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The systematic study of the formation of β-SiC formed by low energy carbon ion (C-) 

implantation into Si followed by high temperature annealing is presented. The research is 

performed to explore the optimal annealing conditions. The formation of crystalline β-SiC is 

clearly observed in the sample annealed at 1100 °C for a period of 1 hr. Quantitative analysis is 

performed in the formation of β-SiC by the process of implantation of different carbon ion 

fluences of 1×1017, 2×1017, 5×1017, and 8×1017 atoms /cm2 at an ion energy of 65 keV into 

Si. It is observed that the average size of β-SiC crystals decreased and the amount of β-SiC 

crystals increased with the increase in the implanted fluences when the samples were annealed at 

1100°C for 1 hr. However, it is observed that the amount of β-SiC linearly increased with the 

implanted fluences up to 5×1017 atoms /cm2. Above this fluence the amount of β-SiC appears to 

saturate. The stability of graphitic C-C bonds at 1100°C limits the growth of SiC precipitates in 

the sample implanted at a fluence of 8×1017 atoms /cm2 which results in the saturation behavior 

of SiC formation in the present study. 

  Secondly, the carbon cluster formation process in silica and the characterization of 

formed clusters is presented. Silicon dioxide layers ~500 nm thick are thermally grown on a Si 

(100) wafer. The SiO2 layers are then implanted with 70 keV carbon ion at a fluence of 5×1017 

atoms/cm2 . The implanted samples are annealed at 1100 °C for different time periods of 10 

min., 30 min., 60 min., 90 min., and 120 min.,in the mixture of argon and hydrogen gas (96 % Ar 

+ 4% hydrogen). Photoluminescence spectroscopy revealed UV to visible emission from the 

samples. A detail mechanism of the photoluminescence and its possible origin is discussed by 



correlating the structural and optical properties of the samples. Raman spectroscopy, X-ray 

photoelectron spectroscopy, X-ray diffraction spectroscopy, photoluminescence spectroscopy, 

and transmission electron microscopy are used to characterize the samples. 
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CHAPTER 1 

INTRODUCTION AND MOTIVATION 

1.1 Introduction and Motivation 

The goal of this dissertation is the systematic study and characterization of the carbon ion 

implantation process into Si and thermally grown SiO2 substrate. The ion beam synthesis (IBS) 

of SiC nanostructures in Si that can be used to fabricate electronic devices and sensors is one of 

the aims of this research. Another aim includes the fabrication of optically active carbon 

nanostructures into the SiO2 substrate that can be used as a source of solid state lighting. 

Due to the properties of SiC, such as a wide band gap (> 2 times that of Si), high 

breakdown electric field (>5 times that of Si ),1 high thermal conductivity (>3 times that of Si),2 

and thermal stability,3 SiC has been extensively used as a substitution for silicon in electronics 

applications for high temperature, high power, and/or high frequency.4-5  Luminescence of SiC, 

which occurs in the ultraviolet (UV)6-7 and visible regions,8-11 has been employed to fabricate 

light emitting diodes.12-13  Recently, SiC nanostructures in crystalline form sandwiched between 

silicon dioxide layers have been shown to exhibit properties of a negative refractive index meta-

material.14  Amorphous silicon carbide (a-SiC), in its hydrogenated form, has applications in 

solar cells, photoreceptors, and light emitting diodes.15-16 SiC materials have been fabricated by 

different techniques, e.g., chemical vapor deposition,17 molecular beam epitaxy,18 and ion 

implantation.19  The latter offers the advantages of precise and predictable control of energy and 

fluence of the implanted C ions, which is quite suitable to control the depth, stoichiometric 

composition, and  thickness of the SiC layers,20 as well as the size of SiC crystallites buried in Si. 

The post implantation thermal annealing is usually required in the synthesis of crystalline SiC 
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buried in Si. The annealing treatment leads to lattice re-structuring in the form of desired 

crystalline phases in the ion beam-damaged Si layer.  

With the first reports of ion beam synthesis (IBS) of SiC by C+ implantation into Si,19 

further efforts have been made to form high quality cubic SiC with zincblend lattice structure (β-

SiC) layers in Si.  It has been reported by several groups20-24 that high fluences of C+ 

implantation, followed by either subsequent or in situ thermal annealing, have been utilized to 

synthesize polycrystalline9,25 or epitaxial24 β-SiC in Si. Such ion beam synthesized buried β-SiC 

structures have shown promising results to find applications in micro-electro-mechanical systems 

(MEMS),26 field emission arrays27  and selective etching layers.28 Due to the immature crystal 

growth technology, these superior applications of β-SiC have yet to be realized in experimental 

SiC devices.  Previous results indicate the annealing temperatures play a critical role to control 

the growth and quality of ion beam synthesized β-SiC crystals.  Post implantation annealing 

temperatures of 1000 °C,29 1200 °C,30 and 1405 °C23  have been reported to produce high quality 

β-SiC structures.  Post implantation annealing at 800 °C,31  and 850 °C,19 have also been reported 

to form β-SiC by IBS. Therefore, a more detailed and systematic investigation to explore the 

optimal annealing conditions (annealing temperature as well as time) for the formation of this 

commercially unavailable (β-SiC) SiC5 through the ion implantation technique is still needed in 

order to realize the large scale commercial applications of ion beam synthesized β-SiC.  

In this dissertation, systematic studies of β-SiC structures formed by carbon ion (C-) 

implantation into Si followed by high temperature annealing is presented. A detail study was 

performed to explore the optimal annealing condition in the formation of β-SiC structures. The 

quantitative analysis has also been performed in the formation of the β-SiC process by the 

implantation of various carbon ion fluences into Si. 
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Another part of this dissertation involves an experimental study to understand the 

formation mechanism of carbon nanoclusters produced by the implantation of C into thermally 

grown SiO2. The light emission properties of C implanted SiO2 samples and the possible origin of 

luminescent centers has been studied. Silicon has been the predominant electronic material for 

several decades. However its indirect band gap has prevented the use of this material for light 

emission applications. For the first time in 1990, it was  found that a porous silicon structure can 

emit light in the visible region.32  Since then, significant work  has been performed to synthesize 

and investigate a wide range of light emitting nanostructures embedded into Si technology-

compatible media such as thin film silicon oxides (SiO2  or SiOx).33-34 Because the particles are 

shielded from the atmosphere, luminescent nanostructures encapsulated in the matrix are more 

advantageous than other free standing nanostructures.  Various research groups have reported 

intense luminescence from Si nanocrystals (Si-nc),34-35 Ge nanocrystals,36  carbon nanoclusters 

(C-nc),37-39 and SiC nanocrystals 40-41 embedded into SiO2 . The most important achievement 

from such nanostructures embedded into SiO2 is that the combined luminescence response from 

them spans over the UV to visible range (380-740 nm).33-42 This paves the way toward faster and 

more efficient devices by incorporating optics into Group IV semiconductor electronics. 

Therefore, the luminescent nanostructures embedded into SiO2 have great potential as an 

economical source of future solid state lighting.  

Many techniques such as radio-frequency magnetron sputtering,43 plasma-enhanced 

chemical vapor deposition,44 and ion implantation45-46 have been employed to fabricate optically 

active nanostructures embedded into SiO2. The ion implantation technique offers the advantages 

of precise and predictable control of the quantity and distribution of implanted ions by changing 

the ion fluences and ion energies.47-48 The post-implantation thermal annealing is employed to 
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precipitate the implanted ion species which leads to the formation of nanostructures in the SiO2.  

A considerable number of investigations have been carried out to understand the luminescence 

behavior from nanostructures formed by the implantation of Si into SiO2,34,45-46,49 , and by the 

implantation of Ge into SiO2.36,50-51 A few articles 52-55  also reported the luminescence properties 

from the embedded nanostructures produced by the sequential high fluence implantation of Si+ 

and C+ ions into SiO2.  

Although a few articles 38,40,56-59 have reported the light emission properties from C 

implanted SiO2 , the origin of the luminescence is still unclear, primarily due to the difficulties in 

distinguishing the luminescence originating from matrix defects (intrinsic or irradiation induced 

defects), and the luminescence originating from C-related nanostructures.  Yu et al.58 observed 

blue emission from C implanted thermal SiO2 films at room temperature and pointed to 

amorphous carbon nanoclusters as the possible origin of PL. However, no detailed structural 

analysis that shows the formation of carbon clusters in the SiO2 films was included. Other 

researchers 56-57 have assigned C-aggregates, SiC polytypes, and ion induced defects as the origin 

of the luminescence, without any structural analysis. Therefore, more research work is needed to 

understand the relationship between the structural and optical properties of C implanted into 

SiO2. In this report, we measure the effects of small variations in annealing time on the structural 

and optical properties of C implanted SiO2 samples, to clarify the relationship between them and 

to understand the detailed mechanisms of luminescence.  

The mechanism of the ion implantation technique used in the present study is discussed 

in chapter 2, section 2.7. Works to investigate the optimal annealing conditions required to 

produce SiC structures in Si are presented in chapter 3. This chapter also presents the detailed 
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experimental verification of the saturation behavior of implanted carbon fluences to optimize the 

amount of SiC structures in Si.  

Various analysis techniques have been used to characterize the materials studied in this 

work. The characterization techniques include Raman spectroscopy, Fourier transform infrared 

spectroscopy (FTIR), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), 

transmission electron microscopy (TEM), and photoluminescence spectroscopy (PL). Detail 

descriptions of the experimental techniques and their theoretical aspects are discussed in various 

sections in chapter 2. Specifically, TEM is discussed in section 1, XRD is discussed in section 2, 

Raman is discussed in section 3, FTIR is discussed in section 4, XPS is discussed in section 5, 

and PL is discussed in section 6.  Chapter 3 of the dissertation is devoted to the synthesis of SiC 

structures in Si.  

Chapter 4 of the dissertation is devoted to the synthesis of C nanoclusters embedded into 

SiO2. The optical properties of such nanoclusters are discussed in accordance with the PL 

measurements performed on the samples. Chapter 5 devoted towards the conclusion of the 

dissertation.  
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CHAPTER 2 

SAMPLE CHARACTERIZATION AND SYNTHESIS TECHNIQUES 

2.1 Transmission Electron Microscopy 

Electron microscopy techniques use beams of energetic electrons to examine material 

objects on a very fine scale. In the case of the optical microscope, the magnification and optical 

resolution are limited to ×1,000 and 0.2 micrometers respectively, due to the limitations of 

wavelength of light. The resolution of the microscope mainly depends on the wavelength of the 

radiation used to probe the specimen. An electron microscope has greater resolving power than 

an optical microscope because it uses electrons that have a smaller de Broglie wavelength about 

100,000 times shorter than the photons that create visible light, and can achieve a magnification 

of up to ×1,000,000, or 1000 times that of light microscopes. The transmission electron 

microscope (TEM) was the first type of electron microscope to be developed and is implemented 

exactly the same way as the optical microscope, except that a focused beam of electrons is used 

instead of light to ―see through‖ the specimen. The modern prototype of the TEM was developed 

by Max Knoll and Ernst Ruska in Germany in 1931, after Hans and Busch in 1926 discovered 

that a magnetic field could be used to converge an electron beam to a focus.1 In general, the 

TEM image provides high-resolution information on the internal structure of a very thin 

(typically ~100 nm) specimen. The TEM technique is mainly used to examine the morphology 

(shape and particle size distribution), composition (amount of each element present), and the 

crystallographic information (atomic orientation) of the material objects. In TEM, an image is 

formed from the interaction of the electrons transmitted through the specimen. The image is then 

magnified and focused onto an imaging device such as a fluorescent screen.2 The schematic of 
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the TEM is shown in Figure 2.1. The process is performed via a source such as a thermionic gun 

and two condenser lenses, which control the brightness of the beam. The electron beam from the 

source is confined by the two condenser lenses, passing the condenser aperture and striking the 

sample surface. The incident electrons that are transmitted through the specimen then pass 

through the objective lens. The objective lens forms the image display 2 and the objective and 

selected area apertures are used to choose which of the transmitted electrons (unscattered, 

elastically scattered, or inelastically scattered) will form the image. Finally, the beam goes to the 

magnifying system that consists of three lenses: the first and second intermediate lenses which 

control the magnification of the image, and the projector lens.  

 

Fig. 2.1 Schematic representation of a transmission electron microscope. 
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The projector lens projects the magnified image on either a fluorescent screen or a 

monitor; the image is then printed on photographic film. Presently, the photographic capture of 

images is gradually being replaced with digital capture using electron-sensitive charge coupled 

device (CCD) camera. 

There are many signals generated by the interaction of the incident electron beam with 

the sample. These signals are shown in Figure 2.2. For imaging, TEM uses only the transmitted 

portion of the beam, which consists of unscattered electrons, elastically scattered electrons, and 

inelastically scattered electrons.1 Figure 2.2 shows that the interactions between the electron 

beam and the specimen induce secondary electrons, backscattered electrons, characteristic X-

rays, Auger electrons, and cathode luminescence (light). Other electron microscopy techniques, 

such as the scanning electron microscope (SEM), use these signals for material analysis.2 

 

Fig. 2.2 Interactions of electron with matter are schematically illustrated. 
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As explained above, the unscattered portion of the transmitted electrons is used to image 

the internal morphology of the particles making up the sample, such as their shape, size, and 

arrangement. Since the transmission of the unscattered electrons is inversely proportional to the 

specimen thickness, the areas of the specimen that are thin enough will have more transmitted 

electrons, making the corresponding image appear bright. 

 In the case of a thicker area, the smaller number of transmitted electrons causes the 

image to appear dark. Other transmitted electrons, which are elastically scattered by the atoms in 

the specimen (no loss of energy) and are used to image the crystallographic information of the 

specimen. Thus, the elastically scattered electrons follow Bragg‘s law of diffraction, which states 

the following: 

 nd sin2                                        2. 1 

Where,   is the wavelength of the incident electron beam,   is the angle between the 

incident beam and the surface of the crystal, and d is the spacing between layers of atoms. 

Since all incident electrons that interact with the specimen are monochromatic in nature, 

meaning that they have the same wavelength and energy, the electrons that are elastically 

scattered from one set of atomic planes will all be scattered at the same angle, provided the 

atomic planes have equal spacing. These scattered electrons are then focused by magnetic lenses 

to form a diffraction pattern. For a thin crystalline specimen, the diffraction pattern consists of a 

pattern of dots in the case of a single crystal, or a series of rings in the case of a polycrystalline 

solid material. Each of the dots corresponds to specific atomic planes. This diffraction pattern 

can provide the information about the atomic orientation and the phase present in the area of the 

specimen being examined. Such diffraction patterns from the selective region of the specimen 

cannot be observed from simple XRD techniques. With TEM, it is possible to select a single 
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microcrystal in a specimen for diffraction measurement.3 In the case of an amorphous solid 

material, the broad rings with halo patterns at the center could be observed. In our experiments, 

the TEM measurements were performed using a high resolution FEI Co. Tecnai G2 F20 S-twin 

machine operated at 200 keV. This experiment was performed at the Center for Advanced 

Research and Technology (CART) at the University of North Texas (UNT). 

2.2 X-ray Diffraction 

The atoms in a crystal occupy well-defined fixed positions in relation to each other. Some 

solids are single crystals in which the crystal lattice planes have one preferred orientation. In the 

case of polycrystalline solids, the lattice planes are oriented in different directions. Such a 

crystalline nature of the solid can be determined by X-ray diffraction spectroscopy (XRD). In 

this technique, X-rays are produced by collision of the high speed electrons with a metal target. 

The X-ray-generating tubes mainly consist of a source of electrons (a hot filament cathode to 

produce electrons by thermionic emission), a high voltage source to accelerate electrons, and a 

metal target.4 

The wavelength of the X-ray is governed by the characteristic energy levels of the target 

metal. Copper, chromium, cobalt, and molybdenum are the most commonly used target metals in 

X-ray production. 

After the X-rays are produced, they are focused on the sample. The X-rays that strike the 

sample undergo diffraction events. The X-rays that strikes the sample scatter in all the directions 

from the atoms in different planes of a crystal. The scattered beams will be completely in phase 

in some directions; these beams interfere constructively and give rise to diffracted beams.5 When 

this constructive interference occurs, a relation forms between the incident beam, crystal 
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structure, and the sample orientation. This relation was first formulated by British physicists 

W.H. Bragg and W.L. Bragg in 1912,5  and was hence named Bragg‘s law of diffraction.  

2.2.1 Bragg‘s Law of Diffraction 

Bragg's law can easily be derived by considering the conditions necessary to make the 

phases of the beams coincide when the incident angle equals the reflecting angle. The law is 

illustrated in Figure 2.3. The rays of the incident beam are always in phase and parallel up to the 

point at which the top beam strikes the top layer at atom D. The second beam continues to the 

next layer where it is scattered by atom B. The second beam must travel the extra distance AB + 

BC if the two beams are to continue traveling adjacent and parallel. This extra distance, which is 

called the path difference between two beams, must be an integral  n multiple of the wavelength 

  for the phases of the two beams to be the same.4 The following explains the equation‘s 

derivation: 

BCABn                                         2. 2 

From the geometry of ∆ DAB : 

 sinsin dBDAB                       2. 3 

Because, AB=BC and due to equations (2.2) and (2.3), 

ABn 2                        2. 4 

From equations (2.3) and (2.4), 

 sin2dn                         2. 5 
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Fig. 2.3  Illustration of Bragg‘s law of diffraction occurring in a crystalline material. 

Thus, by knowing the wavelength of the incident X-ray and by measuring the Bragg 

angle of diffraction, the interplanar spacing d of the diffracting planes can be calculated. The 

crystal lattice parameters can be determined by using the relation between lattice parameters and 

interplanar spacing d . If the Miller indices (hkl) of the diffracting planes in a cubic crystal are 

known, the lattice parameter, called the lattice constant, is determined by using the following 

relation: 

222

2
2

h
a

lk
d


             2. 6 

       Where ‗a ‘ is the lattice constant.4 In Figure 2.3, the incident beam, and the diffracted beam 

lie in the same plane, and the angle between the diffracted beam and the incident beam is 2  and 

is the diffraction angle to be measured in the X-ray diffraction experiment. Since most of the 

standard powder diffraction parameters—diffraction angles )(2 , plane spacing )(d , Miller 

indices )(hkl  of diffracting planes, integrated peak intensities, the crystal system, and the 

corresponding phase for the characteristic peaks of various crystalline materials—are reported in 

the powder diffraction file (PDF) of the International Centre for Diffraction Data (ICDD),6 the 
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peak identification of the experimental diffraction pattern was performed by using PDF in our 

experiment. In general, the possible phases in the measured diffraction pattern can be identified 

by using the three most intense peaks, if they are available.7 These experimentally observed 

peaks are then compared with the complete entries from the ICDD file.6 Once the experiment is 

complete, it can be concluded whether all the experimental peaks have been assigned and if the 

pattern produced contains every peak (except for low intensity peaks) mentioned in the entries 

that correspond to the phases that were considered. The Rigaku Ultima-III model of XRD with 

Cu Kα 1.542 Å radiation was used for the diffraction measurement in our experiments.  

2.2.2 Particle Size Determination 

The X-ray diffraction pattern can be used to measure the average size of the crystal. If the 

diffraction peak position (diffraction angle 2 ) and the peak broadening 2  is known, the 

Scherrer formula 





cos
9.0

L                  2. 7 

can be used to calculate the average size L .of the crystal.8 In the equation (2.7),   is the 

wavelength of radiation used, and   is the peak broadening at half the maximum intensity of a 

given peak, measured in radians. The peak broadening can be obtained by using curve fitting. In 

our calculation, the peak broadening was created by a Gaussian curve fit of the measured XRD 

peak. The Scherrer formula is generally used for a crystal size of less than 100 nm.4 In our study, 

XRD analysis was performed using the XRD equipment of the CART facility at the UNT. The 

XRD equipment, a Rigaku Ultima-III model with Cu Kα 1.542 Å radiation, was used to record 

the diffraction patterns from the specimen. 
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2.3 Raman Spectroscopy: Introduction 

Raman spectroscopy is a non-destructive spectroscopic technique that involves the 

inelastic scattering of incident photons9 (mono-chromatic light usually from a laser source) by 

the samples to be analyzed. Since Raman spectroscopy is an inelastic process, the frequency of 

incident photons in monochromatic light changes upon interaction with a sample. In this process, 

the photons of the laser light are absorbed by the sample and then reemitted. The frequency of 

the emitted photons is shifted up or down in comparison to the frequency of the incident photons; 

this is called the Raman effect.10-11 This effect was discovered by the Indian physicist, C. V. 

Raman in 1928. The shift in frequency or energy is equal to the frequency or energy of vibration 

of the molecules. The intensity of scattered light versus energy difference, which is called 

frequency difference, is a Raman spectrum. Raman spectroscopy can be used to study solid, 

liquid, and gaseous samples. 

2.3.1 The Scattering Process in the Raman Effect: A Quantum Mechanical Description 

In quantum mechanics, scattering is described as a change in vibrational energy and an 

excitation to a virtual state that is lower in energy than a real electronic transition with nearly 

coincident de-excitation. The virtual state description of the scattering is shown in Figure 2.4. In 

general, the Raman effect arises when an incident photon makes an inelastic collision with a 

molecule, resulting in a change in energy between the incident photon and the photon scattered 

from the molecule. If sv is the frequency of the scattered photon and iv  is the frequency of the 

incident photon, then the change in vibrational energy of the molecule is given by 

msi Ehvhv                  2. 8 
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If the molecule gains energy, then mE  is positive and sv is smaller than iv . This 

phenomenon gives rise to Stokes lines in the Raman spectrum. In other words, when the incident 

photon interacts with a molecule in the ground vibrational state 0  (the initial state in Figure 

2.4-a), the molecule absorbs the photon energy and is raised momentarily to an unstable (virtual 

level in Figure 2.4) energy level. The molecule immediately loses the energy and mostly falls 

back to the ground state. To make up the energy loss, it emits a scattered photon with the same 

energy as that of the incident photon. This process is called Rayleigh scattering. A small fraction 

of molecules in the unstable energy level falls to the excited state 1 (the final state in Figure 

2.4-a), emitting a scattered photon. In this case, the energy of the scattered photon is less than 

that of the incident photon, giving rise to Stokes lines in the Raman spectrum. 

 

 

Fig. 2.4  Energy level diagram for Raman scattering; (a) Stokes Raman scattering (b) anti-Stokes 

Raman scattering. 
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If the molecule loses energy, then E  is negative and sv  is larger than iv , giving rise to 

anti-Stokes lines in the Raman spectrum. In other words, the molecules initially in the excited 

state 1  (the initial state in Figure 2.4-b) absorb the incident photon energy, and their energy 

is raised to higher, unstable levels. The molecule then falls to the ground level 0  (the final 

state in Figure 2.4-b), emitting a scattered photon of energy greater than that of the incident 

photon, which gives rise to the anti-Stokes lines in the Raman spectrum. The schematics of the 

Raman Stokes scattering and anti-Stokes scatterings are shown in Figures 2.4(a) and 2.4(b), 

respectively. The vibrational energy (energy of molecular vibration) is expressed as  

mm hvE 









2
1

                 2. 9 

Where,  is a vibrational quantum number. The quantum mechanical selection rule for a 

Raman transition is 1  for a harmonic vibration.  

2.3.2 The Scattering Process in the Raman Effect: A Classical Description 

The classical theory states that ―the molecular vibration is Raman active if the vibration is 

accompanied by a change in the polarizability of the molecules.‖12 When a molecule interacts 

with the incident electromagnetic radiation, the molecule gets polarized by the electric field of 

incident radiation. The polarized molecule has an induced dipole moment P . If the strength of 

external electric field is E , then the polarizability )(  of the molecule is defined by, 

E
P

                2. 10 

The electric field of electromagnetic radiation is a time varying quantity of the form 

)2(sin)( 0 vtEtE                2. 11 
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In equation (2.11), 0E  is the equilibrium value of the electric field strength, v  is the 

frequency of radiation, and   is time. The oscillating electric field in eq. (2.11) induces the 

oscillating electric dipole in the molecule. Combining the equations (2.10) and (2.11), oscillating 

dipole moment can be expressed as 

)2(sin)( 0 vtEtP                2. 12 

Since the molecules in the material are vibrating, their polarizability varies with their 

atomic displacements from the equilibrium position. For example, in the case of a diatomic 

molecule, the molecular shape is alternately compressed and extended during the vibration.12 For 

a small displacement x , from an equilibrium separation 0x  of the atoms, the polarizability can 

be expanded using the Taylor series, in the following manner: 

........)(0 











 tx

x


              2. 13 

Where,    is the equilibrium polarizability. If the molecule executes simple harmonic motion, 

the displacement x  can be expressed as 

)2(sin)( 0 tvxtx                2. 14 

The result of combining equations (2.13) and (2.14) is 

)2(sin00 tvx
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             2. 15 

Substitution of the value of α from equations (2.15) into equations (2.12) gives

)2(sin)2(sin)( 000 vtEtvx
x
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In equation (2.16), the trigonometric relation )(cos)(cossinsin2 BABABA   has been 

applied. It can be seen from equation (2.16) that the induced dipole moment oscillates with three 

different frequencies v , vv  and vv  .  The first frequency v  represents the light scattered, 

with the frequency equal to that of an incident photon; this is called Rayleigh scattering. The 

frequencies vv  and vv  , which are respectively smaller and greater than the frequency of 

incident radiation, represent respectively the Stokes and non-Stokes Raman scattering of an 

incident photon. Equation (2.16) also denotes that, if the molecular vibration causes no change in 

the polarizability, which implies, 0




x
 , then no photons with Raman frequencies vv  and 

vv  would scatter. According to classical theory, the intensities of the Stokes and anti-Stokes 

Raman scattered light are proportional to 4)( vv  and 4)( vv   respectively. The classical 

approach to the Raman effect has a deficiency in predicting the correct value for the intensity 

ratio of the anti-Stokes and Stokes Raman bands.13 The quantum treatment overcomes this 

deficiency and gives the correct ratio as 
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              2. 17 

The classical treatment of the Raman effect does not involve the exponential term, which 

completely arises from the purely quantum mechanical arguments. These quantum arguments 

follow the Boltzmann distribution function, which gives the ratio of the number of molecules in 

the 1 state (where  is a vibrational quantum number) to the number in the 0 state as 
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2.3.3 Structural Determination from Raman Spectroscopy 

Raman spectroscopy provides information about the vibrational properties of materials. 

This vibrational information, which is specific to the chemical bonds and symmetry of the 

molecules, provides fingerprints by which the molecules can be identified. Therefore, the 

structural information of the material can be obtained by measuring vibrational frequencies in the 

Raman spectrum that correspond to the chemical bonds in the material. For example, in the case 

of a Si wafer implanted with carbon ion, the Raman measurement provides information about the 

vibrational frequencies of possible chemical bonds such as Si-Si, Si-C, and C-C.14  In our study, 

Raman measurements were performed using A Thermo-Electron (TE) Almega XR with a 532 

nm green laser. The high sensitivity, TE-cooled silicon CCD array detector was used to detect 

the Raman signal. The measurements were performed at the CART facility of UNT. 

2.4 Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier transform infrared spectroscopy (FTIR) is a powerful tool for identifying types of 

chemical bonding states in a molecule by producing an infrared spectrum (IR).15 It can be used to 

identify the unknown materials and to determine the quality of a sample and the amount of 

components in a sample. It also gives a basic idea about the phase change (example: from 

amorphous to crystalline) in the materials as a function of temperature and pressure. Varieties of 

materials such as solids, films, liquids, powders, and gels can be analyzed with FTIR by using 

different FTIR modes such as absorption, transmission, and reflection. FTIR spectroscopy 

measures the characteristic vibrational frequency (or energy) of molecular bonding in the 
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sample.15 Since the characteristic frequency differs according to each phase‘s different molecular 

bonding, it is possible to identify the types of chemical bonding and the structural phase of the 

bonding in the sample by using FTIR spectroscopy. For example, the frequency of Si-Si and Si-

C absorption bands could be observed in the FTIR absorption spectra of the carbon ion 

implanted Si sample. This is a non-destructive analytical technique. The use of low energy (IR) 

electromagnetic radiation rarely damages the sample in this technique.16 Despite its advantages, 

infrared spectroscopy cannot detect the atoms or monatomic ions, which is the main limitation of 

this technique.17 This limitation arises because single atomic entities do not contain chemical 

bonds and hence do not cause vibrational motion with no absorption of infrared radiation.  

 

2.4.1 FTIR Experimental Setup 

Fourier-transform infrared (FTIR) spectroscopy is an interferometric method, which 

means that it uses the concept of interference between the beams reflected from mirrors. An 

FTIR spectrometer, which is diagrammed in Figure 2.5, consists of an infrared source, an 

interferometer, the sample, and the infrared detector. The interferometer consists in its simplest 

form of a beam splitter, a stationary mirror, and a moving mirror scanning back and forth. The 

beam splitter is designed to transmit half the radiation that hits it and to reflect the other half. As 

a result, the light transmitted by the beam splitter strikes the fixed mirror, and the light reflected 

by the beam splitter strikes the moving mirror. After the two light beams reflect off their 

respective mirrors, they recombine at the beam splitter and leave the interferometer to interact 

with the sample and strike a detector.17  An optical path difference is introduced between the two 

beams by transporting the moving mirror away from the beam splitter. A general property of 

optical waves is that their amplitudes are additive. When the beams are in phase—those beams 
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that have reflected off the fixed and moving mirrors and recombine at the beam splitter—an 

intense beam leaves the interferometer as a result of constructive interference. When the beams 

recombine at the beam splitter and the waves are completely out of phase, a resultant beam of 

low intensity leaves the interferometer as a result of destructive interference. The detector only 

detects the interferogram, which is the plot of light intensity as a function of the optical path 

difference between the beams reflected off the mirrors. In short, the interferogram is a 

measurement of the temporal coherence of the light at each time delay setting. With the use of 

Fourier transformations, it is possible to convert a signal in the time domain to the frequency 

domain (i.e. the spectrum). In this study, the infrared absorption measurement was performed at 

the CART facility of the UNT. The absorption spectra were recorded using a 6700 Nicolet FTIR 

model with 4 cm-1 resolution. 

 

 

Fig. 2.5 Schematic representation of an FTIR spectrometer. 
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2.5 X-ray Photoelectron Spectroscopy (XPS) 

XPS, also known as electron spectroscopy for chemical analysis (ESCA), is a powerful 

technique widely used to investigate the chemical composition of the surfaces. This technique 

provides the information on the chemical state and bonding of the elements. XPS technique 

involves irradiating of a solid sample in an ultra high vacuum (UHV) with monochromatic x-rays 

and analyzing the ejected electrons. If the measurement is not performed in ultra high vacuum, 

the analytical signal of low energy electrons (generally in the range of 20-2000 eV) from the 

solids can be easily scattered from the residual gas molecules, which decreases the spectral 

intensity and ultimately increases the noise level in the spectrum.18 In XPS measurements, Al Kα 

(1486.6eV) or Mg Kα alpha (1253.6eV) are often the photon energies of choice. This technique 

is highly surface sensitive due to the short range of the photoelectrons that are excited from the 

solid. In this technique, the energy of the electrons leaving the sample gives a spectrum with a 

series of photoelectron peaks. In general, the Kinetic Energy (KE)  kE  of the photoelectrons is 

the experimental quantity measured by the spectrometer, and is related to the Binding Energy 

 .BE  of the electron by the following relation, 

WEhvBE k                2. 19 

Where hv .is the photon energy, kE is the kinetic energy of the electron, and W  is the 

work function. Since, hv  and W  are known, measurement of KE  kE  gives the  .BE   The 

binding energy of the XPS peaks are characteristic of each element. The area under the peak can 

be used to determine the composition of the materials surface. The shape of each peak and the 

binding energy can be slightly changed by the chemical state of emitting atom. This makes the 

XPS technique useful to determine the bonding information of the sample. The electron emission 
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process involved in XPS is shown in Fig.2.6, where an s1  electron is ejected from the atom. The 

photoelectrons involved in the XPS process are identified by using the spectroscopic notation 

such as jnl , where n  is the principal quantum number, l   is the orbital quantum number that 

describes the orbital angular momentum of the electron, and j  is the total angular momentum 

quantum number.  

 

 

Fig. 2.6 Illustration of the XPS process for a model atom. 

The principal quantum number n  takes the integer values 1, 2, 3…etc. The orbital 

quantum number l  takes the integer values 0, 1, 2, 3…etc. The orbital with quantum number 0, 

1, 2, 3 are called s- orbital, p-orbital, d-orbital, and f-orbital respectively. The total angular 

momentum quantum number j  takes the value of sl  . The value of s  can be either + 1/2 or – 

1/2. This quantum number s  is associated with the spin angular momentum of the electron. 

Thus, the XPS peaks associated with the orbital having the values of orbital quantum number l  

greater than 0, split into two. For example, the XPS peaks of a photoelectron from a p-orbital ( l  

=1) split into two with j  values of 1/2 and 3/2. The relative intensities of such components (XPS 

peaks) of the doublets formed due to spin orbit coupling is given by the ratio of their relative 
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populations, given by the expression  12 j . So, the relative intensities of the 1/2 and 3/2  XPS 

peaks are 1:2.   

Although XPS is essentially a surface analytical technique, it can also be used to provide 

the chemical composition of the solids as a function of depth. The information of chemical 

composition as a function of depth can be achieved in different ways. The non-destructive 

technique also called the Angle resolved electron spectroscopy, which involves the change of 

depth of analysis (by changing the geometry of the experiment) is mostly sensitive to the near 

surface region (~1-10 nm) of the solid sample.18 For a compositional depth profile of a thick 

sample, a destructive way that involves removing the material from the surface of the sample in 

situ (within the spectrometer) by ion sputtering can be used. The experiment begins with the 

XPS analysis of the pure sample surface. The sample then undergoes a period of ion sputtering 

(ion etching). Following this, the ion beam is then switched off, and the sample is analyzed 

again. This process is continued until the required depth is reached.  

2.6 Photoluminescence Spectroscopy (PL) 

This is a contactless, nondestructive method of probing the electronic structure of 

materials by using the light of suitable wavelength. The band gap determination, impurity level 

and defect detection and recombination mechanism are a few that uses PL. In this technique, the 

focused light sources such as laser or a full spectrum highly intense lamp are used to stimulate 

the photoemission from the sample. The source light is directed onto a sample, where it is 

absorbed and imparts excess energy into the material in a process called photo-excitation. One 

way this excess energy can be dissipated by a material is through the emission of light, or 

luminescence. In the case of photo-excitation, this luminescence is called photoluminescence. 
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The intensity and spectral content of this photoluminescence is a direct measure of various 

important material properties.  

 

 

Fig. 2.7  Figure showing the (a) direct, and (b) indirect recombination process. 

Photo-excitation causes electrons within the material to move into allowed excited states. 

When these electrons return to their equilibrium states, the excess energy is released and may 

include the emission of light (a radiative process also called direct transition process) or may not 

include light emission (a non-radiative process or indirect transition process). In case of a 

radiative process, a photon is absorbed by the material with the creation of an electron and a 

hole. The electron excited to the conduction band is unstable and may recombine with the hole in 

the valence band. During re-combination, the excess energy  vc EE   corresponding to band 

gap of the material is released in the form of a photon. This is the basic process in light-emitting 

devices. As shown in Fig.2.7, in case of an indirect transition, the valence band edge (highest 
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point of valence band) and conduction band edge ( lowest point of conduction band) are widely 

separated in K  space (momentum space) ( K value is not same). Consequently, the transition of 

electrons can not occur without a change in momentum, and an indirect transition occurs with the 

assistance of a phonon (lattice vibration).9,19 The energy of the emitted light (results of a direct 

transition) relates to the difference in energy levels between the two electronic states involved in 

the transition, i.e. between the excited state and the equilibrium state. This energy is also called 

the band gap energy of the material. So, the exciting photon energy should be greater than the 

band gap energy of the material. The quantity of the emitted light is related to the relative 

contribution of the radiative process. 

2.6.1 Experimental Set Up 

The basic schematic diagram for photoluminescence measurements is shown in Fig.2.8. 

The sample is excited by using laser light of energy greater than the band gap energy of the 

sample material. The HeCd laser of 325 nm wavelength was used for most of the experiments. 

 

 

Fig. 2.8 Schematic diagram of a typical PL measurement set up. 
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2.7 Ion Implantation 

Ion implantation is a technique for modifying the surface and near surface properties of 

materials. This technique uses particle accelerators to produce and direct beams of ions of 

different elements into target materials. An accurate and predictable control of doping ions into 

target materials makes this technique a powerful method to alter the surface properties of 

materials.20 The ions introduce both chemical change (Ions can be different elements than the 

target) and structural change (the crystal structure of the target can be damaged or even 

destroyed) in the target. It is the primary technology in the semiconductor industry to introduce 

impurities into semiconductor materials to form devices and IC circuits. Recently, the ion 

implantation technique has been extensively utilized to grow nanostructures. The selection of 

target area by ion beam focusing,21 (or using a mask) and the control of ion depth by tuning the 

ion beam energy makes this technique very useful to grow nanostructures at different depths. 

The ion implantation technique requires an ion source, extraction optics, initial acceleration, 

mass and energy analysis, beam scanning, sample chamber and sample changing vacuum 

interlocks. 

2.7.1 Low Energy Ion Implantation 

 
The low energy ion implantation beam line facility in the Ion Beam Modification and 

Analysis Laboratory (IBMAL) at UNT can be used to provide shallow implant with an energy 

range from 10 keV to 80 keV. This beam line primarily consists of the source of negative ion by 

cesium sputtering (SNICS) ion source, beam selection magnet (or mass analyzer), beam raster-

scanning system, target chamber, and current measuring devices. The schematic of the low 

energy implantation beam line is shown in Fig.2.9. The SNICS source can produce negative ions 
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of all possible elements having substantial electron affinity.  The details of the operation of 

SNICS source, the choice of the types of cathode materials, and the expected amount of current 

from the source, can be found in the National Electrostatic Corporation (NEC) SNICS ion source 

manual,22 and the Roy Middleton Negative Ion Cookbook.23 The steps in producing the ion beam 

begin by making the source cathode of the elements of choice. The cathode can be made either 

from the pure element or closely related compounds.  For example, the cathode made of FeC, is 

suggested to enhance the beam current of iron. 

 

Fig. 2.9  Schematic of the low energy implantation beam line. 

In the present experiments, the commercially-available graphite powder was used to 

make the carbon cathode.  According to NEC owner‘s manual and the Negative Ion Cookbook, a 

graphite cathode immediately produces the carbon ion current of about 100 µA and rises slowly 

over a period of 1 hour.21-22  After extracting the ion beam from the SNICS source, the beam of 

ion is accelerated towards the mass analyzing magnet (30⁰ magnet).  The beam of ions is then 

scanned across the magnet to determine the magnetic field strength for peak position of the beam 

current.  For example, the scan of a 30 keV carbon ion beam across the 30⁰ magnet is shown in 
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Fig. 2.10.  From the Figure, it is clear that the maximum current (for the 30 keV Carbon beam) 

will be passed through the magnet for 10 % magnet field strength.  

 

Fig. 2.10 Scan of 30 keV carbon beam through the 30⁰ analyzing magnet. 

The ion beam after the 30⁰ magnet is accelerated towards the target chamber.  The beam 

of ions to be implanted is then scanned across the sample by using the high voltage electrostatic 

X-Y raster scanner. The beam scan over a sufficiently large X-Y range (~ 2.5 cm) will be 

performed in order to maintain the uniform implantation over the area of interest. 

The implantation fluence is calculated by using the current integration technique.  This 

technique uses a BNC cable that connects the target holder to an Ortec digital current integrator.  

The output pulses from the current integrator are sent to the counter/timer. During current 
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integration, the high voltage power supply of 300 V is used for electron suppression. The 

formula used for the fluence calculation is given by, 

eA
NCF                 2. 20 

Where F (measured in atoms/cm2) is the total implanted ion fluence, N is the total number of 

pulses in the counter, C is the total charge in coulomb per pulse, e  is the electronic charge in 

coulombs and A (in cm2) is the surface area of the implanted region on the sample. 

2.8 References 

1. S. Horiuchi, Fundamentals of high-resolution transmission electron microscopy (The 

Netherlands: Elsevier Science B.V.) (1994). 

2. P. Buseck, J. Cowley and L. Eyring, High-resolution transmission electron microscopy and 

associated techniques (New York: Oxford University Press) (1988). 

3. B. Fultz and J. M. Howe, Transmission electron microscopy and diffractometry of 

materials. 3rd ed. (Springer) (2007). 

4. K. R. Hebbar, Basics of X-ray diffraction and its applications (New Delhi, India: I. K. 

International Publishing House Pvt) (2007). 

5. B. D. Cullity, Elements of X-ray diffraction. 2nd ed. (USA: Addison-Wesley Publishing 

Company) (1978).  

6. JCPDS Data Card 74-2307 1998 (Swarthmore, PA: International Centre of Diffraction 

Data). 

7. R. Guinebretiѐre, X-ray diffraction by polycrystalline materials (London, UK: ISTE Ltd) 

(2007). 



35 
 

8. R. E. Dinnebier and S. J. L. Billinge, Powder diffraction theory and practice (Cambridge, 

UK: Royal Society of Chemistry Publishing) (2008). 

9. C. Kittel,  Introduction to solid state physics (7th ed. New York: Wiley & Sons.) (1996). 

10. C.V. Raman, A change of wave-length in light scattering, Nature 121 619 (1928). 

11. C.V. Raman, Investigations of the scattering of light, Nature 123 50 (1929). 

12. S. L. Gupta, V. Kumar and R. C. Sharma, Elements of spectroscopy. 10th ed. (India: Pragati 

Prakashan) (1994). 

13. N. B. Colthup, Introduction to infrared and Raman spectroscopy (New York: Academic 

Press.) (1975). 

14. Y. S. Katharria, S. Kumar, F. Singh, J. C. Pivin, D. Kanjilal. J. Phys. D: Appl. Phys. 39 

3969 (2006). 

15. P. R. Griffiths and J. A. de Haseth, Fourier transform infrared spectroscopy (New York: 

Jon Wiley & Sons.) (2007). 

16. A. A. Christy, Y. Ozaki and V. G. Gregoriou, Modern Fourier transform infrared 

spectroscopy (The Netherlands: Elsevier B.V.) (2001).  

17. B. C. Smith, Fourier transform infrared spectroscopy (Boca Raton, Florida: CRC Press) 

(1996). 

18. J. F. Watts , J. Wolstenholme,  An Introduction to surface analysis by XPS and AES ( John 

Wiley & Sons Ltd) ( 2003). 

19. M. Fukuda, Optical Semiconductor Devices ( John Wiley & Sons, Inc.) (1999). 

20. J. F. Zieger edited ,Ion Implantation science and Technology (Yorktown, NY: Ion 

Implantation Technology CO.).  

21.  F. Watt, nucl.Instr. and Meth. B.158 165(1999). 



36 
 

22. SNICS II Ion Source: Instruction Manual (Middleton WI:National Electrostatics Corp.). 

23. R. Middleton,  A Negative Ion Cookbook ( Department of Physics, University of 

Pennsylvania, Philadelphia) (1989). 

 



37 
 

CHAPTER 3 

ION BEAM SYNTHESIS OF SIC 

 An investigation to explore the optimal annealing conditions, and effects of ion fluence in the 

SiC formation process  

3.1 Sample Preparation and Experimental Details of SiC Formation Process 

The ion beam synthesis (IBS) process was used to prepare the samples. The Si (100) 

wafers (Boron doped p-type, resistivity of 10-20 Ω-cm) were used as substrates for the synthesis 

of nano-crystalline SiC. Prior to loading the samples into the implantation chamber, the wafers 

were cleaned with acetone in order to remove the surface contaminants on the sample. The SiC 

structures were produced by 65 keV carbon ion (C-) implantation with fluences of 1×1017, 

2×1017, 5×1017, and 8×1017 atoms /cm2 into Si. The beam current was 1 µA/cm2 scanned over the 

circular implant area of 3.24 cm2. The implantation fluences were determined by current 

integration. The implantation was performed at room temperature. During ion implantation, the 

residual gas pressure in the experimental chamber was 1×10-7 torr.  The implantation profile of 

the carbon ions was simulated using a Monte Carlo simulation method (The Stopping and Range 

of Ions in Matter, SRIM-2008).1 For the 65 keV C implantation, the projected range (Rp) and 

straggling of the ions was simulated to be 192 nm and 59 nm respectively. The 65 keV C 

distribution into Si is shown in figure 3.1. 



38 
 

 

Fig. 3.1 SRIM simulation of 65 keV C distribution into Si.  

After implantation, the samples were annealed at 900 ⁰C and 1100 ⁰C for different 

intervals of time. In the SiC formation process, the effects of annealing temperature and 

annealing time were studied at first. Once the optimal annealing condition was investigated, the 

effects of C  fluence on the SiC formation process was studied. The Si sample implanted at a C- 

fluence of 8×1017 atoms /cm2 was chosen to investigate the optimal annealing condition. The C- 

fluences of 1×1017, 2×1017, 5×1017, and 8×1017 atoms /cm2 into Si were implanted in order to 

study the effects of fluence on the SiC formation process. The FTIR, XRD, Raman spectroscopy, 

XPS and TEM techniques were used to monitor the SiC formation process. 

 The Cu Kα 1.542 Å radiation was used to perform the XRD measurements on both as-

implanted and annealed samples. The XRD patterns were obtained using two-Theta scans from 

25° to 75°. The angle of incidence (Omega) with respect to the sample surface was fixed at 0.5°. 

The scan speed was 0.4°/min and the step size was 0.05°. The Rigaku Ultima-III model of XRD 

was used for the experiments. The molecular bonding of C, Si and O atoms was measured by 
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FTIR spectroscopy. The infrared absorption spectra were recorded using a 6700 Nicolet FTIR 

with 4 cm-1 resolution. 

In order to measure the effects of molecular bonding in the formation of SiC on the 

samples, Raman measurements were performed on both the as-implanted and annealed samples 

employing a Thermo-Electron Almega XR laser with a 532 nm wavelength (green). High 

sensitivity, thermoelectrically-cooled silicon CCD array detector was used to detect the Raman 

signal. 

In order to measure the chemical states of implanted carbon, XPS measurements were 

performed with an XPS-phi Versa Probe model 5000 equipped with sputter depth profiling 

system. In the XPS measurement, the Al monochromatic radiation (1486.6 eV) was used as the 

source of x-rays, which were focused to a spot size of about 200 µm. The argon sputtering was 

performed at a chamber pressure of about 1x 10-7 torr and at a typical beam voltage of 1 keV. 

The sputtering rate was determined to be 80 Å/min.  

The microstructure and the crystalline quality of the as-implanted and annealed samples 

were measured by cross- sectional TEM (X-TEM). The TEM samples were prepared by focused 

ion beam (FIB) milling using a lift-out technique. The TEM measurements were performed using 

a high resolution FEI Co. Tecnai G2 F20 S-twin machine operated at 200 keV.  

3.2 Results and Discussion: 

3.2.1 Effects of Thermal Annealing in the SiC Formation Process 

Figure 3.2 shows the FTIR spectra of the (a) as-implanted sample, and the samples 

annealed at (b) 900 ⁰C for 20 min., and (c) 1100 ⁰C for 60 min., respectively. A broad and weak 

absorption peak around 736 cm-1, observed in the as-implanted sample, indicates the existence of 

amorphous Si-C (a-SiC) bonding in the sample.2-3  However, the amount of Si-C bonding is very 
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small as inferred from the weak absorption intensity. After annealing the sample at 900 °C, the 

broad absorption band still exists with little increase in intensity. When the sample is annealed at 

1100 °C, the absorption dip becomes narrower and the peak shifts to higher frequency of about 

800 cm-1.   

 

Fig. 3.2 The FTIR spectra of the (a) as-implanted sample, samples annealed at (b) 900 ⁰C for 20 

min., and (c)  1100 ⁰C for 60 min. respectively. 

The absorption dip observed at 800 cm-1 in the annealed sample (c) is attributed to the 

transverse optical frequency of crystalline silicon carbide (c-SiC) in either the cubic (β) or 

hexagonal (α) form.2 The absorption dip at 1108 cm-1 in the ―as implanted‖ sample is due to the 

native oxide in the sample. The intensity of this absorption dip increases and shifts slightly to 

lower frequencies after annealing. The increase in intensity is due to the presence of a small 

amount of oxygen during the furnace annealing, and the shift of the absorption dip to lower 

frequencies is due to the formation of silicon sub-oxide (SiOx ,0 < x <2). 4 In addition, there is 
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another absorption dip centered at around 614 cm-1 due to the asymmetric Si-Si stretching 

vibrational mode. Katharria et al.,3 also observed a similar Si-Si stretching mode in FTIR 

measurements on a carbon implanted silicon sample.                 

 

Fig. 3.3 XRD pattern of the (a) as-implanted sample, (b) sample annealed at 900 ⁰C for 20 min. 

and (c) the sample annealed at 1100 ⁰C for 60 min. 

Fig. 3.3 is the XRD pattern from the (a) as-implanted sample, (b) sample annealed at 900 

⁰C for 20 min, and (c) the sample annealed at 1100 ⁰C for 60 min. No diffraction peaks for the 

crystalline phase were observed from the as-implanted sample.  However, in the as-implanted 

sample, broad peaks appear in the 25⁰-35⁰ and 45⁰-60⁰ ranges of the scattering angle, indicating 

the presence of amorphous Si. The amorphization of the silicon is due to the ion-induced defects 

created by the elastic collisions of the implanted carbon ions with the silicon host atoms during 

the implantation process. As shown in the diffraction pattern of (b) in Fig. 3.3, no clear 

diffraction peaks for SiC were observed in the sample annealed at 900 ⁰C for 20 minutes. 



42 
 

However, a broad peak in the range 33⁰-37⁰ assures the starting of SiC formation during 

annealing. However, the improvement in the crystallinity of the implanted sample can be easily 

observed through the Si (111), Si (220) and Si (311) peaks in the spectrum (b) of Fig. 3.3.  

Fig. 3.3 (c) shows the XRD pattern from the sample annealed at 1100 ⁰C for 1 hr.  The 

spectrum shows multiple diffraction peaks indicating the presence of a polycrystalline structure 

in the sample.  The diffractions from (111), (220) and (311) planes of the β-SiC along with the 

(111), (220), and (311) planes of Si clearly point to the formation of a crystalline β-SiC during 

the thermal re-crystallization process of the amorphized silicon. These diffraction peaks of β-SiC 

were matched with the joint committee on powder diffraction standards JCPDS data card # 74-

2307.5 

  Fig. 3.4 shows an X-TEM micrograph of the as-implanted sample.  There are two layers 

above the substrate: the top amorphous or damaged layer ~ 220 nm thick and the lower damaged 

Si layer (with a darker contrast) ~ 105 nm thick.  These damaged layers with a total thickness of 

around 325 nm match quite well with the end of range (EOR) of about 350 nm (range of 192  nm 

with longitudinal straggling of ±58 nm) of the 65 keV carbon ions implanted into silicon as 

predicted by SRIM-2008 simulation (The Stopping and Range of Ions in Matter).2 The SRIM 

simulation of 65 keV C distribution into Si is shown in Figure 3.1. The high resolution 

transmission electron microscopy (HRTEM) image and the electron diffraction pattern from the 

top amorphous layer are shown in Fig. 3.5.  No crystalline ordering in the HRTEM image and 

the halo pattern in the fast Fourier transform (FFT) image, as shown in Fig.3 5, reveal that the 

top layer is amorphous.  
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The X-TEM image of the sample annealed at 1100 ⁰C for 60 minutes is shown in the Fig. 3.6. 

The X-TEM image has a layered structure, which consists of a top polycrystalline region of 

about 150 nm in thickness, the middle amorphous layer of about 35 nm in thickness, and the 85 

nm re-crystallized layer above the substrate. 

SRIM-2008 simulation1 suggests the concentration of the carbon is about 57% of the 

atomic concentration at the depth profile peak position for 8× 1017 atoms/cm2 carbon implanted 

into Si at an energy of 65 keV.  In this case, the presence of C-C bonds in the profile peak should 

be expected which are stable at 1100 °C.6  This explains the presence of an amorphous stripe 

around profile peak position (~ below 150 nm) in Fig. 3.6. 

 

Fig. 3.5 HRTEM and corresponding FFT (in 

the inset) image from the top amorphous layer. 

Fig. 3.4 Cross-sectional TEM image of the as-

implanted sample. 
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Similar multi-layered structures have been observed by other research groups7-11 in 

carbon implanted into Si.  It is noted that the total projected range (~ 325 nm) of the amorphized 

layer in the as-implanted sample is reduced to 270 nm in the annealed sample indicating the 

process of thermal re-crystallization in the sample.  The annealing process also leads to the 

formation of crystallites of SiC.   

The HRTEM image (Fig.3.7) taken from the top re-crystallized layer at a depth of 80 nm 

from the surface reveals the crystalline fringes in different orientations.  The corresponding FFT 

image (shown in the Fig. 3.7 inset) shows the presence of β-SiC (111) along with the Si (111) 

and Si (220) planes, indicating the polycrystalline nature of the re-crystallized layer. The almost 

complete β-SiC (111) ring also indicates that the SiC lattice fringes are randomly oriented in the 

C- implanted Si. It should be noted that the β-SiC crystallites are not seen in well defined shapes.  

Fig. 3. 7 HRTEM image of the implanted 

region of the sample annealed at 1100 ⁰C for 

60 min.  The corresponding FFT image is 

shown in inset. 

Fig. 3. 6 Cross-sectional TEM image of the 

sample annealed at 1100 ⁰C for 60 min. 
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It is very difficult to point out the SiC lattice planes in the HRTEM image in Fig. 3.7. The 

inverse fast Fourier transform (IFFT) in Fig. 3.8, using only the SiC (111) ring seen in Fig. 3.7 

inset, was performed in order to more clearly locate the β-SiC (111) planes in the HRTEM 

image.  

 

Fig. 3.8  Inverse fast Fourier transform (IFFT) from SiC (111) of FFT image in Fig. 5 (b), clearly 

showing the SiC orientation in different directions. 

However, the formation of β-SiC within the amorphous Si background can be easily 

visualized in the HRTEM (Fig.3.9) image taken at a depth of around 150 nm from surface, which 

is just above the amorphous stripe (shown in Fig. 3.6) around the carbon profile peak position.   

This lattice with an inter-planar spacing of ~ 0.25 nm matches very well with the spacing of 

0.251 nm expected for the (111) planes of the β-SiC phase. The preferred orientation of the 

lattice planes (in Fig. 3.9) shows that the β-SiC grains are single crystalline in nature. Here, it is  

noticed that the β-SiC grain size is bigger in the re-crystallized region close to the carbon profile 

peak position where more carbon is available to make Si-C structures.  
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From this observation, it is noticed that the lattice recovery of the C-implanted silicon is 

higher in the 1100 °C annealed sample as compared to 900 °C annealed sample. However, the 

various re-crystallization induced defects such as grain boundaries (shown in Fig. 3.10) are 

present in the re-crystallized layer of the 1100 °C annealed sample.  Results for the annealed 

sample show that the ion induced Si lattice distortion is not completely re-crystallized with 1100 

°C annealing for 1 hr.   

 

Katharria et al.9 reported, the full recovery of carbon ion induced damaged Si region 

requires post implantation annealing temperature of 1200 ⁰C for sufficient duration. Overall, 

there is little research reported on the subject of adequate annealing conditions to completely 

recover the ion induced damage in order to  transform the amorphous Si-C bonds into crystalline 

β-SiC structures. A number of papers reported different annealing conditions for the ion beam-

synthesized buried β-SiC structure. For example, Borders et al.2 reported that β-SiC can be 

Fig. 3.9 HRTEM image of the implanted region of the sample (at a depth of around 150 nm from 

surface) annealed at 1100 ⁰C for 1 hr. 
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formed in the C+-implanted Si after post-implantation annealing at 850 ⁰C.  It has also been 

observed by Zhang et al.12 that β-SiC could be formed with 800 ⁰C post-implantation annealing. 

In the present work, as indicated in the FTIR spectrum and the XRD spectrum, there is no 

clear sign of the β-SiC formation even at a 900 ⁰C annealing temperature.  Nejim et al. 7 reported 

the formation of continuous β-SiC buried layers in silicon directly after 200 keV energy C+ 

implantation at 950 ⁰C at a high fluence of 1018 atoms/cm2.  

 

In these studies, β-SiC nano-crystallites surrounded by the amorphous and polycrystalline 

silicon matrix have been observed in the C--implanted silicon after annealing at 1100 ⁰C for 1 hr. 

3.2.2 Effect of Implanted Carbon Fluences in the Formation of SiC: A Quantitative Analysis  

FTIR spectra of the as-implanted and annealed samples are shown in Figs. 3.11 and 3.12, 

respectively. For the as-implanted sample (Fig. 3.11, the spectra are shifted vertically for clarity), 

the absorption band peak is around 736 cm-1 indicating the existence of Si-C bonding in the 

sample. This absorption band can be attributed to amorphous silicon carbide precipitates in the 

Fig. 3.10 The HRTEM image showing the lattice defects found in the re-crystallized region. 
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sample.2-3 The spectra are labeled as (b), (c), (d) and (e) for the samples implanted at fluences of 

1×1017, 2×1017, 5×1017, and 8×1017 atoms /cm2 respectively.  The spectra are vertically shifted 

for clarity. For comparison, the FTIR spectrum for pristine Si is labeled as (a) in Fig. 3.11. 

 

Fig. 3.11 The FTIR spectra of (a) pristine Si and the Si implanted with carbon at the fluences of 

(b) 1×1017 atoms/cm2, (c) 2×1017 atoms/cm2, (d) 5×1017 atoms/cm2, and (e) 8×1017 atoms/cm2 

respectively. For clarity the spectra are shifted vertically. 

No significant change in the intensity of 736 cm-1 band is observed for the samples 

implanted with different fluences. This may be due to the lack of additional Si-C bond formation 

in the as-implanted samples with the increase in fluence. FTIR is more sensitive to strength and 

arrangement of bonds in a material rather than to an exact chemical composition. The weak 

bonding strength and highly disordered Si-C bonds in the as implanted sample could result in 

less sensitive FTIR signal even though the chemical composition is changed with different 

fluences of carbon. 
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Fig. 3.12 The FTIR spectra of Si implanted with carbon with the fluences of (a) 1×1017 

atoms/cm2, (b) 2×1017 atoms/cm2, (c) 5×1017 atoms/cm2, and (d) 8×1017 atoms/cm2.  All samples 

were annealed at 1100 ⁰C for 1 hr. 

When the samples were annealed at 1100 ⁰C for 1 hr (Fig. 3.12), this absorption dip 

became narrower and shifted to a lower wavenumber of around 800 cm-1 for the samples 

implanted at the fluences of 5×1017and 8×1017 atoms/cm2.  In the case of the samples implanted 

with fluences of 1×1017 and 2×1017 atoms/cm2, this absorption dip appeared around 818 cm-1.  

The dips around 818 cm-1 for low dose samples and 800 cm-1 in the higher dose samples are both 

due to the transverse optical phonon (TO) absorption mode of crystalline silicon carbide (c-SiC) 

in either the cubic (β) or hexagonal (α) form.2   According to Bean and Newman et al., 13 the peak 

shift of the β-SiC absorption mode between high and low dose samples is due to the size 

variation of the β-SiC crystallites.   
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Fig. 3.13 Dependence of the amount of c-SiC precipitate characterized by the area under the 

absorption dip in the FTIR spectra of Si implanted with various C- fluences. 

It can also be seen in the fig. 3.12, that the area under the absorption dips increases with 

the fluences of the implanted ions. To make it clearer, the absorption dips of c-SiC observed in 

samples implanted to different fluences were fit with a Gaussian peak and the area under the 

peak is plotted as a function of ion fluence in figure 3.13. The area which is a measure of the 

amount of c-SiC precipitates in the sample, increases monotonically with ion fluence up to 

5×1017 atoms/cm2 and shows no further increase for the higher dose of 8×1017 atoms/cm2.  

In addition, there is another absorption dip around 1108 cm-1 due to the present of Si-O 

bonds in the samples.  The absorption dip around 1108 cm-1 in the as-implanted sample is due to 

the native oxide in the sample.  The intensity of this absorption dip increases and shifts to lower 

frequency after annealing.  The increase in intensity is due to the formation of a small amount of  
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oxide during annealing, the shifting of the absorption dip to lower frequency is due to the 

formation of silicon sub oxide (SiOx ,0 < x <2). 4  

Raman spectroscopy measurements were performed to further investigate the formation 

of SiC in the samples implanted with different fluences. The Raman spectra of the Si (100) 

sample as-implanted to a fluence of 5×1017atoms/cm2 and the corresponding sample  annealed at 

1100 ⁰C for 1 hr. are labeled as (b) and (c) , respectively, in fig.3.14. 

 

Fig. 3.14 Raman spectra of (a) pristine (100) Si, (b) as-implanted sample, and (c) sample 

annealed at 1100 ⁰C for 1hr. For (b, c), the sample was implanted with C- ions with the fluence 

of 5×1017atoms/cm2.   (d)  The sample was implanted with 8×1017atoms/cm2 C- ions and 

annealed at 1100 ⁰C for 1hr. 

The spectrum of the sample  implanted to a fluence of  8×1017 atoms/cm2 and annealed at 

1100 ⁰C for 1 hr is labeled as (d) in fig.3.14.  The spectrum of pristine Si (100) is labeled as (a).  

The pristine Si has a strong sharp peak around 520 cm-1 and a wide peak around 950 cm-1 
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corresponding to first and second order vibrational modes of the Si.14  The sharp peak in pristine 

Si (100) becomes broader and weaker after the sample was implanted by the energetic (65 keV) 

carbon ion beam at greater fluences.   

The broadening of the peak 520 cm -1 peak and the decrease in intensity of the Raman 

peak (b) is due to the defects and disorder induced in the implanted region due to the energetic 

ion beam.  There is another broad absorption band corresponding to the amorphous carbon in the 

range of 1200-1700 cm-1.15 Similar features (not shown in Fig. 3.14) have been observed in all of 

the as-implanted samples with the fluences of 1×1017, 2×1017, and 8×1017 atoms/cm2.  

In the case of the annealed samples, the strong sharp peaks for the Si absorption mode 

reappear indicating the process of re-crystallization in the sample.  The C-C vibrational mode in 

the range of 1200-1700 cm-1 15 completely disappears in the annealed sample implanted at the 

fluence of 5×1017atoms/cm2, indicating the replacement of C-C bonds by C-Si bonds. Similar 

features (not shown in Fig. 3.14) have been observed in the annealed samples implanted at 

fluences of 1×1017 and 2×1017 atoms/cm2. However, C-C vibrational modes still exists in the 

sample implanted at a fluence of 8×1017atoms/cm2 even after annealing. For the sample 

implanted with the fluence of 8×1017atoms/cm2, it is possible that the annealing condition of 

1100 ⁰C for 1 hr is not sufficient to convert all of the C-C bonds to crystalline C-Si bonds. The 

stability of C-C bonds in the over stoichiometric Si 1-x C x films (x > 0.55) annealed at 1000 ⁰C 

has been reported to show that much higher temperatures are necessary to dissolve C-C bonds in 

the films. 16 In our Raman measurements, direct evidence of SiC vibrations in the range of 700-

900 cm-1 could not be observed. Brink et al. 17 noted that the relatively low Raman efficiency for 

these modes could be one of the reasons for this. Serre et al. 18 also observed the similar Raman 
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features on C implanted Si sample and noticed that the SiC vibrational modes are forbidden 

when the Raman measurements are made in backscattering geometry on a (001) surface. 

The XRD patterns of the samples implanted at the fluences of 1×1017 , 2×1017 , 5×1017, 

and 8×1017 atoms/cm2 and annealed at 1100 ⁰C for 1 hr are labeled as (a), (b), (c), and (d), 

respectively. in fig. 3.15. The spectra have been displaced vertically for clarity. For the samples 

implanted with the higher dose, three diffraction peaks located at 35.5⁰, 60.0⁰ and 71.8⁰ are 

clearly seen, which belongs to the (111), (220) and (311) reflections of β-SiC, respectively.  

However, only the (111) peak of β-SiC is clearly visible in the low dose samples.  The formation 

of a relatively small amount of SiC could be the reason the peaks for the (220) and (311) planes 

are not detected for the low dose samples.  These diffraction peaks of β-SiC were matched with 

the JCPDS data card # 74-2307. 5 In the XRD pattern of fig. 3.15, besides β-SiC peaks, the 

diffraction peaks corresponding to the reflections from the (111), (220), and (311) planes of 

crystalline Si are clearly seen.  The presence of these peaks indicates the re-crystallization of 

amorphized Si into the polycrystalline phase.  Such diffraction patterns have also been observed 

by other research groups 9 in carbon implanted Si after high temperature annealing.  

None of the diffraction peaks for the Si and SiC crystals have been observed in the as-

implanted samples (not shown in fig).  This is due to the amorphization of the crystalline Si 

substrate by means of the ion induced collision cascade in Si, due to transfer of energy from the 

implanted carbon. 
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Fig. 3.15 X-ray diffraction pattern of carbon-implanted Si samples annealed at 1100 ⁰C for 1 hr.  

The diffraction patterns belong to the samples implanted with the fluences of (a) 1×1017 

atoms/cm2, (b) 2×1017 atoms/cm2, (c) 5×1017 atoms/cm2, and (d) 8×1017 atoms/cm2. 

 It can be seen from the XRD patterns that increasing the implantation fluence increases 

the SiC peaks‘ intensities and concomitantly decreases the Si peaks‘ intensities.  The increase in 

the carbon concentration, defect concentration and the disorder in the implanted layer with the 

increase of implanted carbon fluence could be the reasons behind the decrease of the Si peak‘s 

intensities in the annealed samples.  From the XRD peaks of SiC, it is noticed that the formation 

of SiC is promoted by the increase of implanted fluences from 1×1017 atoms/cm2 to 5×1017 

atoms/cm2.  However, after the implantation of the sample at a fluence of 8×1017 atoms/cm2, a 

slight decrease in the intensities of the SiC peaks is observed. This result is consistent with our 

FTIR results, where the concentration of c-SiC in the annealed sample implanted at a fluence of 

5×1017 atoms/cm2 is found to be higher than the similar sample implanted at fluence of 8×1017 
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atoms/cm2. This result is also consistent with the Raman results where the amorphous C-C 

vibrational mode exists in the annealed sample implanted at the fluence of 8×1017 atoms/cm2. 

Sari et al. 19 reported that the continuous growth of structural defects and the enhancement of 

sputtering yield produced by ion bombardment could be reasons for the decrease in the SiC 

concentration at higher implantation fluences. The XRD peaks centered at 35.5⁰ were fit using a 

Gaussian function. It is observed that the FWHM of the peak increases with the increase in 

implantation fluences. The FWHM of the peaks were then inserted into Scherrer‘s formula, 

  
    

     
,  to calculate the average particle size of the  β-SiC crystallites.  In Scherrer‘s formula  

P(Å) is the size of the crystallites, λ(1.54Å) is the wavelength of Cu Kα radiation, B (radians) is 

the full width half maximum (FWHM) of the diffraction peak, and θ is the Bragg angle. The 

average crystallite sizes were found to be 44 Å, 40 Å and 37 Å for the samples implanted with 

2×1017, 5×1017, and 8×1017 atoms/cm2, respectively.  

Further analysis to observe the dependence on ion fluences in the formation of β-SiC 

structures has been performed by using XPS technique. Fig. 3.16 shows the compositional depth 

profiles of 65 keV carbon ion implanted into Si at fluences of  (a) 1×1017, (b) 2×1017, (c) 5×1017, 

and (d) 8×1017 atoms /cm2 respectively.  
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Fig. 3.16 Carbon atomic concentration profiles determined from integrated intensity of C 1s and 

Si 2p signals. 

The compositional depth profile is for the samples annealed at 1100°C for 1 hr. The 

composition profile was deduced from the integrated peak intensity of C 1s and Si 2p XPS 

signals. A small amount of oxygen was also detected in the near surface region due to the air 

exposure and furnace annealing of the sample. The oxygen count was found to decay rapidly to 

below the detection limit within a depth of 20 nm. The carbon profile peak position for sample 

implanted at higher fluences (5×1017 atoms/cm 2 and 8×1017 atoms/cm 2) and lower fluences 

(1×1017 atoms/cm 2 and 2×1017 atoms/cm 2) is observed to be different and attributed to the 

different sputtering effect during implantation. The XPS signals from sample surface and first 

sputtering cycle are not included in the depth profile of  Fig. 3.16.  

An intense surface C 1s peak due to carbon contamination was observed in the sample 

surface. The presence of such surface carbon peaks were also observed in crystalline Si as 
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implanted with high fluence of carbon at room temperature. 18   In order to observe the formation 

of SiC, the shift in the binding energy as well as the change in the peak area in the XPS spectra 

of C 1s and Si 2p signal has been utilized. For example, Fig. 3.17 and 3.18 shows the XPS 

profile of C 1s signal measured at different depths of the sample implanted at a fluence of 8×1017 

atoms/cm 2 and 5×1017 atoms/cm 2 respectively.  

 

Fig. 3.17 XPS C 1s spectra of the sample implanted at a fluence of 8×1017 atoms/ cm2 at various 

depths. 

As seen in Figures 3.17 and 3.18. the intensity of the peak increases with depth up to the 

profile peak position (at around 30th measuring cycle) and then starts to decrease after the peak 

profile position. Similar features (not shown in the figures) have been observed for samples 

implanted at the fluence of (a) 1×1017, and (b) 2×1017respectively. It can be clearly seen that the 

B.E. is shifted to higher value from surface to the profile peak position. 
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Fig. 3.18 XPS C 1s spectra of the sample implanted at a fluence of 5×1017 atoms/ cm2, at various 

depths. 

The B.E is shifted to lower value from profile peak towards the Si substrate. In the case 

of the sample implanted at a fluence 8×1017 atoms /cm2, the B.E shift to about 284 eV around the 

profile peak position can be seen in Fig. 3.17. However for sample implanted at a fluence of 

5×1017 atoms/cm 2, B.E is not close to 284 eV at any depths from the surface. In order to study 

the nature of carbon related chemical bonds at different depths of samples in more details, the 

binding energy position and full width at half maximum (FWHM) of the C 1s and Si 2p signals 

measured at different depths of the samples implanted at the fluence of 1×1017, 2×1017, 5×1017, 

and 8×1017 atoms /cm2 have been measured by fitting the peaks with a Gaussian function. The 

binding energy of the C 1s signals versus sputtering time (depth) for samples implanted at  

fluences of (a) 8×1017 atoms /cm2 , (b) 5×1017 atoms /cm2 , (c) 2×1017, and (d) 1×1017 atoms /cm2 
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is shown in Fig.3.19. The The binding energy of the Si 2p signals implanted at  higher fluences 

of (a) 8×1017, and (b) 5×1017 atoms /cm2 is shown in Fig.3.20.  

 

Fig. 3.19 B.E. of C 1s signal verses sputtering time for samples implanted at a fluences of  (a) 

8×1017 atoms/cm2, (b) 5×1017 atoms/cm2, (c) 2×1017 atoms/cm2  and (d) 1×1017 atoms/cm2, 

respectively. 

When the depth is increased, a slight increase in binding energy towards the profile peak 

is observed. The shift in B.E. can be attributed to the change in chemical states of the carbon and 

Si atoms in the samples. The shift in binding energy can be explained by the following simple 

physics principle. Since C is more electronegative than Si, electrons displace from Si atoms 

towards implanted carbon. This causes the remaining electrons on Si of SiC to be more stable 

than substrate Si, which results in an increase of the B.E. of the Si 2p signal. Accordingly, the 

increase in electron density around implanted C atoms decreases the stability of remaining 

electrons on Carbon. This makes the B.E. reduction of the C1s signal in SiC compared to pure C-
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C bonds. The binding energy of C 1s peaks for sample implanted at a fluence of 5×1017 atoms 

/cm2 is in the range of 282.6 eV to 283.2 eV. The binding energy in the range of 282.5-283.5 eV 

are typical values obtained in cubic crystalline SiC (β-SiC). 

 

Fig. 3.20 B.E.of Si 2p signal  verses sputtering time for samples implanted at a fluences of 

5×1017 atoms/cm2  and 8×1017 atoms/cm2, respectively. 

However, in case of the sample implanted at fluence of 8×1017 atoms/cm2, the B.E. is 

increased from 283 eV at the sample surface with around 10 % carbon content to B.E. value of 

around 284 eV at profile peak with around 60 % carbon content. The C 1s B.E of 284 eV is 

attributed to graphitic C-C bonds. This can be clearly seen in Fig. 3.21 where the B.E. has been 

plotted as a function of carbon concentration for the sample implanted at a fluence of 8×1017 

atoms/cm2. In the figure 3.21, the arrow follows the direction of increasing depth. The B.E. 

increases until the carbon concentration reaches a maximum value of about 60 %. After the 

maximum carbon content, the B.E. decreases with the increase in depth ( i.e with the decrease in 
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carbon content) . It is suggested that, the implanted region with overstochiometric carbon content 

(more that 50 atomic %) contains C-C bonds which are stable at 1100 ⁰C. The stability of such 

graphitic C-C bonds due to excess carbon atoms which are not bound to silicon, results in 

limiting the growth of SiC precipitates around the profile peak position in sample implanted at a 

fluence of 8×1017 atoms/cm2. The stability of C-C bonds in the overstoichiometric Si1-x Cx films 

(x > 0.55) annealed at 1000 ⁰C has been reported 16 to show that the much higher temperatures 

are necessary to dissolve C-C bonds in the films.  

 

Fig. 3.21 B.E. of C 1s signal verses C atomic concentration for samples implanted at a fluence of 

8×1017 atoms/cm2. 

In the case of the sample implanted at lower fluences (1×1017  and 2×1017 atoms/cm 2 ), 

the B.E. position of the C 1s signal is found to be independent of depth from the surface. The 

B.E. is found to be close to 283 eV at all depths. Thus it is clear that the most of the carbon 

atoms incorporated in the implanted samples are in the form of Si-C bonds except for the 
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samples implanted at 8×1017 atoms/cm2 where graphitic C-C bonds around the profile peak 

position are observed. To further discuss the change in chemical states of implanted carbon and 

substrate Si atoms, the depth profile of the FWHM of the Si 2p and C 1s signals have been taken 

into account. Fig. 3.22 shows the depth profile of Si 2p signals. For samples implanted at lower 

fluences (1×1017  and 2×1017 atoms/cm2), the FWHM increases with the increase in C-content. 

However, the double peak features are observed in the FWHM of Si 2p signals for sample 

implanted at higher fluences (5×1017 and 8×1017 atoms/cm2). Similar features have been observed 

in the depth profile of FWHM of Si 2p signals in the SiC thin layers produced by C+ ion 

implantation into Si using metal vapor vacuum arc ion source.20 

 

Fig. 3.22  FWHM of Si 2p signal versus sputtering time for sample implanted at fluences of 

1×1017 atoms/cm2, 2×1017 atoms/cm2, 5×1017 atoms/cm2  and 8×1017 atoms/cm2, respectively. 

Comparing to Fig. 3.16, the region between the peaks corresponds to the higher carbon 

content around the peak of the carbon distribution. In this region, no significant change in the 
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FWHM of the Si 2p signal is observed for the sample implanted at a fluence of 5×1017  

atoms/cm2 . However, for the sample implanted at a fluence of 8×1017 atoms/cm2, a clear dip in 

the depth profile of FWHM between the carbon atomic concentration of 50% and 60 % is 

observed. Since more excess carbon is available, the probability of the existence of stable C-C 

bonds increases with the increase in carbon content from 50 % to 60 %. This might result in the 

decrease of the FWHM of the Si 2p signal as more carbon is used up in forming C-C bonds 

instead of Si-C bonds.  

 

Fig. 3.23 FWHM of C 1s signal versus sputtering time for sample implanted at a fluencies of 

5×1017 atoms/cm2  and 8×1017 atoms/cm2, respectively. 

In the cases of lower fluence samples (1×1017  and 2×1017 atoms/cm2), such behavior is 

not observed where all the implanted carbon ions are in Si-C structures and the FWHM of the Si 

2p signal increases with the increase in the carbon content. In the case of the depth profile of 

FWHM of C 1s signal, no double peak features are observed as it was in the depth profile of the 
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Si 2p signal. The FWHM of the C 1s signal increases with the increase in carbon content in all 

samples. For example, the depth profiles of the FWHM of the C 1s signal for samples implanted 

at fluencies of 5×1017, and 8×1017 atoms/cm2  are shown in Fig. 3.23. 

3.3 Conclusions 

In this work, a systematic study has been made of the formation of buried β-SiC 

structures by the implantation with  high fluences of carbon ions (1×1017, 2×1017, 5×1017, and  

8×1017 atoms/cm2) at 65 keV energy followed by high temperature thermal annealing. The buried 

β-SiC structures have been synthesized in a Si (100) matrix by employing the combination of 

room temperature ion implantation and post implantation thermal annealing at 1100 ⁰C. 

Referring to Fig.3.2 for the FTIR measurements and Fig. 3.3 for XRD measurements on the 

sample implanted at the fluence of 8×1017 atoms/cm2, β-SiC formation is not observed in the 

sample annealed at 900 ⁰C. However, FTIR and XRD measurements show the formation of β-

SiC in the sample annealed at 1100 ⁰C for 60 min. at a temperature of 1100 ⁰C. The HRTEM and 

corresponding FFT analysis confirm the formation of β-SiC crystallites surrounded by 

amorphous and polycrystalline Si. It is found that the crystalline quality of ion implantation 

induced amorphized Si is improved after annealing, along with grain boundary and line defects. 

From our overall experimental observations, it is concluded that at least 60 min. of annealing 

time at 1100 ⁰C is required to observe the formation of buried β-SiC structures by all the 

techniques used in our analysis (FTIR, XRD, and TEM). 

The quantitative analysis on the β-SiC formation was performed on the sample implanted 

at the fluences of 1×1017,  2×1017,  5×1017, and  8×1017 atoms/cm2 ,  and annealed at 1100 ⁰C for 

1 hour. It has been found that the amount of β-SiC is increased with the increase in the ion 

fluences from 1×1017 atoms/cm2 to 5×1017 atoms/cm2.  However, for the sample implanted at the 
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highest fluence of 8×1017 atoms/cm2, the amount of β-SiC is found to be slightly less than the 

sample implanted at a fluence of 5×1017 atoms/cm2. This result is confirmed by FTIR, Raman, 

XRD and XPS characterization techniques.   
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CHAPTER 4 

ION BEAM SYNTHESIS AND OPTICAL PROPERTIES OF C-NANOSYSTEM 

EMBEDDED INTO THERMALLY GROWN SiO2  

4.1 Sample Preparation and Experimental Details of Embedded C-Nanoclusters  

Thermally grown SiO2 on a Si (100) wafer (Boron doped p-type, resistivity of 10-20 Ω-

cm) was used as a substrate in the present experiment.  Prior to loading the wafer into the 

implantation chamber, the wafer was cleaned with acetone in order to remove surface 

contaminants from the sample. The wafer was then implanted at room temperature with 70 keV 

carbon ions (C-) at a fluence of 5×1017 atoms/cm2.  Low current density was maintained in order 

to avoid sample heating during ion implantation.  The typical raster beam current density was 1 

µA/cm2 and the implantation fluences were determined by current integration.  During ion 

implantation, the residual gas pressure in the experimental chamber was 1×10-7 torr. The 

implantation profile of the carbon into SiO2 was simulated using a Monte Carlo simulation 

method (SRIM-2008).1 For 70 keV C implantation, the projected range (Rp) and straggling of 

the ions was simulated to be 220 nm and 62 nm, respectively. The as-implanted sample was then 

annealed in a mixture of argon and hydrogen (96 % Ar + 4% hydrogen) at 1100 ⁰C for different 

intervals of time to allow the growth of nanostructures within the matrix. To assess the formation 

of nanostructures, Raman spectroscopy and HRTEM measurements were carried out on both as-

implanted and annealed samples. Raman measurements were performed using a Thermo-

Electron Almega XR spectrometer with a 532nm (green) laser. The TEM samples were prepared 

by FIB milling using a lift-out technique. The TEM measurements were performed using a high 

resolution FEI Co. Tecnai G2 F20 S-twin machine operated at 200 keV. A Kimmon IK HeCd 
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continuous wave (CW) laser with a wavelength of 325 nm was used to excite PL.  In the PL 

experiments, the sample was mounted inside an evacuated Janis CCS-150 cryostat having a 

temperature range between 8 and 325 K.  A variable frequency chopper was employed to provide 

a reference frequency.  The PL signal was probed by a Spex 1401 monochromator with a 

spectral resolution of 0.18 cm and a C31034 photomultiplier tube detector connected to a 

Stanford Research SR 830 lock-in amplifier for background noise reduction. 

4.2 Results and Discussion 

Detailed investigations on the microscopic structure of the ion beam synthesized C/ SiO2 

system were performed by TEM. Fig. 4.1 shows the overview of the thermally grown SiO2 layer 

(~500 nm thickness) implanted with 70 keV C ions.  

 

Fig. 4.1 Cross-sectional TEM image of the as-implanted sample. 

A HRTEM image taken at a depth of 200 nm from the sample surface (carbon profile 

peak position) is shown in Fig. 4.2. The corresponding selected area diffraction (SAD) image is 
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shown in the inset of Fig. 4.2. The halo pattern in the SAD image indicates that the sample is 

amorphous in nature. The contrast variation in that image is likely due to mass and density 

fluctuations caused by the inclusion of the carbon into the SiO2. The implanted carbon exhibits 

clustering after thermal annealing.  

 

Fig. 4.2  HRTEM and corresponding SAD (in the inset) images from the implanted region of as- 

implanted sample. 

Fig. 4.3 shows an HRTEM micrograph of amorphous carbon (a-C) clusters with an 

average size of 3 nm after annealing at 1100 ⁰C for 10 min. As seen in Fig. 4.4, these clusters are 

found to be more ordered as the annealing time is increased to 90 min. The dark appearance of a-

C clusters could be due to the higher density of a-carbon clusters than the thermal SiO2 matrix.2   
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Raman Spectroscopy measurements were carried out to further investigate the formation 

of a-C clusters in the samples. The as-implanted sample has a single broad Raman peak centered 

around 1500 cm-1 due to amorphous carbon 3 as shown in Fig.4.5. After annealing the sample, 

two clearly distinguishable peaks a disorder (D) peak (the lower Raman shift value) and a 

graphite (G) peak (the higher Raman shift value) appear. The appearance of those two peaks 

suggests the aggregation of implanted carbon into sp2 bonded carbon nanoclusters (graphite like 

clusters) in the sample. 2-3  In Fig. 4.5, it is seen that the intensities of the two peaks vary 

gradually with annealing time indicating the evolution in the size of the nanoclusters.  

Fig.  4. 3 HRTEM image of the sample 

annealed at 1100 ⁰C for 10 min. 
Fig. 4. 4 HRTEM image of the sample 

annealed at 1100 ⁰C for 90 min. 
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Fig. 4.5 Raman spectra of as-implanted sample, and samples annealed for different time periods 

at 1100 ⁰C. 

The intensities of the D and G peaks as a function of annealing time were determined by 

Lorentzian curve fits. The calculated intensities were applied to the equation 









D

G
a I

I
L 44   to 

determine the size of the nanoclusters.4 In the equation, aL is the cluster size in angstroms. 

Figure 4.6 shows that the average cluster size increases with annealing time from 33Å after 

annealing for 10 min. to about 39Å after annealing 60 min.  Further annealing to 90 min. did not 

increase the nanocluster size appreciably.  The gradual decrease in the FWHM of the G peak 

with annealing time up to 60 minutes indicates that the graphitic clusters become larger and more 

ordered. Further annealing to 90 min. did not decrease the FWHM noticeably.  In addition to the 

broad peak in the as-implanted sample and two peaks (the D and G) in the annealed samples, a 

Raman signal at around 520 cm-1 (not shown in figure) due to the SiO2 matrix was also observed 
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in both the as-implanted and annealed samples. The Raman signals for Si-C vibrational modes 

were not observed in the samples.  

 

Fig. 4.6 Dependence of FWHM of the G peak and cluster size on annealing time showing that 

the FWHM decreases with annealing time while the cluster size increases. 

As also shown in Fig. 4.5, the sample annealed for 120 min. did not show any carbon 

peaks which is probably due to the complete loss of carbon as a result of thermal diffusion. The 

X-ray photoelectron depth profile measurement on the 120 min. annealed sample shown in Fig. 

4.7 also confirms the complete diffusion of carbon from the sample as the annealing time is 

increased. During the depth profile measurement on the as-implanted sample, a large amount of 

carbon was observed in first 30 nm from the surface. The carbon layer in the surface disappeared 

after annealing the sample at 1100 °C. The profile for the first 30 nm of surface carbon that 

appeared in the as-implanted sample is not included in Fig. 4.7.  The huge surface carbon layer in 
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the as-implanted sample could be due to the sputtering effect of high fluence of carbon implanted 

into SiO2.  

 

Fig. 4.7 Carbon atomic concentration profiles for (a) as-implanted sample and samples annealed 

at 1100 °C for a period of (b) 30 min., (c) 60 min., (d) 90 min. and (e) 120 min. respectively. 

This observation contradicts a previous study of the diffusion and segregation of carbon 

ions implanted into SiO2 films by Mizushima et al. 5  In this work, carbon was found to reside in 

the implanted region and form stable bonds with other atoms in the SiO2 films in the case of high 

fluences (1×1016 atoms/cm2) of carbon implantation. Whereas for low fluences (1×1015 

atoms/cm2) of carbon implantation, the implanted carbon diffused and segregated at the SiO2 

side of the Si/SiO2 interface.  Similar observations for carbon diffusion through SiO2, from a 

hydrogenated amorphous C-layer deposited onto the Si/SiO2 system by plasma-assisted CVD 

technique have also been reported.6  In this study, carbon was found to diffuse and accumulate in 

the form of SiC at the Si side of the Si/SiO2 interface when the sample was annealed at 1140 °C 
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for 30 min.  In these studies, no carbon was found to be lost from the SiO2 films.  A previous 

study 7 on carbon-implanted SiO2 films reported a rapid loss of carbon in the form of carbon 

monoxide for the first 15 min. of annealing at 1100 °C. However, only a negligible loss of 

carbon occurs after 15 min. of annealing. It was also reported that the precipitation of the 

implanted carbon into stable carbon clusters occurs after 15 min. of annealing leading to a 

dramatic decrease in the carbon release after 15 min. of annealing. 

In the present study, Raman spectroscopy and XPS depth profile measurements show the 

loss of the implanted carbon even if there is an improvement of carbon clustering in SiO2 during 

annealing.  XPS measurements demonstrate that the implanted carbon forms mostly the C-C 

bonds with a binding energy of about 284 eV in all the samples. For example, XPS binding 

energy profiles of C-C bonding for samples annealed at 30 min., 60 min., and 90 min. are shown 

in Fig.4.8.  It is clearly observed that the spectral density as well as the intensity is decreased 

from 30 min. to 90 min. annealing time. These bonds are found to be unstable and to convert to 

the volatile C-O bonds with a binding energy of ~286 eV during furnace annealing, and escape 

out of the sample. There could be two possibilities for the loss of implanted carbon from SiO2 

matrix. One possibility is the diffusion of carbon to the sample surface where it combusts in the 

presence of oxygen and escape as carbon gaseous compounds such as carbon monoxide and 

dioxide. Another possibility is the diffusion of ambient oxygen into SiO2 matrix which reacts 

with implanted carbon to form unstable carbon gaseous compounds such as CO and CO2, and 

escapes out of the matrix.  No indications of the formation of Si-C bonds (with a binding energy 

of about 283 eV) are found in the as-implanted and annealed samples.  
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Fig. 4.8  B.E. profiles of C 1s signal for samples annealed at 1100 ⁰C for period of 30 min., 60 

min., and 90 min., respectively. The figure clearly shows the presence of C-C bonding with 

binding energy of about 284 eV. 

The room temperature photoluminescence (PL) spectra are shown in Fig. 4.9. Curve (b) 

is a PL spectrum of the as-implanted SiO2 film.  There are two broad PL bands peaked at ~ 2.2-

2.4 eV and ~ 2.9 eV, respectively.  The PL curve was very well fitted with these two bands.  For 

comparison, a PL spectrum of an as-grown (non-implanted) SiO2 film is shown in curve (a).  

This curve has the 2.9 eV band.  Since, the 2.9 eV band exists in both the as-grown, and the as-

implanted SiO2 film, this band is attributed to intrinsic defects in the SiO2 film. To elucidate the 

origin of the 2.2-2.4 eV bands, the PL spectra for the implanted SiO2 annealed for 10 min., 30 



76 
 

min., 90 min., and 120 min. are also shown and labeled as (c), (d), (e), and (f) respectively in Fig. 

4.9. The PL band at 2.9 eV, attributed to the intrinsic defects in SiO2 films, exists in all the 

annealed samples. The 2.2-2.4 eV PL band exists in the samples annealed for 10 min., 30 min., 

and 90 min. respectively. The intensity of the 2.2 eV band increases first from as-implanted 

sample to 10 min. annealed sample and then decreases to 30 min. annealed sample. The PL 

signal for the 30 min. annealed sample has been multiplied by a factor of 2. The PL spectrum for 

the 60 min. (not shown in Fig.4 9) annealed sample is similar to the 30 min. annealed sample. 

This band intensity increases again for the 90 min. annealed sample. Since, no 2.2 eV band is 

observed in the as-grown SiO2, it is possible to assign this band either to the inclusion of carbon 

nanostructures, or to the implanted C- ion-induced defects in SiO2. 

 

Fig. 4.9  Room temperature PL spectra of (a) as grown SiO2, (b) as-implanted sample and sample 

annealed at 1100 °C for a period of (c) 10 min., (d) 30 min., (e) 90 min. and (f) 120 min. 

respectively. 
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As observed in the HRTEM image and the Raman spectra, the carbon clusters become 

more ordered and increase in size as the annealing time increases up to 60 minutes, while no 

such linear change in the intensity and the PL peak position is observed.  Contrary to the PL 

band around 2.2 eV reported by Hayashi et al. 8 and Sendova-Vassileva et al. 9 on C-SiO2 

composite films produced by rf co-sputtering, there is no significant dependence of the intensity 

and position of the 2.2 eV band observed in this study on the carbon content in the samples. The 

XPS depth profile measurements on our samples showed that the concentration of carbon (24 % 

at the profile peak position) remains almost the same when the sample is annealed up to 30 min. 

However, the carbon concentration rapidly decreases in the 60 min. annealed sample (15 % at 

the profile peak position), and the 90 min. annealed sample (5 % at the profile peak position). No 

implanted carbon is detected in the 120 min. annealed sample by XPS. Also, no considerable 

dependence has been reported of the carbon content on the 2.2 eV PL band due to carbon clusters 

embedded into gel-glasses synthesized by a sol-gel process.10 This paper also reported the 

absence of the 2.2 eV PL band in uncarbonized gel-glasses (gel-glasses without carbon).  

However, in the present study, it is observed that the broad 2.2 eV PL band is still 

observed in the 120 min. annealed sample with little shift to higher energy, whereas no carbon is 

detected by the XPS depth profiling and Raman spectroscopy. From this observation one can 

attribute the possible origin of this emission to carbon ion-induced defects in SiO2.  Nonetheless, 

the dark clusters still can be seen in the HRTEM image (not shown) taken at the profile peak 

position in the 120 min. annealed sample. The exact density of the carbon clusters is not known 

in the present study. From the XPS and Raman measurements, no significant dependence of the 

C concentration on the evolution of carbon clusters has been observed. Although no exact 

density of a-C clusters is known, there is a dependence of the cluster density on the carbon 
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concentration as more of the C-C bonds are observed in the XPS spectra (not shown), and more 

carbon clusters are seen in the HRTEM image in the 10 min. annealed sample compared to the 

90 min. annealed sample. Therefore, the possibility that the nano-carbon clusters in the samples 

are the source of broad ~ 2.2 eV band cannot be fully ignored as no work has been reported on 

the minimum concentration of carbon in SiO2 that is required to produce carbon-related 

luminescent centers, such as carbon clusters in our case. Since no significant change in the 2.2 

eV PL band on carbon concentration has been observed, the possible trace amount of carbon in 

the 120 min. annealed sample, which is below the detection limit for XPS and Raman 

spectroscopy, could still yield a detectable PL signal at ~2.2 eV. 

 

Fig. 4.10  Low temperature (10 K) PL spectra of ample annealed at 1100 °C for a period of (a) 

10 min., (b) 30 min., (c) 90 min. and (d) 120 min. respectively. 
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To further investigate the origin of 2.2 eV bands, low temperature PL measurements were 

performed on the C- implanted SiO2 films. Fig.4.10 shows PL spectra measured at 10 K. The 

spectra are labeled as (a), (b), (c), (d), and (e) for the samples annealed for 10 min., 30 min., 60 

min., 90 min., and 120 min., respectively. Luminescence response from the as-implanted (not 

shown) sample and the samples annealed for 10 min., 30 min. and 60 min. are similar to the 

corresponding room temperature PL data. However, for samples annealed for 90 min. and 120 

min., two new sharp and intense lines centered at 3.31 eV and 3.34 eV ere observed. The FWHM 

of these narrow bands are calculated to be 16 meV and 20 meV respectively. Peaks around 3.3 

eV have been observed on silicon oxide films prepared by Plasma enhanced chemical vapor 

deposition (PECVD) 11, and sputtering. 12  The 3.3 eV PL features in those films were attributed 

to defect states related to the Si-O species.  Chen et al. 13 also reported the 3.3 eV PL band from 

silicon oxide films prepared by PECVD. This band was attributed to the formation of Si 

nanocrystals due to the phase separation of silicon oxide (SiOx, 0 < x < 2) films into a stable SiO2 

and an elemental Si. However in the present study, no elemental Si peaks (with binding energy 

of ~ 99 eV) from the implanted SiO2 are observed. XPS measurements on samples annealed at 

90 min. and 120 min. reveal a Si peak at ~ 103 eV corresponding to SiO2. However, Si rich 

clusters at the SiO2-Si interface formed after 90 min. and 120 min. of annealing can be seen in 

the HRTEM image in Fig. 4.11. The fast Fourier transform (FFT) pattern in the inset of Fig.4.11 

taken from the selected region at the SiO2 side of the interface confirms the existence of Si 

nanostructures at the interface. No such clusters at the SiO2-Si interface were formed in all other 

annealed samples except the 90 min. and 120 min. anneals. 
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Fig. 4.11 HRTEM image of sample annealed at 1100 °C for a period of 120 min. 

Recently, the low temp (77 K) PL measurements on ion beam synthesized Si nanoclusters 

embedded into a Si matrix revealed very similar sharp PL bands around 3.31 eV and 3.36 eV, 

(also employing the 325 nm excitation wavelength of a HeCd laser). 14 By the same token, 

analogous sharp UV PL peaks in the 3.1-3.3 eV region were observed by Zheng et al. 15 at low 

temperature (10 K) from silicon quantum tips covered by SiO2 when the sample was also excited 

by 325 nm line of a He-Cd laser. In the present study, the origins of such UV bands are not fully 

understood as no evidence for the formation of embedded Si clusters in the implanted region of 

an amorphous SiO2 is found. However, the Si rich clusters at the SiO2-Si interface formed after 

90 min. and 120 min. annealing can be seen in the HRTEM image in Fig 4.11. The fast Fourier 

transform (FFT) pattern in the inset of Fig. 4.11 taken from selected region at the SiO2 side of the 

interface confirms the existence of Si nanostructures at the interface. The formation mechanism 

of such interface clusters after long annealing time (90 min. and 120 min.) is not well understood 
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at this stage. No such clusters at the SiO2-Si interface were formed in all other annealed samples. 

From our general observations, the origin of the intense PL bands at 3.31 eV and 3.34 eV were 

tentatively attributed to the Si-related clusters at the SiO2-Si interface for the 90 min. and 120 

min. annealed samples. To that end, further studies are needed to understand the origins of these 

intense UV bands. 

4.3  Conclusions 

Detailed investigations using Raman spectroscopy, XPS, HRTEM, and PL on the effects 

of thermal annealing on the structural and optical properties of C implanted SiO2 – revealed the 

formation of carbon nanoclusters embedded into SiO2. The Raman and HRTEM measurements 

showed the increase in the average carbon cluster size from 33 Å  to 39  Å when the samples 

were annealed from 10 min. to 90 min. at a fixed temperature of 1100 °C. Further annealing of 

the samples up to 120 min. eliminated Raman peaks associated with the C clusters. No carbon 

was also detected in the XPS depth profile for the 120 min annealed sample. As shown in the 

XPS depth profile in Fig. 4.7, the carbon concentration has decreased during furnace annealing. 

The carbon peak concentration decreased to ~ 5% in the 90 min annealed sample from ~ 24 % in 

as-implanted sample.  Formation of unstable volatile bonds such as CO and/or CO2 could be the 

possible reason for the loss of carbon during high temperature annealing.  No considerable 

diffusion of the implanted carbon to either side of the profile peak position (towards the free 

surface or the SiO2-Si interface) is observed. Although the exact density of the carbon clusters is 

unknown, the HRTEM and XPS measurements showed that the carbon cluster density depends 

on the carbon concentration in the sample. No other types of bonding (such as Si-C and 

elemental Si-Si) were detected in the implanted region of SiO2. However, as shown in the 

HRTEM image in Fig. 4.11, the Si clusters at the SiO2-Si interface were observed in the samples 
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annealed for 90 min. and 120 min. Such structures were not observed at the interface for the 

samples annealed for 10, 30 and 60 min. At this stage, the mechanism of formation of Si clusters 

at the interface after long annealing times (90 min. and 120 min.) at 1100 °C is not well 

understood. The room temperature PL measurements revealed mainly two broad bands centered 

at ~2.2 eV and ~2.9 eV in all the studied C-implanted samples. The 2.9 eV band was also 

observed in thermally grown SiO2 (virgin) sample. The 2.9 eV emission in all the samples was 

attributed to intrinsic defects in SiO2.  Carbon clusters are roughly attributed to the broad bands 

at ~2.2 eV emission. For low temperature PL measurements, the Si nano inclusions at the SiO2-

Si interface are tentatively attributed to the sharp emission peaks at 3.31 eV and 3.34 eV.  
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CHAPTER 5 

CONCLUSION OF THE DISSERTATION 

A systematic study has been performed to investigate the optimal annealing condition to 

synthesize β-SiC through ion implantation. Annealing parameters of 1100 ⁰C temperature and 1 

hr. time has been found to be optimal to observe the formation of  β-SiC structures in Si. The 

effect of carbon ion fluences in the formation of β-SiC has been studied by keeping the annealing 

parameters fixed at 1100 ⁰C temperature and 1 hr. time. To observe the effect of ion fluences in 

the formation of β-SiC, carbon ion fluences of 1×1017 atoms/cm2, 2×1017 atoms/cm2, 5×1017 

atoms/cm2 and 8×1017 atoms/cm2 at energy of 65 keV were implanted into Si. It has been 

observed that the amount of β-SiC is increased with the increase in implanted carbon fluence 

from 1×1017 atoms/cm2 to 5×1017 atoms/cm2.  Above this fluence, the amount of β-SiC appears 

to saturate. This saturation behavior has been investigated by various material characterization 

techniques such as FTIR spectroscopy, Raman spectroscopy, XRD, XPS and TEM. It has been 

concluded that the stability of graphitic C-C bonds at 1100 ⁰C for the sample implanted at a 

fluence of 8×1017 atoms/cm2 limits the growth of SiC precipitates in the sample. Such limitation 

in the growth of SiC results the saturation behavior in the formation of β-SiC in this dissertation 

work. 

An investigation to explore the effect of annealing conditions on the structural and optical 

properties of carbon implanted SiO2 has been performed. The thermally grown SiO2 substrate 

was implanted with carbon ion at a fluence of 5×1017 atoms/cm2 at an energy of 70 keV. The 

implanted sample was cut into several pieces and annealed at 1100 ⁰C for periods of 10 min., 30 

min., 60 min., 90 min., and 120 min. to observe the effect of such small variation of annealing 
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time in the structural and optical properties of the samples. It has been observed that the carbon 

nanoclusters (c-c bonding) are formed in the samples. The formed clusters become more ordered 

and increase in size as the annealing time is increased from 10 min. to 60 min. the cluster size is 

not increased from 60 min. to 90 min. annealing. The complete loss of implanted carbon from 

the samples has been observed in the sample annealed further to 120 min. through Raman 

spectroscopy and XPS measurements The room temperature PL measurements on the samples 

revealed visible emissions pointing to ion induced defects and /or amorphous carbon 

nanoclusters as the origin of a broad 2.0-2.5 eV band, and the intrinsic defects in SiO2 as the 

possible origin of the ~2.9 eV bands. In low temperature (8K) PL measurements two sharp and 

intense photoluminescence lines at ~3.31 eV and ~3.34 eV appear for the samples annealed for 

90 min. and 120 min. whereas, no such bands are observed in the samples annealed for 10 min., 

30 min., and 60 min. The Si nanoclusters forming at the Si-SiO2 interface could be the origin of 

these intense peaks.  
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APPENDIX 

DESIGN AND INSTALLATION OF HIGH ENERGY ION IMPLANTATION BEAM LINE 

FOR A 3 MV TENDEM PELLETRON ACCELERATOR 
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An MeV energy beam line for ion implantation of carbon and silicon to fashion optically-

active nanocrystals has been constructed at the IBMAL (www.phys.unt.edu/ibmal) at the UNT. 

The implantation line is at 15 and consists of a set of slits to define the beam, a doublet 

quadrupole focusing lens, a 40 kV electrostatic ion beam raster scanner, and target chamber for 2 

cm diameter circular implants. A 1.95 m drift section between the scanner and target is sufficient 

to accommodate 10 MeV carbon and silicon ions. It was determined that the separation between 

the slits and quadrupole should be at least 10 cm to achieve point-to-parallel focusing in the 

beam line. It was also determined that, for a slit opening of 2 mm, the distance between the 

upstream bending magnet and the analyzing slit should be at least 20 cm to allow only single 

isotopes of carbon to pass into the beam line. 

A1. Introduction 

High energy ion implantation/irradiation has found some interesting uses in the 

semiconductor industry, predominantly as a research tool, and in the radiation therapy industry 

for treating certain type of cancers. For research and the limited applications where cost is not 

the driving issue, high energy ion implantation/irradiation has had some success. For example, 

since the dose can be tightly controlled, high energy irradiation has been successful in 

Simulating the effects of radiation 1 on microelectronic devices 2-3 and biological materials, with 

both terrestrial and space applications. More recently researchers have been exploring the 

possibility of using high energy ion implantation/irradiation for use in nanofabrication. Some 

researchers are taking a focused beam approach,4 while others are using a more standard 

rastered-beam technique that utilizes the damaging effects and annealing power of energetic ions 

to precipitate nanoclusters.5 The installation of a low-MeV implant line at the UNT‘s, IBMAL 

follows the traditional raster beam approach. This facility will primarily be used to fabricate 

http://www.phys.unt.edu/ibmal
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nanocrystals under the bombardment of energetic ions, but will also be instrumental in ion 

irradiation research and deep impurity implantations.  

In what follows, we discuss the design and installation of this beam line, with particular 

emphasis on the consideration given to determine the optimal placement of the various ion 

optical elements in the beam line given the constraints of our system. 

A2. Experimental Set Up and Corresponding Ion Optics  

The IBMAL at the UNT has a number of particle accelerators and ion implantation beam 

lines with the capability of producing and accelerating almost any element in the Periodic Table 

over a wide range of ion energies from 10 keV to 10 MeV. The overview of the main laboratory 

of the IBMAL is shown in the Fig.A.1. 

 

Fig.  A.1  The layout of the main laboratory of IBMAL showing the 3 MV tandem and the 2.5 

MeV Van de Graaff accelerators and the associated beam lines and experimental end stations. 
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The high energy ion implantation beam line has been designed principally for 

implantation of carbon and silicon ions of up to 10 MeV. The implantation line, shown 

schematically in Fig.A.1, is 15 off the undeflected beam direction from the 3 MV tandem 

accelerator. Ions from the accelerator are directed into the line by a High Voltage Engineering 

Corporation (HVEC) magnet that doubles as both a switching and an analyzing magnet. The 

implantation line is equipped with horizontal and vertical slits located immediately after the 

magnet, followed by a quadrupole doublet lens for focusing, a faraday cup for current 

measurement, a 40 kV National Electrostatic Corporation electrostatic ion beam raster scanner, 

and a target chamber for 2 cm diameter circular implants. The beam line slits define the size of 

the beam, and the horizontal slit also serves as the analyzing slit for the bending magnet. The 

position of the slit has to be such that only one isotope of an element can pass through at a time, 

while also allowing sufficiently high beam transmission. The distance of the slits from the 

bending magnet was determined from the angles of deflection of the two most abundant isotopes 

of carbon and silicon. These angles were determined by using the condition that different 

isotopes travel approximately equal distance through the magnet, or  RR 11  where 1R  and R  

are the radii of curvature and, 1  and   are the angles of deflection for two different isotopes. 

The ratio of the radii of curvature in the worst case, which was for C+, was found from 

m
mm

R
R 


1

=1.040 …………………….. ………………………………………………A.1  

where, m  is the mass difference, m  is the mass of 12C, or 12u and mmm 1 = 

13.003u. The equation 1 can be obtained by the following way, when the ion beam is passed 

through the magnetic field, it experiences a magnetic force that deflects the beam in a circular 

path. In this case, the magnetic force is balanced by the centripetal force that acts on the ion.  

Mathematically, 
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Where, E is the energy of ion beam from the source.   

If the mass difference for two isotopes is m , the radius of curvature of the second isotope is 

given by 
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From equation A1a and A1b,  
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For an angle of deflection of   = 15 for 12C, the difference between the deflection angles for 

the two isotopes was found to be 0.55.  

The difference between the deflection angles for the two isotopes can be determined by using the 

following procedure, 
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 is the angle of deflection for one isotope.  

Then, the angular deflection between the beams of two isotopes is given by 

 55.01 d  

From the figure A.2, 
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The minimum distance of slit from the magnet that cuts off one isotope and allows the 

other isotope to pass through was thus determined to be 25 cm for a slit width of 2 mm. The 

geometry to fix the separation between the bending magnet and the slit is shown schematically in 

Fig. A.2.  

 

 
 

Fig. A.2 Schematic illustration of the geometry to fix the slit distance from magnet. 

 

The placement location of the downstream quadrupole doublet lens to focus the beam 

coming from the slits was determined by applying the conditions for point-to-parallel focusing. 

This involved using standard transfer matrix techniques for paraxial beams. 6 The schematic ion 

optics diagram for point to parallel focusing is shown in Fig. A.3. 

 

 

Fig. A.3 Schematic ion optics for Point to parallel focusing. 
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Specifically, the generic transport matrices used to solve for the point-to-parallel focusing are the 

drift transform matrix Dr[z] = 
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, and the focus transform matrix F[k, z] =
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Here, 
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 , where qdrV is the quadrupole potential, 0G  is the lens gap radius, beamE  

is the ion energy, q is the ion charge; z is the distance along the beam axis from the beginning of 

the region described by a particular matrix. The overall horizontal (X) and vertical (Y) transport 

matrices from the slits to the end of the quadrupole doublet are given by 
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respectively, where 1L  is the distance from the slits to the entrance of the quadrupole, w is the 

length of each quadrupole singlet, 1D  is the distance between the singlets, and 1k  and 2k  are the 

k  values for the first and second singlets, respectively. The condition for point-to-parallel 

focusing is that the second row, second column elements of both totX  and totY  vanish. 
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Mathematica was used to solve these two equations simultaneously for 1k  and 2k  for different 

values of 1L  to accommodate our maximum quadrupole potential of qdrV  = 40 kV, using 0G  = 

1.6 cm and w = 26.0 cm. When 1L  was set to 10.0 cm for 6 MeV  12C+, the larger of the two k‘s 

was found to be 4.8 corresponding to qdrV  close to 40 kV. Thus, any spacing between slits and 

quadrupole greater than 10 cm would have been satisfactory for achieving the point-to-parallel 

focusing. Because of other physical constraints, we chose 35.0 cm as the distance between the 

slits and quadrupole lens. The raster scanner was installed immediately behind the quadrupole 

doublet. Electrostatic kinematic equations allowed us to determine the distance between the high 

vacuum target chamber and raster deflector, shown schematically in Fig. A.4. 

 

 

 

Fig. A.4  Schematic illustration of the geometry to fix the drift length d2. 

 

Here, d1 is the length of the scanner deflecting plate, d2 is the distance from the scanner to the 

target, h is the separation between the two deflecting plates, h1 is the vertical beam deflection just 

after the beam leaves the deflector, and h2 is the radius of the circular implant region. In between 

the electrodes(deflecting plates), the acceleration of the ion transverse to the beam axis is 
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m
qa 

  , where q is the ion charge,   is electric field between the plates and m is the mass of 

the ion. Assuming zero initial transverse velocity, the time that the beam takes to deflect a 

vertical distance h1 is 
a
ht 12

 . The time to travel the length of deflecting plates is 1d
beamE
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where Ebeam is the ion beam energy for the specified charge state.  
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The time that the beam takes to travel 1d  (the horizontal distance) and the time it takes to travel 

1h  (the vertical distance) are set to be equal in order to sweep the ion completely off the 

implanted region at minimum potential. This condition yields 
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1 , which leads to 

the result 
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 using the geometrical condition 
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 .In terms of the plate separation 

and the applied voltage between the plates,  the above expression becomes 
1

2
2

4
qVd
hEhd beam

 . 

This calculation was made to figure out the value of 2d  for different beam energies and charge 

states, using a deflection plate length 1d   of 13.0 cm, plate separation h of 4.0 cm and circular  

implant radius 2h  of 1.0 cm. Because of limitations imposed by the availability of lab space and 

size of equipment used, we fixed the drift distance between scanner and target at 1.95 m which 

easily accommodates a 10 MeV 12C4+carbon  beam (4+ being the most probable charge state 
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emerging  from the accelerator at terminal potential of 2 MV 7-8 using a scanner electrode voltage 

of 15 kV. For 1.0 cm radius circular implants, Table 1 shows the required voltages across the 

rasterer for different carbon beam energies  to accommodate the 1.95 m drift distance to the 

target.   

Table 1: Showing the raster voltage for different carbon beam energies 

Rasterer voltage (KV) Energy (MeV) Ion Charge (most probable charge) 

Probability 62-89% 

4 1 2e 

5 2 3e 

7 3 3e 

9 4 3e 

8 5 4e 

15 10 5e 

 

During assembly of the beam line, a laser and transit were used to align the various elements. 

Because the beam line is very long, the alignment was done in steps, each covering a small 

portion of the overall length (Fig. 5).  

To test the implantation beamline‘s performance, the SNICS source was used to produce 

a carbon beam to inject into a 3 MV 9SDH-2 Tandem Pelletron accelerator which has stable high 

energy for heavy ions (ΔE/E= 10-4).9 A cryopump and a turbo pump backed by a mechanical 

pump were used to pump down the beam line to a pressure of about 1 x 10-7 torr.  Convectron 

and ion gauges were used to monitor the pressure at the middle of beam line and at the target 
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chamber.  Faraday cups right after the quadrupole doublet and at the target chamber were used to 

monitor the beam current.  

 

 

Fig. 5 Schematics of the high energy ion implantation beam line. 

A3. Results and Discussion 

The focused carbon beam of size 4 x 4 mm was achieved. The current of about 20 A 

was obtained for the carbon beam of energy 1 MeV for double charge state under the vacuum 

pressure of 1.8 x 10-7 torr. For those that do not have a substantial electron affinity such as 

nitrogen, a molecular ion may be chosen. For high fluence implants (>1017 atoms/cm2), only the 

strongest current producing materials may be used, if the implant time is to be reasonable. 

Information on cathode materials and achievable currents may be found in the following Refs. 10-

11 Initial tests indicate it is relatively simple to achieve 1-2 μA of carbon or silicon, depending on 
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the desired charge state and energy. To anneal nanoclusters using an ion irradiation technique, 

fluences on the order of 1015 atoms/cm2 are required.5 For example, a 1μA beam would 

correspond to an implant time of about 8 min for a fluence of 1015 atoms/cm2. This current is 

more than sufficient to anneal nanocrystals and simulate most radiation dose scenarios. While 

small, the circular implant area (3.24 cm2) is sufficient to produce research samples that can be 

analyzed or further processed. Currently, a target holder utilizing a rubber o-ring is used for easy 

removal of the implant samples. Typical target chamber pressures are on the order of 10-7 torr, 

but can be lower if conflat flanges are used. 
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