2. The TEM image in Fig. 76a shows the presence of a subsurface amorphous layer, extending from ~20 to ~65 nm. This amorphous region is sandwiched between two highly damaged regions. The three regions are similar to those reported for α-Al2O3 irradiated with Zr ions to a fluence of 4×1016 Zr/cm2 (175 keV, 25 ᵒC) 215[]
. Figure 76b shows a TEM bright-field (BF) image obtained from a cross-sectional sample of α-Al2O3 irradiated with 175 keV Zr+ ions to a fluence of 1.5×1016 Zr/cm2 plus 55 keV O+ ions to a fluence of 2.3×1016 O/cm2. In Fig. 76, The SRIM calculated Zr% and Zr displacement damage dose (in units of dpa) versus target depth are also shown above the TEM images. The SRIM profiles indicate that the values of dpa and Zr% at the interface between the near-surface damaged region and buried amorphous region are ~33 dpa and ~0.2% Zr, respectively, for the sample irradiated with 175 keV Zr+ ions to a fluence of 1.5×1016 Zr/cm2 (Fig.76a). The corresponding values at the interface between the buried amorphous region and the deeper damage region are ~25dpa and ~2.7 % Zr. 


The TEM micrographs in Figs. 76a and b reveal that the amorphous region adjacent to the near-surface damaged region has recrystallized during the subsequent implantation of oxygen. Approximately 20 nm of the amorphous alumina has crystallized; however, no growth of the deeper damaged layer into the amorphous region is observed.  
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Figure 76 TEM cross-sectional bright-field (BF) images obtained from "high-dose" samples of α-Al2O3 irradiated with: (a) 175 keV Zr+ ions to a fluence of 1.5×1016 Zr+/cm2 and (b) 175 keV Zr+ ions to a fluence of 1.5×1016 Zr+/cm2 plus 55 keV O+ ions to a fluence of 2.3×1016 O+/cm2. Also shown are SRIM calculated profiles for the Zr displacement damage dose (in units of dpa) as a function of target sample depth and the implanted Zr concentration versus depth. Comparing the two TEM-BF images, it is apparent that the buried amorphous region in the α-Al2O3 substrate is recrystallized during the subsequent oxygen implantation.

Thus, the crystallization of the amorphous phase initiated at the interface between the near-surface damaged region and amorphous region grew toward the deeper damaged region. The recrystallized region contains disorder, perhaps in the form of subgrains. This disorder and the thickness of this layer cause the RBS-C spectra of Figure 75b to be similar to those of Figure 75a. 
Figure 77a shows a cross-sectional TEM image of the microstructure in “high dose” α-Al2O3 irradiated with 175 keV Zr+ ions to a fluence of 1.5×1016 Zr/cm2 plus 55 keV O+ ions to a fluence of 2.3×1016 O/cm2. In addition, Fig.77 shows nano-beam electron diffraction (NBED) patterns obtained from various regions of the ion irradiated microstructure. The NBED pattern of the near- surface region contains spots that are not present in the pattern for the sample that was irradiated with zirconium only.  The nano-beam pattern from the deeper damaged region is consistent with an α-Al2O3 phase (B= <11[image: image151.png]


0>). The arrows in nano-beam electron diffraction pattern obtained from the subsurface and recrystallized regions of the high-dose sample irradiated by 1.5×1016 Zr+/cm2 plus 2.3×1016 O+/cm2, indicate the presence of a phase that is not α-Al2O3. 
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Figure 77 (a) Nano-beam electron diffraction (NBED) patterns obtained from different regions of a "high-dose"  α-Al2O3 sample irradiated with 175 keV Zr+ ions to a fluence of 1.5×1016 Zr+/cm2 plus 55 keV O+ ions to a fluence of 2.3×1016 O+/cm2; (b) cross-sectional TEM-BF image from the same sample. The NBED pattern from the deeper damaged region is consistent with an α-Al2O3 phase (B= <11[image: image154.png]


0>). The arrows in the uppermost NBED pattern, in (a) obtained from the near-surface damaged and recrystallized regions, indicate the presence of a phase that is not α-Al2O3. The structure of this phase is identified in Figure 78.

The same nano-beam electron diffraction pattern as in Figure 77a, but with indexing of some of the principal reflections is shown in Figure 78. Indexing indicates that both α- Al2O3 and γ- Al2O3 phases are present in Al2O3 and they are responsible for this diffraction pattern. Figure 78 shows that α- Al2O3 and γ- Al2O3 phases are arranged with a special crystallographic relationship. The incident beam direction is [110] for α-phase Al2O3 and [1[image: image156.png]


 for γ- phase Al2O3. The orientation relationship between (- and (- Al2O3 indicated in Figure 78 shows epitaxy between the phases with (111)( (( (0001)( and [112] γ (( [11[image: image158.png]


0] α. 
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Figure 78 The same NBED pattern as the uppermost pattern in Fig. 77a, with indexing of some of the principal reflections (displayed using reverse contrast). Indexing the individual reflections reveals that two phases of Al2O3 are responsible for this diffraction pattern. In particular both    α-Al2O3 and γ-Al2O3 are present and they are arranged with a special crystallographic relationship. The incident beam direction is [11[image: image161.png]


  for α-phase Al2O3 and [1[image: image163.png]


 for γ-phase Al2O3. The red and black indices correspond α-Al2O3 and γ-Al2O3, respectively. 

Figure 79 shows the zirconium and oxygen ions distribution and corresponding dpa for α- Al2O3 irradiated with 175 keV zirconium ions to a fluence of 1.5×1016 Zr/cm2 followed by 55 keV oxygen ions to a fluence of 2.3×1016 O/cm2 . The model used for the SRIM calculations, assumes that the densities for the highly-damaged and amorphous regions are 3.98 and 3.1, respectively 7[, 211]
. The TEM results were also used to determine the depth of damaged and amorphous regions for this model. 
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Figure 79 SRIM calculated range and displacement damage dose (in units of dpa) dpa versus target depth. For Al2O3 irradiated with 175 keV Zr+ ions to a fluence of 1.5×1016 Zr+/cm2, followed by irradiation with 55 keV O+ ions to a fluence of  and 2.3×1016 O+/cm2. For the oxygen SRIM calculation, densities of 3.98 and 3.1 g/cm3 were used for the highly-damaged and amorphous regions of the Al2O3, respectively.


SRIM calculated nuclear and electronic energy loss for oxygen during implantation into pre-Zr-implanted sapphire along with TEM cross section images of high-dose samples (α- Al2O3 irradiated with 175 keV zirconium ions to a fluence of 1.5×1016 Zr/cm2 and the same sample irradiated with 55 keV oxygen ions to a fluence of 2.3×1016 O/cm2) are shown in Figure 33. The model for calculation assumes that the sapphire substrate contains a buried amorphous layer with a lower density (3.1 g/cm3) compared to the density of pristine α-Al2O3 (3.98 g/cm3). Figure 80 shows that the recrystallization occurred at the subsurface crystalline/amorphous interface where the electronic energy loss is slightly higher than nuclear energy loss. This observation suggests that the energy loss by excitation/ionization processes for lighter ions could be important drivers for the recrystallization process.

Comparing Fig. 33 and 80a, it is apparent that the ballistic (nuclear) energy loss dominates for entire range, at Zr ion irradiation into sapphire. It suggests that at the heavier ion irradiation, the nuclear process is primarily responsible for the lattice damage that results in amorphization in the region from about 25 nm to 65 nm. The electronic collisions produce much smaller energy transfer and few or no displacements.
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Figure 80 (a) SRIM calculated nuclear and electronic energy loss for Al2O3 irradiated with 55 keV O+ ions, after the formation of buried amorphous layer due to prior "high dose" irradiation with Zr+ ions; (b) TEM cross-section BF image obtained from  "high dose" sample irradiated with 175 keV Zr+ ions to a fluence of 1.5×1016 Zr+/cm2; (c)  TEM cross-section BF image obtained from a "high dose" sample irradiated with 175 keV Zr+ ions to a fluence of 1.5×1016 Zr+/cm2 plus 55 keV O+ ions to a fluence of 2.3×1016 O+/cm2. The model for the SRIM calculation in (a) assumes that the Al2O3 substrate contains a buried amorphous layer with a lower density (3.1 g/cm3) compared to the density of pristine α-Al2O3 (3.98 g/cm3).

In this study, we observed two effects: (1) a recrystallization of an ion-beam-induced buried amorphous region in α-Al2O3 to form another polymorph of Al2O3, specifically the cubic phase, γ-Al2O3 and (2) the recrystallization of the amorphous region was confined to the surface crystalline/amorphous interface of the amorphous layer. 

4.4 Optical study of Zr-implanted α-Al2O3 samples followed by oxygen irradiation

 
Optical methods (absorption and photoluminescence) are powerful techniques for characterizing defects in the oxygen sublattice in oxides. Levy and Dienes 216[, 217]
 first reported the coloration of Al2O3 by neutron irradiation in a reactor. Arnold et al. 218[]
 ascribed the optical absorption band at 204 nm to irradiation-produced defects, observed after irradiation of their samples with light ions (H+, D+, He+) but they did not identify the defect(s). Evans and Stapelbroek 219[]
 measured the absorption and emission spectra in 14-MeV neutron irradiated Al2O3 and ascribed them to F+ centers. Pogatshnik et al. 220[]
 developed a model for energy transitions associated with single and paired anion vacancies in irradiated sapphire. Using this model and data from 3.8 MeV iron-implanted single crystals α-Al2O3, Chen et al. 221[]
 identified the absorption and emission bands for single F-type centers and aggregates of such centers.  Table 10 summarizes the absorption and emission bands associated with specific lattice defects in single crystals α-Al2O3.
Table 10  The absorption and emission bands associated with specific lattice defects in single crystals α-Al2O3 221[]

	Defect

type
	Absorption
	Emission
	Number of oxygen vacancies
	Number of trapped electrons

	
	eV
	nm
	eV
	nm
	
	

	F
	6.06
	205
	3.0
	420
	1
	2

	F+
	4.8

5.5

6.1
	258

225

203
	3.8
	325
	1
	1

	F2
	4.1
	300
	3.85
	322
	2
	4

	F2+
	3.5
	355
	3.27
	379
	2
	3

	F22+
	2.7
	455
	2.25
	550
	2
	2


The most common point defects in the oxygen sub-lattices in Al2O3 are F-type centers and aggregates thereof. The F-center is one oxygen vacancy with two trapped electrons; and F+-center is a vacancy with one trapped electron. These may cluster in the form of F2 (two F-centers), F2+ (two vacancies with 3 trapped electrons) and F22+ (two trapped electrons). Dalal et al. observed absorption bands at higher energies of 6.8 and 6.97 eV obtained from α-Al2O3 samples implanted with He, Ne, and Ar ions 222[]
. These bands are outside the range of most commonly-available detection systems. 
Previous studies have used optical absorption to identify the residual damage in the oxygen sublattice for α-Al2O3 irradiated with different ions at different fluences. Kozakiewicz et al. conducted an optical absorption study for α-Al2O3 implanted with  100 keV O+, Al+, and Cr+ ions to fluences between 4×1015 and 1×1017 ions/cm2. They found that implantation of Al ions generated both F and F+-centers very efficiently whereas Cr-implantation produces mainly the F+ center and few F centers. Implantation of oxygen produced the UV band near 200 nm only at large fluences 223[]
. Chen et al. irradiated α-Al2O3 single crystals with 3.8 MeV Fe2+ ions to fluences of 0.5 × 1016 and 2×1016/cm2. The optical absorption spectra contained the strong peak centered near 200 nm, identified as F and/or F+-centers, but the presence of other species was not obvious.
Photoluminescence with excitation at 240 nm clearly produced luminescence not only from the F center but also from the F+ center. Photoluminescence of the annealed samples showed presence of F2 centers 221[]
. 
Optical absorption mainly gives information about F and F+ centers. In single crystal α-Al2O3, the absorption peak for F-centers occurs at ~6.06 eV and the peak for    F+-center is at ~6.1 eV. This separation is less than the resolution of most current optical spectrometers. A measurement by another technique is necessary to confirm the presence or absence of the F-type centers. As shown in Table 1 the emission bands of these defects are well separated. The emission bands at 3.8, 3.0, and 3.85 eV have been ascribed to electronic relaxations at F+, F, and F2 color centers, respectively. 
The luminescence of single crystal α-Al2O3 subjected to the irradiation of energetic hydrogen and helium has studied by Jardin et al. They found that the number of F+ centers increased with increasing fluence for low fluence implantation. At high fluences, the F-centers are completely annihilated and the F+-centers are partially eliminated. They proposed a model based on the conversion between F and F+ defects and destruction of both luminescent species resulting from the radiation-induced damage 224[]
.
In this research, optical absorption and luminescent was used to characterize the retained defects in the O-sublattice. The estimates of the number of retained oxygen vacancies were compared to the number generated, as calculated with SRIM-2013, to determine the fraction of vacancies retained as F-type centers. Optical absorption spectra were obtained using a double beam Varian Cary 5000 spectrophotometer in the 190–800 nm wavelength range at room temperature. The density of F centers per square centimeter (noted NF) was determined by using Smakula’s formula 225[]
. The photoluminescence was measured for irradiation at 255 nm by a Varian Cary Eclipse 6000 spectrophotometer at room temperature.

(1) Figure 81 contains the optical absorption spectra for the following samples: 
(2) Single crystal α-Al2O3 irradiated with 175 keV zirconium ions to a fluence of 7.5×1015 Zr+/cm2
(3) Single crystal α-Al2O3 irradiated with 175 keV zirconium ions to a fluence of 1.5×1016 Zr+/cm2
(4) Single crystal α-Al2O3 irradiated with 175 keV zirconium ions to a fluence of 2×1016 Zr+/cm2
(5) Single crystal α-Al2O3 irradiated with 175 keV zirconium ions to a fluence of 7.5×1015 Zr+/cm2 followed by 55 keV O+ ions to fluences of  1.1×1016 O/cm2
(6) Single crystal α-Al2O3 irradiated with 175 keV zirconium ions to a fluence of 1.5×1016 Zr+/cm2 followed by 55 keV O+ ions to fluences of  2.3×1016 O/cm2
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Figure 81 Optical absorption spectra with the absorption from a virgin crystal subtracted

The band located at about 4.8 eV clearly shows the presence of F+ centers. The ~6 eV band could originate from F-centers, F+-centers, or a combination of the two types.  The photoluminescence spectra (Figure 82) obtained from 4.86 eV, confirm that both types of oxygen vacancies are present in all implanted samples. From an analysis of the change in the ratio of the absorption at ~6 eV (F + F+) to that at ~4.8 eV (F+), it is concluded that  F-center production is favored at all fluences, but the fraction of F+-centers increases with fluence. This observation agrees with the reported result that F centers defects were preferentially produced at higher defect generated densities 222[]
. Kozakiewicz et al. also concluded that F+ center increases as the mass of implanting ion increased 223[]
. A similar analysis showed that subsequent oxygen ion implantation decreased the total number of F-type centers and increased the number of F+-centers relative to the number of F-centers. The decrease in total number of oxygen vacancy is expected as the newly injected oxygen is captured by the vacancies and/or because of IBIER. Arnold et al. found that implanting oxygen into sapphire created a large absorption peak at ~4.8 eV, corresponding to the formation of F+-centers 218[]
. 
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Figure 82 Photoluminescence of   Zr and Zr + O irradiated sapphire

The absorption coefficient (µ) is given by log (Iin/Iout) = µt/2.3 where t is the path length. Since the absorption curves given in Figure 81, have the absorption from the virgin crystal subtracted, the true path length for these values is very much less than the millimeter thickness of the crystal. An estimate of the damage path length has been obtained by using the simulated range distribution of the damage that can be extracted from SRIM-2013 calculations. The true absorbing path length (t) is taken as the FWHM of the oxygen vacancy distribution. The implant/damage width, t, is only about 62 nm for the samples irradiated with zirconium only and 68 nm for the dual implants. This means the absorption coefficient is extremely large compare with the values of about 2 for OA in normal colour centre using mm thick samples. Hence we expect strong interactions between defects and changes in the F/F+ dynamic balance. Table 2 shows the result of true absorption coefficient of the induced bands of the samples.
The average density of F-type centers in the region of the displacement cascades expected in the samples can be estimated by means of Smakula's equation (eqn.4.4.1) assuming that all F-type centers contribute to the absorption in these regions.

NF= 0.87 x 1017 n µmax W1/2/f (n2 + 2)2                                  (4.4.1)
In Smakula’s equation, f is the oscillator strength and for the F band is ~1, n is the refractive index of sapphire at the wavelength corresponding to the absorption band peak. Refractive index values of 1.76 are typical for visible light, but for UV it will be slightly greater. Indeed truly amorphous sapphire has an index nearer 1.64 rather than 1.76. Since Zr is element 40 compared with Al that is only 13, the dopants will raise the index. In this calculation refractive index was chosen 1.8 because of present of Zr ions at the implanted region. The width (in eV) at half maximum of the optical absorption band characterized by the maximum optical density (W1/2) has a value of ~0.6 eV 226[]
. The maximum absorption coefficients (µm) of the induced bands are given in the Table 11. The concentrations of F centres, i.e., retained oxygen vacancies, calculated using Smakula’s equation are given in Table 12.
Table 11 True absorption coefficient of the induced bands

	sample
	μ max[cm-1]

	1.5E16 Zr+/cm2 & 2.3E16 O+/cm2
	220423



	7.5E15 Zr+/cm2 & 1.1E16 O+/cm2

	148101



	7.5E15 Zr+/ cm2
	194782



	1.5E16 Zr+/ cm2
	280802



	2E16 Zr+/ cm2
	529851


Table 12 The concentration of F-type centres estimated by Smakula’s equation
	Sample
	N (F+F+) (cm-3)

	7.5E15 Zr+/cm2 & 1.1E16 O+/cm2 
	5.07E+20

	7.5E15 Zr+/ cm2 
	6.66E+20

	1.5E16 Zr+/ cm2 
	9.61E+20

	1.5E16 Zr+/cm2 & 2.3E16 O+/cm2 
	7.54E+20

	2E16
	1.81E+21


The concentrations of F-type defects (F + F+) given in Table 3 lie in the range of 5.07×1020 to 1.8×1021 centers/cm3, i.e., about 1% of the total oxygen content of sapphire. These values are in the range of 1020 to 1021 centers/cm3 reported for MgO implanted with a number of ions 227[]
. 

The concentrations represent only a small fraction of the oxygen ions displaced during implantation. Assuming than ~99% of the damage is dynamically annealed during the cascade “cool-down” period, the values represent about 1% of those remaining as F-type centers. These centers represent isolated oxygen vacancies. At the relatively high fluences used in this study, there is considerable overlapping of the displacement cascades that may give rise to extended defects such as interstitial dislocations, nanometer-sized clusters, defects trapped at dislocations, etc. Some of the displaced oxygen may reside in interstitial positions as O2- leaving a vacancy without a trapped electron(s). This defect has an optical absorption band near 7.0 eV, outside the range of the instrument used here.


The apparent “damage efficiency” reported for this study is much lower than values of 8 to 30% reported by Agnew for ion irradiation of sapphire at room temperature 228[]
.  Averback et al. found a decrease in damage efficiency with increasing ion mass for a variety of irradiations 229[]
 . Pells concluded that the reduction in damage deficiency is the result of Frenkel pair combination within a displacement cascade 230[]
. The mass of irradiation ion (Zr) and the fluences used in the present study are higher than those used in these earlier studies, and a decrease on damage efficiency (number of retained defects) is expected.

4.5 Dual effect of oxygen irradiation and thermal annealing on Zr-implanted α-Al2O3
Figure 83 shows a bright-field TEM image of α-Al2O3 samples irradiated with 175 keV Zr ions to a fluence of  2×1015 followed by irradiation with O+ ions to a fluence of 3×1016 O/cm2 at room temperature. Comparing Figs. 54 and 83, it shows that the amorphous region adjacent to the surface damaged region has recrystallized during the subsequent irradiation of oxygen. Approximately 20 nm of the amorphous alumina has crystallized epitaxially on the surface damaged alumina substrate; however, no growth of the deeper damaged layer into the amorphous region is observed.  It is interesting that the thickness of the amorphous region remain almost the same by pushing the deeper damaged region toward the bulk alumina. Thus, the crystallization of the amorphous phase initiated at the interface between near-surface damaged and amorphous regions and grew into the surface region.
[image: image168.png]



Figure 83 The bright-field image for the sample irradiated with175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 plus 48 keV O+ ions to a fluence of 3×1016 O/cm2 

Figure 84 show the RBS-C for the same sample (α-Al2O3 sample irradiated with175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 plus 48 keV O+ ions to a fluence of 3×1016 O/cm2). Figure 85 show a closer view of the Al-sublattice of the spectra in Figure 84. There is still an overlapped random and aligned spectrum where the energy is less than 1075 keV.  Comparing Figures 55 and 85, it suggests that a part of amorphous region is recrystallized by subsequent room temperature irradiation with 48 keV oxygen ions. This is similar to the effect of ion beam-induced epitaxial crystallization (IBIEC) reported previously for the α-Al2O3 sample irradiated with175 keV Zr+ ions to a fluence of 1.5×1016 Zr/cm2 plus 55 keV O+ ions to a fluence of 2.3×1016 O/cm2.  
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Figure 84 RBS-C spectra using 2 MeV He+ obtained from α-Al2O3 sample irradiated with 175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 plus 48 keV O+ ions to a fluence of 3×1016 O/cm2. The RBS-chamber had IBM geometry with detector scattering angle of +170◦ with a detector resolution of about 15 keV.  Arrows labeled “Zr”, “Al”, “O” indicate the surface elastic scattering energies for Zr, Al, and O atoms respectively.
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Figure 85 A closer view of Al-sublattice in the RBS-C spectra using 2 MeV He+ obtained from α-Al2O3 samples irradiated with 175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 plus 48 keV O+ ions to a fluence of 3×1016 O/cm2. The RBS-chamber had IBM geometry with detector scattering angle of +170◦ with a detector resolution of about 15 keV.  Arrow labeled “Al” indicates the surface elastic scattering energy for Al atom.
Figure 86a shows the same bright-field TEM image demonstrated in Fig. 83, along with high resolution transmission electron transmission microscopy (HRTEM) image obtained from the subsurface region and NBED pattern obtained from different regions. The HRTEM images obtained from the crystalline sub-surface region and the recrystallized region adjacent to the deeper damaged regions reveal the presence of γ-Al2O3 phase (Fig.86 c). The NBED pattern obtained from the subsurface regions (Fig. 86d) confirms the presence of γ-Al2O3 phase. The NBED pattern obtained from the deeper damaged region is consistent with α-Al2O3 phase ([image: image172.png]beam direction (B)
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0>). The NBED pattern from the middle region shows evidence diffuse rings, indicative of an amorphous Al2O3 region. Fig. 86 b shows the selected area electron diffraction (SAED) pattern obtained from this sample indicating the presence of α-Al2O3, γ-Al2O3 and amorphous regions in the sample.
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Figure 86 (a) cross-sectional TEM-BF image obtained from the as-irradiated α-Al2O3 sample irradiated with 2×1016 Zr+/cm2 and 3×1016  (b) SAED pattern obtained from the sample (c) High resolution transmission electron transmission microscopy (HRTEM) image obtained from the subsurface, amorphous and deeper damaged regions and (d) NBED patterns obtained from different regions. 
Figure 87 shows a bright-field TEM image of annealed α-Al2O3 sample at 800ᵒC for 30 minutes previously irradiated with 175 keV Zr ions to a fluence of  2×1015 followed by irradiation with O+ ions to a fluence of 3×1016 O/cm2 at room temperature. Comparing as irradiated sample (Fig.83) with this sample (Fig.87) the thickness of the crystalline region adjacent to surface remain the same, but the amorphous region start to epitaxially grow on the deeper damaged region. The thickness of the remained amorphous layer shows that the recrystallization is significant at 800 ᵒC for 30 minutes. Comparing Fig. 58 and Fig. 87, it shows that oxygen irradiation eases the recrystallization process specifically at the interface between the amorphous and the deeper damaged regions during thermal annealing.   
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Figure 87 The bright-field image for the sample irradiated with175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 plus 48 keV O+ ions to a fluence of 3×1016 O/cm2 and annealed at 800 ᵒC for 30 minutes.
Figure 88 shows the RBS-C spectra for the samples irradiated with 2×1016 Zr+/cm2 plus 3×1016 O+/cm2 and annealed at 800 ᵒC for 30 minutes. Figure 89 is the same spectra but at a closer view for the Al-sublattice. The overlapped region for aligned and random spectra from in Fig. 89 suggests an amorphous region in the sample. 
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Figure 88 RBS-C spectra using 2 MeV He+ obtained from α-Al2O3 samples irradiated with 175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 plus 48 keV O+ ions to a fluence of 3×1016 O/cm2 and annealed at 800 ᵒC for 30 minutes. The RBS-chamber had IBM geometry with detector scattering angle of -165◦ with a detector resolution of about 15 keV.  Arrows labeled “Zr”, “Al”, “O” indicate the surface elastic scattering energies for Zr, Al, and O atoms respectively.
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Figure 89 A closer view of Al-sublattice in the RBS-C spectra using 2 MeV He+ obtained from α-Al2O3 samples irradiated with 175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 plus 48 keV O+ ions to a fluence of 3×1016 O/cm2 and annealed at 800 ᵒC for 30 minutes. The RBS-chamber had IBM geometry with detector scattering angle of -165◦ with a detector resolution of about 15 keV.  Arrow labeled “Al” indicates the surface elastic scattering energy for Al atom. 
Figure 90 shows a bright-field TEM image of annealed α-Al2O3 sample at 900ᵒC for 60 minutes previously irradiated with 175 keV Zr ions to a fluence of  2×1015 followed by irradiation with O+ ions to a fluence of 3×1016 O/cm2 at room temperature.
Figure 91a shows the same bright-field TEM image demonstrated in Fig. 90, along with HRTEM image obtained from the same sample and NBED patterns obtained from different regions present in the sample. The HRTEM images and NBED patterns (Fig.91 b, c) indicates the presence of γ-Al2O3 phase in the crystalline sub-surface region and α-Al2O3 phase in the recrystallized region adjacent to the deeper damaged region. Fig. 91b shows a very small γ-Al2O3 phase region in the interface between the amorphous region and the deeper recrystallized region. The NBED pattern obtained from the deeper damaged region is consistent with α-Al2O3 phase ([image: image180.png]beam direction (B)
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0>). The NBED pattern from the middle region shows evidence diffuse rings, indicative of an amorphous Al2O3 region. Comparing Fig. 61 and Fig. 90, it shows that oxygen irradiation affect the recrystallization process significantly at the interface between the amorphous and the deeper damaged regions during thermal annealing. The increasing of the amorphous width in this sample compare with the similar samples annealed at lower temperatures or shorter times is attributed to densification of recrystallized region adjacent to the deeper damaged region due to γ-phase to α-phase transformation.  
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Figure 90 The bright-field image for the sample irradiated with175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 plus 48 keV O+ ions to a fluence of 3×1016 O/cm2 and annealed at 800 ᵒC for 30 minutes.
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Figure 91 (a) Cross-sectional TEM-BF image obtained from α-Al2O3 sample irradiated with 175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 plus 48 keV O+ ions to a fluence of 3×1016 O/cm2 and annealed at 900 ᵒC for 60 minutes. (b) HRTEM image and (c) NBED patterns obtained from the affected regions. 
Figure 92 shows a bright-field TEM image of annealed α-Al2O3 sample at 1000ᵒC for 30 minutes previously irradiated with 175 keV Zr ions to a fluence of  2×1016 followed by irradiation with O+ ions to a fluence of 3×1016 O/cm2 at room temperature.
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Figure 92 The bright-field image for the sample irradiated with175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 plus 48 keV O+ ions to a fluence of 3×1016 O/cm2 and annealed at 1000 ᵒC for 30 minutes.
Figure 92 show the RBS-C spectra for the samples implanted with 2×1016 Zr+/cm2 plus 3×1016 O+/cm2 and annealed at 1000 ᵒC for 30 minutes. Figure 84 is a closer view for the Al-sublattice in the spectra illustrated at Figure 83. 
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Figure 93 RBS-C spectra using 2 MeV He+ obtained from α-Al2O3 samples irradiated with 175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 plus 48 keV O+ ions to a fluence of 3×1016 O/cm2 and annealed at 1000 ᵒC for 30 minutes. The RBS-chamber had IBM geometry with detector scattering angle of -165◦ with a detector resolution of about 15 keV.  Arrows labeled “Zr”, “Al”, “O” indicate the surface elastic scattering energies for Zr, Al, and O atoms respectively.
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Figure 94 A closer view of Al-sublattice in the RBS-C spectra using 2 MeV He+ obtained from α-Al2O3 samples irradiated with 175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 plus 48 keV O+ ions to a fluence of 3×1016 O/cm2 and annealed at 1000 ᵒC for 30 minutes. The RBS-chamber had IBM geometry with detector scattering angle of -165◦ with a detector resolution of about 15 keV.  Arrow labeled “Al” indicates the surface elastic scattering energy for Al atom.
Figure 95 shows the TEM bright-field images for all the samples that have been irradiated with175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 plus 48 keV O+ ions to a fluence of 3×1016 O/cm2 before and after annealing at different temperatures and times. Figure 95 shows also that during the thermal annealing of 2×1016 Zr+/cm2 plus 3×1016 O+/cm2 samples recrystallization at the interface between the deeper damaged and the amorphous regions is remarkable. 
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Figure 95 The TEM bright-field image for the samples irradiated with175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 plus 48 keV O+ ions to a fluence of 3×1016 O/cm2 before and after annealing at different temperatures and times
Figure 96 shows BF-TEM, HRTEM, and NBED patterns indicating the effect of O irradiation and annealing on Zr-irradiated sample. Irradiation of the pre–Zr-irradiated sample with 48 keV oxygen ions produces a very thin layer of γ-Al2O3 on top of highly damaged but still crystalline of α-Al2O3. The subsurface region consists of an α-Al2O3 layer sandwiched by two γ-Al2O3 layers whilst irradiation of the α-Al2O3 with 175 keV to a fluence of 1.5×1016 Zr/cm2 produces a defected α-Al2O3 subsurface. The formation of α-Al2O3 layer sandwiched by two γ-Al2O3 layers is attributed to stress relaxation of this stressed layer that adjacent to a free surface and an amorphous region. Irradiation of this sample with 48 keV oxygen ions to a fluence of 3×1016 O/cm2 transfers the stressed α-Al2O3 layer (sandwiched by two γ-Al2O3 layers) to γ -Al2O3 phase. The HRTEM images and NBED patterns obtained from these layers show that the surface layer completely transforms to (-phase and solid phase epitaxial growth of ( -phase occurs at the bottom interface. 
Annealing of this sample at 900 ᵒC for 60 minute, results in phase transformation of majority of deeper γ-Al2O3 layer to α-Al2O3 phase. The HRTEM images and NBED patterns obtained from these layers show that there is no phase transformation at subsurface.  The HRTEM images obtained from the annealed sample confirms the presence of twins at the subsurface region. 
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Figure 96 BF-TEM, HRTEM, and NBED patterns showing the effect of O irradiation and annealing on Zr-irradiated sample
Chapter 5
 Conclusions and recommendation

  5.1 Conclusions 
The structure of single crystal α-Al2O3 irradiated with 175 keV zirconium ions to fluences of 2×1015-4×1016 Zr/cm2 at room temperature, was investigated using Rutherford backscattering spectroscopy with ion channeling (RBS-C), scanning transmission electron microscopy (STEM), transmission electron microscopy (TEM), electron energy loss spectroscopy (EELS), Nano-beam electron diffraction (NBED) pattern, selected area electron diffraction (SAED) pattern, optical absorption (OA) and photoluminescence (PL) . 

The threshold fluence for amorphization of single crystal α-Al2O3 (sapphire) due to ion irradiation with 175 keV zirconium ions has been determined to be about 1.5×1016 Zr+/cm2 corresponding to ~ 40 dpa and ~2.5% peak Zr-concentration which is a lower damage energy than that reported for implantation with ions of similar mass and energy. 
Buried amorphous layers were observed in samples irradiated with 175 keV Zr+ to fluences of 1.5×1016 Zr+/cm2 and higher, at room temperature. The buried amorphous regions for all the samples irradiated with 175 keV Zr+ ions to fluences above the threshold fluence for amorphization were sandwiched between two highly-damaged crystalline regions. Nano-beam electron diffraction for the sample irradiated with 175 keV Zr+ ions to a fluence of 1.5×1016 Zr+/cm2 confirmed that both the near-surface damaged layer and the deeper damaged layer remained crystalline, but the buried amorphous region is lacking in long-range atomic order. 

The microstructure of single crystal α-Al2O3 irradiated with 175 keV Zr+ ions to a fluence of 4 ×1016 Zr/cm2 at room temperature was studied using RBS-C, EELS, and     Z-contrast images obtained from an aberration-corrected STEM. The amorphous region contained Zr-clusters and exhibited short-range order corresponding to γ-Al2O3. The EELS measurements showed that the amorphous region is deficient in oxygen.

Irradiation of an α-Al2O3 sample with 175 keV Zr+ to a fluence of 2×1016 Zr+/cm2, produced a crystalline region consists of an α-Al2O3 layer sandwiched with two γ-Al2O3 layers on the near-surface damaged region. Post irradiation of this sample with 48 keV O+ to a fluence of 3×1016 O+/cm2 at room temperature transformed the stressed α-Al2O3 region completely to γ-Al2O3. Growth of the metastable polymorph γ-Al2O3 was observed at the interface between amorphous and deeper-surface damaged crystalline regions, as a result of this oxygen ions irradiation. 
Irradiation of 175 keV Zr+ ions to a fluence of 1.5×1016 Zr/cm2 into single crystal α-Al2O3 at room temperature produced a buried amorphous region extending from ~25 to ~65 nm from the (0001) surface. Subsequent irradiation of oxygen at room temperature induced an epitaxially recrystallization adjacent to the near-surface region. The thickness of this recrystallized region was approximately 20 nm. NBED pattern obtained from the recrystallized region confirmed the presence of (-phase. The IBIER induced (-phase, grew from the surface damage layer/amorphous interface and ceased growth at a position where the implanted-Zr concentration is ≥2 at. %. No change in the amorphous/deeper damage region was detected after the oxygen implantation. 
The presence of both F and F+ centers were indicated by optical absorption (OA) and photoluminescence (PL) measurements for the samples irradiated with 175 keV Zr+ ions to fluences of 7.5×1015, 1.5×1016 Zr+/cm2 and 2×1016 Zr+/cm2 . The OA spectra showed that the concentration of F and F+ centers increases with increasing fluence.  The OA results obtained from α-Al2O3 samples irradiated with 175 keV Zr+ ions to fluences of 7.5×1015 Zr+/cm2 and 1.5×1016 Zr+/cm2 followed by irradiation with 55 keV O+ ions to fluences of  1.1×1016 O+/cm2 and 2.3×1016 O+/cm2 respectively, showed decrease in  both F and F+ centers concentration resulting from oxygen irradiation. The F-type center concentrations for these samples were calculated using Smakula's equation. 

The problems regarding kinetics of phase transformation during annealing of thin films of amorphous alumina was investigated. An amorphous film was created during irradiation with 175 keV Zr+ ions to a fluence of 2×1016 Zr/cm2 at room temperature. The samples were annealed in pure Ar ambient at three temperatures of 800, 900, and 1000 ᵒC for different times. The results showed that samples undergo multiple processes of phase transformation, during irradiation and thermal annealing. These complicated processes make the kinetics study impossible or at least very difficult. Under irradiation part of the energy introduced by energetic ions is stored in form of biaxial stresses. Energetic ions implanted into the affected area expand the material near the surface and this also leads to biaxial compressive stresses. During irradiation-induced amorphization or phase transformation, stress can arise from incompatibilities between the film and the substrate due to differences in thermal expansion, phase transformations with volume changes, densification of the film, and epitaxial effects. For instance, irradiation of α-Al2O3 with energetic ions undergoes positive volume due to introduction of a number of defects such as vacancies and interstitial atoms.  
The effect of oxygen irradiation on pre-Zr-implanted samples before and after thermal annealing in pure Ar ambient at three temperatures of 800, 900, and 1000 ᵒC for different times was studied using TEM, HRTEM, and RBS-C. The results showed that during thermal annealing the amorphous region adjacent to the deeper damaged region recrystallizes to α-Al2O3 whilst the near-surface region remained in form of γ-Al2O3. It was found that recrystallization at higher temperature is significant. 
In addition, little if any redistribution in depth of Zr is observed at temperatures up to 1000 ᵒC based on the RBS-C results obtained from the samples.
5.2 Recommendation
Phase transformation study in samples that irradiated with Zr ions at low temperatures is an interesting area that helps to understand more about microstructure of irradiated α-Al2O3. Irradiation of α-Al2O3 with relatively low fluences at cryogenic temperatures produces an amorphous region all the way to the surface. Study of dpa and Zr% at the interface between amorphous and the highly damaged region can be compared with the samples that irradiated at room temperature. In addition to this work, recrystallization of the amorphous region using post irradiation with oxygen and/or annealing at Ar ambient can complete the fundamental studies of α-Al2O3 microstructures produced by irradiation with Zirconium ions. Due to this fact that irradiation of α-Al2O3 with Zr at cryogenic temperature produces an amorphous region that is not sandwiched by two crystalline regions, the kinetic study seems to be less complicated compare with the samples irradiated at room temperature. 
It is shown in this research that irradiation of α-Al2O3 with Zr to a fluence of 4×1016 Zr/cm2 produces Zr clusters in the amorphous region. Thermal annealing of such samples could be quite interesting due to presence of these clusters. These clusters can act as barriers to decelerate the phase transformation or act as nucleation sites to increase the speed of phase transformation. 

Regarding this fact that effect of sputtering during irradiation with high fluence is significant, study of sputtering effect in α-Al2O3 irradiated with high fluence Zr is recommended for future work.  
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		458		458		458		458		458		458

		459		459		459		459		459		459

		460		460		460		460		460		460

		461		461		461		461		461		461

		462		462		462		462		462		462

		463		463		463		463		463		463

		464		464		464		464		464		464

		465		465		465		465		465		465

		466		466		466		466		466		466

		467		467		467		467		467		467

		468		468		468		468		468		468

		469		469		469		469		469		469

		470		470		470		470		470		470

		471		471		471		471		471		471

		472		472		472		472		472		472

		473		473		473		473		473		473

		474		474		474		474		474		474

		475		475		475		475		475		475

		476		476		476		476		476		476

		477		477		477		477		477		477

		478		478		478		478		478		478

		479		479		479		479		479		479

		480		480		480		480		480		480

		481		481		481		481		481		481

		482		482		482		482		482		482

		483		483		483		483		483		483

		484		484		484		484		484		484

		485		485		485		485		485		485

		486		486		486		486		486		486

		487		487		487		487		487		487

		488		488		488		488		488		488

		489		489		489		489		489		489

		490		490		490		490		490		490

		491		491		491		491		491		491

		492		492		492		492		492		492

		493		493		493		493		493		493

		494		494		494		494		494		494

		495		495		495		495		495		495

		496		496		496		496		496		496

		497		497		497		497		497		497

		498		498		498		498		498		498

		499		499		499		499		499		499

		500		500		500		500		500		500

		501		501		501		501		501		501

		502		502		502		502		502		502

		503		503		503		503		503		503

		504		504		504		504		504		504

		505		505		505		505		505		505

		506		506		506		506		506		506

		507		507		507		507		507		507

		508		508		508		508		508		508

		509		509		509		509		509		509

		510		510		510		510		510		510

		511		511		511		511		511		511

		512		512		512		512		512		512

		513		513		513		513		513		513

		514		514		514		514		514		514

		515		515		515		515		515		515

		516		516		516		516		516		516

		517		517		517		517		517		517

		518		518		518		518		518		518

		519		519		519		519		519		519

		520		520		520		520		520		520

		521		521		521		521		521		521

		522		522		522		522		522		522

		523		523		523		523		523		523

		524		524		524		524		524		524

		525		525		525		525		525		525

		526		526		526		526		526		526

		527		527		527		527		527		527

		528		528		528		528		528		528

		529		529		529		529		529		529

		530		530		530		530		530		530

		531		531		531		531		531		531

		532		532		532		532		532		532

		533		533		533		533		533		533

		534		534		534		534		534		534

		535		535		535		535		535		535

		536		536		536		536		536		536

		537		537		537		537		537		537

		538		538		538		538		538		538

		539		539		539		539		539		539

		540		540		540		540		540		540

		541		541		541		541		541		541

		542		542		542		542		542		542

		543		543		543		543		543		543

		544		544		544		544		544		544

		545		545		545		545		545		545

		546		546		546		546		546		546

		547		547		547		547		547		547

		548		548		548		548		548		548

		549		549		549		549		549		549

		550		550		550		550		550		550

		551		551		551		551		551		551

		552		552		552		552		552		552

		553		553		553		553		553		553

		554		554		554		554		554		554

		555		555		555		555		555		555

		556		556		556		556		556		556

		557		557		557		557		557		557

		558		558		558		558		558		558

		559		559		559		559		559		559

		560		560		560		560		560		560

		561		561		561		561		561		561

		562		562		562		562		562		562

		563		563		563		563		563		563

		564		564		564		564		564		564

		565		565		565		565		565		565

		566		566		566		566		566		566

		567		567		567		567		567		567

		568		568		568		568		568		568

		569		569		569		569		569		569

		570		570		570		570		570		570

		571		571		571		571		571		571

		572		572		572		572		572		572

		573		573		573		573		573		573

		574		574		574		574		574		574

		575		575		575		575		575		575

		576		576		576		576		576		576

		577		577		577		577		577		577

		578		578		578		578		578		578

		579		579		579		579		579		579

		580		580		580		580		580		580

		581		581		581		581		581		581

		582		582		582		582		582		582

		583		583		583		583		583		583

		584		584		584		584		584		584

		585		585		585		585		585		585

		586		586		586		586		586		586

		587		587		587		587		587		587

		588		588		588		588		588		588

		589		589		589		589		589		589

		590		590		590		590		590		590

		591		591		591		591		591		591

		592		592		592		592		592		592

		593		593		593		593		593		593

		594		594		594		594		594		594

		595		595		595		595		595		595

		596		596		596		596		596		596

		597		597		597		597		597		597

		598		598		598		598		598		598

		599		599		599		599		599		599

		600		600		600		600		600		600



1.5E16 Zr+/cm2 & 2.3E16 O+/cm2

7.5E15 Zr+/cm2 & 1.1E16 O+/cm2

7.5E15 Zr+/cm2

1.5E16 Zr+/cm2

VIR

2E16 Zr+/cm2

nm

Intensity

704362.92598

493773.45152

419584.21538

371034.3329

174947.51575

158669.98809

836136.73359

524399.52179

493766.93767

403190.79661

163678.45798

193338.74898

1000980

656450.38583

570189.7019

536992.8401

169537.13671

173122.70071

1196510

756794.87875

675873.27376

581414.25088

158687.46638

171397.67505

1497890

861077.97419

773725.78725

696099.67497

173805.42402

210765.23995

1713250

1036190

891764.57848

827791.29494

178033.56282

223505.91157

2024480

1163090

1095060

929464.62405

179734.16564

269729.72973

2318930

1344500

1256220

1055880

193228.91437

273291.92547

2757260

1528030

1443880

1203800

170420.94511

307318.39049

3135010

1731080

1744490

1469170

176533.90743

328276.01101

3629140

1917890

1951230

1656760

177043.53441

384033.70422

4116950

2164660

2226780

1854080

199010.32702

381564.03476

4727780

2436740

2469220

2046920

179753.51165

445296.05441

5325810

2832780

2822180

2404240

177514.7929

505448.26842

5935690

2970060

3129830

2609000

184966.12539

561191.45262

6533540

3287320

3427880

2975140

152827.85341

600895.40968

7067060

3535460

3818180

3166940

181700.89238

668571.73667

7721380

3869330

4136110

3570690

171142.56499

716598.31643

8362430

4215000

4552230

3901210

191593.56332

730431.02983

9008540

4379400

4907740

4128160

179147.83731

782336.76605

9652640

4834260

5187720

4494650

195287.28212

849916.41051

10330600

5164290

5486200

4841500

194127.76941

905170.09003

10883600

5412130

5896290

5001350

182854.68431

944648.25205

11452800

5618250

6202640

5319060

169409.48693

1003080

12086200

5779600

6650650

5636500

176344.08602

1059300

12351400

6118610

6735870

5935580

178043.13915

1087310

13036800

6281470

6993470

6117170

173683.92752

1142460

13495800

6435940

7208160

6241710

168388.20745

1158900

13894700

6599680

7613550

6554550

171041.30809

1192930

14193200

6778200

7662190

6713260

191003.98149

1242860

14468300

6836670

7864930

6848810

198365.76712

1282780

14772700

6991150

8075120

6961030

170047.89324

1343290

14973800

7093930

8250080

7107390

178629.07565

1338290

14908400

7173770

8073690

7041050

193537.98183

1393160

14968900

6974420

8329290

7211850

194294.9408

1404840

15201600

7059870

8312470

7093690

201667.11482

1421790

15064500

7079090

8331450

7297270

187694.95536

1410910

14932500

7000380

8069560

7170990

187644.49702

1423030

14786400

6821540

8158330

7096230

183831.4341

1370520

14527200

6769310

7929680

7011100

167678.83055

1380800

14207300

6695260

7951610

6972540

174362.28608

1450050

14049100

6480450

7700570

6789740

179637.49798

1399460

13687300

6315140

7565760

6694910

180684.01807

1419490

13622900

6240160

7329890

6463280

182297.26823

1338690

13087300

5993850

7218570

6249730

202291.92446

1343150

12705400

5873540

7053430

6097440

204202.26772

1330850

12213500

5553340

6672600

5917790

204235.19295

1313380

11841500

5494230

6565650

5772490

209328.53846

1310840

11290200

5289960

6271640

5487360

195583.25721

1288430

10901800

5066950

6076030

5311610

217683.41844

1299800

10436000

4877090

5838190

5143490

224073.07899

1275050

9979460

4679540

5575790

4857570

218185.72657

1341420

9502430

4404400

5311490

4623770

213794.5853

1246630

9160990

4282630

5193170

4381950

239604.59869

1249330

8647630

4161500

4910540

4215440

221995.26983

1270290

8291500

3763210

4712120

3960270

213714.22435

1252830

7807240

3598640

4447200

3874260

223439.68203

1296130

7425900

3490990

4198560

3596810

215382.96272

1309480

7058510

3343930

4044180

3391090

217589.85655

1216430

6660180

3275970

3798600

3335310

229434.20558

1351260

6374970

3022130

3662390

3120790

228933.79192

1317800

5962010

2821490

3531570

2917970

236203.56453

1360090

5586090

2791500

3315710

2723740

243378.284

1343970

5423960

2616000

3172010

2621520

251450.67698

1380760

5192530

2542300

2971240

2469370

266709.68436

1406340

4779210

2432910

2886950

2313460

266280.13099

1440120

4674770

2370230

2854140

2280770

272083.28861

1455500

4441510

2249000

2695870

2172200

251545.28353

1505390

4153700

2125700

2575430

2085600

269544.67354

1583910

4042860

2059870

2570780

2046580

280850.60681

1611550

3852590

2049650

2511040

1872230

289116.55849

1704740

3669850

2025840

2405540

1814700

313910.98688

1776940

3725100

1998170

2318630

1789820

303225.46021

1817550

3490800

1976510

2278360

1716740

326839.47834

1880490

3403940

1931870

2273170

1656950

310418.9044

1935870

3462990

1893960

2250430

1671700

333977.66323

1953020

3269060

1848740

2198150

1591150

344809.06601

2060250

3248570

1856860

2195080

1580880

336590.07945

2154600

3228940

1911610

2205580

1570070

314262.69138

2233470

3239630

1908810

2177570

1561370

350754.68658

2284760

3175300

1773990

2234990

1539080

341848.23441

2390670

3218560

1895600

2175390

1540910

337108.80885

2430900

3186870

1880550

2241190

1513650

368582.00547

2554830

3182160

1882810

2197090

1479550

357775.98711

2556720

3239290

1909710

2268100

1579150

360113.77663

2673710

3225270

1937830

2301100

1559180

366652.3513

2738490

3247610

1977180

2295020

1540160

371623.43591

2839510

3325250

1950510

2334590

1584460

378169.31672

3003720

3342330

2013780

2356300

1586130

396023.6432

3029000

3366770

2036720

2436150

1570860

415167.30222

3102050

3394450

2035450

2454910

1607890

430580.90841

3264910

3518370

2107930

2492860

1648220

427566.20293

3364940

3589490

2138120

2527580

1620490

424161.07383

3346090

3636220

2201300

2624630

1686300

406464.77663

3491640

3669270

2181800

2578400

1691400

421340.77613

3567080

3666180

2276690

2691730

1680160

424047.23564

3623630

3776540

2276520

2696160

1709320

449003.70589

3734170

3845780

2314320

2699700

1718260

464954.14812

3732150

3884150

2296070

2667820

1720640

439354.1119

3797210

3848890

2323930

2805020

1816710

455130.95749

3904920

3871420

2387620

2835670

1777150

454643.04885

3883740

3971530

2332110

2879600

1818620

476267.18213

4008830

3933640

2418490

2817130

1806310

479969.96836

3977490

3961370

2382000

2799270

1904090

463793.0109

4140680

4074190

2448060

2847750

1871320

468414.2673

4174930

4067140

2492870

2877690

1833230

505982.72254

4145840

4183650

2449550

2953980

1875880

481223.17597

4309860

4135760

2492330

2876680

1915810

456909.95871

4300340

4184780

2542560

2951190

1906000

463032.51422

4266340

4200910

2532850

3046740

1966740

512119.26212

4239940

4270840

2459350

3019760

1883830

494959.24496

4360630

4213360

2508750

3042140

1942950

478820.37534

4337970

4316470

2491930

3024460

1921750

495468.92595

4360660

4285330

2546860

2988950

1868630

494476.02703

4481440

4276710

2592690

3064320

1932860

499007.35097

4436610

4323840

2617270

3064530

1923470

456493.78483

4555930

4340540

2615620

3042660

1909770

501474.92625

4522350

4294960

2641730

3104280

1930590

506756.75676

4522780

4454210

2675750

3094620

1970770

506756.75676

4568540

4406060

2562610

3121730

1998920

491337.23113

4514970

4413840

2538680

3085950

2030310

470928.9852

4469620

4358120

2573740

3126820

1946180

492137.60532

4583980

4368860

2605600

3064730

2022770

480000

4549070

4308400

2495420

3089780

1948310

531789.42854

4518890

4379820

2533910

3119710

2039990

495299.48966

4593150

4422300

2631660

3080690

1932530

482677.24981

4530680

4323160

2610690

3099140

1967530

528629.63757

4476460

4310500

2584810

3150150

1899720

500160.99603

4509640

4256680

2534450

3050130

1964940

507728.6389

4409340

4358420

2614760

3025860

1950630

469060.26941

4519690

4255000

2656220

2991980

1933010

463856.71386

4451920

4242390

2477110

3059010

1892900

500026.85429

4410660

4268770

2547100

2977520

1871360

470057.95235

4375940

4254130

2539890

2979960

1868360

485973.28756

4401740

4256240

2491120

2972960

1900390

471515.93177

4260660

4221440

2468210

2941530

1893920

489232.58686

4317000

4231020

2505520

2890540

1883660

465715.20549

4261420

4098330

2454250

2967280

1836270

456839.16685

4221600

4083730

2410360

2888530

1847670

445005.09958

4212480

4000220

2424800

2876530

1833820

483014.00741

4126420

3984370

2390930

2874700

1816420

480485.31701

4159130

4018330

2363280

2804760

1806950

453520.82439

4089910

3957190

2356990

2789240

1735840

448225.88437

4082320

3841260

2326330

2723550

1729170

456621.00457

4071680

3885480

2274320

2714490

1713760

441555.65105

4094260

3683670

2186590

2707010

1761540

423155.40758

3846490

3658510

2212180

2655850

1670260

426776.895

3868950

3700650

2271310

2682690

1631670

411789.97101

3824800

3638270

2189320

2589320

1642930

422626.08883

3777260

3671720

2157610

2556150

1643210

399119.03739

3756460

3628280

2177750

2594570

1635120

434759.27218

3663440

3496710

2070250

2605510

1587070

441294.89451

3681520

3428730

2063650

2488280

1535730

420605.93038

3604780

3340160

2002800

2472380

1556010

380855.17834

3574810

3427120

2025300

2513610

1535430

409105.55138

3444460

3312680

1954030

2424550

1515710

429784.03352

3527540

3262740

1997850

2298070

1541690

418524.68705

3392500

3173580

1920800

2375560

1492530

365991.2936

3332620

3204440

1851650

2319160

1383700

386185.41197

3283480

3142580

1938280

2242820

1464570

401632.30241

3292830

3077090

1810740

2164840

1401060

341384.86312

3180940

3000750

1817590

2125850

1377970

366652.3513

3079240

2902810

1741070

2082860

1339520

348512.51208

3028900

2837960

1731640

2033730

1244880

371206.01665

2881410

2707370

1609030

1922600

1258900

370767.82744

2925280

2657220

1626320

1933780

1220560

366272.82492

2782830

2637940

1600220

1867360

1239750

380066.6595

2739700

2631350

1540990

1818480

1162930

328159.40706

2655870

2556870

1560250

1839340

1162150

357066.1512

2586370

2470740

1513960

1839970

1147170

380195.46773

2517100

2420280

1462090

1794370

1170380

351621.21537

2531730

2383750

1441420

1739690

1138350

365375.31567

2488710

2321920

1407220

1681480

1059240

352619.14985

2414590

2324440

1321140

1671520

1090210

367864.2393

2352910

2241320

1358800

1673940

1020740

329859.24573

2333580

2165030

1372000

1554090

1001830

327208.25274

2299910

2197910

1315040

1517910

976175.07546

321974.77864

2200040

2130960

1326370

1524010

983986.62857

324364.96429

2199030

2126170

1215140

1516960

985505.68457

318423.45487

2168580

2081850

1280670

1481760

958690.14919

342715.94327

2058900

2044980

1224630

1463810

929869.00976

325216.36295

2102510

1996880

1250070

1404260

945370.22057

333708.88996

2079610

1924380

1223540

1408330

930909.87541

326011.06397

2077860

1925940

1195280

1362780

909433.96226

356184.9587

2003440

1883700

1166060

1368460

949172.64054

337289.86519

1927430

1828670

1175360

1346950

887510.116

345846.08775

1932620

1828520

1137780

1360020

881290.1138

367745.74542

1903860

1824750

1170110

1329020

858700.34542

366135.18011

1895660

1787140

1113620

1302150

876313.66209

378543.81443

1825280

1664150

1109320

1339180

859467.61504

389491.78038

1797980

1688230

1093940

1273230

866188.44723

390377.4902

1831590

1675640

1083310

1203980

834592.14502

384945.77472

1782830

1731700

1027560

1231550

855848.56819

385255.13763

1743950

1615360

1045470

1231900

814643.0882

380814.26576

1659310

1581160

1042490

1247980

852658.82861

413223.1405

1712580

1608630

1089530

1166970

861027.19033

467877.09497

1708920

1653460

1144180

1247170

893146.24933

517620.55463

1744140

1960180

1453870

1456790

1117400

934042.32463

2114130

3118770

2516970

2166500

2015540

2058980

3397930

6140990

5354340

4388800

4673750

5296840

6775570

12640600

11626700

9078180

10022700

12203300

13714900

24373500

22310500

17148100

19337500

23567100

25549500

46246600

42861100

31292900

36236800

44346600

47639700

89051300

82569500

57627300

67828200

83438500

89911700

179597000

165569000

112217000

133654000

162543000

176588000

388065000

363770000

253072000

304427000

342715000

373028000

611609000

596028000

484566000

534359000

569272000

597343000

640415000

646133000

659817000

667372000

653791000

643982000

421455000

449361000

596627000

546668000

463664000

426338000

11861.1171

452223.4769

382964000

276959000

186905.84886

15063.48182

0

0

7001.66963

539.86935

3762.22724

537.98149

538.85117

0

538.64799

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

1077.93468

1076.13667

538.76408

0

0

0

156592000

7476040

2154.47592

8097.16599

0

223482000

553327000

484619000

386873000

455230000

12322500

589847000

656290000

626564000

560130000

645117000

425950000

665392000

633888000

660055000

659168000

659393000

628871000

591786000

413701000

454522000

556261000

479722000

575262000

378013000

255078000

278928000

333330000

290582000

397693000

235106000

157936000

175833000

218115000

184502000

277364000

143559000

81780700

94079700

124098000

97624000

167378000

71248300

36282900

43137300

60931800

43494000

86853800

29875100

13585400

16532700

25648700

16379800

36920100

10779200

5023180

5776520

9529790

5932400

12916400

4136170

2509560

2649340

3736600

2756410

4362860

2345790

1770760

1661640

1928750

1694110

2192200

1717350

1467670

1288880

1490930

1314670

1634820

1444710

1272560

1142730

1218650

1092120

1232480

1244200

1135460

982070.74786

1037880

918306.82125

1010900

1107760

1011480

871648.54097

971699.12838

812355.1291

874047.03103

1045350

983412.32227

787376.13098

886641.20084

760558.82194

778446.33072

940815.33739

895522.38806

735856.16623

796298.28903

678825.81481

697824.33521

879819.08249

848461.99429

669034.93191

751183.81403

632112.61529

606972.12225

835578.06271

793231.6646

679894.32253

734265.73427

597127.73998

570385.0905

804851.75202

739303.80429

605881.08574

626917.07475

533103.11337

517269.16259

744686.5752

729262.11394

576136.11889

588172.04301

516264.76776

510395.95981

695244.76278

701083.14922

571474.73877

609322.85499

517083.17591

469405.3124

665660.54007

642972.53635

532802.32496

543273.62702

469559.58549

436697.64194

642745.54173

674139.13887

478164.88073

537790.69767

448735.23542

420718.92967

634997.57635

577595.95198

460784.84147

483975.0484

399611.71331

367125.34939

590483.36742

562166.81923

477087.9328

510462.05153

420172.59978

385710.44856

547127.17883

531078.3152

436584.84065

463551.2006

395772.67335

370091.85153

537223.44835

522203.061

433049.66067

440227.90798

392685.68963

328529.94946

538415.98019

497898.48044

409130.06029

426734.11182

348191.66712

300881.15194

518271.35246

502396.20914

412942.8233

397760.91286

373146.40065

316581.5641

488133.03913

493720.69207

374138.67356

392747.6193

343171.63978

297705.41136

506895.06572

445784.42985

376555.51366

406350.91496

334502.29296

298098.61424

441200.23703

446505.60828

384242.81563

398103.75478

341203.10479

274075.66638

445736.43411

395297.41681

339996.76707

351802.04411

310190.42995

280660.25055

403078.24777

414736.61532

329014.56911

354468.5665

296436.2851

257981.29636

410096.33497

418642.24138

317409.08113

356566.6344

306447.26194

269863.45554

403942.47859

393573.4311

339202.06752

342712.64863

296511.94134

247920.57955

377043.88985

367674.80727

338153.8627

336491.87036

272560.44905

231658.15641

380224.04136

390646.04774

319091.69178

313071.54384

263896.38424

258889.24697

376291.98966

371987.70823

293058.02011

302654.96257

268738.87

220825.27402

352567.55302

328178.04602

301645.33821

300274.44438

235910.17059

239463.08725

319349.45339

315732.75862

283039.17348

299736.31814

240470.1569

205759.10605

313896.51645

327364.90131

280705.52807

284176.53391

264378.97917

214707.46108

314820.79432

311877.18826

288818.37251

274547.80362

253533.28299

196099.50035

304481.14476

323084.37887

250201.77563

264234.20514

241048.31752

196046.83639

326888.90086

306248.98905

272815.32501

274967.71416

229061.1189

194456.38161

283729.94508

304043.12668

262238.7017

239056.6952

226720.64777

184608.77965

265705.67986

268582.80855

222282.02368

259348.93732

224440.24818

182628.78015

253014.64255

258234.94528

253607.58131

238364.27226

240853.49426

180354.26731

259362.89281

262008.73362

249152.45117

247902.77479

213523.13167

198057.00177

253566.6218

278899.47774

248991.66443

222317.92001

203927.49245

181915.74993

269615.75718

258592.82405

235211.79827

227138.16675

189880.24598

170073.5018

244992.46177

249986.5309

234547.31293

242577.45267

230777.52615

163177.67042

217905.95072

234362.37272

232420.50896

218514.53175

201013.14939

167651.80011

230305.63926

241813.87333

217741.93548

201215.90359

211423.33207

158909.11043

214139.67502

234198.34177

233096.46856

213224.20849

210929.49237

137964.35473

214596.8913

227297.20995

203346.06488

231319.59761

186633.58326

150440.57597

214700.81791

228411.35592

223262.31978

199138.85899

177955.13374

142880.16329

196795.35434

207772.6343

218350.00538

204323.04549

210906.73715

142719.17588

188740.11937

261782.92486

224483.20413

208210.03927

191000.32373

149943.56962

191614.18806

220679.26153

204576.04307

202928.19464

199136.53535

142175.00939

202215.76853

246162.13305

218479.25523

189744.14104

198078.58377

131006.71141

176609.95046

232107.27557

203357.00452

210339.44806

177955.13374

136405.13399

197492.3317

232633.27948

223824.38394

194791.21825

193802.63442

149871.07864

173870.91565

243416.44677

209106.05816

178062.29491

201486.90874

142327.72974

174324.76057

239401.76458

195434.4783

207178.6041

200549.89487

127785.2349

178004.84001

229854.12069

225389.99462

218443.9901

193729.42637

130929.38399

150064.54389

262831.90607

202742.67276

218326.52183

218903.32668

126194.82333

151694.45939

255637.47915

220703.01986

200796.72696

198921.83288

131600.1504

154259.60763

271651.4255

216958.27725

203247.66104

218915.12995

126215.15656

146924.27749

276596.88963

205059.20344

201862.51817

193096.00863

113227.79716

144608.10666

283913.3714

245332.75946

211313.04441

210895.36138

119213.8331

154938.67011

293058.02011

264234.20514

215019.08294

223695.55843

116560.13321

152330.71375

315528.75296

259195.52592

236660.92943

232332.48881

114794.54994

129653.53992

350877.19298

251937.9845

255486.23064

234164.2387

128845.22467

154284.48554

371187.26128

250726.35317

247849.46237

235414.53429

120870.26591

141618.65274

360273.16234

284038.94776

246615.08704

235421.16631

101531.02337

152314.31647

370270.70664

267871.55075

273221.10472

299136.06911

118114.46365

145215.94148

427088.3761

299278.71676

282318.77823

258969.51713

125147.70652

149068.9915

443453.02086

318211.13739

312684.68275

288503.01984

118734.21802

151523.29268

479319.25894

301775.14793

320288.52883

296783.94129

121361.83009

146813.65959

521444.33084

334266.33653

332903.78007

314607.95424

104697.98658

156561.03728

545425.20574

366962.60425

344827.58621

320841.19709

108421.44812

163925.61539



255 nm

		SIGNAL1		1.5E16 Zr+/cm2 & 2.3E16 O+/cm2		7.5E15 Zr+/cm2 & 1.1E16 O+/cm2		7.5E15 Zr+/cm2		1.5E16 Zr+/cm2		VIR		2E16 Zr+/cm2

		300		704362.92598		493773.45152		419584.21538		371034.3329		174947.51575		158669.98809

		301		836136.73359		524399.52179		493766.93767		403190.79661		163678.45798		193338.74898

		302		1.00E+06		656450.38583		570189.7019		536992.8401		169537.13671		173122.70071

		303		1.20E+06		756794.87875		675873.27376		581414.25088		158687.46638		171397.67505

		304		1.50E+06		861077.97419		773725.78725		696099.67497		173805.42402		210765.23995

		305		1.71E+06		1.04E+06		891764.57848		827791.29494		178033.56282		223505.91157

		306		2.02E+06		1.16E+06		1.10E+06		929464.62405		179734.16564		269729.72973

		307		2.32E+06		1.34E+06		1.26E+06		1.06E+06		193228.91437		273291.92547

		308		2.76E+06		1.53E+06		1.44E+06		1.20E+06		170420.94511		307318.39049

		309		3.14E+06		1.73E+06		1.74E+06		1.47E+06		176533.90743		328276.01101

		310		3.63E+06		1.92E+06		1.95E+06		1.66E+06		177043.53441		384033.70422

		311		4.12E+06		2.16E+06		2.23E+06		1.85E+06		199010.32702		381564.03476

		312		4.73E+06		2.44E+06		2.47E+06		2.05E+06		179753.51165		445296.05441

		313		5.33E+06		2.83E+06		2.82E+06		2.40E+06		177514.7929		505448.26842

		314		5.94E+06		2.97E+06		3.13E+06		2.61E+06		184966.12539		561191.45262

		315		6.53E+06		3.29E+06		3.43E+06		2.98E+06		152827.85341		600895.40968

		316		7.07E+06		3.54E+06		3.82E+06		3.17E+06		181700.89238		668571.73667

		317		7.72E+06		3.87E+06		4.14E+06		3.57E+06		171142.56499		716598.31643

		318		8.36E+06		4.22E+06		4.55E+06		3.90E+06		191593.56332		730431.02983

		319		9.01E+06		4.38E+06		4.91E+06		4.13E+06		179147.83731		782336.76605

		320		9.65E+06		4.83E+06		5.19E+06		4.49E+06		195287.28212		849916.41051

		321		1.03E+07		5.16E+06		5.49E+06		4.84E+06		194127.76941		905170.09003

		322		1.09E+07		5.41E+06		5.90E+06		5.00E+06		182854.68431		944648.25205

		323		1.15E+07		5.62E+06		6.20E+06		5.32E+06		169409.48693		1003080

		324		1.21E+07		5.78E+06		6.65E+06		5.64E+06		176344.08602		1059300

		325		1.24E+07		6.12E+06		6.74E+06		5.94E+06		178043.13915		1087310

		326		1.30E+07		6.28E+06		6.99E+06		6.12E+06		173683.92752		1142460

		327		1.35E+07		6.44E+06		7.21E+06		6.24E+06		168388.20745		1158900

		328		1.39E+07		6.60E+06		7.61E+06		6.55E+06		171041.30809		1192930

		329		1.42E+07		6.78E+06		7.66E+06		6.71E+06		191003.98149		1242860

		330		1.45E+07		6.84E+06		7.86E+06		6.85E+06		198365.76712		1282780

		331		1.48E+07		6.99E+06		8.08E+06		6.96E+06		170047.89324		1343290

		332		1.50E+07		7.09E+06		8.25E+06		7.11E+06		178629.07565		1338290

		333		1.49E+07		7.17E+06		8.07E+06		7.04E+06		193537.98183		1393160

		334		1.50E+07		6.97E+06		8.33E+06		7.21E+06		194294.9408		1404840

		335		1.52E+07		7.06E+06		8.31E+06		7.09E+06		201667.11482		1421790

		336		1.51E+07		7.08E+06		8.33E+06		7.30E+06		187694.95536		1410910

		337		1.49E+07		7.00E+06		8.07E+06		7.17E+06		187644.49702		1423030

		338		1.48E+07		6.82E+06		8.16E+06		7.10E+06		183831.4341		1370520

		339		1.45E+07		6.77E+06		7.93E+06		7.01E+06		167678.83055		1380800

		340		1.42E+07		6.70E+06		7.95E+06		6.97E+06		174362.28608		1450050

		341		1.40E+07		6.48E+06		7.70E+06		6.79E+06		179637.49798		1399460

		342		1.37E+07		6.32E+06		7.57E+06		6.69E+06		180684.01807		1419490

		343		1.36E+07		6.24E+06		7.33E+06		6.46E+06		182297.26823		1338690

		344		1.31E+07		5.99E+06		7.22E+06		6.25E+06		202291.92446		1343150

		345		1.27E+07		5.87E+06		7.05E+06		6.10E+06		204202.26772		1330850

		346		1.22E+07		5.55E+06		6.67E+06		5.92E+06		204235.19295		1313380

		347		1.18E+07		5.49E+06		6.57E+06		5.77E+06		209328.53846		1310840

		348		1.13E+07		5.29E+06		6.27E+06		5.49E+06		195583.25721		1288430

		349		1.09E+07		5.07E+06		6.08E+06		5.31E+06		217683.41844		1299800

		350		1.04E+07		4.88E+06		5.84E+06		5.14E+06		224073.07899		1275050

		351		9.98E+06		4.68E+06		5.58E+06		4.86E+06		218185.72657		1341420

		352		9.50E+06		4.40E+06		5.31E+06		4.62E+06		213794.5853		1246630

		353		9.16E+06		4.28E+06		5.19E+06		4.38E+06		239604.59869		1249330

		354		8.65E+06		4.16E+06		4.91E+06		4.22E+06		221995.26983		1270290

		355		8.29E+06		3.76E+06		4.71E+06		3.96E+06		213714.22435		1252830

		356		7.81E+06		3.60E+06		4.45E+06		3.87E+06		223439.68203		1296130

		357		7.43E+06		3.49E+06		4.20E+06		3.60E+06		215382.96272		1309480

		358		7.06E+06		3.34E+06		4.04E+06		3.39E+06		217589.85655		1216430

		359		6.66E+06		3.28E+06		3.80E+06		3.34E+06		229434.20558		1351260

		360		6.37E+06		3.02E+06		3.66E+06		3.12E+06		228933.79192		1317800

		361		5.96E+06		2.82E+06		3.53E+06		2.92E+06		236203.56453		1360090

		362		5.59E+06		2.79E+06		3.32E+06		2.72E+06		243378.284		1343970

		363		5.42E+06		2.62E+06		3.17E+06		2.62E+06		251450.67698		1380760

		364		5.19E+06		2.54E+06		2.97E+06		2.47E+06		266709.68436		1406340

		365		4.78E+06		2.43E+06		2.89E+06		2.31E+06		266280.13099		1440120

		366		4.67E+06		2.37E+06		2.85E+06		2.28E+06		272083.28861		1455500

		367		4.44E+06		2.25E+06		2.70E+06		2.17E+06		251545.28353		1505390

		368		4.15E+06		2.13E+06		2.58E+06		2.09E+06		269544.67354		1583910

		369		4.04E+06		2.06E+06		2.57E+06		2.05E+06		280850.60681		1611550

		370		3.85E+06		2.05E+06		2.51E+06		1.87E+06		289116.55849		1704740

		371		3.67E+06		2.03E+06		2.41E+06		1.81E+06		313910.98688		1776940

		372		3.73E+06		2.00E+06		2.32E+06		1.79E+06		303225.46021		1817550

		373		3.49E+06		1.98E+06		2.28E+06		1.72E+06		326839.47834		1880490

		374		3.40E+06		1.93E+06		2.27E+06		1.66E+06		310418.9044		1935870

		375		3.46E+06		1.89E+06		2.25E+06		1.67E+06		333977.66323		1953020

		376		3.27E+06		1.85E+06		2.20E+06		1.59E+06		344809.06601		2060250

		377		3.25E+06		1.86E+06		2.20E+06		1.58E+06		336590.07945		2154600

		378		3.23E+06		1.91E+06		2.21E+06		1.57E+06		314262.69138		2233470

		379		3.24E+06		1.91E+06		2.18E+06		1.56E+06		350754.68658		2284760

		380		3.18E+06		1.77E+06		2.23E+06		1.54E+06		341848.23441		2390670

		381		3.22E+06		1.90E+06		2.18E+06		1.54E+06		337108.80885		2430900

		382		3.19E+06		1.88E+06		2.24E+06		1.51E+06		368582.00547		2554830

		383		3.18E+06		1.88E+06		2.20E+06		1.48E+06		357775.98711		2556720

		384		3.24E+06		1.91E+06		2.27E+06		1.58E+06		360113.77663		2673710

		385		3.23E+06		1.94E+06		2.30E+06		1.56E+06		366652.3513		2738490

		386		3.25E+06		1.98E+06		2.30E+06		1.54E+06		371623.43591		2839510

		387		3.33E+06		1.95E+06		2.33E+06		1.58E+06		378169.31672		3003720

		388		3.34E+06		2.01E+06		2.36E+06		1.59E+06		396023.6432		3029000

		389		3.37E+06		2.04E+06		2.44E+06		1.57E+06		415167.30222		3102050

		390		3.39E+06		2.04E+06		2.45E+06		1.61E+06		430580.90841		3264910

		391		3.52E+06		2.11E+06		2.49E+06		1.65E+06		427566.20293		3364940

		392		3.59E+06		2.14E+06		2.53E+06		1.62E+06		424161.07383		3346090

		393		3.64E+06		2.20E+06		2.62E+06		1.69E+06		406464.77663		3491640

		394		3.67E+06		2.18E+06		2.58E+06		1.69E+06		421340.77613		3567080

		395		3.67E+06		2.28E+06		2.69E+06		1.68E+06		424047.23564		3623630

		396		3.78E+06		2.28E+06		2.70E+06		1.71E+06		449003.70589		3734170

		397		3.85E+06		2.31E+06		2.70E+06		1.72E+06		464954.14812		3732150

		398		3.88E+06		2.30E+06		2.67E+06		1.72E+06		439354.1119		3797210

		399		3.85E+06		2.32E+06		2.81E+06		1.82E+06		455130.95749		3904920

		400		3.87E+06		2.39E+06		2.84E+06		1.78E+06		454643.04885		3883740

		401		3.97E+06		2.33E+06		2.88E+06		1.82E+06		476267.18213		4008830

		402		3.93E+06		2.42E+06		2.82E+06		1.81E+06		479969.96836		3977490

		403		3.96E+06		2.38E+06		2.80E+06		1.90E+06		463793.0109		4140680

		404		4.07E+06		2.45E+06		2.85E+06		1.87E+06		468414.2673		4174930

		405		4.07E+06		2.49E+06		2.88E+06		1.83E+06		505982.72254		4145840

		406		4.18E+06		2.45E+06		2.95E+06		1.88E+06		481223.17597		4309860

		407		4.14E+06		2.49E+06		2.88E+06		1.92E+06		456909.95871		4300340

		408		4.18E+06		2.54E+06		2.95E+06		1.91E+06		463032.51422		4266340

		409		4.20E+06		2.53E+06		3.05E+06		1.97E+06		512119.26212		4239940

		410		4.27E+06		2.46E+06		3.02E+06		1.88E+06		494959.24496		4360630

		411		4.21E+06		2.51E+06		3.04E+06		1.94E+06		478820.37534		4337970

		412		4.32E+06		2.49E+06		3.02E+06		1.92E+06		495468.92595		4360660

		413		4.29E+06		2.55E+06		2.99E+06		1.87E+06		494476.02703		4481440

		414		4.28E+06		2.59E+06		3.06E+06		1.93E+06		499007.35097		4436610

		415		4.32E+06		2.62E+06		3.06E+06		1.92E+06		456493.78483		4555930

		416		4.34E+06		2.62E+06		3.04E+06		1.91E+06		501474.92625		4522350

		417		4.29E+06		2.64E+06		3.10E+06		1.93E+06		506756.75676		4522780

		418		4.45E+06		2.68E+06		3.09E+06		1.97E+06		506756.75676		4568540

		419		4.41E+06		2.56E+06		3.12E+06		2.00E+06		491337.23113		4514970

		420		4.41E+06		2.54E+06		3.09E+06		2.03E+06		470928.9852		4469620

		421		4.36E+06		2.57E+06		3.13E+06		1.95E+06		492137.60532		4583980

		422		4.37E+06		2.61E+06		3.06E+06		2.02E+06		480000		4549070

		423		4.31E+06		2.50E+06		3.09E+06		1.95E+06		531789.42854		4518890

		424		4.38E+06		2.53E+06		3.12E+06		2.04E+06		495299.48966		4593150

		425		4.42E+06		2.63E+06		3.08E+06		1.93E+06		482677.24981		4530680

		426		4.32E+06		2.61E+06		3.10E+06		1.97E+06		528629.63757		4476460

		427		4.31E+06		2.58E+06		3.15E+06		1.90E+06		500160.99603		4509640

		428		4.26E+06		2.53E+06		3.05E+06		1.96E+06		507728.6389		4409340

		429		4.36E+06		2.61E+06		3.03E+06		1.95E+06		469060.26941		4519690

		430		4.26E+06		2.66E+06		2.99E+06		1.93E+06		463856.71386		4451920

		431		4.24E+06		2.48E+06		3.06E+06		1.89E+06		500026.85429		4410660

		432		4.27E+06		2.55E+06		2.98E+06		1.87E+06		470057.95235		4375940

		433		4.25E+06		2.54E+06		2.98E+06		1.87E+06		485973.28756		4401740

		434		4.26E+06		2.49E+06		2.97E+06		1.90E+06		471515.93177		4260660

		435		4.22E+06		2.47E+06		2.94E+06		1.89E+06		489232.58686		4317000

		436		4.23E+06		2.51E+06		2.89E+06		1.88E+06		465715.20549		4261420

		437		4.10E+06		2.45E+06		2.97E+06		1.84E+06		456839.16685		4221600

		438		4.08E+06		2.41E+06		2.89E+06		1.85E+06		445005.09958		4212480

		439		4.00E+06		2.42E+06		2.88E+06		1.83E+06		483014.00741		4126420

		440		3.98E+06		2.39E+06		2.87E+06		1.82E+06		480485.31701		4159130

		441		4.02E+06		2.36E+06		2.80E+06		1.81E+06		453520.82439		4089910

		442		3.96E+06		2.36E+06		2.79E+06		1.74E+06		448225.88437		4082320

		443		3.84E+06		2.33E+06		2.72E+06		1.73E+06		456621.00457		4071680

		444		3.89E+06		2.27E+06		2.71E+06		1.71E+06		441555.65105		4094260

		445		3.68E+06		2.19E+06		2.71E+06		1.76E+06		423155.40758		3846490

		446		3.66E+06		2.21E+06		2.66E+06		1.67E+06		426776.895		3868950

		447		3.70E+06		2.27E+06		2.68E+06		1.63E+06		411789.97101		3824800

		448		3.64E+06		2.19E+06		2.59E+06		1.64E+06		422626.08883		3777260

		449		3.67E+06		2.16E+06		2.56E+06		1.64E+06		399119.03739		3756460

		450		3.63E+06		2.18E+06		2.59E+06		1.64E+06		434759.27218		3663440

		451		3.50E+06		2.07E+06		2.61E+06		1.59E+06		441294.89451		3681520

		452		3.43E+06		2.06E+06		2.49E+06		1.54E+06		420605.93038		3604780

		453		3.34E+06		2.00E+06		2.47E+06		1.56E+06		380855.17834		3574810

		454		3.43E+06		2.03E+06		2.51E+06		1.54E+06		409105.55138		3444460

		455		3.31E+06		1.95E+06		2.42E+06		1.52E+06		429784.03352		3527540

		456		3.26E+06		2.00E+06		2.30E+06		1.54E+06		418524.68705		3392500

		457		3.17E+06		1.92E+06		2.38E+06		1.49E+06		365991.2936		3332620

		458		3.20E+06		1.85E+06		2.32E+06		1.38E+06		386185.41197		3283480

		459		3.14E+06		1.94E+06		2.24E+06		1.46E+06		401632.30241		3292830

		460		3.08E+06		1.81E+06		2.16E+06		1.40E+06		341384.86312		3180940

		461		3.00E+06		1.82E+06		2.13E+06		1.38E+06		366652.3513		3079240

		462		2.90E+06		1.74E+06		2.08E+06		1.34E+06		348512.51208		3028900

		463		2.84E+06		1.73E+06		2.03E+06		1.24E+06		371206.01665		2881410

		464		2.71E+06		1.61E+06		1.92E+06		1.26E+06		370767.82744		2925280

		465		2.66E+06		1.63E+06		1.93E+06		1.22E+06		366272.82492		2782830

		466		2.64E+06		1.60E+06		1.87E+06		1.24E+06		380066.6595		2739700

		467		2.63E+06		1.54E+06		1.82E+06		1.16E+06		328159.40706		2655870

		468		2.56E+06		1.56E+06		1.84E+06		1.16E+06		357066.1512		2586370

		469		2.47E+06		1.51E+06		1.84E+06		1.15E+06		380195.46773		2517100

		470		2.42E+06		1.46E+06		1.79E+06		1.17E+06		351621.21537		2531730

		471		2.38E+06		1.44E+06		1.74E+06		1.14E+06		365375.31567		2488710

		472		2.32E+06		1.41E+06		1.68E+06		1.06E+06		352619.14985		2414590

		473		2.32E+06		1.32E+06		1.67E+06		1.09E+06		367864.2393		2352910

		474		2.24E+06		1.36E+06		1.67E+06		1.02E+06		329859.24573		2333580

		475		2.17E+06		1.37E+06		1.55E+06		1.00E+06		327208.25274		2299910

		476		2.20E+06		1.32E+06		1.52E+06		976175.07546		321974.77864		2200040

		477		2.13E+06		1.33E+06		1.52E+06		983986.62857		324364.96429		2199030

		478		2.13E+06		1.22E+06		1.52E+06		985505.68457		318423.45487		2168580

		479		2.08E+06		1.28E+06		1.48E+06		958690.14919		342715.94327		2058900

		480		2.04E+06		1.22E+06		1.46E+06		929869.00976		325216.36295		2102510

		481		2.00E+06		1.25E+06		1.40E+06		945370.22057		333708.88996		2079610

		482		1.92E+06		1.22E+06		1.41E+06		930909.87541		326011.06397		2077860

		483		1.93E+06		1.20E+06		1.36E+06		909433.96226		356184.9587		2003440

		484		1.88E+06		1.17E+06		1.37E+06		949172.64054		337289.86519		1927430

		485		1.83E+06		1.18E+06		1.35E+06		887510.116		345846.08775		1932620

		486		1.83E+06		1.14E+06		1.36E+06		881290.1138		367745.74542		1903860

		487		1.82E+06		1.17E+06		1.33E+06		858700.34542		366135.18011		1895660

		488		1.79E+06		1.11E+06		1.30E+06		876313.66209		378543.81443		1825280

		489		1.66E+06		1.11E+06		1.34E+06		859467.61504		389491.78038		1797980

		490		1.69E+06		1.09E+06		1.27E+06		866188.44723		390377.4902		1831590

		491		1.68E+06		1.08E+06		1.20E+06		834592.14502		384945.77472		1782830

		492		1.73E+06		1.03E+06		1.23E+06		855848.56819		385255.13763		1743950

		493		1.62E+06		1.05E+06		1.23E+06		814643.0882		380814.26576		1659310

		494		1.58E+06		1.04E+06		1.25E+06		852658.82861		413223.1405		1712580

		495		1.61E+06		1.09E+06		1.17E+06		861027.19033		467877.09497		1708920

		496		1.65E+06		1.14E+06		1.25E+06		893146.24933		517620.55463		1744140

		497		1.96E+06		1.45E+06		1.46E+06		1.12E+06		934042.32463		2114130

		498		3.12E+06		2.52E+06		2.17E+06		2.02E+06		2.06E+06		3397930

		499		6.14E+06		5.35E+06		4.39E+06		4.67E+06		5.30E+06		6775570

		500		1.26E+07		1.16E+07		9.08E+06		1.00E+07		1.22E+07		13714900

		501		2.44E+07		2.23E+07		1.71E+07		1.93E+07		2.36E+07		25549500

		502		4.62E+07		4.29E+07		3.13E+07		3.62E+07		4.43E+07		47639700

		503		8.91E+07		8.26E+07		5.76E+07		6.78E+07		8.34E+07		89911700

		504		1.80E+08		1.66E+08		1.12E+08		1.34E+08		1.63E+08		176588000

		505		3.88E+08		3.64E+08		2.53E+08		3.04E+08		3.43E+08		373028000

		506		6.12E+08		5.96E+08		4.85E+08		5.34E+08		5.69E+08		597343000

		507		6.40E+08		6.46E+08		6.60E+08		6.67E+08		6.54E+08		643982000

		508		4.21E+08		4.49E+08		5.97E+08		5.47E+08		4.64E+08		426338000

		509		11861.1171		452223.4769		3.83E+08		2.77E+08		186905.84886		15063.48182

		510		0		0		7001.66963		539.86935		3762.22724		537.98149

		511		538.85117		0		538.64799		0		0		0

		512		0		0		0		0		0		0

		513		0		0		0		0		0		0

		514		0		0		0		0		0		0

		515		1077.93468		1076.13667		538.76408		0		0		0

		516		1.57E+08		7.48E+06		2154.47592		8097.16599		0		223482000

		517		5.53E+08		4.85E+08		3.87E+08		4.55E+08		1.23E+07		589847000

		518		6.56E+08		6.27E+08		5.60E+08		6.45E+08		4.26E+08		665392000

		519		6.34E+08		6.60E+08		6.59E+08		6.59E+08		6.29E+08		591786000

		520		4.14E+08		4.55E+08		5.56E+08		4.80E+08		5.75E+08		378013000

		521		2.55E+08		2.79E+08		3.33E+08		2.91E+08		3.98E+08		235106000

		522		1.58E+08		1.76E+08		2.18E+08		1.85E+08		2.77E+08		143559000

		523		8.18E+07		9.41E+07		1.24E+08		9.76E+07		1.67E+08		71248300

		524		3.63E+07		4.31E+07		6.09E+07		4.35E+07		8.69E+07		29875100

		525		1.36E+07		1.65E+07		2.56E+07		1.64E+07		3.69E+07		10779200

		526		5.02E+06		5.78E+06		9.53E+06		5.93E+06		1.29E+07		4136170

		527		2.51E+06		2.65E+06		3.74E+06		2.76E+06		4.36E+06		2345790

		528		1.77E+06		1.66E+06		1.93E+06		1.69E+06		2.19E+06		1717350

		529		1.47E+06		1.29E+06		1.49E+06		1.31E+06		1.63E+06		1444710

		530		1.27E+06		1.14E+06		1.22E+06		1.09E+06		1.23E+06		1244200

		531		1.14E+06		982070.74786		1.04E+06		918306.82125		1.01E+06		1107760

		532		1.01E+06		871648.54097		971699.12838		812355.1291		874047.03103		1045350

		533		983412.32227		787376.13098		886641.20084		760558.82194		778446.33072		940815.33739

		534		895522.38806		735856.16623		796298.28903		678825.81481		697824.33521		879819.08249

		535		848461.99429		669034.93191		751183.81403		632112.61529		606972.12225		835578.06271

		536		793231.6646		679894.32253		734265.73427		597127.73998		570385.0905		804851.75202

		537		739303.80429		605881.08574		626917.07475		533103.11337		517269.16259		744686.5752

		538		729262.11394		576136.11889		588172.04301		516264.76776		510395.95981		695244.76278

		539		701083.14922		571474.73877		609322.85499		517083.17591		469405.3124		665660.54007

		540		642972.53635		532802.32496		543273.62702		469559.58549		436697.64194		642745.54173

		541		674139.13887		478164.88073		537790.69767		448735.23542		420718.92967		634997.57635

		542		577595.95198		460784.84147		483975.0484		399611.71331		367125.34939		590483.36742

		543		562166.81923		477087.9328		510462.05153		420172.59978		385710.44856		547127.17883

		544		531078.3152		436584.84065		463551.2006		395772.67335		370091.85153		537223.44835

		545		522203.061		433049.66067		440227.90798		392685.68963		328529.94946		538415.98019

		546		497898.48044		409130.06029		426734.11182		348191.66712		300881.15194		518271.35246

		547		502396.20914		412942.8233		397760.91286		373146.40065		316581.5641		488133.03913

		548		493720.69207		374138.67356		392747.6193		343171.63978		297705.41136		506895.06572

		549		445784.42985		376555.51366		406350.91496		334502.29296		298098.61424		441200.23703

		550		446505.60828		384242.81563		398103.75478		341203.10479		274075.66638		445736.43411

		551		395297.41681		339996.76707		351802.04411		310190.42995		280660.25055		403078.24777

		552		414736.61532		329014.56911		354468.5665		296436.2851		257981.29636		410096.33497

		553		418642.24138		317409.08113		356566.6344		306447.26194		269863.45554		403942.47859

		554		393573.4311		339202.06752		342712.64863		296511.94134		247920.57955		377043.88985

		555		367674.80727		338153.8627		336491.87036		272560.44905		231658.15641		380224.04136

		556		390646.04774		319091.69178		313071.54384		263896.38424		258889.24697		376291.98966

		557		371987.70823		293058.02011		302654.96257		268738.87		220825.27402		352567.55302

		558		328178.04602		301645.33821		300274.44438		235910.17059		239463.08725		319349.45339

		559		315732.75862		283039.17348		299736.31814		240470.1569		205759.10605		313896.51645

		560		327364.90131		280705.52807		284176.53391		264378.97917		214707.46108		314820.79432

		561		311877.18826		288818.37251		274547.80362		253533.28299		196099.50035		304481.14476

		562		323084.37887		250201.77563		264234.20514		241048.31752		196046.83639		326888.90086

		563		306248.98905		272815.32501		274967.71416		229061.1189		194456.38161		283729.94508

		564		304043.12668		262238.7017		239056.6952		226720.64777		184608.77965		265705.67986

		565		268582.80855		222282.02368		259348.93732		224440.24818		182628.78015		253014.64255

		566		258234.94528		253607.58131		238364.27226		240853.49426		180354.26731		259362.89281

		567		262008.73362		249152.45117		247902.77479		213523.13167		198057.00177		253566.6218

		568		278899.47774		248991.66443		222317.92001		203927.49245		181915.74993		269615.75718

		569		258592.82405		235211.79827		227138.16675		189880.24598		170073.5018		244992.46177

		570		249986.5309		234547.31293		242577.45267		230777.52615		163177.67042		217905.95072

		571		234362.37272		232420.50896		218514.53175		201013.14939		167651.80011		230305.63926

		572		241813.87333		217741.93548		201215.90359		211423.33207		158909.11043		214139.67502

		573		234198.34177		233096.46856		213224.20849		210929.49237		137964.35473		214596.8913

		574		227297.20995		203346.06488		231319.59761		186633.58326		150440.57597		214700.81791

		575		228411.35592		223262.31978		199138.85899		177955.13374		142880.16329		196795.35434

		576		207772.6343		218350.00538		204323.04549		210906.73715		142719.17588		188740.11937

		577		261782.92486		224483.20413		208210.03927		191000.32373		149943.56962		191614.18806

		578		220679.26153		204576.04307		202928.19464		199136.53535		142175.00939		202215.76853

		579		246162.13305		218479.25523		189744.14104		198078.58377		131006.71141		176609.95046

		580		232107.27557		203357.00452		210339.44806		177955.13374		136405.13399		197492.3317

		581		232633.27948		223824.38394		194791.21825		193802.63442		149871.07864		173870.91565

		582		243416.44677		209106.05816		178062.29491		201486.90874		142327.72974		174324.76057

		583		239401.76458		195434.4783		207178.6041		200549.89487		127785.2349		178004.84001

		584		229854.12069		225389.99462		218443.9901		193729.42637		130929.38399		150064.54389

		585		262831.90607		202742.67276		218326.52183		218903.32668		126194.82333		151694.45939

		586		255637.47915		220703.01986		200796.72696		198921.83288		131600.1504		154259.60763

		587		271651.4255		216958.27725		203247.66104		218915.12995		126215.15656		146924.27749

		588		276596.88963		205059.20344		201862.51817		193096.00863		113227.79716		144608.10666

		589		283913.3714		245332.75946		211313.04441		210895.36138		119213.8331		154938.67011

		590		293058.02011		264234.20514		215019.08294		223695.55843		116560.13321		152330.71375

		591		315528.75296		259195.52592		236660.92943		232332.48881		114794.54994		129653.53992

		592		350877.19298		251937.9845		255486.23064		234164.2387		128845.22467		154284.48554

		593		371187.26128		250726.35317		247849.46237		235414.53429		120870.26591		141618.65274

		594		360273.16234		284038.94776		246615.08704		235421.16631		101531.02337		152314.31647

		595		370270.70664		267871.55075		273221.10472		299136.06911		118114.46365		145215.94148

		596		427088.3761		299278.71676		282318.77823		258969.51713		125147.70652		149068.9915

		597		443453.02086		318211.13739		312684.68275		288503.01984		118734.21802		151523.29268

		598		479319.25894		301775.14793		320288.52883		296783.94129		121361.83009		146813.65959

		599		521444.33084		334266.33653		332903.78007		314607.95424		104697.98658		156561.03728

		600		545425.20574		366962.60425		344827.58621		320841.19709		108421.44812		163925.61539
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VACANCY

		====== Zr (175) into Al2O3                      =======

		SRIM-2008.04

		==========================================

		Ion and Target VACANCY production

		See SRIM Outputs\TDATA.txt for calc. details

		==========================================

		See file :  SRIM Outputs\TDATA.txt for calculation data

		Ion    = Zr   Energy = 175 keV

		============= TARGET MATERIAL ============================		====		======

		Layer  1 : Al2O3

		Layer Width =     3.E+03 A ;

		Layer # 1- Density = 11.75E22 atoms/cm3 = 3.98 g/cm3

		Layer # 1- Al = 40   Atomic Percent = 52.9 Mass Percent

		Layer # 1-  O = 60   Atomic Percent = 47.0 Mass Percent

		==========================================================		====		======

		Total Ions calculated =99999.00

		Total Target Vacancies     = 1934 /Ion

		Total Target Displacements = 1984 /Ion

		Total Target Replacement Collisions = 50 /Ion

		!!!! NOTE : 2nd Column below is number of Primary Knock-On		s !!		!!

		( PKO are number of Target Atoms Recoiling from		the		Ion. )

		==========================================================

		Table Units are  >>>> Vacancies/(Angstrom-Ion)  <<<<

		==========================================================

		TARGET

		DEPTH         Zr           Al            O

		(Ang.)     Knock-Ons    Vacancies    Vacancies

		-----------  -----------  -----------  -----------

		300100.E-04  1118.08E-04  6841.45E-04  3868.94E-04

		600100.E-04  1203.81E-04  9628.34E-04  5482.81E-04

		900100.E-04  1241.14E-04  1138.89E-03  6559.82E-04

		120010.E-03  1286.39E-04  1274.97E-03  7312.03E-04

		150010.E-03  1337.90E-04  1394.67E-03  7960.66E-04

		180010.E-03  1399.47E-04  1504.36E-03  8569.48E-04

		210010.E-03  1467.48E-04  1603.75E-03  9123.03E-04

		240010.E-03  1540.10E-04  1704.31E-03  9669.28E-04

		270010.E-03  1617.27E-04  1787.81E-03  1014.14E-03

		300010.E-03  1687.58E-04  1866.49E-03  1056.50E-03

		330010.E-03  1745.04E-04  1922.70E-03  1086.51E-03

		360010.E-03  1786.10E-04  1959.21E-03  1109.04E-03

		390010.E-03  1810.41E-04  1971.93E-03  1115.02E-03

		420010.E-03  1809.05E-04  1973.74E-03  1114.80E-03

		450010.E-03  1775.10E-04  1936.52E-03  1094.89E-03

		480010.E-03  1720.98E-04  1874.70E-03  1059.77E-03

		510010.E-03  1632.96E-04  1791.88E-03  1013.55E-03

		540010.E-03  1521.31E-04  1689.51E-03  9555.93E-04

		570010.E-03  1389.43E-04  1565.32E-03  8879.75E-04

		600010.E-03  1243.90E-04  1427.78E-03  8106.76E-04

		630010.E-03  1094.04E-04  1282.31E-03  7308.54E-04

		660010.E-03  9446.91E-05  1140.33E-03  6513.08E-04

		690010.E-03  7996.45E-05  9986.72E-04  5642.88E-04

		720010.E-03  6642.35E-05  8669.67E-04  4821.14E-04

		750010.E-03  5420.59E-05  7458.48E-04  4066.43E-04

		780010.E-03  4305.95E-05  6317.75E-04  3383.29E-04

		810010.E-03  3333.53E-05  5204.85E-04  2786.97E-04

		840010.E-03  2540.69E-05  4226.61E-04  2282.01E-04

		870010.E-03  1868.45E-05  3434.30E-04  1872.80E-04

		900010.E-03  1350.44E-05  2751.09E-04  1500.72E-04

		930010.E-03  9427.01E-06  2200.91E-04  1197.70E-04

		960010.E-03  6496.03E-06  1762.51E-04  9652.44E-05

		990010.E-03  4439.51E-06  1424.00E-04  7774.32E-05

		102001.E-02  2872.54E-06  1151.98E-04  6316.39E-05

		105001.E-02  2057.84E-06  9534.27E-05  5220.31E-05

		108001.E-02  1317.67E-06  7874.99E-05  4331.78E-05

		111001.E-02  8489.99E-07  6551.17E-05  3588.14E-05

		114001.E-02  5550.01E-07  5339.87E-05  2904.84E-05

		117001.E-02  3033.35E-07  4468.91E-05  2441.05E-05

		120001.E-02  1846.69E-07  3674.13E-05  1997.65E-05

		123001.E-02  1066.68E-07  3033.84E-05  1660.43E-05

		126001.E-02  5800.05E-08  2581.23E-05  1404.66E-05

		129001.E-02  1500.02E-08  2116.41E-05  1156.72E-05

		132001.E-02  1033.34E-08  1782.50E-05  9769.26E-06

		135001.E-02  1100.01E-08  1452.18E-05  7890.03E-06

		138001.E-02  4666.71E-09  1195.84E-05  6494.03E-06

		141001.E-02  0000.00E+00  9583.97E-06  5284.98E-06

		144001.E-02  0000.00E+00  8131.31E-06  4477.17E-06

		147001.E-02  0000.00E+00  6899.60E-06  3779.00E-06

		150001.E-02  0000.00E+00  5930.83E-06  3276.11E-06

		153001.E-02  0000.00E+00  4702.12E-06  2604.61E-06

		156001.E-02  0000.00E+00  3847.65E-06  2109.18E-06

		159001.E-02  0000.00E+00  2870.54E-06  1520.05E-06

		162001.E-02  0000.00E+00  2231.54E-06  1210.33E-06

		165001.E-02  0000.00E+00  1812.78E-06  9969.98E-07

		168001.E-02  0000.00E+00  1470.04E-06  7883.33E-07

		171001.E-02  0000.00E+00  1051.66E-06  5656.67E-07

		174001.E-02  0000.00E+00  8673.32E-07  4743.34E-07

		177001.E-02  0000.00E+00  5853.34E-07  3413.35E-07

		180001.E-02  0000.00E+00  5243.34E-07  2783.35E-07

		183001.E-02  0000.00E+00  3450.02E-07  1916.69E-07

		186001.E-02  0000.00E+00  2506.69E-07  1486.69E-07

		189001.E-02  0000.00E+00  1976.69E-07  1060.01E-07

		192001.E-02  0000.00E+00  1606.69E-07  9266.77E-08

		195001.E-02  0000.00E+00  1586.69E-07  6533.39E-08

		198001.E-02  0000.00E+00  1240.02E-07  5700.05E-08

		201001.E-02  0000.00E+00  6233.39E-08  3233.36E-08

		204001.E-02  0000.00E+00  3733.37E-08  1833.35E-08

		207001.E-02  0000.00E+00  3400.03E-08  1433.35E-08

		210001.E-02  0000.00E+00  3233.36E-08  1833.35E-08

		213001.E-02  0000.00E+00  4000.04E-09  6666.73E-10

		216001.E-02  0000.00E+00  3666.70E-09  5000.05E-09

		219001.E-02  0000.00E+00  7000.07E-09  2666.69E-09

		222001.E-02  0000.00E+00  9000.09E-09  2666.69E-09

		225001.E-02  0000.00E+00  1700.02E-08  9000.09E-09

		228001.E-02  0000.00E+00  4666.71E-09  2000.02E-09

		231001.E-02  0000.00E+00  3666.70E-09  2000.02E-09

		234001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		237001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		240001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		243001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		246001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		249001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		252001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		255001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		258001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		261001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		264001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		267001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		270001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		273001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		276001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		279001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		282001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		285001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		288001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		291001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		294001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		297001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		300001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		To convert to Energy Lo- multiply by Average Binding Ener		gy =		3  eV/Vacancy





VACANCY (2)

		Depth [nm]		Depth [nm]		Depth [A]		Al vacancies		O vacancies		NOVAC		Zr ions		Depth [nm]		Depth [A]		O dpa		O%		Zr dpa		Zr%

		2.8935		3.001		30.01		6.84E-01		3.87E-01		0.041442		0		2.786		27.86		3.3339060665		0.0667553816		14.1982600187		0		Density (atoms/cm3)		Density (g/cm3)

		5.786		6.001		60.01		9.63E-01		5.48E-01		0.038353		0		5.571		55.71		4.4894031311		0.1124285714		19.7753935165		0		1.1753E+23		3.98

		8.6785		9.001		90.01		1.14E+00		6.56E-01		0.045713		0		8.356		83.56		5.149553816		0.1335088063		23.490832128		0

		11.571		12.001		120.01		1.27E+00		7.31E-01		0.051608		633.34		11.141		111.41		5.687407045		0.1609138943		26.2628392751		0.0080831277		Fluence Zr=		1.5E+16		Zr+/cm2

		14.4635		15.001		150.01		1.39E+00		7.96E-01		0.056564		1600		13.926		139.26		6.0093542074		0.2276712329		28.6816132051		0.0204203182		Fluence Zr=		2E+16

		17.356		18.001		180.01		1.50E+00		8.57E-01		0.061669		5433.4		16.711		167.11		6.3707827789		0.2515655577		30.9237258572		0.0693448481		%		100

		20.2485		21.001		210.01		1.60E+00		9.12E-01		0.065607		12234		19.496		194.96		6.7237964775		0.3225244618		32.9489492045		0.1561388582

		23.141		24.001		240.01		1.70E+00		9.67E-01		0.070039		22800		22.281		222.81		6.9587671233		0.3871819961		34.9860929124		0.2909895346

		26.0335		27.001		270.01		1.79E+00		1.01E+00		0.073374		37200		25.066		250.66		7.279334638		0.4644618395		36.6968944099		0.4747723985		max O% at 105nm		3.0193737769

		28.926		30.001		300.01		1.87E+00		1.06E+00		0.076959		55900		27.851		278.51		7.528258317		0.4996086106		38.2874457585		0.7134348677		max O dpa at 69 nm		9.3495704817

		31.8185		33.001		330.01		1.92E+00		1.09E+00		0.079175		80967		30.636		306.36		7.3660665362		0.7280377501		39.4161277972		1.0333574407

		34.711		36.001		360.01		1.96E+00		1.11E+00		0.080948		103900		33.421		334.21		7.6729505713		0.6333177198		40.1922658045		1.3260444142

		37.6035		39.001		390.01		1.97E+00		1.12E+00		0.081551		131800		36.206		362.06		8.0010285967		0.7343440439		40.4386241811		1.6821237131

		40.496		42.001		420.01		1.97E+00		1.11E+00		0.081631		157710		38.991		389.91		8.2462705637		0.8651682343		40.4599378882		2.0128052412

		43.3885		45.001		450.01		1.94E+00		1.09E+00		0.080008		182950		41.776		417.76		8.3618692002		0.927402058		39.7100910406		2.3349357611

		46.281		48.001		480.01		1.87E+00		1.06E+00		0.077314		199420		44.561		445.61		8.507416451		0.9968717884		38.4384922998		2.5451374117

		49.1735		51.001		510.01		1.79E+00		1.01E+00		0.074023		220990		47.346		473.46		8.6964796414		1.0961142605		36.7495915936		2.8204288267

		52.066		54.001		540.01		1.69E+00		9.56E-01		0.069439		229020		50.131		501.31		8.868684174		1.1033250426		34.6448821577		2.9229132987

		54.9585		57.001		570.01		1.57E+00		8.88E-01		0.064409		233620		52.916		529.16		8.9982521305		1.2864839341		32.1326980345		2.9816217136

		57.851		60.001		600.01		1.43E+00		8.11E-01		0.058758		221620		55.701		557.01		9.1020170444		1.3766815226		29.3186505573		2.828469327

		60.7435		63.001		630.01		1.28E+00		7.31E-01		0.052509		214720		58.486		584.86		9.1198053153		1.4930841487		26.3635624947		2.7404067047

		63.636		66.001		660.01		1.14E+00		6.51E-01		0.046492		203020		61.271		612.71		9.2609054984		1.7213167098		23.4594997022		2.5910831277

		66.5285		69.001		690.01		9.99E-01		5.64E-01		0.040636		184810		64.056		640.56		9.3363297772		1.7402607159		20.4662128818		2.358674381

		69.421		72.001		720.01		8.67E-01		4.82E-01		0.034957		162370		66.841		668.41		9.2889195127		1.8863858342		17.6640602399		2.072279418

		72.3135		75.001		750.01		7.46E-01		4.07E-01		0.029655		139500		69.626		696.26		9.3187425036		1.9883417714		15.0873734366		1.7803964945

		75.206		78.001		780.01		6.32E-01		3.38E-01		0.024896		121670		72.411		724.11		9.3495704817		2.1380848431		12.698885391		1.5528375734

		78.0985		81.001		810.01		5.20E-01		2.79E-01		0.020586		99200		75.196		751.96		9.2221632473		2.2201671612		10.4624521399		1.2660597294

		80.991		84.001		840.01		4.23E-01		2.28E-01		0.016852		80700		77.981		779.81		9.0759376302		2.403300928		8.5218327236		1.0299498001

		83.8835		87.001		870.01		3.43E-01		1.87E-01		0.013899		66367		80.766		807.66		8.8480821918		2.4191780822		6.9506806773		0.8470220369

		86.776		90.001		900.01		2.75E-01		1.50E-01		0.011211		47567		83.551		835.51		9.0318395303		2.7221135029		5.569539692		0.6070832979

		89.6685		93.001		930.01		2.20E-01		1.20E-01		0.008915		35967		86.336		863.36		8.7212133072		2.7915851272		4.4513230665		0.4590359908

		92.561		96.001		960.01		1.76E-01		9.65E-02		0.007205		25500		89.121		891.21		8.2667710372		2.9187866928		3.573305539		0.3254488216

		95.4535		99.001		990.01		1.42E-01		7.77E-02		0.005775		17567		91.906		919.06		7.8556947162		2.9320939335		2.8833259593		0.2242023313

		98.346		102.001		1020.01		1.15E-01		6.32E-02		0.004567		12234		94.691		946.91		7.3812720157		2.9911937378		2.3346664681		0.1561388582

		101.2385		105.001		1050.01		9.53E-02		5.22E-02		0.003832		7766.7		97.476		974.76		6.8674363992		3.0193737769		1.9319892793		0.0991240534

		104.131		108.001		1080.01		7.87E-02		4.33E-02		0.003153		6233.4		100.261		1002.61		6.3101761252		2.9637964775		1.5981540883		0.0795550072

		107.0235		111.001		1110.01		6.55E-02		3.59E-02		0.002635		3900		103.046		1030.46		5.6832935421		2.8436399217		1.3276793159		0.0497745257

		109.916		114.001		1140.01		5.34E-02		2.90E-02		0.002099		2766.7		105.831		1058.31		5.1295831703		2.7845401174		1.0790364162		0.035310559

		112.8085		117.001		1170.01		4.47E-02		2.44E-02		0.001764		1466.7		108.616		1086.16		4.5473385519		2.75518591		0.9044107887		0.0187190505

		115.701		120.001		1200.01		3.67E-02		2.00E-02		0.001482		966.68		111.401		1114.01		3.9401643836		2.5612524462		0.7427865226		0.0123374458

		118.5935		123.001		1230.01		3.03E-02		1.66E-02		0.001217		666.67		114.186		1141.86		3.3174148728		2.2653620352		0.6146477495		0.0085085085

		121.486		126.001		1260.01		2.58E-02		1.40E-02		0.001013		400		116.971		1169.71		2.8179530333		2.0686888454		0.5216357526		0.0051050796

		124.3785		129.001		1290.01		2.12E-02		1.16E-02		0.000841		166.67		119.756		1197.56		2.3335401174		1.9021135029		0.4284731558		0.002127159

		127.271		132.001		1320.01		1.78E-02		9.77E-03		0.000691		100		122.541		1225.41		1.8732700587		1.5599412916		0.3609962563		0.0012762699

		130.1635		135.001		1350.01		1.45E-02		7.89E-03		0.000583		0		125.326		1253.26		1.4849432485		1.4081800391		0.2934760912		0

		133.056		138.001		1380.01		1.20E-02		6.49E-03		0.000478		66.667		128.111		1281.11		1.1526947162		1.1369471624		0.2416033779		0.0008508508

		135.9485		141.001		1410.01		9.58E-03		5.28E-03		0.000387		0		130.896		1308.96		0.885518591		0.9605675147		0.1947070961		0

		138.841		144.001		1440.01		8.13E-03		4.48E-03		0.000327		0		133.681		1336.81		0.6639178082		0.7525636008		0.1650916362		0

		141.7335		147.001		1470.01		6.90E-03		3.78E-03		0.000277		0		136.466		1364.66		0.470258317		0.5691585127		0.1398230239		0

		144.626		150.001		1500.01		5.93E-03		3.28E-03		0.000246		0		139.251		1392.51		0.328081409		0.4511154599		0.1206450268		0

		147.5185		153.001		1530.01		4.70E-03		2.60E-03		0.000209		0		142.036		1420.36		0.2291307241		0.3084735812		0.0959209989		0

		150.411		156.001		1560.01		3.85E-03		2.11E-03		0.000161		0		144.821		1448.21		0.1493808219		0.2213502935		0.0780800221		0

		153.3035		159.001		1590.01		2.87E-03		1.52E-03		0.000117		0		147.606		1476.06		0.0931688845		0.1609138943		0.0575290139		0

		156.196		162.001		1620.01		2.23E-03		1.21E-03		0.000082		0		150.391		1503.91		0.059846771		0.1110234834		0.0449740917		0

		159.0885		165.001		1650.01		1.81E-03		9.97E-04		0.000069		0		153.176		1531.76		0.0342634442		0.0681604697		0.0367409768		0

		161.981		168.001		1680.01		1.47E-03		7.88E-04		0.000065		0		155.961		1559.61		0.0193266732		0.0414579256		0.02965251		0

		164.8735		171.001		1710.01		1.05E-03		5.66E-04		0.000051		0		158.746		1587.46		0.0116919569		0.0274050881		0.0212923551		0

		167.766		174.001		1740.01		8.67E-04		4.74E-04		0.00003		0		161.531		1615.31		0.0050853894		0.0133508806		0.0175061601		0

		170.6585		177.001		1770.01		5.85E-04		3.41E-04		0.00002		0		164.316		1643.16		0.0020713992		0.0056215264		0.0120820514		0

		173.551		180.001		1800.01		5.24E-04		2.78E-04		0.000023		0		167.101		1671.01		0.0013305597		0.0035135029		0.0105377648		0

		176.4435		183.001		1830.01		3.45E-04		1.92E-04		0.000008		0		169.886		1698.86		0.0004903667		0.001405362		0.006951472		0

		179.336		186.001		1860.01		2.51E-04		1.49E-04		0.00001		0		172.671		1726.71		0.0002303738		0.001405362		0.0052242576		0

		182.2285		189.001		1890.01		1.98E-04		1.06E-04		0.000008		0		175.456		1754.56		0.0000772949		0		0.0039777504		0

		185.121		192.001		1920.01		1.61E-04		9.27E-05		0.000007		0		178.241		1782.41		0		0.000702681		0.0033225989		0

		188.0135		195.001		1950.01		1.59E-04		6.53E-05		0.000006		0		181.026		1810.26		0		0		0.0029354578		0

		190.906		198.001		1980.01		1.24E-04		5.70E-05		0.000005		0		183.811		1838.11		0		0		0.0023738939		0

		193.7985		201.001		2010.01		6.23E-05		3.23E-05		0.000002		0		186.596		1865.96		0		0		0.0012337382		0

		196.691		204.001		2040.01		3.73E-05		1.83E-05		0.000002		0		189.381		1893.81		0		0		0.0007359891		0

		199.5835		207.001		2070.01		3.40E-05		1.43E-05		0.000002		0		192.166		1921.66		0		0		0.0006423951		0

		202.476		210.001		2100.01		3.23E-05		1.83E-05		0.000002		0		194.951		1949.51		0		0		0.0006721743		0

		205.3685		213.001		2130.01		4.00E-06		6.67E-07		0		0		197.736		1977.36		0		0		0.0000595599		0

		208.261		216.001		2160.01		3.67E-06		5.00E-06		0		0		200.521		2005.21		0		0		0.0001106111		0

		211.1535		219.001		2190.01		7.00E-06		2.67E-06		0		0		203.306		2033.06		0		0		0.0001233739		0

		214.046		222.001		2220.01		9.00E-06		2.67E-06		0		0		206.091		2060.91		0		0		0.0001488996		0

		216.9385		225.001		2250.01		1.70E-05		9.00E-06		0.000001		0		208.876		2088.76		0		0		0.0003445966		0

		219.831		228.001		2280.01		4.67E-06		2.00E-06		0		0		211.661		2116.61		0		0		0.0000850855		0

		222.7235		231.001		2310.01		3.67E-06		2.00E-06		0.000001		0		214.446		2144.46		0		0		0.0000850853		0

		225.616		234.001		2340.01		0.00E+00		0.00E+00		0		0		217.231		2172.31		0		0		0		0

		228.5085		237.001		2370.01		0.00E+00		0.00E+00		0		0		220.016		2200.16		0		0		0		0

		231.401		240.001		2400.01		0.00E+00		0.00E+00		0		0		222.801		2228.01		0		0		0		0

		234.2935		243.001		2430.01		0.00E+00		0.00E+00		0		0		225.586		2255.86		0		0		0		0

		237.186		246.001		2460.01		0.00E+00		0.00E+00		0		0		228.371		2283.71		0		0		0		0

		240.0785		249.001		2490.01		0.00E+00		0.00E+00		0		0		231.156		2311.56		0		0		0		0

		242.971		252.001		2520.01		0.00E+00		0.00E+00		0		0		233.941		2339.41		0		0		0		0

		245.8635		255.001		2550.01		0.00E+00		0.00E+00		0		0		236.726		2367.26		0		0		0		0

		248.756		258.001		2580.01		0.00E+00		0.00E+00		0		0		239.511		2395.11		0		0		0		0

		251.6485		261.001		2610.01		0.00E+00		0.00E+00		0		0		242.296		2422.96		0		0		0		0

		254.541		264.001		2640.01		0.00E+00		0.00E+00		0		0		245.081		2450.81		0		0		0		0

		257.4335		267.001		2670.01		0.00E+00		0.00E+00		0		0		247.866		2478.66		0		0		0		0

		260.326		270.001		2700.01		0.00E+00		0.00E+00		0		0		250.651		2506.51		0		0		0		0

		263.2185		273.001		2730.01		0.00E+00		0.00E+00		0		0		253.436		2534.36		0		0		0		0

		266.111		276.001		2760.01		0.00E+00		0.00E+00		0		0		256.221		2562.21		0		0		0		0

		269.0035		279.001		2790.01		0.00E+00		0.00E+00		0		0		259.006		2590.06		0		0		0		0

		271.896		282.001		2820.01		0.00E+00		0.00E+00		0		0		261.791		2617.91		0		0		0		0

		274.7885		285.001		2850.01		0.00E+00		0.00E+00		0		0		264.576		2645.76		0		0		0		0

		277.681		288.001		2880.01		0.00E+00		0.00E+00		0		0		267.361		2673.61		0		0		0		0

		280.5735		291.001		2910.01		0.00E+00		0.00E+00		0		0		270.146		2701.46		0		0		0		0

		283.466		294.001		2940.01		0.00E+00		0.00E+00		0		0		272.931		2729.31		0		0		0		0

		286.3585		297.001		2970.01		0.00E+00		0.00E+00		0		0		275.716		2757.16		0		0		0		0

		289.251		300.001		3000.01		0.00E+00		0.00E+00		0		0		278.501		2785.01		0		0		0		0
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VACANCY

		====== Zr (175) into Al2O3                      =======

		SRIM-2008.04

		==========================================

		Ion and Target VACANCY production

		See SRIM Outputs\TDATA.txt for calc. details

		==========================================

		See file :  SRIM Outputs\TDATA.txt for calculation data

		Ion    = Zr   Energy = 175 keV

		============= TARGET MATERIAL ============================		====		======

		Layer  1 : Al2O3

		Layer Width =     3.E+03 A ;

		Layer # 1- Density = 11.75E22 atoms/cm3 = 3.98 g/cm3

		Layer # 1- Al = 40   Atomic Percent = 52.9 Mass Percent

		Layer # 1-  O = 60   Atomic Percent = 47.0 Mass Percent

		==========================================================		====		======

		Total Ions calculated =99999.00

		Total Target Vacancies     = 1934 /Ion

		Total Target Displacements = 1984 /Ion

		Total Target Replacement Collisions = 50 /Ion

		!!!! NOTE : 2nd Column below is number of Primary Knock-On		s !!		!!

		( PKO are number of Target Atoms Recoiling from		the		Ion. )

		==========================================================

		Table Units are  >>>> Vacancies/(Angstrom-Ion)  <<<<

		==========================================================

		TARGET

		DEPTH         Zr           Al            O

		(Ang.)     Knock-Ons    Vacancies    Vacancies

		-----------  -----------  -----------  -----------

		300100.E-04  1118.08E-04  6841.45E-04  3868.94E-04

		600100.E-04  1203.81E-04  9628.34E-04  5482.81E-04

		900100.E-04  1241.14E-04  1138.89E-03  6559.82E-04

		120010.E-03  1286.39E-04  1274.97E-03  7312.03E-04

		150010.E-03  1337.90E-04  1394.67E-03  7960.66E-04

		180010.E-03  1399.47E-04  1504.36E-03  8569.48E-04

		210010.E-03  1467.48E-04  1603.75E-03  9123.03E-04

		240010.E-03  1540.10E-04  1704.31E-03  9669.28E-04

		270010.E-03  1617.27E-04  1787.81E-03  1014.14E-03

		300010.E-03  1687.58E-04  1866.49E-03  1056.50E-03

		330010.E-03  1745.04E-04  1922.70E-03  1086.51E-03

		360010.E-03  1786.10E-04  1959.21E-03  1109.04E-03

		390010.E-03  1810.41E-04  1971.93E-03  1115.02E-03

		420010.E-03  1809.05E-04  1973.74E-03  1114.80E-03

		450010.E-03  1775.10E-04  1936.52E-03  1094.89E-03

		480010.E-03  1720.98E-04  1874.70E-03  1059.77E-03

		510010.E-03  1632.96E-04  1791.88E-03  1013.55E-03

		540010.E-03  1521.31E-04  1689.51E-03  9555.93E-04

		570010.E-03  1389.43E-04  1565.32E-03  8879.75E-04

		600010.E-03  1243.90E-04  1427.78E-03  8106.76E-04

		630010.E-03  1094.04E-04  1282.31E-03  7308.54E-04

		660010.E-03  9446.91E-05  1140.33E-03  6513.08E-04

		690010.E-03  7996.45E-05  9986.72E-04  5642.88E-04

		720010.E-03  6642.35E-05  8669.67E-04  4821.14E-04

		750010.E-03  5420.59E-05  7458.48E-04  4066.43E-04

		780010.E-03  4305.95E-05  6317.75E-04  3383.29E-04

		810010.E-03  3333.53E-05  5204.85E-04  2786.97E-04

		840010.E-03  2540.69E-05  4226.61E-04  2282.01E-04

		870010.E-03  1868.45E-05  3434.30E-04  1872.80E-04

		900010.E-03  1350.44E-05  2751.09E-04  1500.72E-04

		930010.E-03  9427.01E-06  2200.91E-04  1197.70E-04

		960010.E-03  6496.03E-06  1762.51E-04  9652.44E-05

		990010.E-03  4439.51E-06  1424.00E-04  7774.32E-05

		102001.E-02  2872.54E-06  1151.98E-04  6316.39E-05

		105001.E-02  2057.84E-06  9534.27E-05  5220.31E-05

		108001.E-02  1317.67E-06  7874.99E-05  4331.78E-05

		111001.E-02  8489.99E-07  6551.17E-05  3588.14E-05

		114001.E-02  5550.01E-07  5339.87E-05  2904.84E-05

		117001.E-02  3033.35E-07  4468.91E-05  2441.05E-05

		120001.E-02  1846.69E-07  3674.13E-05  1997.65E-05

		123001.E-02  1066.68E-07  3033.84E-05  1660.43E-05

		126001.E-02  5800.05E-08  2581.23E-05  1404.66E-05

		129001.E-02  1500.02E-08  2116.41E-05  1156.72E-05

		132001.E-02  1033.34E-08  1782.50E-05  9769.26E-06

		135001.E-02  1100.01E-08  1452.18E-05  7890.03E-06

		138001.E-02  4666.71E-09  1195.84E-05  6494.03E-06

		141001.E-02  0000.00E+00  9583.97E-06  5284.98E-06

		144001.E-02  0000.00E+00  8131.31E-06  4477.17E-06

		147001.E-02  0000.00E+00  6899.60E-06  3779.00E-06

		150001.E-02  0000.00E+00  5930.83E-06  3276.11E-06

		153001.E-02  0000.00E+00  4702.12E-06  2604.61E-06

		156001.E-02  0000.00E+00  3847.65E-06  2109.18E-06

		159001.E-02  0000.00E+00  2870.54E-06  1520.05E-06

		162001.E-02  0000.00E+00  2231.54E-06  1210.33E-06

		165001.E-02  0000.00E+00  1812.78E-06  9969.98E-07

		168001.E-02  0000.00E+00  1470.04E-06  7883.33E-07

		171001.E-02  0000.00E+00  1051.66E-06  5656.67E-07

		174001.E-02  0000.00E+00  8673.32E-07  4743.34E-07

		177001.E-02  0000.00E+00  5853.34E-07  3413.35E-07

		180001.E-02  0000.00E+00  5243.34E-07  2783.35E-07

		183001.E-02  0000.00E+00  3450.02E-07  1916.69E-07

		186001.E-02  0000.00E+00  2506.69E-07  1486.69E-07

		189001.E-02  0000.00E+00  1976.69E-07  1060.01E-07

		192001.E-02  0000.00E+00  1606.69E-07  9266.77E-08

		195001.E-02  0000.00E+00  1586.69E-07  6533.39E-08

		198001.E-02  0000.00E+00  1240.02E-07  5700.05E-08

		201001.E-02  0000.00E+00  6233.39E-08  3233.36E-08

		204001.E-02  0000.00E+00  3733.37E-08  1833.35E-08

		207001.E-02  0000.00E+00  3400.03E-08  1433.35E-08

		210001.E-02  0000.00E+00  3233.36E-08  1833.35E-08

		213001.E-02  0000.00E+00  4000.04E-09  6666.73E-10

		216001.E-02  0000.00E+00  3666.70E-09  5000.05E-09

		219001.E-02  0000.00E+00  7000.07E-09  2666.69E-09

		222001.E-02  0000.00E+00  9000.09E-09  2666.69E-09

		225001.E-02  0000.00E+00  1700.02E-08  9000.09E-09

		228001.E-02  0000.00E+00  4666.71E-09  2000.02E-09

		231001.E-02  0000.00E+00  3666.70E-09  2000.02E-09

		234001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		237001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		240001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		243001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		246001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		249001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		252001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		255001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		258001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		261001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		264001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		267001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		270001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		273001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		276001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		279001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		282001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		285001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		288001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		291001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		294001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		297001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		300001.E-02  0000.00E+00  0000.00E+00  0000.00E+00

		To convert to Energy Lo- multiply by Average Binding Ener		gy =		3  eV/Vacancy





VACANCY (2)

		Depth [nm]		Depth [nm]		Depth [A]		Al vacancies		O vacancies		NOVAC		Zr ions		Depth [nm]		Depth [A]		O dpa		O%		Zr dpa		Zr%

		2.8935		3.001		30.01		6.84E-01		3.87E-01		0.041442		0		2.786		27.86		3.3339060665		0.0667553816		14.1982600187		0		Density (atoms/cm3)		Density (g/cm3)

		5.786		6.001		60.01		9.63E-01		5.48E-01		0.038353		0		5.571		55.71		4.4894031311		0.1124285714		19.7753935165		0		1.1753E+23		3.98

		8.6785		9.001		90.01		1.14E+00		6.56E-01		0.045713		0		8.356		83.56		5.149553816		0.1335088063		23.490832128		0

		11.571		12.001		120.01		1.27E+00		7.31E-01		0.051608		633.34		11.141		111.41		5.687407045		0.1609138943		26.2628392751		0.0080831277		Fluence Zr=		1.5E+16		Zr+/cm2

		14.4635		15.001		150.01		1.39E+00		7.96E-01		0.056564		1600		13.926		139.26		6.0093542074		0.2276712329		28.6816132051		0.0204203182		Fluence Zr=		2E+16

		17.356		18.001		180.01		1.50E+00		8.57E-01		0.061669		5433.4		16.711		167.11		6.3707827789		0.2515655577		30.9237258572		0.0693448481		%		100

		20.2485		21.001		210.01		1.60E+00		9.12E-01		0.065607		12234		19.496		194.96		6.7237964775		0.3225244618		32.9489492045		0.1561388582

		23.141		24.001		240.01		1.70E+00		9.67E-01		0.070039		22800		22.281		222.81		6.9587671233		0.3871819961		34.9860929124		0.2909895346

		26.0335		27.001		270.01		1.79E+00		1.01E+00		0.073374		37200		25.066		250.66		7.279334638		0.4644618395		36.6968944099		0.4747723985		max O% at 105nm		3.0193737769

		28.926		30.001		300.01		1.87E+00		1.06E+00		0.076959		55900		27.851		278.51		7.528258317		0.4996086106		38.2874457585		0.7134348677		max O dpa at 69 nm		9.3495704817

		31.8185		33.001		330.01		1.92E+00		1.09E+00		0.079175		80967		30.636		306.36		7.3660665362		0.7280377501		39.4161277972		1.0333574407

		34.711		36.001		360.01		1.96E+00		1.11E+00		0.080948		103900		33.421		334.21		7.6729505713		0.6333177198		40.1922658045		1.3260444142

		37.6035		39.001		390.01		1.97E+00		1.12E+00		0.081551		131800		36.206		362.06		8.0010285967		0.7343440439		40.4386241811		1.6821237131

		40.496		42.001		420.01		1.97E+00		1.11E+00		0.081631		157710		38.991		389.91		8.2462705637		0.8651682343		40.4599378882		2.0128052412

		43.3885		45.001		450.01		1.94E+00		1.09E+00		0.080008		182950		41.776		417.76		8.3618692002		0.927402058		39.7100910406		2.3349357611

		46.281		48.001		480.01		1.87E+00		1.06E+00		0.077314		199420		44.561		445.61		8.507416451		0.9968717884		38.4384922998		2.5451374117

		49.1735		51.001		510.01		1.79E+00		1.01E+00		0.074023		220990		47.346		473.46		8.6964796414		1.0961142605		36.7495915936		2.8204288267

		52.066		54.001		540.01		1.69E+00		9.56E-01		0.069439		229020		50.131		501.31		8.868684174		1.1033250426		34.6448821577		2.9229132987

		54.9585		57.001		570.01		1.57E+00		8.88E-01		0.064409		233620		52.916		529.16		8.9982521305		1.2864839341		32.1326980345		2.9816217136

		57.851		60.001		600.01		1.43E+00		8.11E-01		0.058758		221620		55.701		557.01		9.1020170444		1.3766815226		29.3186505573		2.828469327

		60.7435		63.001		630.01		1.28E+00		7.31E-01		0.052509		214720		58.486		584.86		9.1198053153		1.4930841487		26.3635624947		2.7404067047

		63.636		66.001		660.01		1.14E+00		6.51E-01		0.046492		203020		61.271		612.71		9.2609054984		1.7213167098		23.4594997022		2.5910831277

		66.5285		69.001		690.01		9.99E-01		5.64E-01		0.040636		184810		64.056		640.56		9.3363297772		1.7402607159		20.4662128818		2.358674381

		69.421		72.001		720.01		8.67E-01		4.82E-01		0.034957		162370		66.841		668.41		9.2889195127		1.8863858342		17.6640602399		2.072279418

		72.3135		75.001		750.01		7.46E-01		4.07E-01		0.029655		139500		69.626		696.26		9.3187425036		1.9883417714		15.0873734366		1.7803964945

		75.206		78.001		780.01		6.32E-01		3.38E-01		0.024896		121670		72.411		724.11		9.3495704817		2.1380848431		12.698885391		1.5528375734

		78.0985		81.001		810.01		5.20E-01		2.79E-01		0.020586		99200		75.196		751.96		9.2221632473		2.2201671612		10.4624521399		1.2660597294

		80.991		84.001		840.01		4.23E-01		2.28E-01		0.016852		80700		77.981		779.81		9.0759376302		2.403300928		8.5218327236		1.0299498001

		83.8835		87.001		870.01		3.43E-01		1.87E-01		0.013899		66367		80.766		807.66		8.8480821918		2.4191780822		6.9506806773		0.8470220369

		86.776		90.001		900.01		2.75E-01		1.50E-01		0.011211		47567		83.551		835.51		9.0318395303		2.7221135029		5.569539692		0.6070832979

		89.6685		93.001		930.01		2.20E-01		1.20E-01		0.008915		35967		86.336		863.36		8.7212133072		2.7915851272		4.4513230665		0.4590359908

		92.561		96.001		960.01		1.76E-01		9.65E-02		0.007205		25500		89.121		891.21		8.2667710372		2.9187866928		3.573305539		0.3254488216

		95.4535		99.001		990.01		1.42E-01		7.77E-02		0.005775		17567		91.906		919.06		7.8556947162		2.9320939335		2.8833259593		0.2242023313

		98.346		102.001		1020.01		1.15E-01		6.32E-02		0.004567		12234		94.691		946.91		7.3812720157		2.9911937378		2.3346664681		0.1561388582

		101.2385		105.001		1050.01		9.53E-02		5.22E-02		0.003832		7766.7		97.476		974.76		6.8674363992		3.0193737769		1.9319892793		0.0991240534

		104.131		108.001		1080.01		7.87E-02		4.33E-02		0.003153		6233.4		100.261		1002.61		6.3101761252		2.9637964775		1.5981540883		0.0795550072

		107.0235		111.001		1110.01		6.55E-02		3.59E-02		0.002635		3900		103.046		1030.46		5.6832935421		2.8436399217		1.3276793159		0.0497745257

		109.916		114.001		1140.01		5.34E-02		2.90E-02		0.002099		2766.7		105.831		1058.31		5.1295831703		2.7845401174		1.0790364162		0.035310559

		112.8085		117.001		1170.01		4.47E-02		2.44E-02		0.001764		1466.7		108.616		1086.16		4.5473385519		2.75518591		0.9044107887		0.0187190505

		115.701		120.001		1200.01		3.67E-02		2.00E-02		0.001482		966.68		111.401		1114.01		3.9401643836		2.5612524462		0.7427865226		0.0123374458

		118.5935		123.001		1230.01		3.03E-02		1.66E-02		0.001217		666.67		114.186		1141.86		3.3174148728		2.2653620352		0.6146477495		0.0085085085

		121.486		126.001		1260.01		2.58E-02		1.40E-02		0.001013		400		116.971		1169.71		2.8179530333		2.0686888454		0.5216357526		0.0051050796

		124.3785		129.001		1290.01		2.12E-02		1.16E-02		0.000841		166.67		119.756		1197.56		2.3335401174		1.9021135029		0.4284731558		0.002127159

		127.271		132.001		1320.01		1.78E-02		9.77E-03		0.000691		100		122.541		1225.41		1.8732700587		1.5599412916		0.3609962563		0.0012762699

		130.1635		135.001		1350.01		1.45E-02		7.89E-03		0.000583		0		125.326		1253.26		1.4849432485		1.4081800391		0.2934760912		0

		133.056		138.001		1380.01		1.20E-02		6.49E-03		0.000478		66.667		128.111		1281.11		1.1526947162		1.1369471624		0.2416033779		0.0008508508

		135.9485		141.001		1410.01		9.58E-03		5.28E-03		0.000387		0		130.896		1308.96		0.885518591		0.9605675147		0.1947070961		0

		138.841		144.001		1440.01		8.13E-03		4.48E-03		0.000327		0		133.681		1336.81		0.6639178082		0.7525636008		0.1650916362		0

		141.7335		147.001		1470.01		6.90E-03		3.78E-03		0.000277		0		136.466		1364.66		0.470258317		0.5691585127		0.1398230239		0

		144.626		150.001		1500.01		5.93E-03		3.28E-03		0.000246		0		139.251		1392.51		0.328081409		0.4511154599		0.1206450268		0

		147.5185		153.001		1530.01		4.70E-03		2.60E-03		0.000209		0		142.036		1420.36		0.2291307241		0.3084735812		0.0959209989		0

		150.411		156.001		1560.01		3.85E-03		2.11E-03		0.000161		0		144.821		1448.21		0.1493808219		0.2213502935		0.0780800221		0

		153.3035		159.001		1590.01		2.87E-03		1.52E-03		0.000117		0		147.606		1476.06		0.0931688845		0.1609138943		0.0575290139		0

		156.196		162.001		1620.01		2.23E-03		1.21E-03		0.000082		0		150.391		1503.91		0.059846771		0.1110234834		0.0449740917		0

		159.0885		165.001		1650.01		1.81E-03		9.97E-04		0.000069		0		153.176		1531.76		0.0342634442		0.0681604697		0.0367409768		0

		161.981		168.001		1680.01		1.47E-03		7.88E-04		0.000065		0		155.961		1559.61		0.0193266732		0.0414579256		0.02965251		0

		164.8735		171.001		1710.01		1.05E-03		5.66E-04		0.000051		0		158.746		1587.46		0.0116919569		0.0274050881		0.0212923551		0

		167.766		174.001		1740.01		8.67E-04		4.74E-04		0.00003		0		161.531		1615.31		0.0050853894		0.0133508806		0.0175061601		0

		170.6585		177.001		1770.01		5.85E-04		3.41E-04		0.00002		0		164.316		1643.16		0.0020713992		0.0056215264		0.0120820514		0

		173.551		180.001		1800.01		5.24E-04		2.78E-04		0.000023		0		167.101		1671.01		0.0013305597		0.0035135029		0.0105377648		0

		176.4435		183.001		1830.01		3.45E-04		1.92E-04		0.000008		0		169.886		1698.86		0.0004903667		0.001405362		0.006951472		0

		179.336		186.001		1860.01		2.51E-04		1.49E-04		0.00001		0		172.671		1726.71		0.0002303738		0.001405362		0.0052242576		0

		182.2285		189.001		1890.01		1.98E-04		1.06E-04		0.000008		0		175.456		1754.56		0.0000772949		0		0.0039777504		0

		185.121		192.001		1920.01		1.61E-04		9.27E-05		0.000007		0		178.241		1782.41		0		0.000702681		0.0033225989		0

		188.0135		195.001		1950.01		1.59E-04		6.53E-05		0.000006		0		181.026		1810.26		0		0		0.0029354578		0

		190.906		198.001		1980.01		1.24E-04		5.70E-05		0.000005		0		183.811		1838.11		0		0		0.0023738939		0

		193.7985		201.001		2010.01		6.23E-05		3.23E-05		0.000002		0		186.596		1865.96		0		0		0.0012337382		0

		196.691		204.001		2040.01		3.73E-05		1.83E-05		0.000002		0		189.381		1893.81		0		0		0.0007359891		0

		199.5835		207.001		2070.01		3.40E-05		1.43E-05		0.000002		0		192.166		1921.66		0		0		0.0006423951		0

		202.476		210.001		2100.01		3.23E-05		1.83E-05		0.000002		0		194.951		1949.51		0		0		0.0006721743		0

		205.3685		213.001		2130.01		4.00E-06		6.67E-07		0		0		197.736		1977.36		0		0		0.0000595599		0

		208.261		216.001		2160.01		3.67E-06		5.00E-06		0		0		200.521		2005.21		0		0		0.0001106111		0

		211.1535		219.001		2190.01		7.00E-06		2.67E-06		0		0		203.306		2033.06		0		0		0.0001233739		0

		214.046		222.001		2220.01		9.00E-06		2.67E-06		0		0		206.091		2060.91		0		0		0.0001488996		0

		216.9385		225.001		2250.01		1.70E-05		9.00E-06		0.000001		0		208.876		2088.76		0		0		0.0003445966		0

		219.831		228.001		2280.01		4.67E-06		2.00E-06		0		0		211.661		2116.61		0		0		0.0000850855		0

		222.7235		231.001		2310.01		3.67E-06		2.00E-06		0.000001		0		214.446		2144.46		0		0		0.0000850853		0

		225.616		234.001		2340.01		0.00E+00		0.00E+00		0		0		217.231		2172.31		0		0		0		0

		228.5085		237.001		2370.01		0.00E+00		0.00E+00		0		0		220.016		2200.16		0		0		0		0

		231.401		240.001		2400.01		0.00E+00		0.00E+00		0		0		222.801		2228.01		0		0		0		0

		234.2935		243.001		2430.01		0.00E+00		0.00E+00		0		0		225.586		2255.86		0		0		0		0

		237.186		246.001		2460.01		0.00E+00		0.00E+00		0		0		228.371		2283.71		0		0		0		0

		240.0785		249.001		2490.01		0.00E+00		0.00E+00		0		0		231.156		2311.56		0		0		0		0

		242.971		252.001		2520.01		0.00E+00		0.00E+00		0		0		233.941		2339.41		0		0		0		0

		245.8635		255.001		2550.01		0.00E+00		0.00E+00		0		0		236.726		2367.26		0		0		0		0

		248.756		258.001		2580.01		0.00E+00		0.00E+00		0		0		239.511		2395.11		0		0		0		0

		251.6485		261.001		2610.01		0.00E+00		0.00E+00		0		0		242.296		2422.96		0		0		0		0

		254.541		264.001		2640.01		0.00E+00		0.00E+00		0		0		245.081		2450.81		0		0		0		0

		257.4335		267.001		2670.01		0.00E+00		0.00E+00		0		0		247.866		2478.66		0		0		0		0

		260.326		270.001		2700.01		0.00E+00		0.00E+00		0		0		250.651		2506.51		0		0		0		0

		263.2185		273.001		2730.01		0.00E+00		0.00E+00		0		0		253.436		2534.36		0		0		0		0

		266.111		276.001		2760.01		0.00E+00		0.00E+00		0		0		256.221		2562.21		0		0		0		0

		269.0035		279.001		2790.01		0.00E+00		0.00E+00		0		0		259.006		2590.06		0		0		0		0

		271.896		282.001		2820.01		0.00E+00		0.00E+00		0		0		261.791		2617.91		0		0		0		0

		274.7885		285.001		2850.01		0.00E+00		0.00E+00		0		0		264.576		2645.76		0		0		0		0

		277.681		288.001		2880.01		0.00E+00		0.00E+00		0		0		267.361		2673.61		0		0		0		0

		280.5735		291.001		2910.01		0.00E+00		0.00E+00		0		0		270.146		2701.46		0		0		0		0

		283.466		294.001		2940.01		0.00E+00		0.00E+00		0		0		272.931		2729.31		0		0		0		0

		286.3585		297.001		2970.01		0.00E+00		0.00E+00		0		0		275.716		2757.16		0		0		0		0

		289.251		300.001		3000.01		0.00E+00		0.00E+00		0		0		278.501		2785.01		0		0		0		0
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