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Silicon, which has been the workhorse of the semiconductor industry for the past several 

decades, is now being enhanced with other Group IV elements, such as carbon (silicon carbide) 

and germanium (silicon-germanium strained channels in transistors), to accentuate  properties of 

silicon for various nanoelectronic devices. However, there is little understanding of the 

relationship between ion implantation and defect evolution in two of the three corners of the 

Group IV phase diagram. In particular, the rod-like {311} defect is theorized to be unique to the 

diamond crystal structure elements. Due to its ability to affect dopant diffusion, the {311} defect 

is well studied in silicon. However, few studies of germanium and none of diamond have 

analyzed extended defect formation and evolution using transmission electron spectroscopy. 

Using ion implantation to induce amorphization is a technological process step in Si devices and 

potentially for diamond nano-electronics. Defects associated with crystal regrowth in Ge and 

diamond are not well known. My research studies the formation conditions of extended defects 

and amorphization in carbon and germanium after ion implantation. 

Ion implantation damage in diamond-cubic single-crystal silicon, germanium and diamond 

was produced by Si+ implantation at 1 MeV to a dose of 1 × 1014 cm-2 and 1 × 1015 cm-2. Damage 

in Si and Ge was produced by Si+ implantation at 40 keV to a dose of 1 × 1014 cm-2 and 1 × 1015 
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cm-2, and amorphizing damage in diamond was produced by Si+ implantation at 1 MeV to a dose 

of 3 and 7 × 1015 cm-2. All implants were carried out at room temperature. For non-amorphizing 

implants (1014 Si+ cm-2) into Ge, dot-like defects formed immediately upon implantation and 

were stable up to temperatures of 650 °C. The activation energy of these defects was determined 

to be approximately 0.2 ± 0.1 eV. For amorphizing implants (1015 Si+ cm-2) into Ge and upon 

solid-phase epitaxial regrowth, the same types of defects seen in Si were also seen in Ge. 

However, in Ge, the end-of-range defects were the least stable, dissolving at temperatures around 

650 °C. The activation energy for the dissolution of end-of-range defects in Ge is approximately 

0.4 ± 0.1 eV. For diamond, non-amorphizing Si+ implantation (< 3 × 1015 Si+ cm-2) and 

subsequent annealing to temperatures as high as 1350 °C for 24 hours resulted in no implantation 

related defects. Amorphizing implants (≥ 3 × 1015 Si+ cm-2) into diamond revealed a threshold 

for amorphization at approximately 6 × 1022 vacancies cm-3, higher than previously reported 

values. The diamond did not convert to graphite immediately after implantation, but instead 

resulted in an amorphous carbon layer, with a density of 1.3 ± 0.1 × 1023 atoms cm-3, which is 

approximately 25% less dense than diamond and 15% more dense than graphite. After annealing 

at 1350 °C for 24 hours, the amorphous carbon converted to graphite. These results provide one 

of the first comparative studies of these Group IV semiconductor’s defect evolution, thus 

potentially providing more accurate design of simulation programs and future electronic devices.  
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CHAPTER 1 
INTRODUCTION & MOTIVATION 

Interest in Alternative Semiconductor Base Materials 

Silicon (Si) has been the main semiconductor base material for the past several decades. 

Although germanium (Ge) was the first transistor material,1 Si’s low cost and stable native oxide 

made it the more attractive material for microelectronic devices. Silicon’s low cost and decades 

of research ensure its continued dominance over the next few years, but a theoretical limit to 

simple scaling does exist. In order to stay on track with Moore’s Law,2 many technologies are 

being explored, intended to both extend silicon’s lifetime and, in some devices, to replace 

silicon. The 2005 International Technology Roadmap for Semiconductors3 highlights that 

research into new base materials is extremely important for the semiconductor industry.  

Two attractive base materials are carbon (C), in the diamond form,4 and Ge.1 Both have 

higher carrier mobilities than Si (Table 1-1). Both are elemental crystals, and do not suffer the 

complications ion-implantation into higher-electron mobility III-V semiconductors like gallium 

arsenide. Additionally, with the advent of high-k dielectric gate oxides, the need for a stable 

native oxide in these materials becomes less important. Ge and C are already being used as 

important semiconductor materials when alloyed with silicon. Silicon carbide (SiC) is one of the 

hardest materials known and produced today, and silicon-germanium (SiGe) has been used to 

increase performance in sub-100 nanometer (nm) transistors. 

As the semiconductor industry explores other materials besides Si, leveraging decades of 

Si research could speed development time for new materials. Currently, in the pursuit for ultra-

shallow junction devices, extended defects are a major concern in Si because defects can impact 

device performance.5 Figure 1-1 shows a transistor with dislocation loop defects apparent in the 

transmission electron microscope (TEM) image.  The question remains as to whether these same 
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extended defects would form in alternate material devices, and, if so, would the defects be as 

detrimental to device performance as in Si. 

The Cause and Problem of Extended Defects 

Extended defects arise after ion implantation. Ion implantation is necessary to dope the 

base material to impart properties desirable in the electronic device. Extended defects are 

irregularities in the crystal that are large agglomerations of point defects, such as interstitial 

atoms or vacancies, or a combination of both. Common extended defects in Si, resulting from the 

agglomeration of interstitial atoms, are the {311} and dislocation loop defects. The {311} defect 

is the source of the dislocation loop. 6 These defects have affected Si device performance for 

many years, inhibiting carrier mobility and therefore increasing leakage current.  

The {311} defect is unique to semiconductors. This defect has never been observed in 

metals, and is theorized to be the stable interstitial defect in all diamond-structure crystals.7 

However, it has only been reported in two elements – Si and Ge. In Si, the {311} defect has 

formed during electron irradiation7,8 and for a variety of ion implantation regimes at both high 

and low energies. 9  However, the {311} defect has only been reported in Germanium in a 

handful of situations – electron irradiation and light element implantation. 5,8,10-12 As yet, the 

defect in Ge has not been demonstrated using a typical dopant atom. 

In addition, the direct comparison of a {311} defect in Si to a {311} defect in Ge raises 

questions. For example, Figure 1-2(a) shows an example of a high-resolution (HR) TEM image 

of a {311} defect in Si. It shows a well-organized defect structure. Figure 1-2(b), is a HRTEM 

image of a {311} defect in Ge on the same scale, created after a hydrogen (H) implant. Notice 

the jagged appearance of the Ge {311} as compared to the Si {311}.  

Since these differences have been seen in pure Ge versus pure Si, Crosby et al. sought to 

understand the {311} defect formation in SiGe alloys. He found that the defect formation 
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changed as a function of alloy concentration. In SixGe1-x alloys with a Ge concentration less than 

25%, {311} defects continued to form; above 25% Ge content, {311} defects did not appear. 

Crosby concluded that the weaker bond strength of Ge prevented the formation of {311} defects. 

13 Additional differences in defect formation have been seen recently: an analysis of 10, 20 and 

30% Ge concentrations in SiGe alloys revealed near surface vacancy nanocavities with 

increasing Ge concentration.14 

Logically proceeding from Crosby’s conclusion that the weaker bond strength of Ge 

prevents {311} formation, an element with a stronger bond strength, like C, should encourage 

{311} defect formation. However, it is well known that {311} formation in Si is actually 

inhibited by the presence of C. Rather than bond strength, this phenomena is attributed to the size 

difference of C to Si (C atoms are much smaller than Si), which allows interaction with {311} 

defect-forming interstitials and essentially ‘traps’ the interstitials preventing the atoms from 

migrating to agglomerate.15 

However, if the entire crystal was C, rather than just an implant, the {311} defect is still 

theorized to be the stable interstitial defect.7 Advances in man-made single-crystal diamond 

development have progressed to a point in which, due to diamond’s desirable qualities, diamond 

as a substrate for microelectronics is a growing possibility.4 Diamond may also form the {311} 

defect as an interstitial precipitate, but due to the difficulty of creating appropriate TEM samples 

this remains unconfirmed.  Additionally, one scenario that creates extended defects in Si is the 

regrowth from an amorphous state. Using an amorphizing implant prior to a doping implant has 

become common practice in industry to prevent the diffusion of the dopant species away from 

the channel region and to increase dopant activation. Therefore, defect formation during this 

process is also of interest. However, past a certain damage point, diamond will not transition 
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back to a diamond cubic lattice but will instead undergo a phase transition to graphite upon 

annealing.16 Solid phase epitaxital regrowth, the direct transition to graphite, or extended defects 

have not been previously demonstrated in diamond using direct imaging techniques, like TEM. 

Therefore, there is no imaging evidence of extended defects in diamond. 

Objective of Research  

These differences highlight the fact that even though these are all Group IV 

semiconductors, behavior can vary greatly when processed using standard semiconductor 

techniques. The theory that the {311} defect is the stable interstitial defect in all diamond-cubic 

structure elements, and the similarities inherent in being in the same column of the periodic 

table, allow a hypothesis that the same defects should occur in all three materials after the same 

implant conditions. However, the recent research discussed in the previous paragraphs indicates 

that this hypothesis may not be true in all situations.  

My research studied the defect formation, evolution and amorphization occurring after ion 

implantation to determine whether the same defects occur in Ge and C as in Si under the same 

implant conditions.  The expected result is that the same defects do form, and if so, leveraging 

the collected knowledge of Si’s extended defects will save development time and research costs 

into devices based on C and Ge. If the expected result of similar defects is not found, the results 

of this research could be applied to adjust current simulation tools to save development time in 

potential future electronic devices.  

The research documented in this publication is organized in the following manner. Chapter 

One provides the motivation and the objectives of this research, while Chapter Two reviews the 

current state of the literature. Chapter Three provides an overview of the characterization 

techniques used in this study, including a novel method for creating cross-sectional TEM 

samples from single crystal diamond substrates. Leveraging the research in non-amorphizing 
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implants into SiGe by Crosby, et al., Chapter Four presents the experimental results of non-

amorphizing implants into pure Ge and Si, and discusses the differences in the formation and 

evolution of the extended defects. Extended defects are also known to occur in Si for 

amorphizing implants, therefore Chapter Five presents the experimental results of amorphizing 

implants into Ge, and discusses the Si similarities and differences in the results, in the frame of 

other current research. Knowing the similarities and differences presented in the previous results 

for Si and Ge, the results of the non-amorphizing implants in diamond are provided and 

discussed in Chapter Six. This covers implants below and to the verge of creating a continuous 

amorphous layer in diamond. Chapter Seven presents the results from amorphizing implants into 

single-crystal diamond, compares the results to those from Ge and Si, and presents the 

experimental results of amorphization thresholds. Chapter Eight summarizes the results based on 

the original hypothesis that the same defects that form in Si would also form in Ge and C. Since 

that hypothesis did not hold true for all scenarios, recommended future work is discussed.  
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Table 1-1.  The mobility of carriers in semiconductors, as reported in the September 6, 2002 
issue of Science. The diamond values were achieved using plasma-grown single 
crystal diamond.4 

Semiconductor Mobility, cm2 V-1 s-1 
(μ) 

Maximum electric 
field, V cm-1 (Em) Bandgap, eV (Eg) 

Diamond (C) 4500 (electron) 

3800 (hole) 

107 5.5 

Silicon carbide (SiC) 700 (electron) 3.0 × 106 3.26 

Gallium nitride (GaN) 2000 (electron) 3.0 × 106 3.0 

Gallium 
arsenide(GaAs) 

8500 (electron) 4.0 × 105 1.42 

Silicon (Si) 1500 (electron) 

450 (hole) 

3.7 × 105 1.12 

Germanium (Ge) 3900 (electron) 

1900 (hole) 

2.0 × 105 0.66 
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Figure 1-1.  Cross-sectional TEM image of Intel Pentium transistors showing the appearance of 

dislocation loop defects. Courtesy of Intel and Scott Thompson. 

Dislocation Loops
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Figure 1-2. A comparison of the reported {311} defect in (a) Si 17and (b) Ge.11 
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CHAPTER 2 
LITERATURE REVIEW 

Introduction 

Presented here are descriptions of general concepts associated with extended defects and 

amorphization in silicon (Si), and relevant literature reviews that describe the state of current 

knowledge in germanium (Ge), carbon (C) and their alloys with Si. If the reader is already 

familiar with the concepts of ion implantation damage in a crystal, annealing kinetics and the 

difficulty of modeling the crystalline-to-amorphous transition, then the first section of this 

chapter may be superfluous. The second part of the chapter will review relevant studies of 

extended defects, rising from both non-amorphizing and amorphizing implants, in Si, Ge, C and 

their alloys.  

General Concepts 

Ion Implantation 

Ion implantation has been the preferred method of introducing dopants into semiconductor 

crystals for decades, due to its many advantages: reproducibility, accurate dose control, and 

tailored doping profiles. As such it is one of the most important tools in Si processing.18 Ion 

implantation is the forced entry of ions into a substrate through its surface. The ions travel 

through the lattice interacting with the lattice atoms though elastic collisions with electron clouds 

and inelastic electronic or nuclear collisions, which disrupts the lattice structure. If the energy 

transferred during the inelastic collision is greater than the displacement energy (Ed) of an atom, 

that atom will be dislodged from its lattice position. Stopping of the implanted ion is dominated 

by nuclear collisions at low energy implants, while electronic stopping is dominant for high 

energy implants.19  

Nuclear collisions can be modeled using the following equation: 
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where Sn(E) is the nuclear stopping power as a function of energy, Z1 the ion atomic number, Z2 

the substrate atomic number, m1 the ion mass, and m2 the substrate mass. Nuclear stopping 

contributes most of the damage after ion implantation. The second stopping mechanism, 

electronic stopping, can be modeled as: 

2/1)( kEcvES ione ==         (2-2) 
where Se(E) is the electronic stopping power as a function of energy, E is the energy of the ion, v 

is the velocity of the ion, and c and k depend on the ion, substrate and the stopping mechanism. 

Nuclear stopping increases with increasing mass (m) and decreasing energy (E); electronic 

stopping increases with increasing implant energy (E), as shown in Equations 2-1 and 2-2. The 

rate at which an ion loses its energy is represented by the following differential equation, which 

takes into account both stopping mechanisms, and the atomic density of the substrate (N): 

)]()([ ESESN
dx
dE

en +−=        (2-3) 

In this work, the projected range and damage peak of the implant will be an integral part of 

estimating damage in the crystal and also for determining threshold parameters for 

amorphization. To begin to determine the projected range of an implant, the range (R) of one ion, 

in some measure of distance, may be determined by rearranging the above differential equation 

and integrating over the distance:  
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As the implantation process typically implants above 1010, and even as high as 1020 ions cm-2, the 

process of determining the projected range and straggle is of a statistical nature. The ion 

concentration as a function of depth is represented to the first order by: 
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where Cp is the peak concentration at the center of the Gaussian distribution, RP is the projected 

range of the ions into the substrate, and ΔRP is the first standard deviation about RP, also known 

as ion straggle. Dose (Q) is the total number of implanted ions, and can be expressed in terms of 

Cp and ΔRP: 

pPCRQ Δ= π2         (2-6) 
The implant profile may not always be Gaussian in nature due to ion channeling. Channeling is 

the phenomena by which the ion trajectory is in line with atomic rows, and experiences a slower 

rate of energy loss. This results in a non-Gaussian distribution of ions and damage in the lattice. 

Channeling may be reduced or avoided by titling the substrate or amorphizing the crystal prior to 

implantation. Amorphization will be discussed in a future section. In this study, channeling was 

avoided by tilting the (011) and (001) crystals seven degrees from normal. 

Four moments are used to fully describe the distribution of implanted dopants within a 

crystal: projected ion range (RP), ion straggle (ΔRP), skewness (γ) and kurtosis (β). Skewness 

describes the asymmetry of the profile about the Gaussian peak, and kurtosis describes the 

contribution of the profile tail on the flatness of the profile shape. All four moments can be 

mathematically represented in terms of dose and concentration as a function of depth: 
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Thus far, the stopping of the ion by energy transfer has been described. If the energy per 

collision transferred to an atom equals or exceeds the atom’s displacement energy (ED), the 

lattice atom will be displaced from its lattice site. If the energy transferred exceeds the ED, the 

displaced host atom then may continue to interact (by electronic or nuclear stopping) with other 

host atoms in the same manner as the incoming ions. This is called a collision cascade, and 

hundreds to thousands of these lattice atoms may be displaced per incoming ion depending on 

the ion’s mass and energy.  Each displacement leaves a vacancy, and each atom that does not 

come to rest on a lattice site is an interstitial atom. A vacancy and an interstitial are known as a 

Frenkel pair. For room temperature implants, it is assumed that all Frenkel pairs recombine 

during implantation, so only interstitials remain, in the amount of the original dose of the ion 

implant.20 

Both interstitials and vacancies naturally exist in any crystal above absolute zero according 

to the relation: 
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P

NN exp         (2-11) 
where NP is the concentration of point defects, N is the concentration of lattice sites, QP is the 

formation energy of the point defect, k is Boltzmann’s constant, and T is temperature. For Si at 

room temperature, the formation energy for interstitials is 2 eV, and vacancies is 4.4 eV.20  

The simulation program commonly known as SRIM, the Stopping and Range of Ions in 

Matter,21 and its calculation program (commonly known as  TRIM, for the Transport of Ions in 

Matter) is often used for simulating the damage caused by ion implantation.  The TRIM program 

is a Monte-Carlo simulation which requires input parameters such as ion type, ion energy, target 
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substrate, target composition, density and Ed. The TRIM program does not take into account 

channeling effects, phase transformation of the material or the possibility that defects can be 

annihilated during the process, and therefore always overestimates the damage. Even with these 

drawbacks, it remains an excellent estimator for the damage created during ion implantation.19 

Defects in the Crystalline Lattice 

The dislodged atoms or the implanted ions may either come to rest on a vacant lattice 

position (fill a vacancy) or occupy a non-lattice position (become an interstitial). These types of 

defects are known as point defects. Other point defects which may exist after ion implantation 

and annealing are substitutional atoms (foreign atoms which sit on a host lattice site) and 

interstitial atoms (either self-interstitials or foreign interstitials). At a high enough density, the 

point defects can agglomerate into defect complexes, commonly known as extended defects. 

Defects that are interstitial in nature are referred to as ‘extrinsic’ defects; those that are created 

by vacancies are ‘intrinsic’ defects.19 To repair the defects created during ion implantation, 

annealing is used. The word ‘anneal’ comes from a Middle English word ‘analen’ which meant 

‘to set on fire.’ Annealing is the process of heating the crystal to remove damage by adding 

energy into the system so that the defects become mobile. Upon annealing at moderate 

temperatures, point defects can interact to form extended defects. Extended annealing time or 

annealing at higher temperatures will result in the defects evolving so much that the atoms find 

lower-energy sites to occupy in the lattice and effectively ‘dissolve’ the defects, thereby restoring 

the crystal structure.19 

These extended defects may include dislocation loops, stacking faults, rod-like interstitial 

defects, clusters and others. Jones et al. classified extended defects which occur in Si after ion-

implantation and annealing into five types. These defect types are known as subthreshold, end-

of-range (EOR), regrowth related, clamshell (or zipper), and solubility related defects.9  
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A visual representation of the principal damage features in Si as a function of dose and 

annealing temperatures, for MeV energy implants was presented by Libertino. 22  No similar type 

representations seem to exit for Ge or C. For this study, the dose ranges into the crystals will be 

in the range of 1014-1015 cm-2, and annealing temperatures will encompass and expand beyond 

those for defect formation in Si. This study focuses on the {311} and extended defects, occurring 

in the 1014-1015 cm-2 dose range in Si, which have been industrially unfavorable for Si 

complementary metal oxide semiconductor (CMOS) processing. 

{311} defect in the Si crystalline lattice. One particular defect that has been especially 

relevant to dopant motion in silicon is the rod-like {311} extended defect.17 Si and Ge have been 

the only elements to display this unique defect; it has never been seen in metals.5 This defect is 

the preferred interstitial precipitate in silicon, and Salisbury concluded that the {311} rather than 

the {111} is the normal plane for self-interstitial precipitation for all diamond structure crystals.7  

The {311} defect is a planar defect that resides on the {311} habit plane and grows linearly 

in the <110> direction.23 The {311} defect has three distinct stages of evolution: formation, 

growth and dissolution.24 The defect is formed from an accumulation of point defects into 

clusters, known as sub-microscopic interstitial clusters (SMICs), since the clusters are not 

discernible by conventional TEM methods.25,26 Next, the clusters grow in the <110> direction 

and finally, at a high enough thermal budget, the {311} defects will dissolve in the matrix by 

ejecting interstitials.17 The exact mechanism of the {311} formation has been studied at length, 

and various models have been proposed in the literature.5,7 In silicon, the {311} defect is known 

to affect diffusion of dopants17and are the source of the formation of another form of extended 

defects, dislocation loops.6 These dislocation loops are known to affect the electrical 

characteristics of silicon devices.5 
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Much is known about the {311} defect in silicon. A high resolution TEM image of a {311} 

defect was shown in Figure 1-2. The {311} defect is an average of 40 Å wide and varies in 

length. It grows in the <110> direction, and will trap 26 interstitials per nm. As annealing 

progresses, {311} defects will increase in size but decrease in density.17 There is no length 

dependence on the {311} defect evolution - the formation energy is constant. Unlike loops, the 

formation energy does not decrease as the size of the defect increases. The activation energy of a 

{311} has been estimated to be approximately 3.6 eV, which was derived from annealing 

curves.17 Various experimental conditions can create the {311} defect. According to Jones, 

Prussin and Weber, the {311} defect appears during various doping regimes. When the implant 

does not exceed the amorphization threshold, the {311} defects are the primary extended defect. 

When the damage exceeds the amorphization threshold, upon annealing, the {311} defect will 

develop in the region of the EOR.9 Using the activation energy of the {311} defect, the 

equivalent defect state for various times or temperatures can be determined.27  

The {311} defect occurs at both low and high energies. Defects created by Si ion implants 

into Si in the range of 20 keV to 150 keV (relatively low energies) have been mapped according 

to dose.  The {311} defect was also seen after a Si+ implantation at 1.2 MeV implant of 5 × 1013 

cm-2 into Si and annealed at 680 ˚C for one hour,26 and also 4 MeV implants of 1 × 1014 Si+ cm-2 

into Si annealed at 800˚C for 15 min,28 both of which are relatively high energies. 

Besides ion implantation, the {311} defect has also been observed in unimplanted Si 

resulting from electron beam irradiation.7,8,29,30 Salisbury and Loretto’s work with electron-

irradiated silicon led to the determination that the (113) rather than the (111) is the normal plane 

for precipitation of self-interstitials in diamond-structure crystals.  
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Impact on Si doping. Control over dopant atom placement is one of the strongest benefits 

of ion implantation. However, dissolution of {311} defects during annealing gives rise to an 

unwanted side effect – transient enhanced diffusion (TED). During {311} dissolution, 

interstitials are emitted, and assist in the motion of dopant atoms away from the intended target 

depth in the bulk material.17 By moving atoms away from the targeted channel area, TED 

directly and negatively affects device performance.  

{311} defects are also the precursors to extended defects which negatively impact device 

performance. Dislocation loops are two dimensional circular precipitates of interstitials inserted 

between two consecutive {111} planes.  Robertson et al. showed that {311} defects are the 

preferential site for dislocation loop formation after an amorphizing implantation regime when 

the defects occur in the EOR.31  

Additionally, the {311} defect formation has been known to be inhibited or enhanced by 

various dopants. The formation of the {311} is strongly enhanced by the presence of arsenic 

(As), but the dissolution remains unaffected.32 The density of interstitials in {311} defects 

decreases linearly with the increasing presence of C, which fully suppresses the TED nature of 

boron (B) in Si.15 The normal characterization method for {311} defect detection is TEM. 

Amorphization 

If the concentration of point defects exceeds a critical value during implantation, a phase 

transformation occurs, changing the crystalline solid into an amorphous solid. As mentioned 

before, light ions cause less damage than heavier ions. The damage tracks left in a material are 

called a displacement spikes, which are very linear with the track of the atom in light ions  but 

consists of a volume of material with heavier ions. Morehead and Crowder assumed that, in 

crystalline Si, the displacements spikes relax to form amorphous carbon, and when these spikes 

overlap, a continuous amorphous layer is formed.33 In Si, the amorphization process has been 
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modeled as a first-order phase transformation. Dose has a large effect on amorphization. For 

light ions, higher doses are needed to create a continuous amorphous layer, but for heavier ions, 

overlapping collision cascades allow for lower amorphization doses. Additionally, after ion 

implantation, three profiles may occur in Si:34 the first is a profile that will not have an 

amorphous phase change upon implantation, the second is a buried amorphous layer and the 

third is a continuous amorphous layer.27  

Implantation temperature can have significant impact on whether amorphization will occur 

in Si. A room temperature implant of a Si+ implantation at 1.25 MeV to a dose of 1 × 1016 cm-2 

into Si produced an amorphous layer approximately 400 nm thick, while a dose of 2.5 × 1015 cm-

2 did not create any amorphous layer.34 The same ion and energy implant at liquid nitrogen 

temperatures, 80 K, for a much lower dose of 5 × 1014 Si+ cm-2 into Si, resulted in a larger 

amorphous layer, nearly 1400 nm thick.34 Low temperature implants are thought to ‘freeze in’ 

point defects, while room temperature implants assume that all Frenkel pairs recombine during 

implantation.20 The ion dose rate, if too high, may heat up the sample during implantation, but 

this can be avoided by using a Waycool station.35 Additionally, the morphology of the damage 

after amorphization at low temperatures is different than that at room temperature or higher. 

Pockets of crystalline material were shown to be trapped in the amorphous layer near the α-c 

interface of a liquid nitrogen temperature Si+ implant into Si. These crystallites were not seen in 

the same implant at room temperature.34 At sufficiently high implant temperatures, 

amorphization can be avoided.20   

Amorphization changes the density of a material. By nature of disrupting the lattice, 

swelling occurs in the crystal. In Si, the density change is minimal, and difficult to observe by 
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XTEM. Using computational simulations, the amorphous phase of the Si material was 

determined to be approximately 1.76% less dense than crystalline Si.36 

Amorphization is a difficult phenomenon to model due to the fact that it is affected by ion 

dose, dose rate, energy, mass of the incoming ion, mass of the target ion, and temperature. 

Christel, Gibbons, and Sigmon suggested that displacing 10% of the Si lattice at low 

temperatures (14% at room temperature) would result in amorphization.37 They used a transport 

equation, and in conjunction with other work, used it to determine the number of silicon recoils 

produced per unit volume at each depth. However, backscattering measurements were used to 

determine interface points, and not XTEM, which allows some room for error. Prior to Christel, 

energy-to-volume was put forth as a model to equalize the different factors that affect 

amorphization, with a general value of 6-10 × 1020 keV/cm3 determined.37 Since then, three 

parameters have been commonly used to describe amorphization in Si: critical damage, using 

either recoils or vacancies per volume (Dcrit or DC, respectively), threshold damage density 

(TDD), and displacements per atom (DPA). Threshold damage density is reported in terms of 

energy per volume, and has been identified for P+ implants into Si over a wide range of energies 

to a dose of 1 × 1015 cm-2 as 1.0 × 1021 keV cm-3, which is slightly higher than the previous 

model.35 The ion implantation community favors reporting the amount of damage needed to 

induce amorphization at liquid nitrogen temperature in displacements per atom (DPA), a unitless 

parameter. For Si, the DPA is 0.3. 

For all the previous methods, a key point is the depth at which the measurement or 

calculation is performed. For a buried amorphous layer, there are two amorphous-crystalline (α-

c) interfaces: one near the surface and one near the bulk. As the energy of the implant increases, 

the surface α-c interface becomes increasingly wider. For El-Ghor et al.’s 1.25 MeV Si+ 
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implantation into Si, the authors used a range between 0.3 - 0.9 μm depth to define the α-c 

interface.34 The bulk interface is normally quite abrupt, due to the sharp decreace of implant 

damage in the EOR region. Christel and Prussin both used the bulk interfacial measurement to 

determine the amorphization thresholds in Si, though both used different methods to determine 

the position of the interface.35,37 

Solid Phase Epitaxial Regrowth 

Annealing at sufficient temperatures will cause the reorganization back into the crystalline 

structure, starting at the interface between the amorphous region and the crystalline bulk 

substrate. This is called solid phase epitaxial regrowth (SPER). Three kinds of defects may occur 

in the lattice during SPER: end-of-range (EOR), clamshell, and regrowth-related defects. 

Regrowth-related defects look like hairpins, clamshell defects are a line of defects extended 

horizontally across the sample and are created when the two advancing fronts meet, while the 

EOR defects are furthest from the surface, and consist of rod-like {311} and dislocation loop 

defects.34 The EOR defects have been well studied.36,38Defect evolution both before and after 

SPER is important because defects can influence dopant motion and mobility within the 

crystal.17 These defects directly affect dopant electrical activation, without which the 

semiconductor could not be used as an electrical device. 

Simulation Process Tools 

Many computation methods have been used to model aspects of defects in Si. This is 

important because the cost of creating and testing devices for Si is expensive, and would be more 

so for devices made from Ge or C. Additionally, the development of physics-based models that 

accurately describe defect evolution can be assimilated into process simulators, which have 

become an essential step for device optimization.39,40 The computational methods that have been 
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used to model defects are ab initio, molecular dynamics, kinetic Monte Carlo simulations and 

continuum models.  

Continuum process simulators. By far, the physical based continuum process models are 

the most useful to industry due to the fact that the models are computationally less expensive 

than other techniques.39 In continuum process simulators, the physics of the system is calculated 

as a series of differential equations for each particle type. Typically these equations are 

continuity equations, where each particle gain or loss is formulation in terms of its generation 

and recombination rates and the diffusion flux.40,41 The benefits of this system are that it is fast, it 

can model a wide range of size implants and temperature ranges and times and is able to be 

compared to experimental evidence.39,42 

The {311} continuum model solves for the total number of interstitials in the {311} defects 

and the total number of the {311} defects. The evolution of {311} defects unfaulting into loops 

at the EOR damage was modeled by Avci et al.43 using the Florida Object Oriented Process 

Simulator (FLOOPS).39 Recently, Zechner et al.44 proposed a physics based model using five 

reaction equations to model the formation and growth of the {311} defect over a wide range of 

implantations, doses and annealing temperatures. This simulation matched experimental 

evidence. The {311} defect is now well-modeled for a wide range of implantation regimes for 

silicon using the continuum process simulators. 

The continuum methods are the best for industrial applications. However, these 

simulations are based on what can be ascertained from experimental evidence. In the case of Ge 

and C, little or no experimental evidence exists to be able to create a continuum model. In order 

to compare Si to Ge and C, a more basic model, albeit requiring a slower method with more 

computational power, might be needed.  
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Other simulation tools. For silicon, the actual mechanisms that control formation of the 

{311} have been attempted to be modeled at the atomic level, and these simulations might prove 

useful in comparing the three elements of C, Si and Ge. The {311} defect has been modeled 

using first principals calculations (ab initio). From these calculations, the formation energy for 

the {311} defect was determined to be 0.7 eV, and additionally, growth in the [011] direction 

was predicted from the model.45 This is much lower than the experimentally determined value of 

3.6 eV. The ab initio authors estimated the smallest stable planar {311} defect contained 

approximately 40 interstitials with a width of 19 Å  and a length or 27 Å.45 Although these 

simulations can give insight into the atomic interactions of defects, the simulations are not 

practical for use either for industrial applications or for comparing to experimental results. 

The structure and mechanism of the {311} defect has also been studied using the tight-

binding (TB) method. These calculations determined that the {311} defect could be calculated as 

stable with small bond distortions and with smaller energies per interstitial atom than a self-

interstitial in bulk Si.46 However, due to the computational power required, TB studies only 

analyze approximately 103-104 atoms and are not comparable to experimental results.  

These methods provide insight for making simulations of larger atom counts more 

accurate. Physical parameters determined from AB and TB studies can be fed into continuum 

and kinetic Monte Carlo simulations. Kinetic Monte Carlo (KMC) computer codes take the 

dynamics of defects (such as diffusion, emission from cluster, and recombination) into account. 

These types of simulations have also been called atomistic simulations and take into account rate 

theory and atomic diffusion. The amorphization and recrystallization processes in silicon have 

been modeled at the atomic level.  KMC codes differ from continuum models in that they keep 

track of the location of every frenkel pair provided by binary collision approximation simulations 
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(such as SRIM)21 or molecular dynamics calculations.  Parameters that define the atomic 

interactions (such as diffusivities, binding energies, capture radius) are all derived from ab initio 

or MD calculations. However, as KMC simulations can only model up to a million atoms at 

approximately 10-3 seconds,47 these are not appropriate for industrial use. However, since 

atomistic simulations rely on physical parameters such as bond energy, and simulations in silicon 

and carbon have already been used in atomistic simulations of grain boundaries,48 it is 

theoretically possible to simulate the formation of a {311} defect in a lattice of either Si, Ge or C 

with an atomistic simulation.  

Relevant Literature for Ge, SiGe, SiC, and C 

Germanium – Defects and Amorphization 

Germanium was the original base material in the first transistors, and was the dominant 

material for semiconductors in the 1960s. Due to its inability to form a stable native gate oxide, 

Ge was surpassed by Si as the semiconductor material of choice. Ge’s native gate oxide dissolves 

in waters, and its growth is non-uniform and sensitive to humidity. However, due to the 

development of high-k dielectrics instead of native oxides for use as a gate material, Ge is being 

seriously considered as an alternative channel material for mainstream CMOS devices. Although 

defects in Ge have not been as thoroughly studied as in Si, Ge is currently being used in the SiGe 

alloy to strain the channel (which increases carrier mobility) in current generation transistors. Of 

the group IV elements, Si and Ge are the only two which are fully miscible in each other, and 

form a solid solution across all compositional percentages. Research so far indicates that ion 

implantation and dopant interaction in Ge seems to be fundamentally different than Si.1 

Defects in Pure Ge 

Defects have been viewed in Ge for as long as Si, but due to its comparative lack of 

interest, the study has not been as intense. The {311} defect has nevertheless been seen in pure 
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Ge for decades. Early studies focused on electron irradiation in Si and Ge, while later studies 

have focused on light ions. And example of a recent {311} defect created in pure Ge was shown 

in Figure 1-2. In that example, the Ge was implanted with H+ (15-80 keV, 5 × 1015 - 7 × 1016 cm-

1) and annealed at temperature between 280-400˚C for 30-60 minutes.11  

Electron irradiation. Electron irradiation has produced the {311} extended defect in Ge. 

10,29 Electron irradiated Ge showed small interstitial loops on {311} planes, which grew in the 

<110> direction upon annealing. At 450 ºC for ten minutes, the defects began to transform, and 

became perfect dislocation loops when the ten minute anneals reached 500 and 600 ºC.10 In a 

separate study, rod-like defects along the {111} and {311} planes were also seen in Ge electron 

irradiated at temperatures between 400-500 ºC along with defects found in Si irradiated at 650-

700 ºC.8  

Hydrogen (H) and helium (He) ion implantation. Ion implantation of H+ has also 

produced the {311} extended defect in Ge. In 2005, Akatsu et al. studied the extended defects 

after H+ implantation into pure Si and Ge (5 × 1015 H+cm-2 and 7 × 1016 H+cm-2 at 50 and 80 

keV).11 After annealing at temperatures ranging from 280 – 400 ºC and times between 30-60 

minutes, a large density of {311} defects were observed in Ge but not in Si. The Ge formed 

spherical nano-cavities as well as the {311} defect, but these nanocavities were not observed in 

Si either. This was attributed to the differences in chemical and physical interactions between the 

hydrogen ions and the respective crystal.11 However, previous knowledge of Si defect evolution 

shows that microstructural evolution in Si is unusual at temperatures lower than 400 ºC; 

therefore, a direct comparison at these temperatures, as compared to the melting point of each 

material, is a poor comparison.  
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In addition to H, ion implantation of He has produced the {311} defect in pure Ge. 

Hutchinson et al. implanted Ge with 1.23 MeV He ions (1 × 1016 He+/cm2) at room temperature, 

performed no anneal, and observed voids (probably He bubbles) and {311} defects. A model 

was suggested explaining the development of the {311} defects incorporating hexagonal Ge, 5, 7 

and 8-member rings.12 

Additionally, rod shaped defects and {311} defects were also observed when implanting 

He+ into Ge at a dose of 1 × 1016 cm-2 at an implant temperature of 20 ºC and at 600 keV, after a 

12 minute anneal at 640 ºC. These defects lack the rigid zigzag pattern normally seen in Si. 

These defects were observed for all annealing temperatures between 450 ºC and 650ºC; however, 

above 550 ºC the rod-shaped defects began to turn into dislocation loops. 49,50 Supposedly, rod 

like defects, along the {111} and {311} planes, were also seen in Ge implanted with He ions at a 

dose of 1 × 1016 at 500 keV with no anneal, however, no micrograph was provided. The {111} 

rod like defects were attributed to the split <100> interstitial configuration. 8 

Amorphization, Regrowth and Lack of EOR Damage of Ge 

All of the above implantation experiments in Ge were below the amorphization threshold. 

Ge will amorphize, as does Si, and will fully regrow at temperatures around 400ºC. The regrowth 

rate of Ge is approximately 2 Å min-1 at 350ºC and 13 Å min-1 at 380ºC.51 Unlike Si, {311} 

defects resulting from EOR damage for amorphizing implants has not been reported. In 2005, 

Chao reported amorphizing Ge with a 45 keV, 1x1015 Ge+cm-2 ion implant into pure Ge, 

resulting in an amorphous layer 1700 Å deep. No EOR defects were reported upon regrowth.52 

Satta et al. did not observe any EOR damage in Ge after a 40 keV implant and SPER, either.53-55 

Swelling of the crystal is associated with amorphization due to a decrease in density in the 

amorphous layer. The swelling in Ge was measured by step height versus implant temperature 

during 1 MeV Ge+ implants into Ge.56 For doses of 1 × 1015 Ge+ cm-2, and room temperature 
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implants, the crystal swells approximately 2%.56 Non-intuitively, ion-implantation can also assist 

with crystalline regrowth after amorphization in Si and Ge, due to dynamic annealing.57 With 

extremely high energy and heavy ions, a void-filled phase is also formed alongside the 

amorphous phase in Ge. For fluences exceeding 1 × 1017 atoms/cm2 into pure Ge, a 30% 

decrease in density has been reported.56,58 

SiGe Alloy – Defects and Amorphization 

Crosby et al. studied the {311} defect formation in Si1-xGex from Ge concentrations 

ranging from 0 to 50%. He noted that although the {311} defect was formed in SiGe alloys up to 

5% Ge, it was not formed when the alloy surpassed a 25% Ge content.13 The decreased binding 

energy and the number of Si interstitials effectively increased the activation energy for {311} 

formation.41,59 Tan has suggested that a 15% or above distortion of the Si lattice would result in 

the destabilization of the {311} defect configuration.5 This would mean that a 16-20% Ge 

content would be required to destabilize the {311} defect.60 Recently, vacancy nanoclusters have 

been detected in ion-implanted SiGe. These clusters have been found using Copper (Cu) 

gettering and positron analysis techniques. The vacancy clusters are located near the surface in 

SiGe with Ge percentages of 10-30%.14 

Amorphization is a phenomenon by which the crystal lattice loses long range order after 

ion-implantation past a critical damage point. It is associated with a reduction in material density, 

approximately 1.5-2.1%  in SiGe alloys, which causes the crystal to swell.61  Many factors 

influence whether amorphization will occur, including implant temperature, dose weight, mass of 

the ion, mass of the target atoms, energy of the ion and dose rate. In SiGe alloys, the threshold 

for amorphization is noted to decrease with increasing Ge content.14 

Ge & SiGe summary. The {311} defect has been observed in SiGe alloys under 25% Ge, 

and in electron-irradiated and light-element implanted pure Ge. Annealing temperatures 
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necessary to produce this defect are significantly lower than Si, in the 350-650 ºC range. No 

reports of {311} defects or dislocation loops resulting from EOR damage in amorphizing 

implants have been reported.  

Silicon Carbide (SiC)- Ion Implantation and Amorphization 

Silicon carbide is a wide band-gap semiconductor, extremely hard and is being considered 

as an ideal material for use in high-temperature, high-power, and high-frequency applications.62 

SiC has a relatively low electron carrier mobility (700 cm2 /V s) as compared to Si (1500 cm2 /V 

s) and single crystal plasma deposited diamond (4500 cm2 /V s).4 SiC has been used as a base 

material for growing CVD diamond. However, the grown diamond is not of device quality due to 

its polycrystalline nature. SiC has also been simulated by implanting high doses of Si into 

diamond.19 SiC, while a fascinating technological material, will only be briefly discussed here as 

it relates to the present study. 

Ion implantation in SiC has been studied by experimental and computation techniques. The 

displacement energy (Ed) for SiC is slightly more complicated than for single-element crystals. 

The Ed in SiC for a carbon atom is approximately 20 eV, and for a silicon atom, 25-40 eV.62 Ion 

implantation of Si into diamond in high fluences (1017-1018 ions/cm2) at elevated temperatures 

(900 °C) have produced large grains of SiC. The low dose results in layers of epitaxial SiC 

stripes, while the higher dose produces large grains of SiC; however, the diamond bulk material 

next to the grains becomes amorphous in the process.63 Others have used high-fluence Si+ 

implanted into diamond to create SiC.64 Devanathan et al. studied the amorphization of SiC by 

ion implantation. It was determined that amorphization is onset after 0.2 displacements per atom 

(DPA) is achieved. The decrease in density accompanying amorphization is about 15%, while 

previous studies put the decrease at approximately 12± 4%.62 Ishimaru reported the DPA for SiC 

was 0.5 for an elevated temperature of 350 K.65,66  
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Diamond  

Diamond, in many crystallographic forms but especially single-crystal diamond, is gaining 

academic and industrial interest.67,68 The creation of synthetic diamond was first reported in 

1955,69,70 and like SiC, is expected to be an important semiconductor for high power and high 

frequency electronic applications.71 An attractive diamond quality for electronic devices is the 

high carrier mobilities demonstrated in single crystal plasma deposited diamond.72 The 

popularity of diamond for electronic applications became evident in the mid-to-late 1990s 

through the assembly of a number of symposiums in the materials research community.73 Most 

current interest in diamond is focused on diamond films, which are a CVD-grown combination 

of sp2 and sp3 bonded C, with the possibility of H as well. Diamond is being used in MEMS 

devices,74,75 AFM tips,76 FETs,71,77 Diodes,68 pn junctions,78 and there is also development of 

metal contacts to diamonds for electronic applications.79 Currently, ion implantation of single-

crystal diamond is of great interest to the MEMS community for creating single crystal diamond 

microstructures. 

Ion Implantation in Diamond 

Although TEM experiments are sparse, much is already known about ion implantation in 

diamond. Both natural diamonds and synthetic diamonds (created by both high temperature high 

pressure (HTHP) and chemical vapor deposition (CVD) methods) have been used in 

experiments. Since the HPHT diamonds have the same structure and defects as natural 

diamond,19 studies of both kinds of diamonds will be presented. In general, ion implantation into 

diamond behaves in a similar fashion to silicon. A few key points of interest in the literature 

include a debatable Ed for SRIM21 simulations, implant temperature considerations, and the 

possibility of a direct graphitization transformation after implantation over the threshold limit.  
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Sub-graphitizing implants and repairing anneals. The literature has reported that 

implant conditions that create less than approximately 1022 vac/cm3 will not graphitize the single 

crystal diamond (not film) upon annealing,16 though a recent study puts the number at 9 × 1022 

vac/cm3.75  According to Hall measurements, furnace annealing at a temperature up to 900°C 

appears to repair the implantation damage to the crystal80.  Kalish agreed that below the critical 

dose, the material will gradually anneal back to diamond, starting at annealing temperatures as 

low as 330 ˚C. The defects dissolve at higher temperatures, and for annealing above 1000 ˚C, the 

diamond crystal structure will be fully restored.81 This temperature was determined by density 

measurements at the temperature at which the crystal restores its original density after 

annealing.81 Additionally, it is reported that damage to the lattice can be repaired almost 

immediately by modulating the implantation temperature. Below a 50˚C implantation 

temperature, vacancy and interstitial movement is inhibited. Above 50˚C, interstitial diffusion 

begins to annihilate vacancies, and above 500˚C, vacancies diffuse and begin to form extended 

defects.82 Even a perfect crystal of diamond reverts to graphite when annealed at over 1800 °C in 

an excellent vacuum.83 

Activation energy and mobility of interstitials in diamond. As just reported, below an 

implant temperature of 320 K, both interstitials and vacancies are “frozen in.” Above 320 K but 

below 800 K, interstitials are mobile but vacancies are not. Above 800 K, both interstitials and 

vacancies are mobile.84 That is why the critical dose in diamond also relies on the implant 

temperature.85 It has been determined, using the work by Moorehead and Crowder as a basis then 

adding data from Kalish, Prawer and Prins, that the activation energy for the diffusion of an 

interstitial in diamond is 0.2 eV, up to temperatures of 700 K.85 For more information of self-

interstitial energy levels in diamond, see the work by Davis and Smith.86 
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Doping of diamond. Vavilov implanted B+ into diamond in the 1970s, and (after etching 

off the ‘graphitized’ layer) measured the p-type conduction. Braunstein and Kalish repeated 

similar experiments.83 Two methods proven successful when doping B+ are the Prins-suggested 

cold implantation rapid annealing (CIRA)19 and low dose drive in (LODDI).87 The CIRA method 

has been used to dope diamond with B+, C+ N+ and O+.88 Optimization of the B+ CIRA process 

led to good quality diamond and hole mobilities in excess of 1000 cm2 /V s.89 

p-type doping of diamond. MeV-ion implantation has shown to be a promising method 

for doping of diamond. Lower energies (<640 keV) and low doses (~1013 cm-2) of implanting 

boron has been tried using the CIRA method, followed by hour-long anneals at 1100 °C then 10 

min at 1450 °C.90 The implantation of 2 MeV B+, followed by furnace annealing at 1450 °C, was 

used as a justification of the high pressure theory.83 An activation energy of the boron acceptors 

was determined to by 0.372 eV.91  Uzan-Saguy later published a doping efficiency of 2% for 2 

MeV B+ atoms at a dose of 1 × 1015 cm-2 implanted at 77 K. No diffusion of B+ was observed in 

that study.89 In 2004, Vogel et. al implanted mimicked the experiment, but at room temperature, 

implanting 2 MeV B+ atoms into natural diamond samples and achieved 30% activation of the 

implanted boron atoms for a dose of 1 × 1014 cm-2 and 15% for a 1 × 1015 cm-2 dose, and claimed 

it to be the highest at that time for ion-implanted diamond.92 That experiment used annealing 

temperatures up to 1650 °C in a furnace under vacuum. It was determined that annealing at 

temperatures above 1500 °C for 15 min did not improve the quality of the implanted layer, but 

instead decreased it. Low residual defects after the 1500 °C anneal were determined by sheet 

conductivity and mobility measurements.92The present research performed an XTEM study of 

this implant regime, and the results are reported in Appendix B.  
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n-type doping of diamond. While boron doping has been met with some success in 

diamond, n-type doping of diamond is proving to be more difficult than p-type doping. Nitrogen 

is a n-type dopant in diamond, but lies approximately 1.7eV below the conduction band, making 

it a deep donor. Phosphorus, a common n-type dopant in Si, imparts four times as much damage 

when implanted into diamond as does boron, and this is a major problem in doping diamond. Co-

doping with hydrogen has been able to increase the conductivity slightly.83 Damage also has an 

effect; n-type conductivity has been reported in high-fluence Si+-implanted diamond.93 The 

presence of defects does not seem to enhance diffusion of light dopants in diamond like it does in 

Si, up to temperatures of 1300 K. However, slight diffusion of boron has been reported above 

1300 K.94Additionally, p- and n-type doping of diamond has also been performed by growing 

doped diamond by CVD processes.95 

Defects in diamond. The {311} defect has never been reported in diamond, even though 

Salisbury concluded that the {311} rather than the {111} is the normal plane for self-interstitial 

precipitation for all diamond structure crystals.7 Additionally, ion implantation has been studied 

in diamonds for over three decades,82 but reports of any kind of defect are sparse. This is 

because, in the past, creating a TEM sample of single crystal diamond has been very difficult, 

due to diamond’s high bond strength.96  TEM is the best method to pursue a number of current 

research questions in diamond, especially defect formation and evolution as the result of ion 

implantation and annealing.19 Recently, use of the focused ion beam (FIB) has led to the ability 

to create TEM cross sections of diamonds in a more timely fashion, and that method will be 

presented later in this paper.  
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The (100) split interstitial has been calculated to be the stable defect in diamond after ion 

implantation.81,97 Additionally, after ion implantation, intrinsic defects can be electronically 

active.83 Electrical conduction in diamond is impeded by the high density of residual defects.83  

Amorphization vs graphitization of diamond. It is well known that past a critical 

damage value, the diamond lattice is too damaged to repair itself.83Above this critical dose, the 

diamond converts to a form of amorphous carbon, supposedly stable up to an annealing 

temperature of approximately 430˚C.When the annealing temperature exceeds this temperature, 

the crystal begins to graphitize by forming sp2 bonded nanoclusters.81 However, Prins theorized 

that the amorphous region was not truly amorphous, but is actually a vacancy rich diamond 

crystal lattice.98 In a later paper, Prins stated that relaxation to the graphite state might occur 

before a real amorphization (such as in silicon) takes place.99 

In 1999, Kalish et al. reported that complete “graphitization” is reached at 600 ˚C (after a 

20 min anneal) when conductivity becomes metallic, due to an overlapping of the localized 

states.81 However, the density of the amorphous layer does not equal to that of graphite until 

approximately 800 ˚C with a sharp drop in density occurring near 500 ˚C.81 “Graphitization” in 

the literature is a term that sometimes means that the electrical properties of the damaged 

diamond are metallic, and not that a true graphite material has formed. This process has been 

simulated by computational methods; molecular dynamic images of the evolution from damaged 

diamond to graphitic planes were demonstrated by Kalish et al.81,100  

Controversies in Diamond Literature 

Critical dose threshold for amorphization. The critical implantation dose to effect 

graphitization upon annealing was originally determined to be 1 × 1022 vacancies (vac) cm-3 by 

Uzan-Saguy et al. in 1995.16 This threshold has been widely referenced in the literature. The 

method of determination was to implant an amorphizing dose into the crystal, and after 
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annealing, etch in boiling acids. The depth of etchable material, assumed to be graphite, was 

determined by using a buried marker layer. In 2005, Brunetto et al. theorized the threshold to be 

just slightly higher, at approximately 2 × 1022 vac cm-3.101 In 2006, Olivero et al. estimated the 

damage threshold to be approximately 9 × 1022 vac cm-3.75 And Prawer noted that the threshold 

is extremely dependent on implantation temperature, and states that graphitization can be 

completely avoided for high enough implantation temperatures.102 

Displacement energy. In the original study of diamond that set the ‘graphitization 

threshold’ at 1022 vac cm-3, the Ed of one carbon atom was determined to be 45 eV.16 However, 

other values have been determined in the literature, ranging from 52 eV 81using molecular 

dynamics to 55 eV 98 by volume expansion methods. Using these various Ed values in 

SRIM21simulations results in little difference in terms of projected damage range (Rd) and peak 

damage depth (Rp) in diamond.  

Displacement spikes. Displacement spikes in diamond have been a controversy in the 

literature.83,102 Some argue that displacement spikes from the ion trajectory relax to form 

‘graphite-like’ material.102 However, it has been theorized that by using MeV ions, the cap of 

undamaged diamond keeps the damaged layer under enough pressure so that this prevents the 

buried damage layer from relaxing to the graphitic structure.89,103 Raman studies have been used 

to provide justification.  

Transmission electron microscopy studies of single crystal diamond. The few TEM 

studies that do exist have been either plan-view or diamonds thinned by oxidation thinning, and 

have been used to study the defects in HPHT crystals. In 2001, plan view TEM studies were 

done on ion-implanted natural diamond.104 Yin has reported on the defects in a lab-grown high 

pressure high temperature (HPHT) diamond crystal studied using plan view TEM as one method. 
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96,105,106 Additional TEM studies of HTHP single crystal diamond whiskers 107 and particles 108 

have been conducted. However, these sample preparation methods were not area selective in 

nature. Additionally, none of these studies looked at defect creation or evolution. Planar defects 

have been seen in polycrystalline diamond films, and studied by HRTEM and scanning TEM; 

these defects consisted mostly of microtwins.109 The only reported cross-sectional TEM study of 

diamond seems to be by Adams et al.,110 who studied ion beam sputtering and damage in a single 

crystal diamond.  

Properties of the Elemental Crystal Systems 

As a comparative study between three elemental crystal systems, the current work used 

many published properties of three elements involved: C, Si and Ge. Some of these constants and 

properties are summarized in Table 2-1 for convenience and reference. Si, the most widely 

studied of the three systems, is listed first. In general, Si’s property values are in between those 

of C and Ge, which makes sense as it is between the two in the fourth Group of the periodic 

table. It is interesting to note, though, that both carrier mobilities are actually lower in Si than in 

Ge and Diamond. Also listed are some references for graphite, as also being a C crystal system, 

and these values are used in Chapters 6 and 7 when studying the evolution of damaged 

crystalline diamond.  
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Table 2-1.  Relevant properties of the Group IV diamond-cubic semiconductors and graphite.  
Property Si Ge  Diamond Graphite Reference 
Atomic Weight 28.09 72.61 12.01 12.01 111 

 
Melting Point, °C 1414  938.25 4440-4773 

(melting 
point, 12.4 
GPa) 

4473-
4489 
(triple 
point, 
10.3 MPa) 
 

111 19 

Lattice parameter (a), Å 5.4282 5.6580 3.567 a=2.461 
c = 6.708 
 

112, 19 

Tetrahedral Covalent 
Radius, Å 
 

1.17  1.22  0.77  n/a 111 

Atomic Radius, pm 
 

118 123 77 77 111 

Space group 
 

Fd3m Fd3m Fd3m P63/mmc 19,113 

Bond Dissociation 
Energy, D°298/ kJ mol 
 

Si-Si 
310 

Ge-Ge 
264.4 ± 6.8 
Ge-Si 297 

C-C 595.63 
C-Si 447 
C-Ge 455.7 
± 11 

 114 

Atomic concentration, 
atoms/cm3 

 

5.00e22 4.42e22 1.76e23 1.14e23 19,113 

Packing fraction for 
diamond crystal 
structure 
 

34% 34% 34% n/a 113 

Minimum Room Temp. 
Energy (Band) Gap (eV) 
 

1.12 0.67 5.4 -0.04 115 19 

Hole Mobility (room 
temp), cm2/V s (CRC, 
pg 12-82 
 

500 1820 1400 n/a 115 

Electron Mobility (room 
temp), cm2/V s  
 

1900 3800 1800 n/a 115 

Displacement Energy 
(ED), eV 

15  15  50, 52 
SiC: 20 (C) 
25-40 (Si) 

28 21 101,116 
62 
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CHAPTER 3 
ANALYTICAL TECHNIQUES 

Introduction 

 Transmission electron spectroscopy is one of the best analytical techniques for comparing 

the defect formation and amorphization phenomena of ion-implanted carbon (C) and germanium 

(Ge) to that of silicon (Si), because direct imaging of the crystal is possible. The most 

challenging aspect of TEM analysis is the sample preparation, and therefore it shall be treated 

first in this chapter. Few TEM studies of C in its diamond cubic form exist, due to the 

historically difficult preparation technique.96 In order to study ion-implanted diamond, the author 

created a technique to make relatively quick cross-sectional (XTEM) samples of diamond using 

a focused-ion beam (FIB). This technique was published in the Journal of Vacuum Science 

Technology-A,117 and its presentation won the AVS Manufacturing Science and Technology 

Group Fellowship Grant at the 2005 AVS International Symposium for best paper as well as 

Grand Prize in the Materials Characterization Poster Division at the 2006 Joint Symposium of 

the FLAVS and Florida Society for Microscopy.   

After sample preparation of all three materials has been discussed, TEM, as well as the in-

situ tools of EDS and EELS, will be described. Raman optical scattering was also used to 

confirm the results of damage to the diamond crystal, attempting to determine amophization or 

graphitization. The simulation tool, SRIM-2006 (The Stopping and Range of Ions in Matter)21 

has been used extensively in this work to simulate the damage in each crystal created by the 

incoming ion implantation process. A short description of the benefits and limitations of each of 

these analytical techniques will be presented. 
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Sample Preparation for TEM 

Transmission electron microscopy imaging requires samples normally less than 200 nm in 

thickness, and approximately 50 nm of less for high-resolution imaging. The physics of imaging, 

and why a thin material is required, is discussed in the next section. There are many different 

sample preparation techniques for different materials.112 Only two will be discussed here, which 

are appropriate for the semiconductors Si and Ge: cross-sectional (X) TEM sample preparation 

by automated focused ion beam milling (FIB) scripts and plan-view (P) TEM sample preparation 

using chemical and mechanical polishing techniques. Then a novel method of creating XTEM 

samples for single-crystal diamond will be presented.  

Silicon & Ge XTEM sample preparation. Using an FEI dual beam FIB, and the provided 

automated script for creating XTEM samples of Si, XTEM samples of both Si and Ge were 

produced.118 This is essentially a milling technique in which a source, usually gallium (Ga), ions 

are accelerated towards a target and sputter target ions from the sample. Mill rates can be 

adjusted through adjustment of the dose rate of the ion. Since the Ga ion beam also creates 

damage of the sample, the bulk material is first coated with carbon to protect the surface from 

initial views using the ion beam. Approximately 150 nm of carbon is sufficient. Once the sample 

is in the FIB chamber (which is under vacuum), the sample is oriented along the (111) cleave 

planes (in the <110> direction) so that the final XTEM sample will be viewed in the <110> 

direction. Platinum (Pt) is then deposited over the surface area of choice, to protect the surface 

from future milling steps. The carbon and Pt layers will be visible in the XTEMs presented in 

this work. Milling continues until a material sample approximately 15 μm × 2 μm × 0.1 μm is 

freed from the bulk. The sample is removed ex-situ and placed on a copper-supported carbon-

film backed grid.  
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Silicon & Ge PTEM sample preparation. To view a sample from the top-down in the 

near surface region, rather than a cross-section, a PTEM method is used. First, a 3-mm section is 

milled from the bulk, and the surface is crystal-bonded to a metal chuck. The material is then 

mechanically polished using alumni slurry to approximately 0.2-0.4 μm thick. At that point, 

appropriate etch chemistries are used per each material to create an electron transparent region in 

the center of the 3-mm disk: for Si, a 25:75 buffered hydrofluoric acid (49% HF): nitric acid 

(HNO3) solution is used, and for Ge, a 15:85 48% HF: HNO3 mixture is appropriate.112 The 

HNO3 oxidizes the semiconductor, as shown here with Si: 

Si(s) + 4 HNO3(l) ↔ 3SiO2(s) + 4NO (g) + 2H20(l)    (3-1) 

Then, the HF etches the oxide, as shown again with Si: 

SiO2(s) + 6HF(l) ↔ H2SiF6(l) + 2H20(l)     (3-2) 

This is the same mechanism responsible for HF etching glass (as it is also SiOx), therefore, HF is 

always stored in polyethylene or Teflon containers. Great care should be taken with both 

chemicals as both are highly corrosive. After acid etching, the samples are briefly rinsed in 

water, air or nitrogen dried, and are ready for imaging in the TEM.112  

Single crystal diamond XTEM sample preparation. Due to the difficulty in creating 

TEM samples from single crystal diamond, few studies have been reported.96 In the 1960s, TEM 

samples were prepared from natural diamond by oxidation thinning, which is flowing oxygen at 

750ºC or carbon dioxide at 1350ºC over the diamond substrate, thereby gas etching the crystal.119 

However, this process does not protect the surface and is not selective of the area. Other 

disadvantages of this method are that the sample must be boiled in an acid mixture to remove the 

surface layer of carbon that forms and such high temperatures may anneal out defects present in 

the sample.120 In 2001, plan view TEM studies were performed on ion-implanted natural 
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diamond.104 Yin has reported on the defects in a lab-grown high pressure high temperature 

(HPHT) diamond crystal studied using TEM as one method.96,105,106 Additional TEM studies of 

HTHP single crystal diamond whiskers 107 and particles 108 have been conducted. However, these 

sample preparation methods were not area selective in nature. Recently, Adams 110et al studied 

ion beam sputtering and damage in a single crystal diamond.  

The focused ion-beam has been used to create TEM samples in single crystal silicon and 

other materials faster than traditional methods.118 Following FIB sample preparation, ex-situ 

liftout is common using micromanipulation tools, but in-situ liftout is also possible and 

preferable for the study of ion-implanted diamond. Ex-situ liftout of diamond specimens is not 

preferable for two reasons: (1) the film commonly on the back of TEM grids is carbon, thus 

potentially compromising any EELs spectrum analysis of the ion-implanted diamond and (2) if 

the sample is not thin enough for high resolution work, it can not be thinned further in the future. 

This may become an issue if the source material has been processed further. In addition, the 

diamond surface must be protected prior to creating the FIB cross-section, otherwise the gallium 

ion beam could produce unrelated crystal damage as deep as 30 nm.118 

This method was developed to create XTEM samples from HPHT single crystal diamonds, 

approximately 5 x 5 x 1 mm3, provided by The Gemesis Corporation. The diamonds in this study 

were ion-implanted, and after implantation, a 1000Å layer of SiO2 was either PECVD or sputter 

deposited on the implanted surface, with the thermal exposure of the diamond being 310º C for 

one minute during PECVD deposition. The purpose of the SiO2 layer was to compositionally 

separate the carbon of the crystalline diamond from the conductive carbon coating applied next. 

Approximately 150 nm of carbon was evaporated onto the sample, for conductivity and 

protection of the sample surface.  
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Process steps. Using a FEI Strata DB235 dual beam scanning electron microscope (SEM) 

and focused ion beam (FIB), a sample area was selected. A 20 µm x 2 µm x 1.2 µm platinum 

box was deposited onto the chosen area. Using a 5000pA ion beam sourced by gallium, a trench 

six microns deep was milled away on three sides of the platinum box. Tilting 45º, an undercut 

using a 3000pA ion beam released the sample wedge from the substrate bulk. The Omniprobe 

Autoprobe 200TM in-situ lift-out system was then inserted along with the platinum gas injection 

needle, and placed on the corner of the sample. Platinum was deposited to attach the sample to 

the needle tip. The sample was then lifted out and retracted with the Omniprobe needle, as shown 

in Figure 3-1. The bulk sample was then removed from the chamber. An Omniprobe copper grid 

was inserted and adjusted in the FIB. The platinum needle and the Omniprobe needle, with 

sample still attached, were reinserted into the FIB, maneuvered to the copper gird, and attached 

to the grid with platinum, using a 300 pA ion beam. Once attached, the Omniprobe needle was 

cut away from the sample using a 5000 pA focused ion beam. Both the platinum needle and the 

Omniprobe needle were then retracted. At this point, the sample was approximately 15 µm x 2 

µm x 2 µm; the thickness of the sample is shown in Figure 3-2(a). Tilting the stage normal to the 

ion column, the sample was thinned, first using a 300 pA focused ion beam, then 100 pA and 

final thinning was completed with a 50 pA beam. All ion beam energies described here were 30 

keV. The sample was thinned from a +1º and -1º to normal, and alternating scan rotation setting 

of +1º and -1º, so that the end of the sample would be thin moving to a thicker (approximately 

200 nm) region at the base section attached to the grid. Figure 3-2(b) shows the thickness of the 

sample after the thinning process, approximately 50 nm toward the end, and approximately 200 

nm near the base (area attached to grid). The sample can then be viewed in the TEM without 

further processing.  
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Results of the method. The single crystal diamond TEM samples produced by this 

method have been imaged in both regular resolution TEM and high resolution TEM (HRTEM) 

with good results. Figure 3-3 shows an image obtained on a JEOL TEM 200 CX clearly showing 

the layers of platinum, carbon, and silicon oxide above the diamond crystal, and also shows the 

implant damage from the 1x1014 Si/cm2 dose as it was implanted (without any anneal). Figure 3-

4 (a) shows an XTEM image from a damaged diamond implanted with 1MeV, 1x1014 Si+/cm2, 

and annealed for 10 minutes at 1050 °C. Selected area diffraction imaging is shown to be 

possible from the heavily damaged region [Fig. 3-4(b)] as well as the bulk undamaged region 

[Fig. 3-4(c)]; both SADP show the characteristic pattern of a diamond-crystal structure as viewed 

in the <011> beam direction. The method also produces good results when imaged under 

HRTEM conditions, as shown in Figure 3-5. As carbon is a less massive ion than Si or Ge, a 

clear on-axis HRTEM image is more difficult to obtain due to its smaller atomic size. However, 

individual rows of atoms are able to be imaged even in a heavily damaged region of a diamond 

implanted at 77 K with 1 MeV, 1×1015 Si+/cm2. This process does indeed allow all TEM analysis 

as in traditional cross-section techniques.  

Advantages of method. In creating these TEM samples, the total time per sample was less 

than three hours, a significant reduction compared to traditional sample preparation techniques. 

In addition to the time savings, another advantage over traditional sample preparation methods 

that is particularly good for rare substrate material like single crystal diamond is that very little 

material is needed, and the source of the sample can be reprocessed, increasing research 

efficiently and controlling costs at the same time. This method differs from other FIB methods 

by accounting for the nuances of analyzing single crystal diamond. Carbon coating is often used 

to make insulating and semi-conducting samples conductive for use in the FIB. However, as the 
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point of this research will be, in part, to study the phase transformation of crystalline diamond, 

having a carbon layer deposited directly onto the diamond (carbon) substrate could compromise 

characterization methods such as electron energy loss spectroscopy (EELS). To avoid this 

compromise, a layer of SiO2 was deposited to differentiate the two layers. The top layer, in black 

[Fig. 3-3], shows the platinum deposited to protect the surface from the Ga ion beam milling 

currents. The three layers of carbon coating, which protect the surface from the Ga ion beam 

damage, are clearly visible beneath the platinum. The next layer is silicon oxide, deposited to 

separate the carbon deposition from the carbon sample. Finally, the HPHT single crystal 

diamond is visible with the implant damage appearing as a dark band. Other FIB sample 

preparation methods choose not to use in-situ lift out, but instead use an ex-situ 

micromanipulation technique. This method involves removing the sample from the FIB after it 

has been released from the bulk, and then transferring the sample from the substrate to a grid by 

static forces. However, the grid is often backed by a carbon film. If this method were used for the 

single crystal diamond, characterization methods such as EELS could again be compromised due 

to the presence of carbon film behind the carbon sample. In addition, the precision of this method 

allows accuracy and easy variation in the orientation of the cross-section fabricated.  This can be 

an issue since the traditional orientation of a silicon substrate, i.e. (100), is not always known for 

single crystal diamonds produced via the HTHP method.  Site specific plan view samples are 

possible but require a different technique, and will not be discussed here.  

Possible improvements to method. Although this method has proved sufficient, it can be 

improved. HRTEM lattice images do show that the diamond lattice can be observed; however 

image resolution can be improved by using lower ion beam energy on the final thinning cuts to 

impart less damage from the Ga ion beam. This method used a 30 keV beam during the entire 
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thinning process. A direct 30 keV beam, according to SRIM (using a displacement energy of 45 

eV per carbon atom16) created a damage peak at approximately 15 nm. However, the thinning 

beam was not direct on, but only at a glancing angle, so the damage can be assumed to be less. 

Two characterization techniques were additionally used to determine that FIB damage was kept 

to a minimum. HRTEM showed that, even on the 1 × 1015 Si+/cm2 implant, the sample stayed 

crystalline throughout its entire damaged region. Additionally, electron dispersive x-ray 

spectrometry (EDS) showed Ga (the ion used in this FIB process) was highly present in the 

platinum deposition layer (as is to be expected) but only in background amounts in the rest of the 

sample. Although these methods show that the Ga ion beam did not do extreme damage, even 

less damage could be achieved by switching to a lower energy ion beam for the final thinning 

cuts. For example, a direct 5 keV Ga ion beam would have a damage peak only 5 nm into the 

diamond lattice (according to SRIM21) as compared to 15 nm caused by a direct 30 keV beam. 

Additionally, oxygen gas FIB accessories, available from FEI, would allow for faster mill rates. 

Transmission Electron Microscopy 

The sample preparation process for transmission electron microscopy (TEM) is 

challenging (as discussed in the last section). TEM provides high lateral spatial resolution, as 

high as 0.2 nm point-to-point for some instruments. Image and diffraction patterns may be 

obtained from the same sample. The signals used in image and diffraction modes are also used in 

other TEM in-situ characterization tools such as EDS and EELS. The TEM has an incredible 

range of magnifications, from 50 to 106 increase in magnification, made possible by the small 

wavelength of highly-energetic electrons. Thin samples insure few scattering events to the probe 

electrons, making signal resolution quite accurate.112,121 

Electrons, normally in the energy range of 100-400 keV, are generated by either a field 

emission gun or a tungsten filament. Using electro-magnetic focusing lenses, a beam of coherent 
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and ideally monochromatic electrons is focused to a thin foil sample.121 Upon passing through a 

solid sample, the electrons interact with the foil in a number of ways, as shown in Figure 3-6.122 

For TEM, the elastically scattered electrons (Bragg scattering) generates the bulk of the signal 

used for imaging and diffraction pattern generation. The principles of image and diffraction 

pattern creation in the TEM are based on Bragg’s law of diffraction: 

λθ nd =sin2          (3-3) 

where d is the inter-planar spacing (listed in Table 2-1 for the crystal systems used in this study), 

θ is the diffraction angle, n is an interger and λ is the wavelength of the incident electron.122 For 

diffraction patterns, the intensity and distribution of the diffracted spots provides information 

such as lattice type, the lattice constant (listed in Table 2-1 for the crystal system used in this 

study) and crystallographic orientation.120 The planar spacing (d) can be determined for a 

particular crystal system by using the lattice constant (a) and Miller indices (h,k,l) as shown: 

222 lkh
ad

++
=         (3-4) 

The diffraction patterns for the diamond crystal systems, like Si, Ge and carbon in the diamond 

crystal structure, are shown in Figure 3-7; the pattern arising from looking at a (001)-surface 

oriented plan view is shown in Figure 3-7(a), and from a (011)-oriented cross section is shown in 

Figure 3-7(b). The diffraction pattern for hexagonal crystal structures is shown in Figure 3-7(c) 

and (d), which both contain the most intensely diffracted plane in the graphite crystal system, the 

(0002) plane.112,123,124For diamond-like carbon films, TEM is a widely-used tool for 

differentiating between the different crystalline phases of carbon.120Crystalline materials will 

produce a spot pattern, as already shown; polycrystalline materials display a distinct ring pattern, 

and amorphous materials produce a hazy ring pattern.121 Normally, selected area diffraction 

patterns (SADP) are imaged directly from the interaction with the foil. However, in this study, 
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two TEM instruments were used. For imaging in the FEI 2010 TEM, HRTEM images were used 

to generate Fast Fourier Transform (FFT) patterns, which look like SADP and provide the same 

crystallographic information, but are not generated directly from electron-foil interaction. The 

method of generation, either direct SADP or FFT, will be designated on provided figures in this 

study. 

 In imaging mode, the TEM operator may select to view the transmitted electrons or the 

diffracted electrons. Using centered bright field (BF) mode, only the transmitted electrons will be 

viewed on phosphorus screen. Therefore, areas of the crystal that have scattered electrons due to 

irregularities in the plane will appear dark, such as damaged crystalline regions or defects. BF 

TEM is useful for measurements (because the sample is not tilted). In weak-beam dark field 

(WBDF) mode, the sample is brought to a two-beam condition, so that only a certain plane is 

aligned to the transmitted beam. WBDF TEM microscopy is most useful for imaging defects in 

the lattice.112 

 One of the benefits of TEM is that small sample sizes may be used, which is extremely 

beneficial when working with rare HPHT diamond crystals. Additionally, crystallographic 

information may be obtained and correlated with the imaged samples, as will be shown not only 

with SADP but also EELS analysis. The major drawback to TEM analysis has already been 

discussed in detail: the intense effort involved in making a sufficiently thin (less than 200 nm) 

sample. Another drawback of TEM imaging is that three-dimensional data provided by scattered 

electrons is projected onto a two-dimensional phosphorus screen, giving TEM little field of view. 

Three dimensional data must be derived from tilting the sample or adjusting the focal point to 

different depths in the thin foil.112 Additionally, diffraction techniques are not sensitive to small 



 

61 

amounts of amorphous material, and therefore other techniques such as Raman and EELS must 

be used to confirm the presence of amorphous carbon.120 

Energy Dispersive X-Ray Spectroscopy 

Energy-Dispersive X-Ray Spectroscopy (EDS) systems can detect X-rays from all the 

elements in the periodic table above beryllium if sufficient quantities are present, approximately 

1-2% by weight. Therefore, it is an excellent tool for detecting chemical species. The main 

advantages of an EDS system are its speed of data collection and ease of use.125 The main 

disadvantage for this study is the weight percent detection limit: dopant atoms and background 

nitrogen (in the diamond samples) were present below the resolution of the EDS system. EDS 

systems are present in many electron column instruments; for this study, an EDS system attached 

to an FEI 2010 TEM was used.  

EDS uses the X-ray signals produced from high-energy electron interaction with a solid, as 

shown in Figure 3-6. X-rays are produced as a result of ionization of an atom where an inner-

shell electron is removed during the interaction with the electron. In order to return the ionized 

atom to its ground state, an electron from an outer shell fills the inner-shell spot, and in the 

process, must release energy equal to the difference in potential energy between the two shells. 

As shown in Figure 3-8, the excess energy (which is unique to each atomic transition) is released 

in the form of a characteristic X-ray [Fig. 3-8(a)] or an Auger electron [Fig. 3-8(b)].122 In the 

case of electrons with many filled shells, the ejection of one electron from an inner shell may 

begin a cascade which produces many signals from a single electron-atom interaction.125 

For this research, EDS was used to confirm two experimental parameters: first, that a 

deposited oxide layer did indeed separate the carbon sample from the conductive carbon layer 

applied to protect the surface from the Ga ion beam during sample preparation, and second to 

confirm that the Ga ion beam did not deposit Ga ions in the surface layer of interest.  
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The layer of silicon dioxide (SiO2) was deposited on the surface of the crystal, either by plasma 

enhanced chemical vapor deposition (PECVD) or e-beam sputtering. The PECVD SiO2 adhered 

better to the crystal surface than the sputter deposited layer; however, at high temperature 

annealing cycles, the PECVD layer would flake off. The main drawback of the PECVD layer 

was that it exposed the sample to a thermal budget of 310 °C for 3 minutes. For diamond and Si, 

this is a relatively low thermal budget as compared to their melting (and in the case of silicon) 

regrowth temperatures. However, this was an issue for the Ge samples which show some defect 

evolution and regrowth in the 300-400 °C range. Sputter deposition was performed at room 

temperature in the Benton Clean Room Laboratory at the University of Florida. However, it 

flaked off the sample after even initial annealing sequences. In order to characterize the 

exisitence of the SiO2 layer, and to verifiy the aforementioned lack of Ga ion damage to the 

diamond crystal surface during sample preparation, energy dispersive X-Ray Spectroscopy 

(EDS) was employed. Figure 3-9 shows the path of the line scan across an ion-implanted 

diamond XTEM created using the aforementioned sample technique and the equivalent EDS 

spectrum. As shown, no Ga ion damage is present in the sample, and the SiO2 layer does provide 

a sufficient separation distance between the carbon coating and carbon sample. The implanted Si 

ions or the as-grown HPHT nitrogen contaminant atoms were not detectable using EDS, due to 

its low concentration in the crystal.  

Electron Energy Loss Spectroscopy 

In this study, electron energy loss spectroscopy (EELS) was used to determine the bonding 

in the amorphous and crystalline regions of the ion-implantation damaged diamond. In EELS, 

high-energy electrons are used to probe the electronic structure of the solid through columbic 

interactions. EELS obtains information from either the inner-shell electrons (K-shell) or from 

those in outer shells (L, M, N). Electrons (normally of energies of ~5 to 2000eV) traveling 
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through a solid can lose energy in many ways, as shown by Figure 3-6.120,122 For EELS, the main 

losses used are plasmon scattering, single-particle electron excitations (signals from valance 

electrons) and ionization of atoms (signals from core electrons). For carbon, EELS can determine 

the changes in three bonding configurations: diamond, graphite and amorphous carbon. For very 

thin samples, such as CVD grown films, both low loss (signals from valence electrons) and high 

loss (singles from core electrons) can be used to characterize the bonding of the solid.120 For 

slightly thicker samples (greater than 50 nm), low loss signal is obscured by the contribution 

from plasmon scattering.126  

Identification of each carbon phase comes from the high energy electron losses due to 

excitation of core electrons, also known as K-shell electrons, as shown in Figure 3-8.122 These 

loss peaks are observed as specifically-shaped structures in the K-shell ionization loss spectra. 

These appear at higher energies than the threshold energy for K-shell excitation due to plasmon 

creation and interband transitions. The position and shape of this region of the loss spectra is 

very dependant on the density of states in the conduction band (for diamond) or above the Fermi 

level (for graphite). These finely defined spectra can be used to distinguish between diamond, 

graphite and amorphous carbon, as shown in Fig. 3-10.126  The diamond spectrum consists of 

three peaks, at approximately 294, 299 and 306 eV (after aligning the zero loss peak at zero). 

The graphite spectra has two almost identically intense peaks at 286 and 294 eV (again, 

dependent on the location of the zero-loss peak). Finally, the amorphous peaks occur at the same 

energy levels as graphite, 286 and 294 eV, however, the first peak is almost half the intensity of 

the second peak, as shown in Fig.3-10.126 

Reported literature says that the percentages of sp2/sp3 bonding can be determined by 

EELS, and is used extensively to characterize chemical vapor deposition (CVD)-grown diamond 
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films;127 however this requires extremely thin samples on the order of 10-20 nm.126 A drawback 

of the FIB method of sample preparation leaves the diamond too thick or, in the extremely thin 

regions, too damaged. Even though final thinning of the sample is performed using a glancing 

angle of the Ga ion beam to thin the sides of the XTEM sample, some lateral damage (~5 nm) 

can occur. Therefore, for a sample approximately 100 nm thick, as little as 90 nm may be 

crystalline. To confirm that the amorphous spectrum, a FIB damaged region near the tip of the 

diamond sample was probed. EELS analysis was performed on a FEI Technai TEM at the 

University of Central Florida. Figure 3-11 shows the screen-shot from the EELS software 

package on the Technai system. On the upper left, a BF TEM image is shown, with the line scan 

shown. The point at which the EELS spectrum is taken is designated by a red cross (in the FIB 

damaged region), and the spectrum is shown. Note the characteristic amorphous K-loss peaks 

(compare to the standard spectrum in Fig. 3-10). EELS data is presented in Chapter 7 to 

determine the bonding in damaged diamond after amorphization and before and after annealing.  

Raman Spectroscopy 

Raman spectroscopy has been the most widely used tool for the examination of the types 

of bonding present in carbon films,120 because it is sensitive to the details of atomic arrangement 

and chemical bonding. Raman is able to distinguish various types of carbon: diamond, graphite, 

amorphous carbon and hydrogenated carbon, as well as stressed diamond (as grown on a 

substrate) and defect structures.128 Raman is extremely sensitive to graphitic phases of carbon 

due to its high scattering centers.  

Raman spectroscopy is able to detect different bonding in materials due to the relationship 

that each bond vibrates with only one fundamental vibrational frequency.129An intense 

monochromatic light beam, normally created by a laser, impinges on a sample. The chemical 

bonds are distorted by the electric field of the incident radiation. When the radiation passes, the 
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bonds relax and most of the stored energy is reradiated at the same frequency as the incident 

light. A small portion of the stored energy is transferred to the sample, which excites the 

virbrational modes of the chemical bonds. These vibrational energies are subtracted from the 

energy of the incident beam and appear as Raman lines. The separation of the Raman lines from 

the frequency of the incident light is a direct measure of the vibrational frequencies of the bonds 

in the sample.129 

Both the position and the width of the Raman peaks provide information on the type of 

carbon present, the structural perfection and the internal stress state, as shown in Table 3-1 which 

lists the various peaks and widths of Raman peaks produced by various forms of carbon.120 The 

standard spectrum for natural single-crystal diamond is shown in Figure 3-12(a). The parameter 

of full width at half-maximum (FWHF) is a measure of the peak’s width (in cm-1) taken at half of 

the maximum intensity of the peak, and varies with the type of bonding detected. Raman 

spectrum taken from an unimplanted HPHT diamond used in this study is shown in Figure 3-

12(b). This spectrum has the characteristic tall, skinny peak (a low FWHM of 6 cm-1); however, 

it is shifted slightly by 2.5cm-1 from the standard diamond peak. Peak shifting may be caused by 

a number of stresses to the crystal: foreign atoms, stress or defects.128 For the diamonds used in 

this study, the shift may be due to the nitrogen impurity present in the HPHT samples, obvious 

due to the yellow-orange color of the diamond wafers.  

In this study, the Raman system used a He-Ne Laser at 632.81 nm with a spot size of 

approximately 5 μm, located in Dr. David Hahn’s lab in the Department of Mechanical 

Engineering at the University of Florida. Spectra of various carbons are shown in Figure 3-13 

(a), 127 and can be compared to a spectrum from a graphite standard using this system, shown in 

Figure 3-13(b). The spectrum contains the two characteristic peaks of graphite, as listed in Table 
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3-1. Note the low intensity of the signal (the y-axis) due to the opaqueness of the graphite. All 

Raman spectra used in this study were taken from samples being placed on a glass slide. In order 

to confirm that the glass slide did not contribute to the signal, the spectrum from the glass slide 

(unfocused) is presented in Figure 3-13(c). The low intensity and consistent background signal 

confirm that the glass slide did not detrimentally affect the spectra used in this study.  

The main drawback of the Raman method is the spot size, especially for this study. The 5 

μm spot size was larger than the band of amorphous carbon material in the diamond XTEM 

samples, so although cross-section analysis was performed, it must be noted that both the 

crystalline and amorphous regions were represented in a single spectrum. Bulk measurements of 

the implanted diamonds were also used to determine the crystalline or amorphous nature of the 

material. A smaller spot size would be ideal for analysis of the current experiment. However, 

nano-Raman systems are extremely new, and have only recently begun use as a characterization 

tool in the research arena, and may become a future tool for study of XTEM ion-implanted 

diamond.127 

Stopping and Range of Ions in Matter (SRIM)  

The Stopping and Range of Ions in Matter (SRIM)21 is a widely used tool to simulate ion-

implantation damage in crystals. Introduced in 1989, SRIM has been upgraded approximately 

every five years. The version of SRIM used for this study was the 2003 version for experiments 

performed before 2006, and the 2006 version for experiments since. However, no significant 

changes were made to the 2006 version of SRIM concerning the elements or stopping powers 

involved in this study.  

SRIM is known to be very accurate for simulating the ion-implantation damage in 

crystals.19 It has been used to study the threshold damage in Si,35 the threshold damage in 

diamond,16 and countless other studies into the phenomena arising in semiconductors after ion-
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implantation. Advantages of SRIM is that it is easy to use and widely adopted in the community 

for estimation of ion-implanted damage. However, the limitations of SRIM may be significant, 

depending upon the experiment. First of all, SRIM only simulates damage into crystalline 

systems. SRIM does not simulate damage into an amorphous material. Also, it does not estimate 

when a material becomes amorphous. SRIM does not take into account dynamic annealing, 

which is the heating of the lattice that takes place during implantation, either due to implant 

temperature or heating by a high dose rate. Therefore, SRIM simulates low temperature (liquid 

N2) temperature implants better than higher temperature (room and above) implants.  

As few to no XTEM studies of ion-implanted diamond are reported, it was important in 

this study to confirm that SRIM does simulate the damage into diamond after non-amorphizing 

ion-implantation well, before beginning any serious experiments that used SRIM results to 

hypothesize about defect formation or amorphization in diamond. XTEM diamond samples 

would be used to compare SRIM results to the experimental results. First of all, alterations to the 

SRIM defaults of carbon as a target material were necessary, since the default is for the graphite 

form of the carbon crystal. The parameters adjusted were density (2.253 g/cm3 to 3.5 g/cm3, 

graphite to diamond respectively) and displacement energy, Ed (28 to 50 eV, graphite to 

diamond respectively). All simulations were run using the ‘Full Cascade’ mode. For a detailed 

explanation for the choice of displacement energy, see Chapter 2.  

 All as-implanted TEM images of the non-amorphizing implants matched well to the 

TRIM simulations. Figure 3-14(a) shows the plotted SRIM results of a 1 MeV Si+ implant into 

diamond, plotting vacancies, interstitials and final ion depths. Figure 4-14(b) is a bright-field 

(BF) TEM image of (011)-oriented diamond implanted with 1 × 1014 Si+/cm2 at 303 K. BF TEM 

imaging conditions were used as to not introduce tilt into the image. The ion-implantation 
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induced damage band matches well with the simulation’s prediction. The damage for this dose 

and energy seems to be centered on the projected range, rather than the damage peak. The (100)-

oriented diamond with the same dose had similar results. A higher dose, 1 × 1015 Si+/cm2, and its 

simulation results are shown in Figure 3-15(a) for a (001)-oriented diamond. The SRIM 

simulation is the same as it was for the lower dose, since dose is not taken into account in the 

implantation dose (only energy and species). However, with the order-of-magnitude higher dose, 

the damage band is much clearer in the on-axis (011) BF TEM image (Fig. 3-15(b)). The damage 

band is centered equally between the damage peak and the projected range. Although the damage 

is quite clear, the crystal did not create a continuous buried amorphous region. This was 

confirmed by HRTEM imaging (Fig. 3-15(c)), which revealed a crystalline lattice image even in 

the middle of the damage band. Further confirming the imaging results is the fast Fourier 

transform (FFT) selected-area diffraction pattern of the Figure 3-15(d) image showing a perfect 

diamond pattern. These results confirm that SRIM is an accurate simulation tool for non-

amorphizing ion-implants into diamond, and has been used extensively in this study. 
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Figure 3-1.  In-situ lift-out of diamond wedge, as viewed using the ion beam which is at a 52º 
angle to the stage. The diamond sample is approximately 3 μm deep on the far side, 
and the surface of the sample has been protected by a layer of platinum. 
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(a) 

       

(b) 

Figure 3-2.  The sample thickness before (a) and after (b) the thinning process. 
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Figure 3-3.  A TEM image of an as-implanted (110) single crystal diamond implanted with a 1 

MeV  1x1014 Si+ cm-2 at  a temperature of 30º C. 
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Figure 3-4.  XTEM of (100) oriented diamond after a 1 MeV 1x1015 cm-2 Si+ implant (Ti = 30˚C) 
annealed at 1050˚C for 10 min: (a) XTEM image (labels denote platinum, carbon 
coating and surface) (b) SADP of top region (c) SADP of bulk. 

(a)
(b)

(c)
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Figure 3-5.  HRTEM image showing the middle of a damaged diamond layer from a (001)-

oriented diamond implanted at 77 K with 1 MeV, 1×1015 Si+/cm2. No continuous 
amorphous layer exists; pockets of amorphous material reside in a crystalline matrix. 
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Figure 3-6.  Schematic diagram of the signals created during transmission of a high-energy 
electron beam through a thin solid sample. 122 
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Figure 3-7.  Single-crystal spot transmission electron diffraction patterns for the diamond 

structures (diamond, Si and Ge) for the (a) [001] and (b) [011] zone axis, and the 
hexagonal crystal structure for the (c) [2110] and (d) [0110] zone . Asterisks (*) 
indicate spots occurring in the pattern from double diffraction, crosses (×) indicate the 
positions of forbidden reflections, but occurring in the pattern by double diffraction, 
open circles (○) indicate additional weaker spots; z is the zone axis and B is the beam 
direction. 112 



 

76 

 
Figure 3-8.  De-excitation mechanisms for an atom that has undergone K-shell ionization: (a) 

emission of a characteristic Kα X-ray and (b) emission of a KLM Auger electron. 122 
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(a)       (b) 

Figure 3-9.  TEM and EDS characterization of sample. (a) TEM image of a (001)-oriented 
diamond implanted with 1 MeV, 1 × 1015 Si+cm-2 at room temperature, and annealed 
at 1050 °C for 10 minutes, with the EDS line scan data overlaid. (b) EDS spectra of 
the line scan of the TEM sample showing relative counts of elemental species.  
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Figure 3-10.  The low-loss and K-ionization regions of the energy-loss spectra of three allotropes 
of carbon as detected using an EELS system. 126 
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Figure 3-11.  Screenshot of data displayed from the EELS system used for this study.  
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Table 3-1.  Major Raman peaks from diamond, graphite and related materials. 120 
Peak Position Type of Carbon Description 

~1140 cm-1 Small size (<0.1 μm) cubic 
diamond 

Occasionally observed in 
diamond films with very 
small grain sizes (<0.1 μm) 

1315-1326 cm-1 Hexagonal diamond Broad band, observed in shock 
wave produced diamond 

1332 cm-1 Cubic diamond First order peak with full 
width at half maximum of 
1.9 cm-1 for natural 
diamond 

1345 cm-1 Amorphous carbon Broad band. It becomes a 
shoulder of the 1550 cm-1 
band when the material is 
hydrogenated 

1355 cm-1 Microcrystalline graphite Observed in materials with 
small grain sizes 

1550 cm-1 Amorphous or diamond-like 
carbon 

Broad band 

1580 cm-1 Graphite First order peak 

2458 cm-1 Cubic diamond Second order peak 

2710 cm-1 Microcrystalline graphite Second order peak 

3240 cm-1 Graphite Second order peak 
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(a) 

 

(b) 

Figure 3-12.  Raman spectra of diamond. (a) Raman spectrum of natural diamond 128 (b) Peak 
from bulk un-implanted diamond used in our study. Peak is at 1335 cm-1 with a 
FWHM of 6 cm-1, which is a 2.5 cm-1 shift from the reported diamond peak. The shift 
may be due to the nitrogen impurity (giving rise to the yellow-orange color of the 
diamond).  
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(a)      (b) 

 

(c) 

Figure 3-13.  Raman spectra of carbon allotropes. (a) Comparison of typical Raman spectra in 
carbons. 127 (b) Graphite standard There are peaks at 1335 cm-1 (FWHM= 49cm-1) 
and 1587 cm-1 (FWHM= 23 cm-1). (c) Glass slide background spectra. 
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Figure 3-14.  Comparison of simulation data to experimental images. (a) SRIM plotted data of 
damage created by Si+ implantation at 1 MeV into diamond, showing total vacancies, 
interstitials and ion range. (b) BF XTEM image of (011)-oriented diamond Si+ 
implanted at1 MeV to a dose of 1 × 1014 cm-2.  
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Figure 3-15.  Comparison of simulation data to experimental images. (a) SRIM plotted data of 
damage created by Si+ implantation at 1 MeV into diamond, showing total vacancies, 
interstitials and ion range. (b) BF-XTEM image of Si+ implantation at1 MeV to a 
dose of 1 × 1015 cm-2 into (001)-oriented diamond. (c) HRTEM of damaged area. (d) 
FFT of damaged diamond HRTEM image.   
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CHAPTER 4 
RESULTS FROM NON-AMORPHIZING IMPLANTS INTO GERMANIUM 

The literature review in Chapter 2 presented current controversies in the differences 

between defect formation in germanium (Ge) and silicon (Si). Both crystals have been reported 

to form the interstitial {311} defect for non-amorphizing implants, but only in light ion or 

electron irradiation in Ge. 10-12,29,49 Additionally, recent research into SiGe alloys have resulted in 

results that showed that with increasing Ge content, {311} defects do not form 13 and that 

possible vacancy defects are created in the near surface region. 14  

To explore the Ge {311} controversy, cross-sectional transmission electron microscopy 

(XTEM) was used to study defect formation and evolution in (001) Ge and Si wafers Si+ 

implanted at  40 keV and 1 MeV with doses of 1 × 1014 cm-2. As expected, upon annealing, 

{311} extended defects form and subsequently dissolve at the projected range for non-

amorphizing implants into Si. In Ge, however, no {311} defect formation is observed for the 1 

MeV non-amorphizing Si+ implant after annealing at temperatures between 350 - 850 °C. 

Instead, small dot-like defects are observed after 1 MeV Si+ implantation into Ge, which dissolve 

upon annealing between 650 - 750 °C for 10 minutes. Some evidence of dot-like defects is also 

observed in the lower energy implant regime, however these defects seem to be just at the level 

of detection for XTEM. 

Introduction 

There is interest in replacing the channel material of transistors with Ge instead of Si 

because of its significantly higher carrier mobilities. 115  Recent advances in the use of high-k 

dielectrics have assisted in this regard by reducing the need for a stable Ge-based gate oxide.  

Additionally, SiGe alloys are being used in the current generation of devices to induce strain in 

the transistor channel, which in turn increases carrier mobility.130  Ion-implantation remains the 
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preferred method of introducing dopants into the extension region of transistors next to the 

gate.131 However relatively little knowledge of the formation and evolution of ion-implantation 

related defects in Ge exists.  Early studies of electron 10,29 or light ion (hydrogen (H+) and helium 

(He+)) 11,12,49 implants into Ge reported {311} defect formation.  As recently as 2005, Akatsu et 

al. reported observing {311} defects in bulk Ge implanted with He+ at doses between 5 × 1015 

and 7 × 1016 cm-2, at energies between 15 and 80 keV, and annealed at temperatures between 280 

˚C and 400 ˚C for 30 to 60 min. 11 The {311} defect, however, has not been reported in Ge for 

any ion species heavier than He+. Recent studies of amorphizing implants into Ge have not 

reported any rod-like extended defects for low energy implants. 54  To summarize, extended 

defects have been reported for light ion and electron irradiation but have not been seen for low 

energy implants using typical dopant atoms.  It is well known that in Si, extended defect 

formation occurs for a wide range of implant and annealing conditions. 9 Recent studies in SiGe 

alloys suggest that above 25% Ge, no {311} defects are observed, though only alloys were 

studied. 13 Hence, the purpose of this chapter is to understand extended defect formation and 

evolution in bulk Ge after non-amorphizing Si+-implantation at high energy. 

Experimental Design 

Undoped (001) Czochralski grown high-purity Ge wafers and undoped (001) Czochralski 

grown Si wafers were Si+ implanted at 1 MeV and 40 keV with doses of 1 × 1014 cm-2.  Samples 

were held at 30 °C during implantation and tilted 7° relative to the incident ions to avoid ion 

channeling.  In Si, this implant regime is known to produce easily visible {311} extended defects 

after annealing.  The 1 MeV Si+ implanted wafers were capped with 100 nm of silicon dioxide 

(SiO2) via plasma-enhanced chemical vapor deposition (PECVD) at 300 °C for 3 min to prevent 

possible oxidation during furnace annealing.  Subsequent annealing was conducted in a Lindberg 

tube furnace for 10 minutes in a flowing nitrogen (N2) environment at temperatures ranging from 
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350 °C to 850 °C for Ge, and 650 °C to 950 °C for Si.  This broad range of temperature for Ge 

encompasses those below the amorphous regrowth temperature of 400˚C132 and near the melting 

point of 938 ˚C111. An FEI focused-ion beam and ex-situ lift-out system was used to prepare the 

Si and Ge XTEM samples, while traditional polishing methods and etch chemistry appropriate to 

each material was used to prepare plan-view TEM (PTEM) samples. 133 Transmission electron 

microscopy analysis was performed on a JEOL 200CX microscope using g220 weak-beam dark-

field (WBDF) imaging conditions and a JEOL 2010 microscope using on-axis bright-field (BF) 

imaging conditions for high-resolution imaging. 

Results 

Upon Si+ implantation at 1 MeV, and without any annealing, WBDF XTEM imaging 

revealed small dot-like defects in Ge extending from the surface to 1.1 μm below the surface.  In 

Si, however, no discernable defects were observed prior to annealing.  Upon annealing, Ge 

defects and Si defects display radically different morphology, as seen on the same scale using 

WBDF-XTEM imaging. In Ge, defects appear as dot-like defects as presented in Figure 4-1(a). 

These defects are too small to produce a clear phase contrast image when imaged using BF-

HRTEM imaging, shown in Figure 4-2. The defects are an average size of approximately 12 nm 

in diameter over all annealing conditions.  However, the defects in Si appear as rod-like defects, 

elongated along <110> directions, and in this study were at their coarsest after annealing for 10 

min at 850 °C (60% of the melting point of Si (TMP Si)), as shown in Figure 4-1(b). These rod-

like defects are commonly referred to as {311} defects as the defects have {311}-type habit 

planes. 13 

Microstructural evolution for 1 MeV Si+ implantation into Ge and Si is shown in Figure 4-

3. The projected range (Rp) of the damage in Ge is predicted to be approximately 0.91 μm below 

the surface, while the damage peak (Rd) should occur at approximately 0.72 μm, according to 
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simulations.21  This is in good agreement with TEM analysis, as the density of defects was 

greatest between Rd and Rp.  The simulation also agrees with the experiment for the implant into 

Si, with Rp and Rd of approximately 1.19 μm and 1.04 μm, respectively. 

In Ge, the dot-like defects which appear immediately after implantation are shown after a 

350 °C  anneal for 10 min in Figure 4-3 (a). The defects decrease in density after the 450 and 550 

°C anneals for 10 min and remain until finally dissolving at temperatures between 650 and 750 

°C, as shown in g Figures 4-3 (b)- (d). The defects decrease in density but their average diameter 

remains at approximately 12 nm.  However, in Si, after annealing for 10 min at 750˚C, extremely 

small rod-like defects begin to appear in densities right at the limit of detection, but are visible in 

the micrograph presented in Figure 4-3(e). After 10 min at 800 ˚C, the defects have reduced in 

number but increased in size, as shown in Figure 4-3(f).  This trend continues at 850 ˚C, where 

the defects have grown into large, easily visible {311} extrinsic defects, averaging 

approximately170 nm in size with some as large as 300nm, as evident by the micrographi in 

Figure 4-3(g). Presented in Figure 4-3(h), after 10 min at 950˚C, the defects in Si have dissolved. 

For the lower energy implants, neither Si nor Ge shows any defects after initial 

implantation as observed using WBDF XTEM and PTEM methods. Upon annealing, Si forms 

the characteristic {311} defects, visible both in WBDF-XTEM and PTEM imaging conditions, 

as shown in Figure 4-4 (a) and (b), respectively. The majority of the defects lie in the region 

between RD (~ 36nm) and RP (~ 68nm), though some defects extend to the end-of-range (EOR) 

of the implant, as observed in Figure 4-4(a). In contrast, the Ge implanted with Si+ at 40 keV, 

shown in Figure 4-5, shows no defects in WBDF-XTEM for any annealing temperature, though 

for some annealing temperatures 450 and 550 ˚C, dot-like defects are visible in PTEM, presented 

in Figure 4-6(b). The fact that the defects are observed in the PTEM micrographs and not in the 
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XTEM micrographs, presented in Figure 4-6(a), coupled with the lack of repeatability in viewing 

these dot-like defects at various anneal temperatures, may indicate that these dot-like defects 

seen in the Si+ implanted at 40 keV Ge samples are artifacts of the PTEM sample preparation 

process. 

Discussion 

Si defects have been well documented to follow a specific process. Theoretical sub-

microscopic interstitial clusters (SMICs) evolve into small {311} defects, and with increasing 

thermal budgets, larger defects grow at the expense of smaller defects. 17  In low dose Si+ 

implantation regimes, like 1 × 1014 cm-2, and with a high enough thermal budget, like 950 °C, the 

large defects become unstable and dissolve.17 However, the evolution of the defects in Ge, under 

this same implant energy and dose regime, is quite different, as shown in Figure 4-7. Though the 

density of the defects decline with increasing anneal temperature (similar to Si, Fig. 4-7(a)), the 

size of the defects stays constant, in sharp contrast to the increasing size of the defects in Si. 

Defect Density Analysis 

Plan-view quantification of Si+ implantation at 1 MeV is not possible because the defects 

are deeper than the Ge extinction distance for TEM analysis. 112 However, defect count analysis 

is possible in the XTEM samples because these samples were prepared using a standard 

automatic FIB process, so all samples are approximately the same thickness of approximately 

100 nm. The density of defects can be derived from these XTEM images by the following 

method: each sample was made using the same automated XTEM procedure on a dual beam FEI 

Focused Ion Beam instrument, which resulted in samples uniformly thick, approximately 100nm. 

Images of defects were then taken at various magnifications, always using the WBDF g220 

imaging condition. Two different scientists independently counted and measured the defects, 

with no significant discrepancy between the two scientists. Using this method, the resolution 
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limit for the detection of small defects (10 nm in diameter) is approximately 1010 defects/cm3.  

Ge defect counts after anneals of 750 ˚C and 850 ˚C for 10 minutes are right at this detection 

limit, while Si defects after anneals of 650 ˚C and 950 ˚C were below this resolution (no defects 

were observed).  

Using the above method, defect densities in both Ge and Si were determined. In Ge, after 

annealing at 350 °C for 10 minutes, a defect density of 2 × 1012 cm-3 was observed.  At 450 °C, 

the density of defects declined to approximately 5 × 1011 cm-3, and then leveled off at 

approximately 2 × 1011 cm-3 after anneals at 550 and 650 °C.  Defects in Ge dissolved 

completely at 750 and 850 °C, and the defect counts in these images were right at the detection 

limit of this method.  This is graphically represented in Figure 4-7(a). Interestingly, the average 

size of the defect remains the same, approximately 10 - 15 nm throughout the microstructural 

evolution, as evidenced by Figure 4-7(b). The Ge defects after 10 min at 450 °C may be small 

loops. However, either the small size or the off-axis habit plane prevented obvious identification 

using on-axis high-resolution phase contrast imaging. No {311} defects were observed in the 

high-resolution images.  

Defect Dissolution Rate 

Assuming an Arrhenius relationship between temperature and the dissolution rate of the 

Ge defects, an activation energy and time constant were derived. Beginning with the following 

two formulas, where D is the dissolution rate of the dot-like defects and is a function of time and 

temperature, D0 is the number of defects at time zero, t is time and τ is the time constant: 

τ/
0),( teDTtD −=         (4-1) 

τ is more explicitly given as: 

kTEae /
0ττ =         (4-2) 
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where τ0 is a pre-exponential factor, Ea is the activation energy, k is Boltzmann’s constant 

and T is the absolute temperature. From the defect analysis, the number of defects after 

implantation, but before annealing was approximately 1.18 × 1012 cm-2. However, this makes the 

activation energy calculation difficult, as the first value after annealing is approximately 1.92 × 

1012 cm-2, larger than the initial count. For the sake of calculation, D0 is estimated to be slightly 

larger than the 350 °C quantity. Interesting, the increase, and then decrease, in visible defects 

between the as-implanted state and subsequent anneals may indicate that more than one 

mechanism is contributing to the defect evolution. Thus, τ at a given temperature may be 

estimated using equation (4-1). The value of Ea is obtained by plotting the logarithm of τ versus 

1/kT and determining the slope, as presented in Figure 4-8. Doing this, Ea is approximately 

0.2±0.1 eV.  

Defect Location Analysis 

Defect location within each material differs between Ge and Si.  In the 1 MeV Si+ implant 

into Ge, defects are seen immediately after implantation and stretch from the surface to the 

predicted projected range of 0.91 μm. Defects in the same implant into Si are not seen until after 

annealing for 10 min at 750 ˚C, and are concentrated around and below the predicted RP of 1.19 

μm.  In Ge, the defect density peaks at depths shallower than the projected range, whereas in Si 

where the majority of defects reside below the projected range.  Additionally, defects in Ge seem 

to dissolve more rapidly near the surface, whereas in Si, the ripening process of each defect is 

not affected by its proximity to the surface, as shown in Figure 4-3.  This phenomenon may be 

due to a difference in the stability of the vacancy population in the near surface region of Ge 

versus Si.134  This hypothesis gains merit in light of a recent report that in SiGe, MeV implants 

into 30 atomic % Ge concentration SiGe alloys showed near-surface vacancy nanocavities, 
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confirmed by positron analysis. 14 Crosby et al. also noted differences in defect formation for 

increasing concentrations in SiGe alloys. The experiment used SiGe, with 0, 2, 5, 25, 35, and 50 

atomic % Ge, with Si+ implantation at 40 keV, with a dose of 1 × 1014 cm-2 and annealed at 750 

°C for various times. They noted {311} defect formation, similar to Fig.4-4 (b) for low 

concentrations of Ge. At 25 atomic % Ge and subsequent higher concentrations, no {311} 

defects were observed, but instead dislocation loops formed immediately. No XTEM analysis 

was reported in the previous study to compare to the current results. The results of this study 

agrees with Crosby’s presented trend as no {311} defects were visible in Si+ implanted pure Ge. 

Future work focusing on the defect formation in lower energy implants into pure Ge in necessary 

to confirm the lack of defects shown in this study. 

Conclusion 

Unlike the original hypothesis proposed in the introduction, Ge does not display the 

characteristic behavior of Si for non-amorphizing implants.  Although {311} defects were 

reported for H+ implantation in Ge11 and for other electron or light ion implants, 10,12 no {311} 

defects, platelets, or any type of planar defects were observed for heavier ion implants. This is 

consistent with Crosby et al.’s observations of decreasing density of {311} defects in SiGe alloys 

with increasing Ge content. 13 Crosby suggested that the bond strength111 differences between Si 

and Ge may cause the {311} defect to become thermodynamically unfavorable at high Ge 

content. Unlike Si, the location of the defects in Ge is closer to the surface implying some of the 

defects may be intrinsic.  In addition, the size distribution of the defects in Ge remains relatively 

constant throughout the annealing process.  These results suggest that {311} defect formation 

may be unique to Si. 

Future work regarding extended defects in Ge could focus on characterizing the dot-like 

defects and clarifying the formation mechanism. Chronological studies could be used to better 
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quantify the activation energy of the dot-like defects. Additionally, positron analysis could be 

used to confirm a vacancy mechanism at work for potential intrinsic near-surface defects as 

opposed to extrinsic defects towards and beyond the projected range.  

The results of this chapter show that, for non-amorphizing implants, defects do form in Ge 

but are fundamentally different than those seen in Si. Amorphization of Si is a processing step 

that has gained importance, but also results in stable defects that may be detrimental for device 

performance. The next chapter, then, will focus on whether these detrimental defects also form 

after amophizing implants into Ge, and whether the stability of the defects differs from that of Si.  
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Figure 4-1.  WBDF-XTEM images of (a) dot-like defects in Ge Si+ implanted at 1 MeV with a 
dose of 1 × 1014 cm-2  following annealing at 450 °C for 10 min and (b) {311} defects 
in Si with the sample implantation following annealing at 850 °C for 10 min.  
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 Figure 4-2.  High resolution BF-TEM image of a dot-like defect seen in Ge Si+ implanted at 1 
MeV with a dose of 1 × 1014 cm-2 after annealing for 10 min at 450 ˚C. 
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Figure 4-3.  WBDF-XTEM images of Ge Si+ implanted at 1 MeV with a dose of 1 × 1014 cm-2 
after 10 min of annealing at (a) 350 (b) 450 (c) 650 (d) 750 ˚C and Si with the same 
implantation after 10 min of annealing at (e) 750 (f) 800 (g) 850 and (h) 950 ˚C. 



 

97 

 

Figure 4-4.  WBDF images of Si Si+ implanted at 40 keV with a dose of 1 × 1014 cm-2 after 
annealing for 10 min at 750 °C:(a) XTEM and (b) PTEM.  
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Figure 4-5.  WBDF-XTEM images of Ge Si+ implanted at 40 keV with a dose of 1 × 1014 cm-(a) 
as implanted, and annealed for 10 min at  (b) 350 (c) 450 (d)550 (e)650 (f)750 °C  
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Figure 4-6.  WBDF images of Ge Si+ implanted at 40 keV with a dose of 1 × 1014 cm-2 and 
annealed for 10 min at 550 °C:(a) XTEM and (b) PTEM. 
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Figure 4-7.  Microstructure evolution of Ge and Si after annealing for 10 min at various 
temperatures: (a) defect density versus temperature and (b) average defect size versus 
temperature. The TEM detection limit in (a) is approximately 1010 cm-3. 
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Figure 4-8.  Plot of the logarithm of τ vs. 1/kT for 1 MeV Si+ implantation into Ge after 10 min 
of annealing. The value of Ea is approximately 0.2 eV ± 0.1 eV. 
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CHAPTER 5 
RESULTS FROM AMORPHIZING IMPLANTS INTO GERMANIUM 

The previous chapter showed that Germanium (Ge) does not form {311} defects in either 

the low or high energy Si+ implantation regime in which these defects form in Si. The plus-one 

model, which states for every ion implanted there should be an interstitial remaining after initial 

implantation, only holds for a sub-amorphizing implant, and not an amorphizing implant. 

However, extended defects, such as {311} defects and dislocation loops, are seen in Si for 

amorphizing implants after annealing. In addition, for buried amorphous layers, Si has shown 

other defects as well, including regrowth-related, clamshell and end-of-range (EOR) defects. 9 

This chapter presents the results from amorphizing implant experiments. Ge which is Si+ 

implanted at 1 MeV at a dose of 1 × 1015 cm-2 creates a buried amorphous layer that, upon 

regrowth, exhibits EOR, regrowth-related, and clamshell defects. Unlike Si, no planar {311} 

defects are observed. The minimal EOR defects are small dot-like defects and are very unstable, 

dissolving between 450 and 550 °C.  This is in contrast to Si, where the EOR defects are very 

stable.  The amorphous layer results in both regrowth-related defects and clamshell defects, 

which were more stable than the EOR damage.  Ge implanted with Si+ at 40 keV at the same 

dose creates an amorphous layer that extends from the surface to approximately 70 nm deep. No 

defects were seen upon regrowth in Ge, while {311} defects and loops are observed in Si.  

Introduction 

The potential benefits of using Ge as a channel material we presented in Chapter 4, and 

need not be repeated. Despite the renewed interest in Ge, relatively little knowledge of the 

formation and evolution of ion-implantation related defects in Ge exists. Amorphization is a 

process step that, in Si, assists in the activation and (non)diffusion of dopants. However, the 

stable EOR defects that form during SPER in Si can be detrimental to device performance and 
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affect production yield. Therefore, it is an important phenomena to study when looking at 

alternate channel materials. 

Amorphization is a phenomenon by which the crystal lattice loses long range order after 

ion-implantation past a critical damage point. It is associated with a reduction in material density, 

approximately 1-2% in Si, Ge and SiGe alloys, which causes the crystal to swell.56,58,61,66  Many 

factors influence whether amorphization will occur, including implant temperature, dose weight, 

mass of the ion, mass of the target atoms, energy of the ion and dose rate. Normally, adding 

energy to the crystal in the form of heat recrystallizes the damaged material, and the crystal 

regrows from the bulk seed base and eventually repairs the entire lattice. Non-intuitively, ion-

implantation can also assist with crystalline regrowth after amorphization in Si and Ge, due to 

heating from the ion-beam.57 With extremely high energy and heavy ions, a void-filled phase is 

also formed alongside the amorphous phase in Ge.58 

In Si, amorphization results in EOR defects that are initially observed as planar {311} 

defects and evolve into stable dislocation loops upon annealing.6 End-of-range defects can 

dominate dopant diffusion and leakage in junctions formed using amorphizing implants.  In 

addition, a buried amorphous layer has been shown to produce regrowth-related defects as well 

as clamshell defects in Si.9  

Recent transmission electron microscopy (TEM) studies of dopant implants into Ge 

reported no EOR damage formation for amorphizing implants.52-55,135  However these were lower 

energy implants and the EOR defect density is known to increase with increasing implant 

energy. 136  Extended defects in Ge, reported as {311} defects, have been observed after non-

amorphizing light ion implantation 11 and electron-irradiation, 10 though no published reports 

exist on the formation of stable regrowth related defects or clamshell defects in implanted Ge.   
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Experimental Design 

Undoped (001) Czochralski grown high-purity Ge wafers were Si+ implanted in a tandem 

accelerator at 1 MeV and 40 keV at 30˚C to a dose of 1 × 1015 cm-2 with 7˚  of tilt. The wafer 

implanted at 1 MeV was capped with 100 nm silicon dioxide (SiO2) via plasma-enhanced 

chemical vapor deposition at 300 °C for 3 min to prevent possible oxidation during furnace 

annealing. Subsequent annealing was conducted for 10 min in a nitrogen (N2) ambient at 

temperatures between 350 – 850 °C in a Lindberg tube furnace.  Solid phase epitaxial 

recrystallization (SPER) of ion-implantation induced amorphous layers in Ge is known to occur 

at approximately 400 ˚C. 51,132 After annealing, cross-section TEM samples (XTEM) were 

prepared using a FEI Dual Beam Focused Ion Beam and Omniprobe lift-out system. Plan-view 

TEM (PTEM) samples were prepared of the samples implated at 40 keV using traditional 

techniques and appropriate etch chemistries. 133 Plan-view TEM samples of the samples 

implanted at 1 MeV were not performed because the projected range of the implant is 9400 Å 

(940nm), and the extinction distance in Ge for the 220 reflection is 452Å (45nm); therefore, 

defects seen at or beyond the projected range of the implant could not be imaged via PTEM 21,112 

Transmission electron microscopy analysis was performed on a JEOL 200CX microscope using 

g220 weak beam dark field (WBDF) imaging conditions and a JEOL 2010 microscope using on-

axis bright-field (BF) high-resolution imaging.  

Results 

High Energy Implant – 1 MeV 

The implant conditions created a buried amorphous layer starting approximately 0.1 μm 

below the surface and extending to a depth of 1.2 μm as shown in Fig. 5-1(a). The WBDF image 

shows that the upper and lower amorphous-crystalline (α-c) interfaces are rough.  This agrees 

well with the rough α-c Ge interface previously reported after an amorphizing implant. 53,54 
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Transmission electron microscopy analysis shows that the near surface region is not completely 

crystalline but rather contains pockets of crystalline material embedded in the amorphous Ge as 

shown in Figure 5-2(a). High resolution TEM lattice imaging confirmed the crystalline nature of 

the pockets of embedded Ge in the near surface region. Transmission electron microscopy of the 

as-implanted lower α-c interface also shows pockets of crystalline Ge embedded in the 

amorphous phase along the rough interface region, shown in Fig.5- 2(b). The transition region 

for the upper interface is approximately 140 nm, while the lower interface is much more abrupt 

at 65 nm.   

After annealing the sample at 350 ˚C for 10 min, approximately 100 nm of regrowth was 

observed, as shown in Figure 5-1(b).  This agrees well with Csepregi et al.’s reported 350˚C 

regrowth rate of (001) Ge of 9 nm/min. 132 This regrowth created a significantly smoother α-c 

interface. End-of-range damage is observed after and consists of small dot-like defects that 

extend beyond the α-c interface. End-of-range dislocation loops in implanted Ge have not been 

previously reported. Planarization of the bulk interface occurred, while no well-defined 

crystalline advancing front developed in the near-surface region.  Figure 5-3(a) shows that after 

annealing at 450 ˚C for 10 min, the Ge has completely recrystallized. Regrowth-related defects, 

clamshell (or zipper) defects, and EOR defects are observed. Regrowth-related defects, which 

appear as threading dislocations with a primarily vertical line direction in the image, are the 

result of imperfect solid phase epitaxial recrystallization. These defects are known to nucleate at 

either a rough interface or when the solid phase epitaxial growth process proceeds around an 

embedded crystalline region. 137 The density of regrowth-related defects appears greater in the 

layer that nucleated at the surface. This may be the result of the wider transition region near the 

surface.   
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Clamshell defects occur when the two advancing crystalline growth planes meet and are 

approximately parallel to the surface. 9 Previous studies have suggested these defects in Si have a 

Burgers vector parallel to the surface and thus have a pure shear character. Transmission electron 

microscopy g · b analysis using many two-beam conditions indicated these dislocations in Ge do 

not display shear nature. Instead the dislocation appears to be a mixture of 60˚ and 90˚ perfect 

dislocations. The EOR defects are approximately 1.1 μm below the surface and appear to be 

loops similar to what is seen in Si. 9 These dislocation loops appear to evolve from small loops.  

No {311} defects are ever observed in the defect evolution process.  This suggests that, unlike in 

Si where it has been shown that {311} defects unfault into dislocation loops, in Ge the loops 

appear to skip this step and evolve directly from submicroscopic clusters to dislocation loops. 6  

If {311} defects do form in the EOR region and unfault into loops, the defects must do this 

before becoming visible in WBDF imaging conditions. 

Regrowth-related damage is still apparent after 10 min at 550 ˚C, as shown in Figure 5-

3(b), though a reduction in EOR damage density occurred from the 450˚C anneal, indicating that 

the EOR defects are relatively unstable in Ge.  After the 650 ˚C anneal, no EOR and virtually no 

clamshell defects remain, as displayed in Figure 5-3(c). Only the regrowth-related defects are 

still visible in the XTEM image. Therefore, it can be concluded that regrowth-related defects are 

the most stable in high-energy implants into Ge. Very few regrowth-related defects remain after 

anneals at 750 ˚C as presented in Figure 5-3(d), and at 850 ˚C (not presented) no defects are 

detected (defect density < 108 cm-2).  

Low Energy Implant – 40 keV 

The low energy implant conditions formed an amorphous layer that extends from the 

surface to approximately 70 nm below the surface, as shown in Figure 5-4(a). Similar to the high 

energy implant, the amorphous-crystalline interface is rough. Annealing for 10 min at 350 ˚C 
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initiated SPER, with approximately 15 - 20 nm of regrowth, shown in Figure 5-4(b). This results 

in a regrowth rate of approximately 1.5 -2.0 nm/min. This is significantly higher than Zellama’s 

reported rate of 0.2 nm/min51 at 350 ˚C and but only slightly higher than Csepregi’s reported 

SPER rate of 1.0 nm/min132 in (001) orientation at 350 ˚C. Additionally, the interface has 

planarized during regrowth. Compared to the rough as-implanted interface, which has a range of 

approximately 10 nm, as shown in Figure 5-5(a), the regrown interface has planarized to less 

than 3 nm in the interface region, as shown in Figure 5-5(b). 

Annealing for 10 min at 380 ˚C, shown in Figure 5-4 (c), fully recrystallizes the 

amorphous region. The minimum regrowth rate possible for this time and temperature is 70 

Å/min, which is still higher than Zellama’s 1979 reported 13.2 Å/min. However, it is possible 

that the regrowth rate is higher than the 70 Å/min, as full recrystallization was achieved and no 

final interface exists. The HRTEM image also shows a Ge oxide (GeOx) layer has formed on the 

surface during annealing, as noted on Figure 5-4(c). GeOx is known to vary in thickness, due to 

its formation being highly dependent on humidity. Though the samples were annealed in a 

flowing high-purity N2 atmosphere, trace amounts of water vapor and oxygen are known to exist 

in the system, and may have contributed to the GeOx formation. 

The resulting regrown crystalline layer is defect-free. No EOR defects or regrowth related 

defects, as seen in the MeV implant, are seen in HR imaging, shown in Figure 5-4. Subsequent 

10 min anneals, at 450, 550, 650 and 750 ˚C, shown in Figure 5-6 (a) - (d) respectively, show no 

defects in the regrown region, though all show the GeOx layer. The 450 – 650 ˚C oxide layers 

appear to be a consistent thickness, which indicates a limiting mechanism in the diffusion of 

oxygen from the ambient to the bulk Ge. After the 750 ˚C anneal for 10 min, the surface of the 

Ge wafer, which originally was highly reflective, became visibly clouded, possibly indicating the 
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presence of a significant oxide layer. GeOx is known to be water soluble, and the presence of a 

surface oxide layer on the 750 ˚C sample was confirmed when a water-based solvent was applied 

to the surface of the sample, removing the dull surface layer and revealing reflective Ge 

underneath. Transmission electron microscopy of this sample confirms that the sample was 

preferentially etched, as indicated by etch pits visible in Fig. 5-6(d). The pit wall normals are at 

an approximate 54˚ angle to the wafer normal, indicating the pit normals are {111} planes. 

surface, indicating etching along the (111) plane in the <110> direction. Pyramidal etch pits are 

common in diamond-cubic systems. The etch pits were created during annealing, because the 

carbon-coating prior sample preparation filled in the pit, as evidenced in Figure 5-6(d). 

TEM of Ge, Si+ implanted at 40 keV, revealed no defects. However, Si wafers implanted 

similarly to the Ge, displayed the characteristic {311} extended defect formation and loop 

evolution during annealing. Figures 5-7 (a) and (b) show TEM images of Si+ implanted Si 

annealed at 750 ˚C for 10 min, showing defects in both cross-section [Fig. 5-7(a)] and plan view, 

respectively. The defects are concentrated in the EOR region, approximately 60-100nm below 

the surface. 

Discussion 

Defects 

The type and stability of defects found in Ge differ from what has been previously reported 

in Si. The type of defects in the high energy case mimic Si defects resulting from the 

recrystallization of a buried amorphous layer, but the stability of these defects is quite unlike Si. 

Additionally, few EOR defects were observed during the Ge regrowth process in the high energy 

implant. Finally, none were seen in the lower energy implant.  

In the 1 MeV implant, the existing Ge EOR defects were the first defects to dissolve 

between 450 and 550 ˚C. The clamshell defects annealed out between 550 and 650 ˚C. The 
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regrowth-related defects, also known as hairpin dislocations, were clearly visible after 10 min at 

450 ˚C and did not dissolve below 750 ˚C, while the defects lack the morphology of the hairpin 

dislocation seen in Si. 137 The line direction of the regrowth defects in Si is observed to be very 

similar to what is observed in these samples. In Ge, the line direction appears to move but this 

may be related to the increased density of dislocation in the upper regrowth layer. A g · b 

analysis of the Ge regrowth defects confirmed that the Burgers vectors are perfect 

with ><=
→

110
2
ab . Jones et al reported that in Si, hairpin dislocations were less stable than 

clamshell defects, which were in turn less stable than EOR defects. 9 In Si, EOR defects are the 

most stable defect, while we find that in Ge, EOR defects are the least stable of the three types of 

defects. It has been shown in Si that reducing the threshold damage density (TDD) for 

amorphization either by increasing the implant temperature or increasing the dose rate results in 

fewer EOR defects.136 The decrease in EOR defect density and stability in Ge, as compared to Si, 

may be a result of fewer interstitials in the EOR available to form extended defects. As 

previously noted, the TDD in Ge is less than in Si, making it easier to amorphize Ge than Si 

using the same implant. Therefore, for the same damage profile, more of the total damage profile 

is within the amorphous range for Ge, leaving less interstitials in the EOR region available for 

defect formation. 

No defects were seen in the low energy as-implanted or annealed TEM images. This agrees 

with previous low energy amorphization studies of a 6 keV amorphization investigation by Satta 

et al. in 2005.54 The absence of EOR defects may be the result of (1) lower energy implants 

leaving less interstitials past the a-c interface to participate in extended defect formation, (2) the 

bond-strength differences between Si and Ge making EOR defects less stable, and/or (3) the 

defects are below the resolution of TEM. The first explanation, lower energy implants leave less 
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interstitials in the EOR region to participate in defect formation, is a phenomenon seen in Si. As 

the energy of the implant is lowered, less EOR defects are observed. 36 Extremely low energy 

implants can avoid EOR defects entirely.   The second explanation regarding bond strength was 

postulated by Crosby et al. to explain the decrease in {311} formation with increasing Ge 

content in SiGe alloys. 13  The third explanation, that any extended defects which may occur are 

below the resolution of the TEM, is unlikely as the a-c interface region was thoroughly examined 

using HRTEM imaging in the search for EOR defects.  

Trapped Interstitials and Activation Energy of 1 MeV EOR Defects in Ge 

Using data from the XTEM images, an activation energy for the dissolution rate of the 

EOR defects was determined. It should be noted that there are many assumptions in this 

calculation as well as an extremely small sample size. The initial assumption made in order to 

perform the calculation is that the EOR defects seen in Ge are faulted Frank loops that are 

circular in nature and reside on the (111) plane.  The defects appear to behave like the Si EOR 

loops, in the fact that the defects decrease in density, as shown in Figure 5-8(a), but increase in 

size, as shown in Figure 5-8(b) with each higher temperature annealing step, a phenomenon 

known as Otswald Ripening. Using this data, and analogous calculations as shown in the 

previous chapter, the activation energy (Ea) is determined to be approximately 0.4 ± 0.1 eV, as 

determined using Figure 5-8(c). However, it should be noted that this is an extremely low 

number of data points, and further study should be conducted to refine the result. The number of 

trapped interstitials in the defects appears to stay almost constant, at approximately 1 ×1014 cm-2, 

as shown in Figure 5-8(d). This is also consistent with Otswald ripening, where the large defects 

grow at the expense of small defects.  
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Threshold Damage Density for Ge 

An approximate 2% decrease in density accompanies amorphization in Si, Ge and SiGe 

alloys in this dose regime. 56,58,61,66 Using XTEM, the thickness of the amorphous layer (ta) can 

be determined, giving a thicknesses of approximately 1050 nm and 73nm for the 1 MeV and 40 

keV Si+ implantation, as shown in Figures 7-8 (a) and 7-9(a), respectively. Performing a mass 

balance calculation using the densities of both the amorphous (ρa) and crystalline (ρc) layers, and 

the known amorphous layer thickness (ta), the thickness of the crystalline layer (tc) that was 

converted to amorphous material can be obtained, using   

ρa · ta = ρc · tc         (5-1) 

tc = (ρa/ ρc) · ta = .98 ta        (5-2) 

This simple calculation results in a converted crystalline layer (c-layer) thickness of 

approximately 1030 nm and 72 nm for 1 MeV and 40 keV Si+ implantation, respectively. At first 

this does not seem like a significant change. However, the significance of the reduction is 

important to determine threshold damage densities. By comparing the depths of the converted c-

layer, and using simulated damage profiles, the damage necessary to amorphize Ge can be 

determined. Figures 5-9(b) and 5-10(b) both show the simulated vacancy profile determined 

superimposed on the XTEM image. 21 The damage matches well with the amorphous layer 

depth. Then, the calculated c-layer thickness is used to determine the damage thresholds, as 

shown in Fig. 5-9(c) and 5-10(c), plotting TDD and critical damage (DC) in Ge versus depth for 

1 MeV and 40 keV Si+ implantation. It is important to use the converted c-layer thickness, rather 

than the amorphous layer thickness, to determine the correct value, as simulations do not take 

into account amorphization or the swelling caused by it. The literature has reported the damage 

necessary to amorphize a semiconductor by TDD (favored by the semicondutor community), DC 
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(favored by the diamond community) and displacements per atom (DPA) (favored by the ion 

implantation community). All three can be derived from simulations, and all three are reported 

here. Additionally, the values for amorphization from 40 keV Si+ implantation into Si are also 

provided.  It should be noted that no 1 MeV amorphizing implant into Si was performed in this 

study. Table 5-1 summarizes the results. The DC necessary to amorphize Si is analogous to 

displacing every atom off its lattice site. 20 That agrees with the determination here that the DC 

for Si is approximately 5 × 1022 vacancies/cm3. The DC determined for Ge is roughly 4 ± 2 × 

1022 vacancies/cm3, which is approximately the atomic density of Ge, 4.42 × 1022 cm-3.  In fact, 

all three Ge values are slightly lower than those calculated for Si. These results indicate that Ge 

is easier to amorphize than Si. This is logical, as Ge is known to have weaker bond strength than 

Si.114  

Conclusion 

Transmission electron microscopy was used to characterize the extended defects arising 

from annealing Si+ implantation induced amorphized Ge. Although {311} defects have been 

previously reported in Ge after light ion implantation and electron-irradiation no {311} defects 

were observed over a wide range of annealing temperatures. In this study, end-of-range 

dislocation loops were observed, possibly due to the high implant energy, as these defects have 

not been seen in previous lower-energy studies. In addition, regrowth-related defects and 

clamshell defects were also observed, with regrowth-related defects exhibiting the greatest 

stability. Amorphization thresholds were determined for Ge, confirming that Ge is easier to 

amorphize than Si. The threshold defect density of Ge determined from these experiments is 

approximately 6 ± 3 × 1020 keV/cm3. 

The defects shown during solid phase epitaxial regrowth in Ge agree well with what is 

seen in Si, which is different than the previous chapter. It would seem that the hypothesis 
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presented previously, that the same defects would appear in Ge that do in Si, is correct. However, 

there is some difference in behavior. In Si, the end-of-range dislocation loops are very stable; 

while in Ge, the end-of-range defects are the least stable defects, annealing out at 650 °C for 10 

min. In Si, {311} defects are seen in the end-of-range, while these defects have not been seen in 

Ge. Future work should focus on computation simulation to see if bond strength really is the 

deciding factor in the stabilization of the {311} defect.  

Thus far, the defects arising after ion-implantation in Ge have been compared to the 

defects in Si. For amorphizing implants, similar type defects occurred in both semiconductors, 

though the stability of these defects differ. In non-amorphizing implants, Si+ implantation into 

Ge results in dot-like defects as compared to the {311}defects in Si. The next experiment will 

focus on non-amorphizing implants into another potential alternate channel material: single 

crystal diamond. 
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Figure 5-1.  WBDF-XTEM images taken of Ge Si+ implanted at 1 MeV to a dose of 1 × 1015 cm-

2 (a) as-implanted and (b) after 10 min of annealing at 350 ˚C.  
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Figure 5-2.  HRTEM images of Ge Si+ implanted at 1 MeV to a dose of 1 × 1015 cm-2 as-
implanted (a) surface crystalline-to-amorphous transition region and (b) EOR 
amorphous-to-crystalline transition region. 
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Figure 5-3.  WBDF XTEM images of Ge Si+ implanted at 1 MeV to a dose of 1 × 1015 cm-2 after 
annealing for 10 min at (a) 450 (b) 550 (c) 650 and (d) 750 ˚C.  Types of defects are 
labeled next to the images. 

 



 

117 

 

Figure 5-4.  XTEM images of Ge Si+ implanted at 40 keV to a dose of 1 × 1015 cm-2 at 303 K(a) 
as-implanted and after annealing for 10 min at (b) 350 and (c) 380 ˚C for 10 min. 
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Figure 5-5.  HR-XTEM images taken of Ge Si+ implanted at 40 keV to a dose of 1 × 1015 cm-2 
(a) as implanted, with a rough a-c interface approximately 10 nm thick and (b) after 
annealing at 350 ˚C for 10 min. 
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Figure 5-6.  WBDF-XTEM images taken of Ge Si+ implanted at 40 keV to a dose of 1 × 1015 cm-

2 at 303 K and annealed for 10 min at (a) 450 (b) 550 (c) 650 and (d) 750 ˚C. 
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Figure 5-7.  WBDF-XTEM images taken of Si Si+ implanted at 40 keV to a dose of 1 × 1015 cm-2 
at 303 K and annealed for 10 min at 750 ˚C (a) XTEM and (b) PTEM. 
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Figure 5-8.  Graphical representations of the temperature dependence of the Ge EOR (a) defect 

density, (b) defect size, (c) dissolution rate and (d) trapped interstitials.  
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Figure 5-9.  XTEM images of Ge Si+ implanted at 1 MeV to a dose of 1 × 1015 cm-2 at 303 K(a) 
as-implanted and (b) as-implanted with simulated total vacancies. (c) Plot of TDD (●) 
and Dc (□) versus depth as predicted by simulations. 
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Figure 5-10.  XTEM images of Ge Si+ implanted at 40 keV to a dose of 1 × 1015 cm-2 at 303 K(a) 
as-implanted and (b) as-implanted with simulated total vacancies. (c) Plot of TDD (●) 
and Dc (□) versus depth as predicted by simulations. 
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Table 5-1. Simulated damage values from current experiments. 
Material, Implant Energy, 

Temperature & Dose 
Threshold Damage 

Density 
(keV/cm3) 

Critical Damage 
(vacancies/cm3) 

DPA 
(unitless) 

Ge 
1000 keV, 303 K, 1 × 1015 Si+ cm-2 7.0 ± 2 × 1020  4.5 ± 1.5 × 1022 0.8 ± 0.2 
 
Ge 
40 keV, 303 K, 1 × 1015 Si+ cm-2 
Bulk Interface Measurement 5.5 ± 1.5 × 1020 3.5 ± 1 × 1022 0.9 ± 0.1 
 
Si 
40 keV, 303 K, 1 × 1015 Si+ cm-2 

Bulk Interface Measurement 7.5 ± 1.5 × 1020 5.0 ± 1 × 1022 1.0 ± 0.2 
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CHAPTER 6 
RESULTS FROM NON-AMORPHIZING MEV IMPLANTS INTO DIAMOND 

Thus far, the defects created from ion-implantation in silicon (Si) have been compared to 

those in germanium (Ge). However, carbon (C) was also presented in Chapter 1 as a potential 

base material, though little direct transmission electron microscopy (TEM) research has been 

performed on single-crystal diamond. Additionally, there has been a growing interest in utilizing 

synthetic diamond for engineering applications since diamond was first synthesized by Bundy.70 

The development over the past few years of increased production of both chemical vapor 

deposition (CVD) grown and high-pressure-high-temperature (HPHT) man-made diamonds, 

along with reported high carrier mobilities 72 and the demonstration of diamond transistors80 

have all driven this increasing interest.4 In order to be an effective semiconductor, single-crystal 

diamond must be precisely doped to increase conductivity without graphitizing the diamond. Ion 

implantation has been used for decades to dope silicon for use in microelectronics. Similarly, ion 

implantation has been studied for over 30 years in diamond. 82,138 However, with the small 

amount of TEM analysis, repair of the crystal after ion implantation and the identification of 

associated defects has been derived from electrical measurements and spectrometry analysis 

techniques. Direct imaging of the transformation has not been captured. 

This chapter presents the results of non-amorphizing Si+ implantation into single crystal 

diamond, and the evolution of the damage upon annealing. Unlike Si, no {311} defects are 

observed. Unlike Ge, no dot-like defects are observed. Only a slight contrast in the damaged 

crystal is apparent in the TEM images after implantation. After annealing, the contrast is 

reduced, but no extended defects are observed to form. An implant temperature comparison of a 

Si+ implantation at 1 MeV with a dose of 1×1015 Si+cm-2 revealed that, upon annealing, 

implantation at 77 K creates buried discontinuous amorphous regions but implantation at 303 K 



 

126 

anneals to a perfect crystal. This indicates that this implant is right at the verge of the 

amorphization threshold.  

Introduction 

In Si, evolution of defects related to ion-implantation has been studied by TEM. 

Transmission electron microcopy would be an excellent method to further pursue a number of 

research questions in C, especially defect formation and evolution as the result of ion 

implantation and annealing, and the phase transformation from crystalline C to amorphous C. 

Transmission electron microscopy samples require a thickness between 50 - 300 nm to be 

electron transparent. Creating these samples is typically a very time-consuming process because 

of the properties of diamond.{Yin, 2000 #36} Mechanical polishing and ion milling methods are 

typically used to create samples from CVD-grown diamond films, and high resolution TEM 

(HRTEM) has been used to image CVD-grown diamond film defects.120 Due to the difficulty in 

creating TEM samples from single crystal diamond, few studies have been reported. 96 In the 

1960s, TEM samples were prepared by oxidation thinning, by flowing oxygen at 750 ºC or 

carbon dioxide at 1350 ºC over the diamond substrate, thereby gas etching the crystal.119 

However, this process does not protect the surface and is not selective of the area. Other 

disadvantages of this method are that the sample must be boiled in an acid mixture to remove the 

surface layer of carbon that forms and such high temperatures may anneal out defects present in 

the sample.96 In 2001, plan view TEM (PTEM) studies were performed on ion-implanted natural 

diamond.104 Yin has reported on the defects in a lab-grown HPHT diamond crystal studied using 

TEM as one method. 96,106 Additional TEM studies of HTHP single crystal diamond whiskers 107 

and particles 108 have been conducted. However, these sample preparation methods were not area 

selective in nature.  
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Experimental Design 

Preliminary Experiments 

Preliminary experiments on plasma-doped single crystal diamonds were performed to 

determine appropriate annealing conditions to study the elimination of damage from diamond 

after ion implantation. As the literature reports anneal temperatures from 300 ºC19 to 1600 ºC 92, 

and Si is known to only produce defects in certain doses and temperature regimes, preliminary 

experiments were necessary to determine appropriate temperatures. The samples were annealed 

at 300, 400, 500, 700, and 900 ºC, with the results from these experiments and recent literature 

results indicating that temperatures above 900 ºC are necessary for damage elimination, 92 

though some recent literature still contradicts this conclusion. 75  

Presented Experiment 

Gem-quality HPHT single-crystal diamond samples, approximately 5 × 5 × 1 mm3, were 

Si+ implanted according to Table 1. This ion species was chosen to reduce variables between 

comparing this experiment with the Ge and Si experiments, and to keep from introducing dopant 

interaction effects due to the electrical differences between group elements. It is well known that 

Group III and IV dopants can affect the formation and dissolution of defects in Si, and this 

additional effect was not desired for these experiments.27,32,139 The implantation of Si+ into the 

diamonds was performed in a tandem accelerator ion implanter, with a dose rate of 0.44 μA/cm2 

for all experiments. Samples were tilted 7° relative to the incident ions to minimize ion 

channeling. The original nitrogen (N2) impurity concentration of the diamonds, obvious from the 

visible light-orange color, is on the order of 1018 – 1020 cm-3, 140 and was uniform throughout the 

crystals.   

According to simulations, 21 the damage should peak (Rd) at approximately 540 nm and the 

projected range (Rp) of the damage should be approximately 570 nm below the surface of the 
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diamond for 1 MeV Si+ implantation, and 840 nm and 900 nm for 2 MeV Si+ implantation. After 

implantation, a 1000Å layer of silicon dioxide (SiO2) was plasma-enhanced chemical vapor 

deposition (PECVD) deposited on the (011)-oriented sample surfaces, Si+ implanted at 1 × 1014  

Si/cm2, with the thermal exposure of the diamond being 310 ºC for approximately one minute. A 

separate 1000Å layer of SiO2 was sputter-deposited onto the (011)-oriented sample surfaces, Si+ 

implanted at 1 × 1015  Si/cm2, with the thermal exposure of the diamond being less than 100 ºC. 

The original purpose of the SiO2 layer was to compositionally separate the C of the crystalline 

diamond from the conductive carbon coating applied during sample preparation. However, 

surface etching occurred after initial anneals as C is highly reactive with oxygen (O2) at higher 

temperatures 141 and this practice of placing an O2 compound next to a reactive C layer was 

eliminated for further samples. It should be noted that the SiO2 PECVD layer remained on after 

annealing at 950 ºC; however, the sputter-deposited layer peeled off. The PECVD SiO2 layer did 

remain on the Si+ implanted to a dose of 1 × 1014 cm-2 sample, and did seem to protect it from 

surface erosion. This won’t work at higher temperatures, where the Ellingham diagram shows 

that C-O2 compounds are more stable than Si-O2 compounds, but a nitride layer might be a good 

alternative. Approximately 150 nm of carbon was evaporated onto all samples, for conductivity 

and protection of the sample surface during focused-ion beam processing. Cross-sectional TEM 

(XTEM) samples were prepared according to the procedure previously published by the 

author,117 during which a layer of Platinum was applied to the surface. Both layers, if visible, are 

noted in all TEM images presented here.  

Annealing was performed in both tube and graphite furnaces. Samples annealed at 1050 ˚C 

and below were annealed in a Lindberg tube furnace in a high-purity N2 environment. Anneals at 

1250 and 1350 ˚C used a graphite chamber furnace at diffusion pump vacuum pressures (≤ 10-4 
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Torr) 142 with a residual He environment. Additionally, the samples were placed in tantalum (Ta) 

foil (folded as envelopes), which is an O2 getterer, to additionally prevent accidental oxidation of 

the diamond surface. The Ta envelopes served the additional purpose of separating and marking 

each sample separately. Transmission electron microscopy analysis was performed on  JEOL 

200CX and  JEOL 2010 microscopes.  

Results 

As-implanted Comparison: Orientation, Dose, Temperature 

Orientation of the diamond crystal, whether (011) or (001), did not affect the implant 

damage severity or range, as detectable using these TEM methods. Changing the dose did 

significantly change the damage density in the crystal. As expected, with increasing dose, there 

was increasing damage, as already shown between the 1 × 1014 and 1 × 1015 cm-2 dose implants, 

shown in the SRIM section of Chapter 3, in Figures 3-14(b) and 3-15(b) respectively. Higher Si+ 

doses of 3 × 1015 Si+/cm2 and 7 × 1015 cm-2 will be shown in Chapter 7.  

The temperatures chosen for this study, 77 K and 303 K, are in the range that ‘freezes in’ 

point defects in diamond. 85 However, it is known that even a room temperature implant can, due 

to dynamic annealing, achieve significantly different results than at liquid nitrogen temperature. 

As-implanted, the difference between the sample Si+ implanted at 1 MeV to a dose of 1 × 1015 

cm-2 at 77 K and 303 K is shown in WBDF-TEM imaging using a g220 two-beam condition, as 

presented in Figure 6-1. The range of damage for the 77 K implant is larger than that of the 303 

K implant, as evidenced by Figures 6-1(a) and (b), respectively. Additionally, the 77 K implant 

seems to have a dark band of damage in the midst of the larger damage band. Upon initial 

imaging, this was thought to be a continuous amorphous layer of material, but upon high-

resolution imaging, was shown to be severely damaged diamond enclosed in a diamond lattice. 
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Larger differences between these two temperatures appear during the annealing process, as 

discussed later. 

Annealing: Low Dose 

As discussed, preliminary annealing experiments were used to determine that even low 

damage in diamond shows little change when annealed at temperatures below 950 °C, which is 

20% of the triple point of diamond-graphite-liquid, or 56% of the stable diamond temperature at 

vacuum. 111 (011)-oriented diamond, Si+ implanted at 1 MeV to a dose of 1 × 1014 cm-2 at 303 K, 

is shown using BF-XTEM imaging in Figure 6-2 (a). After annealing at 950 °C for 10 min, the 

damaged layer, although slight, is still visible in Figure 6-2 (b). The damage band becomes less 

noticeable after 40 min as shown in Figure 6-2 (c), but at 120 min of annealing, presented in 

Figure 6-2, unusual defects extending from the surface, begin to appear.  Some defects seem to 

be oriented at approximately 37° to the surface, though the exact crystal morphology is unclear. 

As the defects are intermittent, and begin at the surface, it is not believed that these defects are 

associated with the implant. The defects will be briefly discussed in Appendix A. Another 

diamond sample, (001)-oriented and similarly implanted, annealed at 1250 °C for 1 hr is shown 

using WBDF-XTEM imaging in Figure 6-3 and shows that damage is still present at this 

temperature.  

Annealing: High Dose 

In the literature, many references were made to the ability of diamond to regain its 

crystalline form (if the damage threshold was not exceeded beyond amorphization) around 1000 

°C. 75 Therefore, another annealing sequence was performed just below this threshold to try to 

capture extended defect formation and evolution. Diamond, (011)-oriented and Si+ implanted at 

1 MeV to a dose of 1 × 1015 cm-2 (an order of magnitude higher than the previous implant, with 

RD = 540nm and RP = 570nm) at 303 K, is shown in Figure 6-4 both after implantation, shown in 
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Figure 6-4(a), and an annealing sequence. No overall repair of the lattice has occurred and the 

damage band is still quite clear after 10, 40, and120 min of annealing, shown in Figures 6-4 (b) - 

(d) respectively. However, significant surface etching occurred during the annealing procedure, 

as shown in Figure 6-4 (d). Further annealing times would probably completely eliminate the 

implant damage. Thus, due to the surface etching by residual O2 in the furnace during annealing, 

higher-temperature anneals were performed in a graphite chamber under vacuum.  

Annealing: Implant Temperature Effect 

As noted in an earlier section, there were slight differences in the damage created after the 

same implant at different implant temperatures. However, after annealing at 1350 °C for 24 hrs, 

significant differences appear. The specimen implanted at 303 K, shown in Figure 6-5(a), almost 

completely recrystallized to undamaged diamond, shown in Figure 6-5(b). 

In stark contrast, implantation at 77 K leaves pockets of amorphous material near RP after 

annealing, as shown in Figures 6-6(a) and (b). These pockets, in WBDF imaging conditions 

resembled extended defects as presented in Figure 6-6(c). However, tilting to 50° away from the 

[110] zone axis and performing BF imaging revealed a seemingly ordered and consistently thick 

layer of defects. However, upon closer review in HRTEM imaging, these were determined to be 

pockets of amorphous material in a crystalline matrix. As shown in Figure 6-7, HRTEM images 

taken from the middle of the damaged layer revealed pockets of amorphous material.  

Although no extended defects were observed in the damage range after the 1350 °C anneal 

of samples implanted at both temperatures, unusual and intermittent defects extending from the 

surface occurred in the sample implanted at 77 K. As in the case of the lower dose (1 × 1014 cm-

2) Si+ implant, presented in Figure 4-5(d), these defects are not believed to be associated with the 

implant because of their intermittent nature and apparent surface orientation. Hence, since these 
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are defects, though not associated with implantation (the defects were also seen when annealing 

unimplanted diamonds), these defects will be discussed in Appendix A. 

Discussion 

As-implanted comparison. As implanted, there is no significant difference between the 

implant into a (011)-oriented or (111)-oriented diamond, which is not different that what is 

expected from Si. However, there is considerable difference at higher doses. This is not 

unexpected, but necessary to comment on because dose will have a large effect upon annealing. 

Importantly, for the same energy, dose rate, ion species, and implant temperature, Si and Ge 

amorphized, but diamond did not. In previous chapters, Si+ implantation to a dose of 1 × 1015 

cm-2 dose was discussed in the Ge amorphization chapter. For diamond, this dose did not 

amorphize the diamond upon implant, in implantation at 303 K or 77 K. However, there is some 

difference seen on implant between the implant temperatures. Both created significant projected 

range damage, but no immediate defects are seen, nor is a continuous amorphous layer created 

upon implant. This shows a major difference between Ge, Si and Diamond since small dot-like 

defects were seen immediately upon non-amorphizing implantation in Ge. No defects are seen 

upon implant in either Si or Diamond for non-amorphizing implants. This may be related to the 

mass of the elements (since the lower mass elements show no defects) or the bond energy, since 

Ge has the lowest bond energy. 111  Also, the lack of as-implanted defects may be related to the 

ion-implantation process, since Si+ implantation into diamond introduces a more massive particle 

than the host material, indicating nuclear stopping will begin more rapidly. Si ions into Si are 

approximately the same mass, and Si ions into Ge are much less massive, and nuclear stopping 

may not occur for some distance into the crystal. 20   

Annealing: low dose. The damage created by the lower dose Si+ implantation, to a dose of 

1 × 1014 cm-2, seems to be completely eliminated after a 950 °C, 4 hour anneal. However, due to 
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the presence of the surface initiated defects, this conclusion may be invalid. The defects may 

have interacted with the damaged diamond to assist in the diffusion of point defects from the 

damaged area or affected the imaging technique during TEM, making it difficult to view the 

contrast from damaged material. WBDF TEM images of specimens after high temperature 

anneal at 1250 °C shows that damage still exists in the crystal. Even for this respectively low 

dose, higher annealing temperatures (or longer times) are necessary for full repair of the 

crystalline damage imparted by implantation at 1 MeV. No extended defects were observed at 

any stage of the annealing process, which is unlike what was seen for non-amorphizing 

experiments in Ge and Si. 

Annealing: high dose. For the higher dose in this study, it is shown that annealing at 1050 

°C, even for times up to 2 hours, is not significant to repair the lattice. Annealing at 1350 °C for 

one hour still reveals residual damage for an implant temperature of 303 K. This is in agreement 

with recent electrical studies that recommend anneal temperatures around 1500 °C to completely 

repair the crystalline lattice. 92 It should be noted that the referenced study was with a B+ 

implantation at 2 MeV and the TEM imaging results from an identical implant will be shown in 

Appendix B. The results here, and of Vogel, 92 contradict other studies that recommend 

temperatures of 600 – 1000 °C 88 74 are sufficient for lattice repair. Again, no extended defects 

were observed for the higher dose, non-amorphizing implant. 

Annealing: implant temperature effect. At the verge of amorphization, the implant 

temperature has a profound affect upon annealing. A Si+ implantation at 303 K at a dose of  1 × 

1015 cm-2, followed by annealing at 1350 °C shows no extended defects forming, and damage is 

significantly reduced in the crystal from the as-implanted state. However, for implantation at 77 

K, the elimination of room-temperature dynamic annealing allowed enough extra damage to 
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form within the crystal, which upon annealing at 1350 °C, local collapsing of the lattice into 

amorphous pockets occurred. No extended defects were observed either in the damage range of 

the specimens implanted at 303 K implant or around the amorphous pockets of material in 

specimens implanted at 77 K.  

The lack of extended defects agrees with molecular dynamics simulations that predict that 

the stable defect in diamond is the <110> split interstitial, also referred to as a dumbbell 

structure, which is a point defect, not an extended defect. 143 However, this structure is not 

observable in TEM since it is a point defect. The most likely reason that extended defects are not 

forming in the diamond lattice is the strong covalent bond between the carbon atoms may make 

other configurations thermodynamically unstable. The diffusion of self-interstitials in carbon 

may also be faster than in Si or Ge, which may contribute to the lack of extended defect 

formation. Further computational analysis is necessary to shed definitive light onto the reasoning 

behind the lack of extended defects in this implantation regime.  

Conclusion 

This chapter covered ion implantation experiments into single crystal diamonds that did 

not exceed the crystalline damage level necessary to amorphize the crystal. From these 

experiments, the following conclusions are drawn. Crystal orientation makes no noticeable 

difference on ion-implantation damage depth or amount of damage to the diamond. Implantation 

into (001)-oriented diamonds versus (011) oriented diamonds yields similar implant results, 

within the limitations of TEM imaging. The verge of diamond amorphization was captured at the 

1 MeV, 1 × 1015 Si+/cm2 implant. Upon implantation, the liquid nitrogen temperature (77 K) and 

a room temperature implant (303 K), with all other parameters being equal, displayed 

approximately the same depth and amount of damage. However, the 77K seemed to have a band 

of defects in WBDF, but upon closer inspection using HRTEM, revealed damaged diamond, and 



 

135 

not an amorphous layer. Upon annealing, the 77 K implant trapped amorphous pockets, while the 

303 K implant almost fully recovered the crystal structure. To fully anneal the damage from the 

crystal, 1 hour at 1250 °C appears almost sufficient for a 1 × 1014 Si/cm2 1 MeV, 303 K implant. 

However, some damage (though slight) still is apparent for the 1 × 1015 Si/cm2 implant after 24 

hrs at 1350 °C. Higher annealing temperatures or longer times are necessary to completely 

anneal out the implant damage. No extended defects were observed to develop in the heavily 

damaged regions. However, non-uniform defect distribution from the surface did appear in select 

samples, and is discussed in Appendix A. Since no extended defects were seen in the damaged 

region, this agrees with molecular dynamics simulations that determined the stable defect in 

diamond is the <100> split interstitial. The {311} defect does not seem to be the preferred 

interstitial defect for this diamond-lattice material, as was theorized. The verge of critical 

damage density to convert crystalline diamond to a buried amorphous layer is at the conditions 

of an implant equal to an energy, dose, dose rate, and implant temperature of 1 MeV, 1x1015 

Si+/cm2, 0.44 μA/cm2, 77 K.  

In the previous chapters, the defect behavior of Ge was compared to that of Si. In this 

chapter, it has been shown that for non-amorphizing implants, diamond does not display any 

defects related to the implant damage. In Ge, non-amorphizing implants at 1 MeV produced dot-

like defects, and in Si, {311} defects. Though it seems that diamond fully recrystallizes upon 

annealing without showing defects, further study is necessary. Higher annealing temperatures 

could be tried, up to 1700 °C, to see if defects develop. However, it is unlikely that defects will 

be visible after a higher annealing temperature as past experience in Si shows that a higher 

annealing temperature would only speed defect dissolution, not formation. Annealing diamonds 

above 1700 °C destabilizes the crystal, even under the best vacuum, and the C converts to a 
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graphitic form.82, 85 This may be the explanation as to why defects are not seen in this study of 

diamonds. Defects appear in Si at approximately 750 °C and in Ge at approximately 450 °C and 

both temperatures are about 50% of the respective melting points, while diamond has no melting 

point. There is a triple point which occurs at approximately 4492 °C. Thus, 50% of 4492 °C is 

slightly above 2000 °C, which is above the destabilization temperature of diamond.  However, 

even if the diamond was stable, it is unlikely that {311} defects would form because longer time 

anneals were used in this study. In Si, defect formation and evolution are related to the time and 

temperature of the anneal. A {311} defect appears in Si after 5 min at 800 °C, 33 min at 750 °C, 

or 47 hours and 14 min at 650 °C. 27 Therefore, since almost all the damage has annealed out of 

diamond for 1350 °C 24 hours, without showing extended defects, it is unlikely that longer times 

or higher temperatures would reveal extended defects.  

Thus far, the three Group IV diamond-cubic semiconductors have not created the same 

defects after identical anneals. For sub-amorphizing implants, C has not shown any extended 

defects. Si showed none upon implant, but {311} defects were apparent during the annealing 

process, and were stable to about 65% of the melting point. Ge showed dot-like defects 

immediately after implant, some of which were stable up to 70% of its melting point. The last 

condition that will be studied is amorphizing implants into diamond, and that will be discussed in 

the next chapter.  



 

137 

Table 6-1. Implantation parameters 
Parameter Varied from 

base implant 
Orientation Implant Temperature, Ti 

(K / °C) 
Energy 

(keV) 
Fluence & Ion, 

ions/cm2 

Base Implant <100> 303 / 30 1000 1 × 1015  Si 

Orientation <110> 303 / 30 1000 1 × 1015  Si 

Dose <100> 303 / 30 1000 1 × 1014  Si 

Dose & Orientation <110> 303 / 30 1000 1 × 1014  Si 

Temperature <100> 77 / -196 1000 1 × 1015  Si 

Temperature & Energy <100> 77 / -196 2000 1 × 1015  Si 
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Figure 6-1.  WBDF-XTEM images of (001)-oriented single-crystal diamond Si+ implanted at 1 
MeV to a dose of 1 × 1015 cm-2 at (a) 77K and (b) 303K.  
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Figure 6-2.  BF TEM images of (011)-oriented diamond Si+ implanted at 1 MeV to a dose of 1 × 
1014 cm-2 Si+ at 303K (a) as implanted, and annealed at 950 °C for (b) 10 min, (c) 40 
min and (d) 120 min.  
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Figure 6-3.  WBDF-XTEM image of (001)-oriented diamond Si+ implanted at 1 MeV to a dose 
of 1 × 1014 cm-2 at 303K after annealing at 1250 °C for 1 hr.  
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Figure 6-4.  BF TEM image of (110)-oriented diamond Si+ implanted at 1 MeV to a dose of 1 × 
1015 cm-2 at 303K (a) as implanted, and after annealing at 950 °C for (b) 10 min, (c) 
40 min and (d) 120 min.  



 

142 

 

Figure 6-5.  WBDF-XTEM images of (001)-oriented diamond Si+ implanted at 1 MeV to a dose 
of 1 × 1015 cm-2 at 303K (a) as implanted, (b) and after annealing in vacuum at 1350 
°C for 24 hrs. 
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Figure 6-6.  WBDF-XTEM images of (001)-oriented diamond Si+ implanted at 1 MeV to a dose 
of 1 × 1015 cm-2 at 77K (a) as implanted and (b) annealed in vacuum at 1350 °C for 
24 hrs. Detailed views of damage region after annealing imaged using (c) WBDF-
XTEM and (d) BF-XTEM (approximately 50° tilt). 
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Figure 6-7.  HRTEM image of damaged diamond layer in (001)-oriented diamond Si+ implanted 
at 1 MeV to a dose of 1 × 1015 cm-2 after annealing at 1350 °C for 24 hrs.  
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CHAPTER 7 
RESULTS FROM AMORPHIZING MEV IMPLANTS INTO DIAMOND  

Introduction 

The previous chapter described the results of experiments involving implants into diamond 

that were below the threshold to amorphize the carbon (C), and compared the results to non-

amorphizing implants into silicon (Si) and germanium (Ge). This chapter will focus on 

amorphizing implants into diamond.  There is much interest in the amorphization phenomena. 

For Si, pre-amorphization is used before dopant implants to contain and activate the dopant 

during solid-phase epitaxial regrowth (SPER),20 and the regrowth process reveals the stable yet 

detrimental end-of-range extended defects in Si.9 Additionally, amorphization in diamond is of 

interest for creating micro-electrical-mechanical systems (MEMS) devices. Dresselhaus and 

Kalish noted that there are many outstanding questions about the damage from ion-implantation 

that could be solved by cross-sectional transmission electron microscope (XTEM) analysis, and 

one of the outstanding questions was the structure and threshold of ion-amorphized diamond. 

However, amorphiziation is a challenging phenomenon to model, because it is influenced 

by implant temperature, energy, dose, dose rate and ion species. Implanting diamond adds 

another complication, since it is not the stable form of elemental C at room temperature and 

atmospheric pressure. Upon exceeding the amorphization threshold damage, and annealing at 

sufficient temperatures, diamond will convert to graphite. This transformation has been studied 

using many techniques, 19,85 but has not been studied using TEM. For the same reason, no 

extended defects have been seen in diamond using TEM analysis. It has been theorized that the 

{311} defect is the stable interstitial defect in all diamond-cubic structures 7, though molecular 

dynamics simulations using diamond predict that the split interstitial is the stable defect. 144 

Additionally, upon amorphization of the diamond crystal, swelling has been previously observed. 
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This experiment uses XTEM analysis to document the amorphization and conversion to 

graphite transition of ion-implanted diamond that has exceeded the threshold for amorphization. 

The threshold for critical damage is estimated, and compared to previously published results. 

The density of the amorphous region immediately upon implant, and the density decrease during 

annealing, is calculated. Finally, data are provided that diamond does not graphitize immediately 

upon implantation, but instead becomes amorphous and transforms to graphite during annealing.  

Experimental Design 

Gem-quality high-pressure, high-temperature single-crystal diamonds, with dimensions of 

approximately 5 × 5 × 1 mm3, were Si+ implanted in a tandem accelerator implanter at a 7° 

relative to the incident ions to avoid ion channeling. (001)-oriented diamond was Si+ implanted 

at 2 MeV to a dose of 1 × 1015  cm-2 at 77K to create a buried marker layer with point defects 

frozen-in to avoid migration of the defects to the region of the next implant. This sample was cut 

into 4 equal pieces, and one additionally Si+ implanted at 1 MeV to a dose of 7 × 1015 cm-2 at 

303K. For a separate experiment, virgin diamond was Si+ implanted with 1 MeV to a dose of 3 × 

1015 cm-2 at 303K. The dose rate for all experiments was 0.44 μA/cm2. Annealing was performed 

in a graphite chamber furnace at diffusion pump vacuum pressures (≤ 10-4 Torr) 142 with a 

residual helium environment. Cross-sectional transmission electron microscope samples were 

prepared using the method previously published by the author,117 and outlined in Chapter 

Three. In that process, layers of carbon and platinum are deposited onto the diamond surface, and 

(when applicable) are noted on images. Transmission electron microscopy analysis was 

performed on JEOL 200CX and a JEOL 2010 microscopes. Electron energy loss spectroscopy 

(EELS) analysis was performed on a FEI Technai TEM. Raman spectroscopy using a He-Ne 

Laser at 632.81 nm with a spotsize of approximately 5 μm was performed. 
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Results 

TRIM Results 

The as-implanted profiles of the samples Si+ implanted to doses of 3 and 7 × 1015  cm-2 

implants are shown in Fig. 7-1(a), and 7-2 (a) respectively. Sections of these samples, as noted 

on the figures, did undergo the first-order phase transformation to an amorphous structure. As 

reported in Chapter 3, the TRIM simulated damage profile matched very well with the 

experimental TEM evidence of damage. Also, TRIM has been used to predict the threshold 

damage density (TDD) for the amorphization of Si. 35 However, when the surface of the as-

implanted profiles for these amorphized samples is lined up with the TRIM damage profile, the 

profile does not match well with the 3 × 1015  Si+ /cm2 implant, shown in Figure 7-1(b), and does 

not match at all to the 7 × 1015  Si+ /cm2 implant, shown in Figure 7-2(b). Moreover, if the 

threshold damage density is attempted to be calculated using this match, the numbers do not 

make any physical sense since the lower threshold of TRIM-simulated damage is predicted to be 

in the midst of the amorphous region.  

Three plausible explanations were considered. First, the TRIM simulation paraments were 

incorrect. Second, energy released during the phase change from the diamond crystalline to 

amorphous carbon phase amorphized surrounding material. Third, significant swelling occurred 

which is associated with the phase transition. The first explanation was thoroughly explored. The 

ion species (Si+), ion energy (1000 keV) and target species are all set by the experiment. The 

density of the target was changed from graphite (which is the stable form of carbon at room 

temperature and pressure) to that of diamond. The displacement energy was set to 50 eV. This 

parameter has ranged in the literature between 30-55eV; however, the most recent experiments 

have identified the displacement energy at 50 eV.101 Simulations were run varying the Ed from 10 

eV (which is less than the 15 eV used for Si and Ge) to 100 eV, with little change in the depth of 
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the profile. Damage to the profile was changed, but as energy has the most effect on depth, and 

energy was kept constant, the depth of the profile did not change significantly (~10-20 nm). 

Hence, this could not explain the current results. The second explanation of energy release, 

though plausible, does not seem probable due to the lack of literature evidence to support it. 

Additionally, it would be difficult to devise an experiment to test the theory. The third 

explanation, one of swelling of the diamond due to a reduction in the density of the material, 

seemed a more plausible explanation than the previous two put forth. There is sufficient evidence 

in the literature to support swelling of other semiconductors like Si and SiGe,56,58,61,66 but only a 

1-2% swelling. There is also substantial literature on the swelling of SiC 62,66 and diamond, 

99,102,145 indicating large percent decreases (approximately 12-15% for SiC) in density. To test the 

swelling theory, a buried marker layer was used. 

Swelling of Diamond Experiment 

The buried marker layer used was generated via Si+ implantation at 2 MeV to a dose of 1 × 

1015 cm-2 at 77K. The low temperature ‘froze-in’ point defects,85 avoiding defect migration to the 

area of the future amorphizing implant. The results from the non-amorphizing Si+ implant are 

shown in Figure 7-3(a). A WBDF-XTEM image, using g220 imaging conditions, shows the 

damaged diamond layer approximately 150 - 200 nm thick and centered on the projected range 

(RP) at 0.90 μm. A BF-XTEM image inset, shown in Figure 7-3(b) shows the damage more 

clearly, and although the band of damage is quite distinct, it is not a buried amorphous layer. The 

non-amorphous nature of the damaged diamond is proven by HR-TEM on-axis [110] lattice 

imaging, as presented in Figure 7-3(c), which shows a diamond lattice with pockets of damaged 

diamond throughout. In addition, Raman spectroscopy shows the characteristic diamond peak at 

approximately 1335 cm-1 (FWHM of 5 cm-1 indicating a sharp peak) confirms the undamaged, 

non-amorphous nature of the sample, as displayed in Figure 7-4. However, it should be noted 
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that the sample volume for this Raman technique is approximately 500 μm into the crystal, while 

the damaged layer is very small in comparison. Additionally, the cross-section Raman analysis 

could not be used because the spot size of the laser was as large as the whole sample, including 

coatings and FIB damage. 

The next step to confirm that the buried marker layer would not affect the future 

amorphizing implant is to compare the TRIM damage profiles. Figure 7-5(a) shows the as-

implanted marker layer, next to a TRIM-derived simulation of the ion-implantation induced 

damage profile, shown in Figure Figure 7-5(b). The grey band designates the area between the 

damage peak (RD) and RP of the marker layer. The total damage of the 2 MeV implant is an 

order-of-magnitude below the amorphizing implant, and centered almost 400 nm deeper than RD 

of the amorphous implant. Therefore, the marker layer implant would have little to no impact on 

the next amorphizing implant. This is experimentally shown in Figure 7-5(c), in which both 

implants are visible. 

The as-implanted marker layer and the amorphizing Si+ implant with a dose of 7 × 1015  

cm-2 are shown in Figures 7-6 (a) and (b). The swelling that occurred during amorphization is 

marked on Figure 7-6(b), indicating approximately 150 nm of swelling. The density of the 

amorphous layer can now be determined.  

Density of As-implanted Amorphous (α) C Layer 

The amount of crystalline material that underwent amorphization was determined by 

subtracting the thickness of the swelling at the surface (using the marker layers as guides) from 

the amorphous thickness [Fig. 7.6]. Note that on-axis [110] BF images were used for the actual 

measurement, rather than the WBDF images shown, to avoid measuring a tilted image and to 

obtain a more accurate measurement. This analysis determined the thickness of the crystalline 

region that converted to the amorphous layer, designated tc-a, being 150 nm +/- 20 nm. A mass 
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balance of atoms determines the density of the amorphous region, ρa, using the known density of 

diamond, ρdiamond, and the thickness of the amorphous layer, ta, as shown here: 

ρdiamond × tc-a = ρa × ta       (7-1) 

(1.754 × 1023 atoms/cm3) × (420 ± 20 nm) = ρa × (570 ± 20 nm) 

ρa  = [(1.754 × 1023 atoms/cm3) × (420 ± 20 nm)] / (570 ± 20 nm) 

ρa  = 1.3 ± 0.1 × 1023 atoms/cm3 

For comparison,  

ρgraphit e= 1.129 × 1023 atoms/cm3 (ρa is ~ 15% more dense than graphite) 

ρdiamond = 1.754 × 1023 atoms/cm3 (ρa is ~ 25% less dense than diamond) 

Thus, the density of the as-implanted amorphous carbon (α-C) region seems to be less 

dense than diamond but slightly more dense than graphite. In terms of thickness, the as-

implanted amorphous layer is 35% (+/- 10%) thicker than the crystalline layer that was 

converted.  

Annealing Ion-implantation Induced Amorphous C 

For annealing at high temperatures, a 1 MeV, 3 × 1015 Si+ /cm2 at 303K implant into a 

virgin diamond was used. Fig. 7-7(a) shows a WBDF TEM image, using g220 two-beam imaging 

conditions, of the as-implanted sample. The amorphous layer of the as-implanted sample is 

approximately 315 +/- 25 nm, again taking the measurement from an untilted, <110> on-axis BF 

TEM image [Fig. 7-7(d)].  Assuming that the as-implanted density is approximately the same for 

this implant as for the previous implant, the thickness of the layer that converted to amorphous 

material can be determined: 

ρdiamond × tc-a = ρa × ta        (7-2) 

  (1.754 × 1023 atoms/cm3) × tc-a = (1.3 ± 0.1 × 1023 atoms/cm3) × (315 ± 25 nm) 
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  tc-a = [1.3 ± 0.1 × 1023 atoms/cm3 × (315 ± 25 nm)] / (1.754 × 1023 atoms/cm3) 

  tc-a = 233 ± 35 nm 

The thickness of crystalline material that converted to graphite (assuming the as-implanted 

amorphous density is the same as the previous implant) is approximately 230 nm. This will be an 

important value to determine the threshold damage density necessary to amorphize diamond. 

The Si+ implanted at 1 MeV to a dose of 3 × 1015 cm-2 implanted sample was then annealed 

at 1350 °C for 1 hour and 24 hours in vacuum. The diamond showed additional signs of swelling 

after the 1 hour and 24 hour anneals, as shown in Figures 7-7(b) and (c), respectively. 

Approximately 70 nm of additional swelling occurred during the heat treatments, after the initial 

implantation and conversion to α-C.  

Using the same conservation of atoms mass balance used to determine the density of the 

as-implanted amorphous layer, the density of the annealed layer can also be determined. For this 

measurement, on-axis [110] TEM imaging was used to get a detailed view of each interface, both 

as implanted and annealed for 24 hrs, as presented in Figures 7-6 (d) and (e). The measured 

thickness of the as-implanted amorphous layer is 325 ± 15 nm, and the measured thickness after 

annealing is 390 ± 15 nm. Therefore, the density of the annealed amorphous layer can be 

determined, assuming that the as-implanted density is approximately the same as for the previous 

implant:  

ρα- as implnated × ta – as implanted = ρa- annealed × ta-annealed    (7-3) 

ρa- annealed = (ρα- as implnated × ta – as implanted) / ta-annealed 

ρa- annealed = [(1.3 ± 0.1 × 1023 atoms/cm3) × (325 ± 15)] / (390 ± 15 nm) 

ρa- annealed = 1.1 ± 0.2 × 1023 atoms/cm3 

For comparison,  
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  ρgraphite = 1.129 × 1023 atoms/cm3 

Using the density calculation, the amorphous layer seems to have achieved approximately 

the same density as graphite. To determine the structural nature of the annealed amorphous layer, 

diffraction patterns of the samples were obtained. 

Determination of the Graphitic Nature of Annealed Diamond 

Using the fast Fourier transform (FFT) feature of the Gatan TEM software package, FFT 

images (which simulate diffraction patterns) were obtained from the on-axis [110] BF images of 

the diamond sample Si+ implanted at 1 MeV to a dose of 3 × 1015 cm-2 at room temperature, as 

shown in Figure 7-8 (a) with the associated FFT image in Figure 7-8(b), and then annealed for 

one and 24 hours at 1350 °C, shown in Figures 7-8 (c) and (e) respectively, with the associated 

FFTs in Figures 7-8 (d) and (f). After the 24 hr, 1350 °C anneal, the HRTEM image shows 

ordering of the amorphous layer, which is reflected in the FFT as defined bands with a preferred 

orientation appearing inside the [111] plane diffracted spots. Using the relationship, 

rd = λ l,         (7-4) 

where r is the radius from the center transmitted spot to the area of interest, d being the 

spacing between planes, λ being the wavelength of the electron used at the particular accelerating 

energy, and l being the camera length in the microscope, the distance between planes represented 

by the preferred orientation parentheses-shaped spots can be determined, and compared to 

graphite. Distances between the diffraction spots were measured, and using the above 

relationship, knowing that the product of λ and l is the same for both the diamond and the 

graphite, the d spacing of the preferential non-diamond plane can be determined (ddiamond(111) = 

2.059Å): 

rdia (111) ddia(111) = rgraphite d(graphite)      (7-5) 
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1.8    ×    2.059 Å = 1.1   ×  d(graphite) 

  d(graphite) = ~3.37  Å 

This corresponds well with the reported values of the most intensely diffracted spots in 

graphite, as reported by JCPDS – International Centre for Diffraction Data 1996, which reports 

the most intense spots for graphite to be the (002) planar spacing of 3.36 Å 123 and 3.38 Å 124 for 

different reported literature values. For the hexagonal crystal four-index scheme, this 

corresponds to an (0002) graphite plane, since i = -(h+k). 

EELS Results of the Amorphous Region 

An EELS analysis was conducted on the buried amorphous layer resulting from Si+ 

implantation at 1 MeV to a dose of 3 × 1015 cm-2 implanted at 303K. Two EELS spectrums are 

shown in Fig. 7-9 (a-f): the first shows the as-implanted spectrum in the near surface region [Fig. 

7-9 (a)], the mid-amorphous region [Fig. 7-9( b)], and the bulk crystalline region [Fig. 7-9 (c)], 

while the second set show the same regions [Fig. 7-9 (d),(e),and (f), respectively] for the sample 

annealed at 1350 °C for 1 hour. Reference spectrum for diamond, amorphous carbon and 

graphite can be found in Chapter 3 – Analytical Techniques. 

As implanted, the near-surface region and bulk region both show the characteristic three-

peak diamond configuration, as shown on Figures 7-9 (a) and (c). Similarly, the same three-peak 

diamond configuration occurs for the near surface and bulk regions of the annealed sample, 

shown in Figures 7-9 (d) and (f).  The transformed region in between, for the as-implanted 

sample, lost the three distinct peaks and instead only has a broad peak. This is indicative of 

amorphous carbon. Upon annealing, the broad peak is preceded by a short peak at approximately 

half the intensity, quite similar to the graphite standard. This is further indication that the 

diamond is amorphous upon implantation, and becomes graphite during annealing. Raman 

results (not shown) additionally agree with this conclusion; broad peaks indicating amorphous 
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carbon were seen in the as-implanted sample, with defined peaks indicating a crystalline nature 

seen after annealing. Limitations of the spot size of the Raman technique did not allow for 

individual cross-sectional location analysis. 

Annealed Amorphous-Crystalline Interfaces 

The crystalline-amorphous interfaces of the two amorphized samples both have a larger 

transition region at the surface oriented interface than the bulk-oriented interface. Upon 

annealing for 1350 °C for 24 hrs, the bulk interface becomes more defined, as shown in Figure 7-

7(e). The surface-oriented transition region, while also becoming more defined, has interesting 

morphological features. Figure 7-10(a) shows the on-axis [110] TEM image of the annealed 

diamond. The surface interface region, when viewed at higher magnification as shown in Figure 

7-10(b), reveals a very rough interface, while the same magnification of the bulk interface is 

relatively abrupt, as shown in Figure 7-10(c). Using HRTEM imaging, it is clear that trapped 

pockets of crystalline material are in the first several tens of nanometers of the amorphous 

region, as shown in Figure 7-10(d). Whether these pockets of crystalline material are stable, or 

will collapse upon further annealing, is unknown.  

Discussion 

The results of these amorphization experiments bring some clarification to the 

amorphization and graphitization of diamond after ion-implantation. Diamond transforms to an 

amorphous carbon (and not graphitic) state upon surpassing the critical damage threshold, 

confirmed by TEM, EELS and Raman analysis. The density of the amorphous carbon is 

approximately 1.3 ± 0.1 × 1023 atoms/cm3, which is 15% more dense than graphite, but 

approximately 25% less dense than diamond. As implanted, the amorphous layer is 35% (± 10%) 

thicker than its crystalline form before amorphization. And upon annealing for 24 hrs at 1350 °C, 

the amorphous layer has transformed to graphite, with a density of 1.1 ± 0.2 × 1023 atoms/cm3, 
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and planar spacings equal to that of graphite. These are the direct results of the experiment. 

Using these results, the threshold for amorphization can be determined.  

Threshold damage density for diamond. To determine the threshold damage density 

(TDD) while accounting for swelling, the TRIM simulation for the vacancies from 1 MeV, Si+ 

implantation was transformed from vacancies/Å/ion into keV/cm3, using the displacement 

energy for a diamond atom from its lattice site as 50 eV. 101 These results were plotted for four 

doses: 1 × 1014 and 1 × 1015 Si+ /cm3 (below the amorphization threshold) and 3 and 7 × 1015 Si+ 

/cm2 (above the amorphization threshold). Since the conversion to amorphous material creates an 

increase in the thickness of the amorphous layer, TRIM can no longer be matched up directly to 

determine the threshold. However, it need not be a direct match. The important interface is the 

near-surface interface. It is at this point that the crystal has just exceeded the threshold for 

amorphization. Although this region is typically rougher (wider), which adds error to the 

calculation, the deeper interface is a poor estimation because atoms that have been implanted 

past the initial amorphization threshold for the projected range have seen two layers, a crystalline 

layer and an amorphous layer, before reaching a final depth. Therefore, the damage parameters 

will be determined from the near-surface α-c interface. Figure 7-11 is a plot of the threshold 

damage density, in keV/cm3. This is a parameter previously reported in the literature for Si and 

Ge. For the diamond community, the critical damage (DC)  is normally reported, in 

vacancies/cm3. The ion-implantation community normally prefers to report amorphization 

thresholds using a liquid nitrogen implant and reporting parameter displacements per atom 

(DPA), which is a unitless parameter. The DC and DPA were determined using the same method 

as the TDD, using the SRIM simulation of damage and the near-surface α-c interface. Table 7-1 

summarizes the calculated values, and repeats the Si and Ge values from earlier experiments.  
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Initial analysis of the comparison between the diamond-determined thresholds and the Si 

and Ge thresholds seems confusing. The values for TDD and Dc are higher for diamond than for 

Si and Ge, indicating that it should be harder to amorphize diamond. However, the value of DPA 

for diamond (~0.14) is significantly less than that of Si and Ge, suggesting that amorphization of 

diamond is easier than for Si or Ge. The answer to this apparent paradox is in the reporting of the 

units. DPA is a unitless parameter, and therefore can be compared across elements. However, 

TDD and Dc are both reported per volume, making density an important factor. Si and Ge have 

approximately the same atomic density, 5 and 4.42 × 1022 atoms/cm3 respectively. Diamond’s 

atomic density is over three times higher, at 17.63 × 1022 atoms/cm3. Therefore, across the 

elements, DPA shows the trend that recognizes it is easier to amorphize diamond then Si or Ge 

on a per-atom basis. When comparing a per volume basis, the number of atoms per volume must 

be taken into consideration. Thus, Dc can be used to compare the relative number of lattice atoms 

that must be displaced (in simulation terms) in order for amorphization to take place. For Si and 

Ge, this is approximately equal to the atomic density. For diamond, however, the Dc value of ~ 6 

× 1022 atoms/cm3 is significantly less than half its atomic density of 1.763 × 1023 atoms/cm3. 

This also indicates that on a per crystal basis, less damage needs to be done to the diamond 

lattice to allow amorphization to take place, as compared to Si and Ge. The TDD is reported in 

energy per volume, and as noted, is higher for diamond than for Si and Ge. This, too, can be 

explained by examining the units of measure. In Si and Ge, the energy to displace an atom from 

its lattice site is 15 eV, significantly less than the approximately 50 eV to displace diamond 

atoms.21,101 Since there are more atoms per volume in diamond, and more energy is needed to 

displace an atom, more energy would be needed per volume to amorphize diamond. 

Furthermore, in Chapter 2, it was noted that simulating the amorphization phenomena is a 



 

157 

challenging task. This supposition is further reinforced in this study, shown by the fact that a 

single parameter cannot be used to completely describe the amorphization trends among various 

materials. 

 Conclusion 

Thus far, the results of ion-implantation of both non-amorphizing and amorphizing 

implants into Ge, Si and C have been presented. In this final analysis, the amorphization 

threshold of diamond has been surpassed. In comparing the number of displacements per atom 

necessary in order to amorphize these crystals, diamond has the lowest at approximately 0.4 

DPA, as compared to Ge and Si, all at room temperature. This indicates that on a per atom lattice 

basis, less damage needs to be done to a diamond crystal (per unit cell) than needs to be done to 

Ge or Si lattice in order to induce amorphiziation. The measurement of critical damage (Dc) also 

agrees with this analysis: approximately 6 x 1022 vacancies/cm3 out of 1.7 x 1023 atoms/cm3 in 

the diamond lattice, approximately 35% of the atoms per unit volume, need to be displaced from 

the diamond lattice in order to induce amorphization. In Si and Ge, this percentage is on the 

order of 100% of the atoms in the lattice in order to induce amorphization.  

However, on a volumetric basis, more energy must be imparted into the same volume of 

diamond than Si or Ge to amorphize the same amount of crystal, because of the high energy it 

takes to displace one carbon atom (ED = 50 eV) versus Si and Ge (ED = 15 eV, for both), in 

addition to the higher atomic density. Therefore, in order to amorphize all crystals equally, more 

energy must be imparted into the diamond crystal in order to initiate amorphization. 

In discussing the defects apparent after a buried amorphous layer is formed and regrown, 

both Si and Ge show three kinds of extended defects: regrowth-related, clamshell and end-of-

range. No solid phase epitaxial regrowth is observed in diamond, and therefore, no regrowth, 

end-of-range or clamshell defects. No extended defects were seen to form uniformly in the 
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projected range of the damaged diamond, either in the crystalline areas or in the graphite region 

upon annealing. Thus, there seem to be no stable extended defects that reside in diamond after 

ion-implantation. This agrees with computational simulations that the <100> split-interstitial (a 

point defect) is the stable interstitial defect in diamond. 
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Figure 7-1.  (a) WBDF-XTEM image, using g220 imaging conditions, of (001)-oriented single-
crystal diamond Si+ implanted at 1 MeV to a dose of 3 × 1015 cm-2 at 303K. (b) The 
plotted TRIM results of total vacancies created by the implant, in both log and linear 
axis. (c) The TRIM-derived TDD values, matched with the surface of the amorphized 
diamond.  
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Figure 7-2.  (a) WBDF-XTEM image, using g220 imaging conditions, of (001)-oriented single-

crystal diamond Si+ implanted at 1 MeV to a dose of 7 × 1015 cm-2 at 303K. (b) The 
plotted TRIM results of total vacancies created by the implant, in both log and linear 
axis. (c) The TRIM-derived TDD values, matched with the surface of the amorphized 
diamond.  
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Figure 7-3.  (a) WBDF-XTEM image of diamond Si+ implanted at 2 MeV to a dose of 1 × 1015 

cm-2 at 77 K. (b) An inset of an on-axis [110] BF TEM image at the same 
magnification of the damaged region and (c) an on-axis [110] BF HRTEM image of 
the center of the damaged region. 
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Figure 7-4.  Raman spectrum of bulk diamond implanted with 2 MeV, 1 × 1015 Si+/cm2 at an 

implant temperature of 77 K, centered at 1400 cm-1. The characteristic sharp diamond 
peak at approximately 1335 cm-1 is observed. No broad skewed peaks that would 
indicate radiation damage are seen. Theoretical calculations state that no peaks should 
occur above 1400 cm-1 for sp3-bonded carbon structures. 146 

 



 

163 

 
Figure 7-5.  (a) WBDF TEM image, using g200 imaging conditions, of a (001)-oriented single-

crystal diamond implanted with 2 MeV, 1 × 1015 Si+ /cm2 at 77 K. (b) The damage 
density (keV/cm3) produced by a 2 MeV, 1 × 1015 Si+ /cm2 overlaid with a 1 MeV, 7 
× 1015 Si+ /cm2 implant. (c) WBDF TEM image both implants: 2 MeV, 1 × 1015 Si+ 

/cm2 at 77 K and the 1 MeV, 7 × 1015 Si+ /cm2 implant. The 2 MeV implant serves as 
a buried marker layer.  
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Figure 7-6.  WBDF TEM images using g 220 imaging conditions of (001)-oriented diamond 

implanted with (a) 2 MeV, 1 × 1015 Si+ /cm2 at 77 K showing the crystalline region 
between the surface and the non-amorphized damage layer. (b) The same sample as 
with an additional implant of 1 MeV, 7 × 1015 Si+ /cm2 at 303K, showing the 
remaining crystalline regions, separated by an amorphous region. 
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Figure 7-7.  WBDF-XTEM images of diamond Si+ implanted at 1 MeV to a dose of 3 × 1015 

cm2 at 303 K (a) as-implanted, annealed at 1350 °C for (b) 1 and (c) 24 hours. On-
axis BF-XTEM images of (d) as-implanted and (e) annealed at 1350 °C for 24 hours.  
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Figure 7-8.  HR-XTEM images of diamond Si+ implanted at 1 MeV to a dose of 3 × 1015 cm-2 at 

303K using on-axis [110] BF imaging conditions, shown with the respective fast 
Fourier transforms (FFT): (a) as-implanted HRTEM and (b) FFT, and annealed at 
1350 °C for 1 hr image (c) and FFT (d) and 24 hrs (e) image and (f) FFT. 
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Figure 7-9.  EELS spectrum of a (001)-oriented diamond Si+ implanted at 1 MeV to a dose of 3 × 

1015 cm-2 at 303K, (a) as-implanted in the near-surface crystalline region (b) mid-
amorphous layer region and (c) bulk region. After annealing for one hour at 1350 °C 
in the (d) near-surface, (b) mid-amorphous and (c) bulk regions. Note: the zero loss 
peak on the annealed sample is skewed to +5 eV. 
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Figure 7-10.  HR-XTEM images of (001)-oriented diamond Si+ implanted at 1 MeV to a dose of  

3 × 1015 cm-2 at 303 K and annealed at 1350 °C for 24 hours, using on-axis [110] BF 
imaging conditions: (a) Whole amorphous-carbon layer, (b) upper layer, (c) lower 
layer and (d) detailed view of upper region.  
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Figure 7-11.  SRIM-derived damage density, in keV/cm3, of diamond Si+ implanted at 1 MeV to 

doses of 1 × 1014 (●), 1 × 1015 (□), 3 × 1015 (♦), and 7 × 1015 Si+ /cm2 (×).  
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Table 7-1.  Simulated damage values from current experiments 
Material, Implant Energy, 
Temperature and Dose 
 

Threshold Damage 
Density (keV/cm3) 

Critical Damage 
(vac/cm3) 

DPA 
(unitless) 

Diamond 
1000 keV, 303 K, 3 × 1015 Si+ cm-2 

 

5 ± 1 × 1021  7 ± 1 × 1022 0.3 ± 0.05 

Diamond 
1000 keV, 303 K, 7 × 1015 Si+ cm-2 

 

3 ± 0.5 × 1021 5 ± 1 × 1022 0.5 ± 0.05 

Ge 
1000 keV, 303 K, 1 × 1015 Si+ cm-2 

 

7.0 ± 2 × 1020 4.5 ± 1.5 × 1022 0.8 ± 0.2 

Ge 
40 keV, 303 K, 1 × 1015 Si+ cm-2 
Bulk Interface Measurement 
 

5.5 ± 1.5 × 1020   3.5 ± 1 × 1022 0.9 ± 0.1 

Si 
40 keV, 303 K, 1 × 1015 Si+ cm-2 

Bulk Interface Measurement 

7.5 ± 1.5 × 1020 5.0 ± 1 × 1022 1.0 ± 0.2 
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CHAPTER 8 
SUMMARY AND FUTURE WORK 

Summary 

In our study, the behavior of single crystals of diamond-cubic germanium (Ge) and carbon 

(C) after Si+ implantation have been studied, and then compared to the behavior of silicon (Si). 

The purpose of the ion-implantation was to study the defects that occur after implantation and 

annealing, and to study the evolution and defect formation after amorphizing implantation and 

annealing. These are common processes used in silicon device fabrication; therefore, if Ge or C 

are to be considered as base materials, the effects of these common processes need to become 

known. The following pages will summarize the results of this study. 

Non-amorphizing Si+ Implants into Diamond and Ge, as Compared to Si 

In Si, the {311} defect and dislocation loop have been well known to impede device 

performance. The {311} defect has been reported in Ge for light ion and electron implantation. 

However, no {311} defects in Ge were observed in this study for non-amorphizing implants (1 

MeV & 40 keV, 1014 Si+ cm-2). Dot-like defects appeared in Ge after implantation, and were 

stable up to approximately 650 °C. The activation energy of the dissolution of the dot-like 

defects in Ge was determined to be approximately 0.3 ± 0.1 eV, almost an order of magnitude 

lower than the {311} defect in Si, which has an activation energy for dissolution of 3.6 eV.17 

In diamond, temperatures exceeding 1350 °C are necessary to completely remove the 

damage caused by non-amorphizing ion-implantation (1 MeV, < 3 ×1015 Si+ cm-2). This result is 

in agreement with studies that indicate temperatures of 1500 °C are necessary to completely 

remove damage,92 but contradict other studies that report damage repair at temperatures of 500-

1000 °C.74,80,81,147 Non-amorphizing implants into single-crystal diamond did not result in any 

consistent defects during the annealing process, over temperatures ranging from 300 to 1350 °C 
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for 24 hrs. Some defects, originating from the surface, did appear. However, as these defects 

were not uniform across samples, and also appeared in unimplanted diamonds, these defects are 

assumed to be unassociated with the implantation process. Appendix A contains XTEM images 

and brief descriptions of the observed defects.  

Amorphizing Si+ Implants into Diamond and Ge, as Compared to Si  

When the threshold of damage exceeded a certain point, all three diamond-cubic crystal 

systems converted to amorphous material. Upon annealing, however, the three crystal systems 

behaved differently. Si and Ge both undergo solid phase epitaxial regrowth and evolution of 

regrowth-related, clamshell and end-of-range defects after 1 MeV, 1015 Si+ cm-2 amorphizing 

implants. However, the most stable defect in Si is the EOR defect; in Ge, it is the regrowth-

related defect. The activation energy for the dissolution of {311} defects in Si is 3.6 eV, while 

my study determined the activation energy for the dissolution of EOR defects in Ge to be 

approximately 0.4 ± 0.1 eV. However, the sample size for the determination of this activation 

energy was low. The number of trapped interstitials in the EOR defects in Ge stayed relatively 

constant at 1014 cm-2. 

Once diamond exceeded the critical value to lose long-range crystal structure (1 MeV, ≥ 3 

× 1015 Si+ cm-2), it did not immediately graphitize after implantation (as has been reported in 

some literature), but instead converted to an amorphous carbon state, with a density of 1.3 ± 0.1 

× 1023 atoms cm-3, which is approximately 25% less dense than diamond, and 15% more dense 

than graphite. The amorphous structure was confirmed using selected area diffraction patterns, 

electron energy loss spectroscopy, and Raman spectroscopy characterization techniques. Upon 

annealing at sufficiently high temperatures and long times, the amorphous layer converted to 

graphite. No SPER was observed in diamond, either for reconstruction back to a diamond lattice, 

or seed growth of the graphitic layer. The critical threshold determined for the amorphization of 
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diamond is approximately 6 ± 1 × 1022 vacancies cm-3, which is higher than the widely 

referenced results of 1 × 1022 vacancies cm-3, 16 but is in the range of recent higher reported 

thresholds of 2 and 9 × 1022 vacancies cm-3.74,101 

Within this study, the amorphization threshold may be compared across all three materials, 

however the results depend on the parameter used for threshold determination. Using the number 

of displacements of host atoms per incoming ion atom (DPA), diamond seems to be the easiest 

material to amorphize due to its low DPA of approximately 0.14. For Si and Ge, this number 

approached 1.0; all implants were at room temperature. However, more energy is required to 

displace the C atoms in the diamond lattice, and for that reason, the threshold damage density is 

largest for diamond, at approximately 4 × 1021 keV cm-3, as compared to approximately 7 × 1020 

keV cm-3 for Ge and Si, respectively. Interestingly, the number of vacancies cm-3 to amorphize 

the crystal seems to be approximately constant for all three crystal systems, in the range of 4-7 × 

1021 vacancies cm-3. Ideally, these results should be compared to the historical literature for 

amorphization criterion. Using multiple data sources over the past twenty years for the materials 

of Si, Ge, SiGe, SiC, and C, the author attempted to normalize the data and compare results. This 

assessment was attempted; however, due to differences in temperature, dose rates, calculation 

parameters, characterization techniques and parameter definitions, no logical trends in the data 

were apparent.  

Future Work 

The current experiments demonstrate that Ge and diamond do not seem to suffer from the 

same stable defects which occur in Si after ion implantation and annealing. However, as the 

material behavior differs greatly than Si, the years of Si research cannot be leveraged when 

engineering these potential new base materials. Although the stable end-of-range defects do not 

occur at low energies in Ge, and no extended defects seem to occur for non-amorphizing 
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implants into diamond, other roadblocks may exist for these potential base materials. More 

research would be necessary to determine whether years of Si technology may be leveraged in 

order to enable these potential base materials to be viable for electronic devices. The following 

paragraphs outline further study which could be used to further define and confirm the results of 

the present research. 

Ion choice for implantation. As noted in the literature review, the mass of the incoming 

ion and the mass of the target material help determine the amount of damage caused during the 

implantation process. In this study, the ion species, Si+, was kept constant across all three target 

crystal systems (Si, Ge, C) in order to minimize variability in the experiment. However, the 

result is that three different ion damage patterns occurred within each crystal system – a heavier 

ion into a lighter base material for Si+ into C, a lighter ion into a heavier base material for Si+ 

into Ge and a self-implant into Si. To reduce the variability in damage, self-implants could be 

used for another experiment, which could confirm or deny the validity of the defect structures 

and amorphization thresholds determined in our study. 

Affect of dopants and other factors on defect formation. As stated in the previous 

paragraph, Si+ was chosen as the implanted species to minimized variability in the experiment. 

However, for industrial use, it is important to know the effect of electrically-active species on 

defect formation. In Si, dopants are known to affect defect formation in a number of ways, as 

presented in Chapter 2. However, it is unknown at this time how dopant species, such as B+, P+ 

or As+, would affect the dot-like defect formation in Ge. 

Additionally, other factors have been known to affect defect formation in Si. For example, 

an oxide layer injects interstitials into the lattice during annealing. This increases the 

supersaturation of interstitials in the near surface area, which could encourage extended defect 
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formation. In our study, the 40 keV implants into Ge, upon annealing, created a small GeOx 

layer. It is currently unknown whether the GeOx layer affected the defect formation in this study.  

Activation energy of defects in Ge. In our study, an initial estimate of the activation 

energy for the dissolution of both dot-like defects and end-of-range defects occurring in Ge was 

determined. However, a small sample size was used to determine the values, and due to the small 

sample size, the statistical error opportunity is high. In order to confirm the validity of these 

activation energies, further studies into the formation and dissolution of these defects would be 

necessary. 

Vacancy clusters in the Ge near surface. Preliminary calculations of the interstitial 

population in non-amorphoizing 1 MeV implants into Ge revealed a substantial increase over the 

predicted plus-one model used for Si. Additionally, the near-surface dot-like defects dissolved 

faster than the defects centered near the damage peak. The explanation for why Ge is diverging 

from the plus-one model may be that both vacancy-clusters (in the near-surface region) and 

interstitial clusters (in the projected range) are both present after implantation at room 

temperature for high-energy implants. This theory is supported by recent work revealing vacancy 

clusters in the near surface region after amorphizing implants into SiGe, which increased for 

higher concentrations of Ge.14 This theory could be tested, using the current implanted material, 

by either positron analysis or copper gettering experiments.  

Future work regarding extended defects in Ge should focus on characterizing the dot-like 

defects and clarifying the formation mechanism. Chronological studies could be used to better 

quantify the activation energy of the dot-like defects. Positron analysis could be used to confirm 

a vacancy mechanism at work for potential intrinsic near-surface defects as opposed to extrinsic 

defects towards and beyond the projected range. 
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Future work for diamond. The results of our study answered many questions regarding 

ion implantation into single crystal diamond which have existed in the literature for some time: a 

more accurate critical damage threshold, the state of amorphous carbon after implantation, and 

the non-SPER conversion of amorphous carbon to graphite during annealing. Additionally, this 

study confirmed that anneals higher than 1350 °C for 24 hours are required to completely 

remove the damage caused by ion implantation, even for relatively low doses. However, this 

study also revealed the previously unknown phenomena of trapped crystallites in the amorphous 

region, which were stable up to temperatures of 1350 °C for 24 hrs. Whether these pockets of 

crystalline material continue to be stable, or will collapse upon further annealing, is unknown. 

 



 

177 

APPENDIX A 
SURFACE INITIATED DEFECTS OF ANNEALED DIAMOND 

Throughout this study, annealing of the single-crystal diamond samples produced surface-

initiated defects. These defects occurred in both implanted and non-implanted specimens. The 

defects occurred for relatively low anneal temperatures (950 °C) and at high temperatures (1350 

°C). As the defects were intermittent, while the implant was uniform, these defects are not 

thought to be associated with the implantation regimes. However, as they are defects that 

occurred during the annealing process, and were revealed during XTEM imaging, the images 

will be presented here. All of the defects seem to originate at the surface, some with a 54° angle 

between the defect and the surface. That would indicate that the defect is traveling along the 

(111) plane in the <110> direction. The images presented in the following pages are of defects 

seen in high dose implants with high temperature and long anneal time; mid-dose implants with 

high temperatures and short anneal times, low doses with low annealing temperatures and short 

annealing times, and images of defects seen in an unimplanted annealed diamond. 
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(a) 

 

(b)  

Figure A-1. WBDF XTEM images of single-crystal diamond Si+ implanted at 1 MeV to a dose 
of 3 × 1015 cm-2 at 303 K after annealing for 24 hrs at 1350 ˚C (a) defects in one 
section of the sample and (b) same magnification of a different section of the same 
XTEM sample. 
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(a) 

 

(b) 

Figure A-2. WBDF XTEM images of single-crystal diamond Si+ implanted at 1 MeV to a dose 
of 1 × 1015 cm-2 at 77 K after annealing for 24 hrs at 1350 ˚C (a) defects in one 
section of the sample and (b) higher magnification of a different section of the same 
XTEM sample. 
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(a) 

 

(b) 

Figure A-3. (a) WBDF- and (b) BF-XTEM images of single-crystal diamond Si+ implanted at 1 
MeV to a dose of 1 × 1014 cm-2 at 303 K after annealing for 2 hrs at 950 ˚C. 
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Figure A-4. BF-XTEM images of single-crystal diamond un-implanted, after annealing for 2 hrs 
at 950 ˚C. 
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APPENDIX B 
BORON IMPLANTATION INTO DIAMOND 

Introduction 

As noted in the introduction, the implantation of Boron (B+) is of technological interest for 

purposes of doping a transistor channel, source or drain region. An electrically well-studied 

implant in the literature has been repeated here. The B+ implantation is at 2 MeV to a dose of 1 × 

1015  B+/cm2 at an implant temperature of 303 K. Though studied through electrical 

measurements, the author is unaware of any published XTEM studies. The following 

summarizes key B+ doping of diamond papers published in the last 15 years.  

In 1993, Zeidler et al. implanted B+, C+ and a combination of the two elements into natural 

single-crystal diamond at implant temperatures of 77, 300 or 800 K. They concluded that low 

temperature implantations provided the best carrier concentration and mobility. Using a multiple-

step, low-temperature implant, B+ implantation procedure, this Naval Command group 

fabricated a single-crystal diamond insulated gate field effect transistor.  

In 1996, Fontaine, Uzan-Saguy, Philosoph and Kalish, of Israel, used Prins’ suggested 

cold-implantation rapid-annealing procedure to produce record values of high Hall mobility of 

B+ doped diamond. They implanted at -97 C, annealed first at 1050 C and then further annealing 

at 1450 C for 10 min to achieve a p-type room temperature mobility of 385 cm2/V s. In 1998, the 

same group (plus Prawer from Australia) improved the process to achieve a room temperature 

Hall mobility of 585 cm2/V s, 5% compensation ratio, acceptor concentration of 3.9 ± 0.3 × 1018 

cm-2 and an activation energy of approximately 0.354 eV. In the same year, Prins studied B+ 

doped diamonds by catholuminence, adding more insight into the resistance behavior of boron 

doping in both natural and synthetic diamonds.  
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In 2002, Prins conducted a rigorous study of implanting C+, N+, B+ and O+ into natural 

single-crystal diamonds, and determined that O+ and N+ treated diamond donor states were 

metastable, and annealed out at temperatures about 600 ˚C. However, it should be noted that all 

three dopant atom implanted diamonds had lower electrical resistivities than the C+ implanted 

diamonds. The acceptor state in the B+ treated diamonds was determined to be at ~0.37 eV, 

while the donor states in the N+ and O+ implanted diamonds were at ~0.28 and ~0.32 eV, 

respectively. 

In 2004, Vogel et al. (based out of Germany and the City University in New York) 

implanted at the same conditions, except the implant temperature was 303 K. Using Hall effect 

and conductivity measurements, after anneals up to 1650 °C, they showed clear p+ type 

conduction, with B+ activation up to 30%, the highest yet reported for ion-implanted diamond. 

They concluded that the best annealing conditions for removing damage, and achieving the 

highest conductivity of 230 cm2/ V s, was at anneals of 1500 °C for 15 min. Annealing the 

samples above 1500 °C did not improve, but actually reduced, conductivity measurements.  

In 2006, a research group based in Japan, used natural and HPHT diamonds to study B+ 

dosage dependencies on structural and electrical properties of doped diamond. A B+ box profile, 

30-380 nm below the surface, was created using doses in the range of 2.1 × 1015  B+/cm2 – 1.7 × 

1017  B+/cm2. The implant temperature was ~ 400 °C and the anneal treatment was 1450 °C in 

vacuum for 1 hour. Using the high implant temperature, the group prevented “collapse to 

graphitization” and allowed the diamond to form a very low resistance p+ diamond layer, with a 

B concentration of 2.5 × 1021 cm-3 and resistively of 2.3 mΩ cm at room temperature. The 

transport properties were shown to be almost temperature independent and p-type carrier 

concentration was realized in the range of 80-1000 K. 
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Experimental Design 

Gem-quality HPHT single-crystal diamond samples, approximately 5 × 5 × 1 mm3, were 

B+ implanted at 2 MeV to a dose of 1 × 1015  B+/cm2 at an implant temperature of 303 K. This 

simulates the implant conditions of previous studies. The implantation of B+ into the diamonds 

was performed in a tandem accelerator ion implanter, with a dose rate of 0.44 μA/cm2, and the 

samples were tilted 7° relative to the incident ions to minimize ion channeling. The original 

nitrogen (N2) impurity concentration of the diamonds, obvious from the visible light-orange 

color, is on the order of 1018 – 1020 cm-3, 140 and was uniform throughout the crystals.   

According to simulations, 21 the damage should peak (Rd) at approximately 1.35 μm and 

the projected range (Rp) of the ions are approximately 1.38 μm below the surface of the 

diamond. After implantation, approximately 150 nm of carbon was evaporated onto all samples, 

for conductivity and protection of the sample surface during focused-ion beam processing. 

Cross-sectional TEM (XTEM) samples were prepared according to the procedure previously 

published, 117 during which a layer of Platinum was applied to the surface.  

Annealing was performed in both tube and graphite furnaces. Samples annealed at 1050 ˚C 

and below were annealed in a Lindberg tube furnace in a high-purity N2 environment. Anneals at 

1350 ˚C used a graphite chamber furnace at diffusion pump vacuum pressures (≤ 10-4 Torr) 142 

with a residual helium environment. Additionally, the samples were placed in tantalum (Ta) foil 

(folded as envelopes), which is an oxygen getterer, to additionally prevent accidental oxidation 

of the diamond surface. The Ta envelopes served the additional purpose of separating and 

marking each sample. Transmission electron microscopy analysis was performed on JEOL 

200CX and JEOL 2010 microscopes. 
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Results & Discussion 

WBDF-XTEM imaging of the B+ implant showed that the simulation-predicted RD = 1.35 

μm and RP = 1.38 μm matched well with the experimental damage band. The damage band is 

still apparent after a 1000 °C, 10 min anneal in a tube furnace [Fig. B-1(a)], but after a 1350 °C 

at 24 hour anneal, the crystal structure is almost completely recovered, and the damage band is 

almost negligible in WBDF imaging. Further annealing, or higher temperature annealing, would 

likely remove all semblance of damage from the ion implantation process. This agrees well with 

Vogel’s claim that all implant damage, and highest activation of the B+ dopant, takes place at 

1500 °C for 15 min. Though this experiment was not able to repeat the high anneal temperatures 

of Vogel’s previously reported literature, this study is the first XTEM analysis of the damage and 

recovery of single-crystal diamond after B+ implantation.  
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Figure B-1. WBDF-XTEM images of (001)-oriented diamond B+ implanted at 2 MeV to a dose 

of 1 × 1015 cm-2  at 303K as implanted, and after annealing (a) in flowing N2 ambient 
at 1000 °C for 10 min and (b) in vacuum at 1350 °C for 24 hrs. 
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